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The formation of ordered molecular structures on surfaces is determined by the balance between mole-
cule—molecule and molecule—substrate interactions. Whether the aggregation process is guided by non-
covalent forces or on-surface reactions, a deeper understanding of these interactions is pivotal to formu-
lating a priori predictions of the final structural features and the development of bottom-up fabrication
protocols. Theoretical models of molecular systems corroborate the information gathered through
experimental observations and help explain the thermodynamic factors that underpin on-surface phase
transitions. Here, we report a scanning tunneling microscopy investigation of a tribromo-substituted het-
erotriangulene on the Au(111) surface, which initially forms an extended close-packed ordered structure
stabilized by Br---Br halogen bonds when deposited at room temperature. X-ray photoelectron spec-
troscopy reveals that annealing the self-assembled layer induces a fraction of the molecular precursors to
partially dehalogenate that in turn leads to the formation of a less stable Br---O non-covalent network
which coexists with the short oligomers. Density functional theory (DFT) and Monte Carlo (MC) simu-
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lations illustrate how dimer moieties act as defects whose steric hindrance prevents the retention of the
more stable configuration. A small number of dimers is sufficient to drive the molecular reorganization
into a lower cohesive energy phase. Our study shows the importance of a combined DFT — MC approach
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Introduction

Molecular self-assembly is one of the most important nano-
scale phenomena." It is the fundamental principle which life
as it is known is based on. It has been studied and replicated
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to understand the evolution of molecular systems on substrates.

as a fabrication approach, starting from single molecules via
the so called bottom-up approach.” The possibility of steering
molecular self-assembly on surfaces would open interesting
opportunities to be exploited in technological applications.**
The a priori design of 2D self-assembly relies primarily on
understanding the driving forces that characterize the mole-
cular building blocks, often dependent on specific functional
groups, which can then be used for bottom-up fabrication in
areas such as nanoelectronics,’ sensing,® catalysis” and energy
storage among others.® The formation of such complex surface
patterns at the molecular scale relies on the self-assembly of
organic functional molecules on solid substrates, driven by an
intricate equilibrium between molecule-molecule and mole-
cule-substrate interactions.>® Controlling such processes is a
significant challenge, that needs to be tackled by building up a
rigorous experimental database and by developing suitable
theoretical techniques, to understand the experimental data,
the forces at play, and the evolution of the system. Such an
effort is necessary to combine the rational design of precursors
with the prediction of their behavior and properties.

Despite the importance of developing a formal understand-
ing of self-assembly on surfaces, only a few examples in the lit-
erature have tried to create a comprehensive model to a priori

This journal is © The Royal Society of Chemistry 2019
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describe the arrangement of the self-assembly,'®'" and thus
allow the analytical design of the building blocks. Specifically,
an extensive theory on the influence of the key parameters,
such as temperature,'” coverage/concentration of the mono-
mers,”® or the polymorphism of the self-assembled mono-
layers (SAM) is lacking."*"®

A plethora of different molecular interactions can be used
to guide the formation of self-assembled molecular networks
(SAMN), with common examples being van der Waals,'® hydro-
gen bonding'” and n-r stacking.'® An interesting class of inter-
action is represented by halogen bonds,'® which generate stable
2D geometric structures.>***! The main feature of the halogen
bond is the double polarization of the carbon-halogen (C-X)
bond, where the bond is positively charged on the halogen
(0-hole), while around it a negative ring-like charge distribution
is observed (belt).>*** This peculiarity allows the halogen to
interact with multiple atoms, forming patterns whose geometry
is defined by the shape of the charge distribution.>® This shape,
and hence the interaction strength, can be modified by changing
the halogen, with a more positive -hole for heavier atoms.>*

In addition to being building blocks for the formation of
SAMNSs, halogen-terminated molecules can be activated by a
metallic surface to undergo Ullmann coupling. On surface
Ullman coupling of halogenated aromatic precursors is the
most studied bottom-up approach for the synthesis of two-
dimensional (2D) conjugated polymers.****> Ideally, the
process follows a two-step procedure, with halogenated mole-
cules initially deposited onto a metal substrate, where they
diffuse to form an ordered structure stabilized by non-covalent
intermolecular interactions.”»?®?” Annealing the SAMNs
allows the carbon-halogen bonds to break and form organo-
metallic structures with the substrate or polymeric structures
if the temperature is sufficiently high. Previous studies have
helped untangle the different factors affecting the reaction,
including the surface, the type of halogen, and the
temperature.*®*° This has made it possible to devise strategies
to greatly improve the architecture of the reaction
products,**? but the realization of large-domain ordered con-
jugated polymers remains an open challenge.*® Further
improvements will require greater insight into the evolution of
molecular organization throughout the reaction process.

We present the combined use of density functional theory
(DFT) and Monte Carlo (MC) simulations to replicate and
understand the experimental results of the adsorption of a tri-
bromo-substituted heterotriangulene, 2,6,10-tribromo-4,8,12-
trioxa-3a*-azadibenzo[cd, mn]pyrene (TBTANG, Fig. 1f) on the
Au(111) surface. This molecule can also be considered as a
brominated oxygen-bridged triphenylamine, where the three
oxygen bridges help planarize the molecule and therefore
improve the self-assembly relative to other triphenylamine
systems. The Au(111) surface was chosen as substrate because
of its low reactivity, which allows the molecule to remain intact
upon adsorption and enables the dehalogenation process to
be followed with a combination of scanning tunneling
microscopy (STM) and X-ray photoelectron spectroscopy
(XPS).>” The 1/3 x 22 herringbone reconstruction of Au(111) is
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a helpful marker to identify possible interactions between the
substrate and molecules, and this reconstruction is often
removed by the presence of halogen radicals.>® We observed
that TBTANG forms long-range ordered domains of molecules
held together by halogen-halogen interactions when deposited
onto Au(111) at room temperature (RT). The dehalogenation
reaction is triggered by annealing, leading directly to the
formation of short oligomers. STM reveals that incomplete
polymerization triggers a phase change in the self-assembled
networks, so as to better accommodate the oligomers formed.

Our study demonstrates how combined DFT-MC calcu-
lations can explain the phase transition caused by partial
polymerization, and how such an approach could be applied
to provide an a priori prediction of the arrangement of mole-
cules during Ullmann reaction and contribute to solving the
challenge of extending the order of two-dimensional structures
to device-suitable scales.

Results and discussion

Deposition of TBTANG onto Au(111), held at RT, yields
extended domains of SAMNs consisting of close-packed
TBTANG molecules that follow the herringbone reconstruction
of the substrate (Fig. 1a). STM images reveal individual mole-
cular features with a triangular shape. In particular, we
observe three bright spots in the central region of the molecule
and another three at the molecular vertices (Fig. 1b). The
molecule appears intact, inferred by the 1 nm side of the tri-
angular molecular feature, obtained by line profiling of the
STM images (Fig. S1t), which agrees with the Br-Br intra-
molecular distance of 1.05 nm calculated by DFT. Based on
the symmetry of the molecule, we can assign the spots at the
vertices to Br atoms, while the high contrast at the center of
the molecules corresponds to the phenyl rings rather than to
the oxygen bridge sites. This observation is in contrast to pre-
vious studies of related heterotriangulene molecules, in which
bright central spots were observed for similar biases at the
dimethyl or carbonyl groups bridge sites.**”

The unit cell of the SAMN is formed by two molecules and
has dimensions of 1.5 + 0.1 nm by 1.9 + 0.1 nm and an angle
of 117 + 3° (Fig. 1b, azure box). The STM images suggest that
adjacent molecules form six-halogen clusters (green dots in
Fig. 1b) and interact through non-covalent halogen-halogen
interactions. This molecular configuration positions the tip of
each C-Br bond (which is positively charged) towards the nega-
tively charged belt of the surrounding Br atoms.** > The mul-
tiple interactions possible with C-X bonds are reflected by the
calculated electrostatic potential (ESP) maps (Fig. S4at), which
show Br---Br and Br---H interactions. We therefore denote this
SAMN as the Br---Br phase.

Such an arrangement is similar to the ones studied by Gatti
et al. for Br-terminated, threefold-symmetric triazine mole-
cules at the phenyloctane/Au(111) interface." In contrast to
their data, we do not observe any difference in the self-assem-
bly between the fcc- and hep-stacked regions,'® suggesting a

Nanoscale, 2019, 11, 19468-19476 | 19469
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Fig. 1 (a) 25 x 25 nm? STM image of TBTANG dosed on Au(111) at RT (I = 0.16 nA, V,, = 0.39 V). (b) 10 x 10 nm? detail of the RT phase in a, the blue
lines indicate domains boundaries, while the colored dots represent the halogen packing, in green when in the ideal configuration and in different
colors when on a stacking fault. (c) 25 x 25 nm? STM images of TBTANG dosed on Au(111) at RT and annealed at 150 °C (I = —1.25 nA, V,, = —0.28 V).
(d) 5 x 5 nm?. Detail of ¢, showing the presence of short oligomers (I, = —1.22 nA, Vp, = —0.28 V). (e) 25 x 25 nm? STM images of TBTANG dosed on
Au(111) at RT and annealed at 250 °C (I, = 1.33 nA, V}, = 0.79 V). (f) structure for TBTANG and the corresponding dimer.

weaker molecule---substrate interaction in our case. On the
other hand, we observed stacking faults in the TBTANG
network located at the elbow of the herringbone pattern
(blue lines in Fig. 1b), which results in a 60° rotation of the
molecular unit cell for two adjacent domains.

19470 | Nanoscale, 2019, 11, 19468-19476

Annealing the RT phase at 150 °C for 20 minutes produces
a less-ordered film (Fig. 1c). Most of the molecules remain
intact, however some short oligomers (mostly dimers) are
formed (Fig. 1c and d). STM reveals that the intact molecules
still form a close-packed phase with the same three bright

This journal is © The Royal Society of Chemistry 2019
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spots at the molecular vertices previously assigned to Br
atoms. At the border of the domains, adjacent molecules
appear to be in close proximity (Fig. 1d). STM line profiles of
these “closely-spaced” molecules exhibit a center-to-center dis-
tance of 0.97 + 0.1 nm (Fig. S27), which is consistent with
TBTANG dimerization via C-C covalent linkage, as shown in
Fig. 1d in which a molecular dimer has been superimposed on
the image.

The remaining intact molecules in the self-assembled
domains exhibit a different orientation than in the RT
halogen-bonded phase, in which their vertices are directed
towards the oxygen-bridge sites of the adjacent molecules
(Fig. 1c and d). The unit cell dimensions are 1.2 + 0.1 nm for
both vectors with an angle of 122 + 3°. This SAMN is denoted
as the Br---O phase, since the ESP maps indicate that the inter-
action is between the positively-charged c-hole of the Br and
the negatively-charged oxygen (Fig. S4bt). This agrees with the
observation of Steiner et al. for similar heterotriangulene mole-
cules,*® where polymeric chains stabilized by Br---O intra-
chains interactions were observed.

Further annealing of the as-grown SAMN at 250 °C for
20 minutes leads to drastic changes in molecular arrangement,
as shown in Fig. 1e. The long-range ordered structure obtained
at RT has disappeared, and the molecular overlayer consists of
short molecular chains (mostly 3 to 5 molecular units), which
in a few cases form closed hexagonal pore structures. The
degree of order of the resultant layer is unaffected by the
heating rate during annealing; in all the performed experi-
ments only disordered polymers were obtained.

The STM data are supported by XPS spectra, which con-
firms that the molecule is still intact after adsorption on the
Au(111) surface (Fig. 2a). In the C 1s spectra, the peaks at
binding energies (BE) of 284.7 eV, 286.3 eV and 286.9 eV are
attributed to C-C, C-O-C and C-N bonds, respectively.*® The
assignment of the 285.7 eV component as C-Br is based on a
comparison with similar Br-terminated molecules studied on
Ag(111) and Au(111), where the C-Br contribution was found
at corresponding energies.””?*® XPS analysis of TBTANG
SAMNSs shows single O 1s and N 1s peaks at 533.6 and 400.2
eV, respectively (Fig. S3t). The Br 3p 3/2 peak at 183.5 eV
further confirms that the C-Br bonds are still intact and not
broken upon adsorption (Fig. $31).”

To better understand the annealing process and to clarify
the reason behind the loss of long-range ordering we acquired
XPS spectra, reported in Fig. 2b, ¢ and Fig. S3,1 following the
polymerization process at different temperatures. Annealing at
150 °C marks the onset of dehalogenation, with a reduction of
the C-Br component, a shift of all the peaks to lower BE (see
Fig. S3) and a variation in the intensity ratio of C 1s double
peak feature. The progressive oligomer formation is high-
lighted by the C 1s spectra at 250 °C, which shows an increase
of the C-C component at the expense of the C-Br peak as the
TBTANG further dehalogenates to form covalent bonds. After
the initial significant shifts, the N 1s and O 1s peak shape and
position remain stable through the polymerization process.
Since only a small fraction of the molecules are dehalogenated

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XPS C 1s spectra of TBTANG/Au(111) at RT (a), 150 °C (b) and
250 °C (c). The BE peak position, full width at half maximum and inten-
sity percentage are reported in each panel for every component.

at 150 °C, this shift is not caused by polymerization. Instead, it
probably arises from the development of Br---O intermolecular
interactions and a change in the molecular adsorption site in
the modified SAMN.

The reduction in the C-Br component is coupled by a slight
rise of the Br-Au component in the Br 3p spectra (Fig. S3b¥).
The small increase in the intensity of this Br-Au peak indicates
that bromine atoms mainly desorb from the surface rather
than remaining bound, which is probably due to a lack of
available space on the surface considering the density of the

Nanoscale, 2019, 11, 19468-19476 | 19471
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TBTANG SAMN at RT (0.69 molec per nm?). This is supported
by the survival of the herringbone reconstruction after the
initial dehalogenation (Fig. 1c and d), which is known to be
lifted by the presence of adsorbed halogen atoms.***"*?

The SAMN structure is driven by molecule-molecule and
molecule-substrate interactions, and it is not unusual to
observe multiple phases with similar cohesive energies for a
given molecule and substrate."®** Phase transitions observed
after annealing are also common, and DFT calculations of the
energies involved can help unravel the driving forces behind
the transition.

We studied both of the observed SAMN phases by calculat-
ing the gas-phase assembly using DFT with periodic boundary
conditions (Fig. 3). This allowed us to evaluate the Br---Br dis-
tances for the RT phase, finding an average of 0.39 nm, con-
firming halogen-bond phase stabilization. The two-molecule
unit cell allows for six halogen packing, with a cohesive energy
of 9.30 kcal per mol per molecule (Fig. 3a). The DFT simu-
lation of the annealed phase at 150 °C shows that the C-Br tip
is stabilized by the oxygen-bridges, and yields a cohesive
energy of 8.83 kcal per mol per molecule (Fig. 3b).

Comparing the two different self-assembled networks
observed at RT and after annealing to 150 °C, we find the
same surface molecular density (0.69 molecule per nm?), but
the DFT calculations reveal that the Br---Br phase obtained at
RT is more stable by 0.47 kcal mol™ (per molecule) than the
Br---O annealed phase. This energy difference computed in the
gas-phase is consistent with the experimental observation of
only the Br---Br phase after dosing at RT and with the ratio of
interaction energies used in the Monte Carlo simulations (see
below). We hypothesize that the Br---O configuration in the
annealed films is favored because it can more easily accommo-
date TBTANG dimers or trimers, as the STM images (Fig. 1c
and d) show close-packing between oligomer chains and
Br---O stabilized molecules.

To test this hypothesis, we constructed a phase transition
model of TBTANG ordering and monitored the evolution of
the molecular system by MC simulations with an increasing

View Article Online
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fraction of dimer pairs. Similar models are frequently used to
describe the planar self-assembly of trimesic acid and other
triangular molecules,** and MC simulations have been suc-
cessfully applied to gain insight into the formation of 2D net-
works via Ullmann coupling.®®*?

At first, we studied the self-assembly of intact molecules,
defining the possible configurations and interactions between
single TBTANG units. As shown by Fig. 4a, our model includes
two states of the intact molecules, which differ by a 60°
rotation, and two intermolecular pair interactions, denoted e,
and e,. Interaction e; occurs between molecules in different
states and e, between molecules in the same state. The dis-
tance of the two TBTANG molecules participating in these
interactions on a triangular lattice is \/711 (e1) and 3a (e,),
where a is the lattice constant of the model. With such inter-
molecular distances, the molecules can be arranged into struc-
tures that closely resemble the experimentally observed Br---Br
and Br---O phases respectively (Fig. 4b). The densities of both
phases in our model are similar (0.128 and 0.111 mol/a®)
which agrees with the experimental observation of indistin-
guishable densities for the two phases. Our model forbids the
overlap of molecules. Each molecule participates in three e,
interactions in the Br---Br phase and six e, interactions in the
Br---O phase. Thus, in the absence of other interactions and at
zero temperature, the transition point between the two phases
would occur at e, = 0.5¢;.

As revealed by Gaussian DFT calculations, the e; and e,
interactions are the primary interactions driving the self-
assembly into the Br---Br and Br---O phases (see ESIT). Other
intermolecular interactions are much smaller and therefore
not considered in our model. DFT calculations provide
e; = —5.69 keal mol™ and e, = —2.89 kecal mol™ and thus
e, ~ 0.5e1, which means that both phases in our model should
have very similar energies in agreement with the plane-wave
DFT calculations.

Next, we introduced dimers, formed by C-C coupling
at higher temperatures, into our model to evaluate their influ-
ence on the self-assembly process. In our model, the dimers

Fig. 3 4 x 4 nm? STM images of self-assembly for TBTANG on Au(111), at RT (a, I, = 0.16 nA, V,, = 0.39 V) and after annealing the surface to 150 °C
(b, I = =1.25 nA, V,, = —0.28 V). Superimposed are the calculated gas phase DFT structures. Br---Br packing is 0.47 kcal mol™ more stable than Br---O

packing. (—9.30 kcal mol™* vs. —8.83 kcal mol™ per molecule).

19472 | Nanoscale, 2019, 11, 1946819476
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Fig. 4 (a) Model interactions e; and e, between two TBTANG molecules used for MC simulations. (b) Fragments of molecular arrangements of the
Br---Br and Br---O phases obtained in our model. (c) Example of e; and e, interactions between a dimer (shaded blue) and TBTANG molecules. The
triangular lattice used for MC simulations is presented in the background. (d—g) Structures of TBTANG molecules as a function of the number of
dimers obtained by the MC simulations. (d) 0% dimers: the Br---Br phase, experimental STM image presented in the inset. (e) 10% dimers (blue), the
Br---O phase dominates inside the regions surrounded by the dimers, but the Br---Br structure is still present further from the dimers. (f) with about
35% dimers, only the Br---O structure is observed. Orange molecules have at least one e, interaction. (g) Experimental STM image with about 40% of
oligomerized TBTANG molecules. Interaction parameters: e,/e; = 0.48.

are formed by joining TBTANG molecules with overlapping ver- In Fig. 4d-f we present our calculations with an increasing
tices (distance between molecules 3a), and are artificially intro- proportion of dimers using e,/e; = 0.48 (very close to the DFT
duced onto the lattice to resemble the dimer chains observed results) where in the absence of dimers, a pure Br---Br phase is
by the STM. The same e; and e, interactions apply between obtained (Fig. 4d). A slight increase in the number of mole-
individual TBTANG molecules and the dimers (Fig. 4c). cules forming dimers (10% of the total number of molecules)

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 19468-19476 | 19473
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leads to the formation of the Br---:O phase inside islands sur-
rounded by dimer chains (Fig. 4e). Motifs of the Br---O phase
are also observed outside the dimer chains, while the structure
further from the dimers corresponds to domains of the Br---Br
phase with some occurrences of the e, interaction. An even
further increase of dimers (35%) results in the formation of
pure Br---O phase domains, in agreement with the experi-
mental results (compare Fig. 4f and g).

Our MC results indicate that the formation of the Br---O
phase is driven by the presence of dimers which are better
accommodated by this phase. Although the e, interaction is
weaker than e;, the greater number of e, interactions with
dimers possible in the Br---:O phase makes this configuration
more stable overall. We determined that the Br---O phase can
be observed for e,/e;, values down to about 0.45. Our MC simu-
lations demonstrate the advantages of this approach to comp-
lement DFT calculations, enabling the study of the effects of
reaction products or defects on self-assembly as well as provid-
ing a benchmark for the range of reasonable interaction
energies.

Conclusions and perspectives

We have investigated the adsorption of a halogenated mole-
cule, TBTANG, on the Au(111) surface. Dosing at RT leads to
the self-assembly of intact molecules, which form close-packed
extended networks, stabilized by Br---Br interactions. The long-
range order of the self-assembled network is lost upon thermal
annealing, which triggers molecular dehalogenation and ulti-
mately the formation of disordered oligomer chains.

We followed the progressive drive towards disorder and
found that the initial appearance of dimers and trimers trig-
gers a phase transition in the remainder of the intact TBTANG
molecules. The resultant phase has the same molecular
density but is stabilized by Br---O interactions. DFT modeling
does not explain the transition, as it reveals that the pure
Br---Br packing is more stable than the Br---O phase by
0.47 kcal mol™" per molecule. Monte Carlo simulations of the
mixed monomer-dimer system reveal that the oligomer
density induces the phase transition and indicates that the
two phases can coexist at intermediate values. Demonstrated
collectively by our STM, XPS, DFT, and MC data, this study
illustrates the on-surface molecular phase transition of self-
assembled structures, offering insights into the mechanisms
of the process, and the necessity of studying on-surface inter-
actions between different functional groups to develop an a
priori prediction of the resultant structures.

Experimental methods

The TBTANG precursor was synthesized according to the litera-
ture procedure.”® All experiments were performed under
ultrahigh vacuum (UHV) conditions with base pressures below
2 x 107'° mbar. The Au(111) crystal was cleaned by repeated
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cycles of Ar ion sputtering (1.0 keV for 10 minutes) and anneal-
ing (450 °C for 30 minutes). TBTANG was sublimed onto Au
(111), held at RT, from a Knudsen cell (using an alumina cruci-
ble) at 120 °C to obtain a molecular coverage of a complete
monolayer.

STM data were recorded using two commercial instruments
(VT STM by Omicron GmbH and an Aarhus 150 STM by SPECS
GmbH) using etched tungsten tips. STM images were cali-
brated using the known Au /3 x 22 surface reconstruction
with the free WSxM software.’® Further image processing
included plane subtraction and flattening.

XPS experiments were performed in situ using an electron
spectrometer (SPHERA II U5 analyzer by Oxford Instruments
Omicron Nanoscience). The electron spectrometer consists of
a hemispherical analyzer and a five-channeltron detector, with
a twin-anode X-ray source using Mg K, radiation at 1254.6 eV
photon energy. The spectra were analyzed with the CasaXPS
software, using Voigt lineshape peaks and Shirley back-
grounds, and the BE scale has been calibrated using the Au
4f,, peak at 84.00 eV.

Theoretical methods

Plane-wave theoretical calculations were performed for the
extended SAMN phases using the Vienna Ab initio Simulation
Package (VASP).””*® DFT calculations were made using the
Perdew-Burke-Ernzerhof*®  generalized-gradient  approxi-
mation (PBE-GGA) for exchange—correlation potential, the pro-
jector augmented wave (PAW) method,’>*! and a plane-wave
basis set with an energy cut off of 450 eV. All calculations were
performed by sampling the gamma point of the Brillouin
zone, and without using spin-polarization. The zero-damping
DFT-D3 method of Grimme,>* was used for dispersion correc-
tion. The adsorbed molecules were fully relaxed until the net
force on each atom was less than 0.01 eV A™".

Localized DFT calculations for the pairwise interactions
and electrostatic potential (ESP) maps were performed
using Gaussian 16> with the B3LYP functional and 6-31G(d,p)
basis set. The standard convergence criteria of the
Gaussian 16 program were used for optimizations. Images of
the simulated structures were generated using VESTA
software.”*

MC simulations of TBTANG ordering were performed on a
triangular lattice with periodic boundary conditions using the
Metropolis algorithm and Kawasaki dynamics,”> where the
movement of molecules was simulated for a fixed value of
molecular coverage of 0.1 mol/a®>. We used a slightly lower
molecular coverage than that of the ideal Br---O phase to avoid
a significant slowing down of the Kawasaki dynamics. A ran-
domly selected molecule was allowed to jump into an unoccu-
pied lattice site and change its orientation by rotation over 60
degrees (two molecular states). Movement was accepted with a
probability exp(—AE/kT), where AE is the energy difference
between the final and the initial state of the system. Here T
and k denote the temperature and the Boltzmann constant,

This journal is © The Royal Society of Chemistry 2019
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respectively. 10’ MC steps per lattice site were performed to
ensure a proper equilibration at each temperature.
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