Downloaded via UNIV NACIONAL DE CORDOBA on July 12, 2024 at 14:11:48 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This article is licensed under CC-BY 4.0 @ @

Wwww.acsnano.org

Rational Design of 2D Supramolecular
Networks Switchable by External Electric
Fields

Fernando P. Cometto,* Nicolds Arisnabarreta, Radovan Vanta, Daniela K. Jacquelin, Vijay Vyas,
Bettina V. Lotsch, Patricia A. Paredes-Olivera, E. Martin Patrito, and Magali Lingenfelder*

Cite This: ACS Nano 2024, 18, 4287-4296 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: The reversible formation of hydrogen bonds is a Switching 2D Networks

ubiquitous mechanism for controlling molecular assembly in @(— STM tip
biological systems. However, achieving predictable reversibility

in artificial two-dimensional (2D) materials remains a
significant challenge. Here, we use an external electric field
(EEF) at the solid/liquid interface to trigger the switching of H-
bond-linked 2D networks using a scanning tunneling micro-
scope. Assisted by density functional theory and molecular
dynamics simulations, we systematically vary the molecule-to-
molecule interactions, i.e., the hydrogen-bonding strength, as . -exchange and rotation
well as the molecule-to-substrate interactions to analyze the . =g b AN e N
EEF switching effect. By tuning the building block’s hydrogen- 1) H-bond interactions 3) Molecule-substrate binding‘energy
bonding ability (carboxylic acids vs aldehydes) and substrate

nature and charge (graphite, graphene/Cu, graphene/SiO,), we induce or freeze the switching properties and control the final
polymorphic output in the 2D network. Our results indicate that the switching ability is not inherent to any particular building
block but instead relies on a synergistic combination of the relative adsorbate/adsorbate and absorbate/substrate energetic
contributions under surface polarization. Furthermore, we describe the dynamics of the switching mechanism based on the
rotation of carboxylic groups and proton exchange, which generate the polarizable species that are influenced by the EEF. This
work provides insights into the design and control of reversible molecular assembly in 2D materials, with potential
applications in a wide range of fields, including sensors and electronics.

2) Binding energy under EEF

ST

KEYWORDS: self-assembly, scanning tunneling microscopy, external electric field, phase behavior, molecular switch,
supramolecular chemistry, 2D networks

INTRODUCTION landscape and, thus, the final polymorphic outcome. The
most popular building blocks among the H-bond-linked 2D
supramolecular networks are trimesic acid (TMA)'>!620723
and its larger analogue 1,3,5-tris(4-carboxyphenyl)-benzene
(BTB)"***™*” (Scheme 1) normally adsorbed at the highly
oriented pyrolytic graphite (HOPG)/liquid interface.
Scanning tunneling microscopy (STM) is used not only to
obtain submolecular images but also to control the assembly of
2D molecular architectures by the rational employment of the

Molecular self-assembly is one of the most used approaches
nowadays for on-surface creation of nanostructures.' > The
next frontier for the fabrication of molecular nanodevices is to
be able to dynamically control the structure—function
properties of the nanostructures on demand, for example
using external fields.*

The ability of controlling the morphology of these
architectures in an easy, fast, and predictable way is being
explored for several applications in fields like sensing,

catalysis,® and host—guest chemistry.””'" 2D supramolecular Received: October 8, 2023
networks based on noncovalent interactions such as H- Revised:  January 13, 2024
bonding build up well organized and potentially switchable Accepted:  January 17, 2024
engineered nanostructures.''” Several variables, such as Published: January 23, 2024
adsorbate concentration,'”~" substrate symmetry, and solvent

nature,'°”"? directly impact the intermolecular bonding
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Scheme 1. Adsorbates (BTB, TMA, and C3-Ald) and the
Different Graphene-like Substrates (HOPG, SLG/SiO,, and
SLG/Cu) Used in This Work

ADSORBATES

SUBSTRATES

SLG on SiO, SLGon Cu

external electric field (EEF) produced between the tip and the
sample. Surprisingly, in a previous work we discovered that
molecules with carboxylic functionalities such as BTB on
HOPG undergo an immediate and fully reversible transition
from an open porous nanoarchitecture at negative sample bias

to close-packed polymorphs at positive sample bias at the
solid/liquid interface."

Since this report, plenty of efforts have been made by the
community to obtain a rational understanding of the
mechanism that governs the EEF-based switching phenomena
at the solid/liquid interface.*'****°~** While the response of
BTB supramolecular architectures to the EEF at the HOPG/
liquid interface has been reproduced by many groups,
controversies remain in the literature for the case of TMA.
Some authors claim that the switching is possible but does not
always take place,”” while others suggest that TMA adlayers are
EEF-sensitive at room temperature20 or only above certain
temperatures.”” Shern-Long Lee”” and co-workers have
recently shown that TMA motifs will switch as a response to
the EEF direction only in certain conditions, that is, above 45
°C at the solid/liquid interface. Conversely, they report the
absence of TMA switching properties at room temperature, in
contrast to the study reported by Ubink et al.*’ It is clear that
such switching properties are highly sensitive to different
factors, including solvent polarity, temperature, and solvent
purity (water traces).

Mo

Figure 1. (a) Scheme (left panel) and STM image (right panel) showing the switching behavior of BTB monolayers on HOPG at the solid/
liquid interface (>12.5 gM in nonanoic acid) by changing the bias voltage (Vy;,, = from —850 to +850 mV; I = 150 pA). (b—d) Equilibrium
structures obtained by DFT calculations of the (b) oblique, (c) close-packed, and (d) honeycomb structures.
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Figure 2. (a and c) STM images showing the typical structure of C3-Ald (a) and TMA (c) monolayers on HOPG at the solid/liquid interface
obtained at different bias voltages (V,;,, = from 850 to —850 mV; I = 150 pA). (b and d) Optimized equilibrium C3-Ald (b) and TMA (d)

structures obtained by MD simulations.

In this article we provide a rationale to design surface
supported supramolecular networks that are switchable by
controlling the electric field direction between the STM tip
and the sample at the solid/liquid interface. To do so, we
analyzed the EEF switching effect by systematically varying
both the molecule-to-molecule interactions, i.e., the H-bonding
strength, and the molecule-to-substrate interactions. The H-
bonding strength was varied by keeping the triaryl phenyl motif
and replacing the H-bonding carboxyl groups in BTB by
aldehydes in 1,3,5-tris(4-formylphenyl)benzene, C3-Ald (the
synthesis of C3-Ald is described in the Supporting Information
(SI)). On the other hand, the intermolecular energetics effect
was also studied by removing the peripheral aryl groups around
benzene in BTB to tricarboxyl-substituted benzene in TMA
(Scheme 1). Furthermore, the energetics regarding molecule-
to-substrate interactions were modified by employing HOPG
as well as single layer graphene (SLG) supported on SiO, and
on a Cu surface (Scheme 1). To prove the importance of such
a delicate energetic balance, we show how the BTB switching
properties can be turned off by altering the molecule-to-
substrate interactions via a substrate replacement.

RESULTS AND DISCUSSION

Effects Contributing to the Supramolecular Switch-
ing Mechanism. Adsorbate/Adsorbate Energy Contribu-
tion. Typical STM images showing the bias voltage-dependent
BTB polymorphisms at the HOPG/NA interface are presented
in Figure la. At negative sample bias, only a porous
honeycomb network is observed, whereas two higher
molecular density structures, namely oblique and close-packed,
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are imaged when reversing the sample bias to positive
values."*™ This switching occurs instantly when reversing the
sample bias polarity, and it only affects the local area scanned
under the STM tip."”> Global switching of BTB has been
previously reported by Lackinger and co-workers™ by
employing heat as stimulus, which affects the whole surface,
in contrast to the STM electric field, which is only generated
locally. This switching behavior does not show any
concentration dependence and can be observed employing
different organic solvents such as n-heptanoic acid, n-octanoic
acid, n-nonanoic acid, and phenyl octane. Only at very low
concentrations (2.5% of a saturated solution = 12.5 uM) the
honeycomb is also imaged at positive bias, however, only at
early stages of the molecular drop casting. After some minutes,
the chickenwire motif evolves to the thermodynamically most
stable structure at positive biases, indicating that the open
architecture is only kinetically favored at positive biases.
Periodic vdW-DFT calculations on the adsorption of BTB
units on a graphene layer (Figure 1b—d) show the
intermolecular H-bonding landscape of each of the 3
polymorphs along with their respective unit cells in total
accordance with experimental studies (Figure la). The
superstructure unit cells in Figures 1b—d present areas of
17.83, 9.28, and 13.51 nm? for the honeycomb, oblique, and
close-packed structural motifs, yielding BTB molecular
densities of 0.22, 0.43, and 0.59 molecules/nm?, respectively,
in agreement with STM observations. Additionally, periodic
vdW-DFT calculations allow us to obtain the formation energy
(Eg) for each structure, which can be computed from the
following equation:
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Ep = graphene/(BTB) — (nBTBgaS + graphene)

network

(1)

where n isolated BTB molecules in the gas phase are adsorbed
on the graphene surface with a given network structure. Ep
presents two main contributions, namely, (a) intermolecular
BTB—BTB interactions and (b) BTB—graphene surface
interactions, as designated by the adsorption energy, E .
For the honeycomb, oblique, and close-packed structures, we
obtained the following formation energies per BTB molecule
(Bg/n): —45.5 kcal/mol, —39.3 kcal/mol, and —38.5 kcal/mol,
respectively. Assuming that the average adsorption energy per
BTB molecule is the same for all structures, we can attribute
the differences in the formation energies to the different BTB—
BTB interactions within each network. As expected, the
highest interaction is observed for the honeycomb motif
(Figure 1d) due to the strong hydrogen bonding formed by the
head-to-head carboxylic dimers, for which we obtained a value
of 16.5 kcal/mol. On the other hand, the oblique structure
(Figure 1b) is built-up by only 1 head-to-head dimeric H-bond
as well as 2 tetrameric cooperative H-bonds per BTB unit,
whereas the close-packed phase (Figure 1lc) presents highly
complex and less energetic cooperative H-bonds.

To focus on the effect of the intermolecular energetics on
the switching mechanism, we performed experiments with
different BTB-analogue molecules, namely, TMA and C3-Ald.
As observed in Scheme 1 as well as in Figure 2, C3-Ald
presents a BTB backbone but with aldehyde groups instead of
carboxylic acids, whereas TMA presents the same functional
groups as BTB but without the peripheral phenyl rings. Figures
2a and 2c (and Figure S1) show the typical STM images
obtained for C3-Ald and TMA at different potential biases
after deposition of their diluted (5%) solutions at the NA/
HOPG interface, respectively. Interestingly, C3-Ald builds-up a
nonporous densely packed nanoarchitecture regardless of the
sample bias (Figure 2a), in total contrast to its -COOH-
functionalized analogue, BTB. This can be explained due to the
energetics involved in the intermolecular interactions of C3-
Ald motifs. While head-to-head H-bonds are highly energetic
and directional, as in the case of -COOH-based structures
(BTB), the interaction is much weaker in the case of -CHO-
based H-bonding. This prevents the formation of H-bonded
low-density porous networks. MD simulations show the
formation of a stable closed packed C3-Ald structure on
graphene, as observed in Figure 2b. Thus, the BTB functional
group replacement (COOH — CHO) to get C3-Ald inhibits
the possibility of the porous network formation on HOPG and,
therefore, removes the switching behavior at the solid/liquid
interface.

In contrast to C3-ald, TMA structures undergo a phase
transition from the honeycomb structure (at negative bias)
into a dense close-packed structure (at positive bias), as in the
case of BTB. High resolution STM images showing such
transitions as well as the vdW-DFT optimized structures can
be observed in Figures 2c and 2d, respectively. Analyzing the
TMA structure H-bonding landscape, it can be observed that,
as in the case of BTB, the negative potential values favor the
honeycomb structure, where each TMA molecule is interacting
by 3 head-to-head H-bonds. At positive values, a similar BTB
oblique structure is observed in which each TMA molecule
interacts with only 1 head-to-head and 2 cooperative H-bonds.
As it was noted by Velpula et al,*” the structural transitions in
the TMA network do not always take place upon changing the
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polarity of the substrate bias. Also, after several measurements,
we hardly observed the TMA transition noticed by Ubink et
al,”® where the honeycomb structure switches into the more
densely packed “flower” structure.

Surface Polarization Energy Contribution. The switching
effect between different structures implies a continuous ligand
exchange between molecules from/to the solution and,
consequently, involves both adsorption and desorption
energies. In this context, the switching effect can also be
globally interpreted in terms of the surface binding energy and
the implicit related contributions therein. In agreement with
the known basic concepts of chemical surface bonding,
polarization of the substrate/adsorbate (induced by the electric
field) strengthens the surface bond, whereas Pauli repulsion
between substrate—adsorbate charge densities destabilizes the
interaction. We evaluated the effect of surface polarization on
the stability of the BTB structures shown in Figures 1b—d by
means of vdW-DFT calculations simulating the EEF by adding
(or removing) a given number of electrons from the surface.
The formation energy was computed according to eq 1 and
normalized by the unit cell area of each structure. Figure 3

® honeycomb
® oblique
® close-packed

Energy per unit area / kcal/mol/nm?

— T T T T T 1 T
-1.25 -1.00 -0.75 -050 -025 0.00 025 0.50

Surface Charge / e/nm?
Figure 3. Formation energy per unit area as a function of the

surface charge for the honeycomb (blue curve), oblique (green
curve), and highly close-packed structures (red curve).

shows the results for the calculated formation energy for
different BTB structures as a function of the surface charge. As
we explain next, the scenario varies depending on the surface
charge:

At a surface charge equal to zero (zero surface charge), the
honeycomb structure (Figure 1d) presents the less favorable
formation energy (—16.9 kcal mol™ nm™, blue curve on
Figure 3). This was expected considering the low molecular
surface density (0.224 molecules/nm”) present in this
polymorph. However, although the oblique and close-packed
(Figure 1b, c, respectively) motifs present different BTB
surface densities (0.431 and 0.592 molecules/nm? respec-
tively), their formation energies (—29.0 kcal mol™ nm™ and
—28.8 kcal mol™ nm™2 respectively) are comparable at zero
surface charge. This suggests that the closed-packed H-bond
network presents a lower contribution to the formation energy
than that of the oblique phase, which has energetic head-to-
head dimeric hydrogen bonding between opposed carboxylic
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ACS Nano 2024, 18, 4287—-4296


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c09775/suppl_file/nn3c09775_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09775?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09775?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09775?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09775?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c09775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

groups. In other words, to present similar formation energies,
the oblique phase compensates for the lower energetics arising
from lower molecular surface density via formation of more
energetic head-to-head H-bonds.

Outside of zero surface charge, Figure 3 shows the increase
in the formation energy (IAEgl) for positively charged surfaces,
meaning that reaction 1 becomes more exothermic. As
observed in red and green curves in Figure 3, this stabilization
is more evident for dense structures; that is, oblique and close-
packed phases stabilize by 6 kcal mol™ whereas the
honeycomb structure is stabilized by only 3 kcal mol™' when
0.25 e/nm” is extracted from the system. On the contrary,
injecting electrons to the graphene surface, simulating a
negative sample bias, induces a destabilization of all structures
due to the weakening of the BTB—graphene surface bonding.
This is expected to facilitate the BTB surface diffusion,
consistent with a BTB local dilution, in order to optimize
molecule-to-molecule energetic H-bond interactions. Addi-
tionally, the BTB adsorption/desorption processes are also
coupled to desorption/adsorption processes of solvent
molecules. In this context, the binding energy of BTB
molecules is more sensitive to the surface charge than the
binding energy of nonanoic acid solvent molecules (see Figure
S2). Therefore, when the BTB binding energy increases at
positive bias, the energy of the system will be further decreased
when adsorbed solvent molecules (in the pores of the
honeycomb motif) are replaced by BTB units, giving rise to
the high coverage polymorphs. Notably, the effect of the
negative surface charge has a much higher destabilizing effect
on the high coverage structures, resulting in the convergence of
all curves in Figure 3 at negative surface charges. This
convergence suggests that the interchange between the closed
packed to open phase should occur, at negative biases. In
addition, considering that solvent molecules are coadsorbed
within the network pores (see Figure S3), the honeycomb
binding energy vs surface charge profile (blue line in Figure 3)
would present an extra stabilization and the curves’
convergence should take place at surface charges closer to
zero charge. Moreover, the two high coverage structures
(oblique and close-packed) present similar formation energies.
Thus, it is right to predict that the interchange of the
honeycomb architecture with either of these two high coverage
structures when restoring the positive bias should be equally
likely, as shown experimentally in Figure la.

Adsorbate/Substrate Energy Contribution. In this section
we show how the surface-to-molecules interactions also play a
key role in the switching process of BTB at the solid/liquid
interface. Thus, to tune the adsorption energy, we used a single
layer of graphene (SLG) supported on SiO, and on
polycrystalline Cu. STM images taken under bias conditions
that allow us to visualize the HOPG lattice on Cu and SiO,
indicate that the HOPG surface is stable after the switching
events (Figures S4).

For the sake of comparison, these experiments were carried
out under the same conditions used for the adsorption of BTB
on HOPG. Figure 4a (and Figure S4) shows STM images of
BTB networks on an SLG/SiO, substrate at both negative and
positive sample bias. Due to the roughness of the underlying
silicon oxide surface, these STM images do not present optimal
smoothness as the ones obtained on flat HOPG surfaces.
Nevertheless, BTB molecules can be imaged thanks to the
presence of the pending SLG placed on top of SiO,. As
observed in Figure 4a, the adsorption of BTB on SLG
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Figure 4. STM images showing the effect of the substrate in the
voltage-induced phase transformation of BTB monolayers on SLG
supported on (a) SiO, and (b) Cu at the solid/liquid interface.
Bias voltage (V,;,,) = from —850 to +850 mV; I = 150 pA.

deposited on the SiO, surface does not modify the switching
behavior of BTB, since the same bias dependent polymorphism
transition is obtained: densely packed (honeycomb) at positive
(negative) potential values, as was previously described for
BTB on HOPG.

With the aim of testing the proposed adsorption energy
effect on the phase transition, BTB molecules were also
absorbed on an SLG placed on a polycrystalline Cu film. In
contrast to the SiO, surface, the strong coupling of the
graphene layer with the Cu underneath can modify the BTB/
substrate bonding strength and, consequently, affect the
switching behavior. Accordingly, as depicted in Figure 4b,
the porous honeycomb BTB structure is always observed at the
interface regardless of the polarity of the sample. Thus, we
found that the BTB EEF switching effect can be switched off
by changing the substrate, which is a key observation to
develop a rational understanding of EEF-triggered systems at
the solid/liquid interface.

To understand this effect, we performed comparative DFT
calculations on the adsorption of BIB on an SLG as well as on
an SLG supported on the (111) Cu face. In this last case, a top-
fec stacking was employed (Figure S), which is considered to
be the most stable configuration. Interestingly, the results show
that the binding energy (defined as the AE for the adsorption
of BTB initially in the gas phase) on SLG/Cu(111) is —43.1
kcal/mol, whereas it is only —33.1 kcal/mol on SLG. This
means that the presence of a Cu surface underneath the
graphene layer strengthens the interaction by 10.0 kcal/mol.
This effect is also evidenced by the shortening of the average
BTB surface height, which decreases from 3.29 A on SLG to
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Figure 5. (a and b) Top view (a) and side view (b) of the
equilibrium structure of BTB molecule adsorbed on SLG/
Cu(111). A large unit cell was used to avoid interactions among
adjacent molecules. (c) Plane-averaged charge density difference
Ap(z) as a function of the vertical direction z after BTB adsorption
on SLG (black curve) and on SLG/Cu(111) (red curve). The
vertical solid lines indicate the positions of the Cu and SLG planes.
The vertical dotted lines indicate the position of the BTB molecule
on each surface.

3.16 A on SLG/Cu(111). The increased reactivity of graphene
on Cu(111) can be understood considering that Cu induces a
large polarization in the graphene electron density producing a
depletion of charge above the graphene plane.’’

The BTB/substrate bonding strengthening is evidenced in
the electron density difference Ap plots, in which the substrate
and adsorbate electron densities are subtracted from the
electron density of the adsorbate—substrate system. In Figure
Sc we compare the plane-averaged charge density difference
plots for BTB on SLG and on SLG/Cu(111). They are
obtained by integrating Ap(x,y,2) over the x and y coordinates
to obtain Ap(z) where the regions of charge accumulation and
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depletion are clearly observed. Above the BTB molecule,
charge is depleted, while in the interfacial region between the
molecule and graphene, charge is accumulated. In the case of
BTB/SLG (black curve Figure Sc), the effect of graphene is to
polarize the BTB electron density; however, there is no major
accumulation of electron charge in the interfacial region. On
the other hand, for the BTB/SLG/Cu(111) system (red curve
Figure Sc), the regions of charge accumulation are more
prominent in the interfacial region and integration of Ap(z) in
this region yields a net charge accumulation of 0.2 e. Because
of the charge depletion induced by the Cu substrate, the region
above graphene is positively charged. Thus, the binding energy
of BTB is increased by 10.0 kcal mol™". This increment in the
binding energy seems to be enough to freeze the kinetically
favored honeycomb structure, removing the switching behavior
described for BTB in HOPG (or SLG/SiO,). As we have
previously described for the case of diluted BTB solutions on
HOPG, the honeycomb structure is first found with positive
bias but, then, evolves to the close-packed structure in a few
minutes.”> In contrast, due to the increment in the binding
energy, the system is always trapped in the honeycomb
structure even at positive sample biases when BTB is adsorbed
on the SLG/Cu substrate.

Dynamics of the Switching Mechanism: Carboxyl Group
Rotation and Proton Exchange. Besides the energetic
considerations of the previous sections, it is also important
to consider the dynamics of BTB molecules within a network.
It has been hypothesized'>*”® that the carboxyl groups
deprotonation (favored under positive surface polarization)
may be the driving force of the phase transition at the solid/
liquid interface. Along this axis, Saeed et al.”® showed that the
presence of water traces at the liquid/solid interface promotes
the TMA phase transition at room temperature as a response
to the EEF; the same effect was observed to scale with the
polarity of the solvent.”' > However, these events can also be
rationalized as a consequence of the change in the dielectric
constant of the electrical double layer, which will influence the
dynamics of polarizable species. Unfortunately, the protonation
state of a monolayer adsorbed on a surface at the solid/liquid
interface cannot be precisely measured. Hypotheses concern-
ing deprotonation have been taken based on simulations,’” as
well as experiments performed under UHV, where deprotona-
tion and recombination to H, happen at around 420 K,***>**
conditions that are far away from the ones used at the solid/
liquid interface. To investigate these considerations, we
performed reactive molecular dynamics simulations and
discovered two dynamic processes occurring within a BTB
open network that do not imply permanent deprotonation,
namely: (a) the H-bonding dynamic exchange process and (b)
carboxylic group rotation in BTB carboxylic dimers. Accord-
ingly, we will show that these two scenarios create polarizable
species (see SI Video) which, influenced by the strong and
localized EEF present locally during STM measurement, can
induce molecular switching.

H-Bonding Dynamic Proton Exchange. Figure 6 shows
representative snapshots of the network evolution from the
intact BTB honeycomb structure at 350 K to a disordered one
as the temperature is raised to 650 K. The temperature ramp
was applied during 2.5 ns in order to accelerate the dynamics
of the system. It is important to point out that this is a
statistical description, meaning the same transitions could
happen at longer times and lower temperatures (smoother T
ramp). Results show that at early stages, the BTB structure
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Figure 6. Snapshots of reactive molecular dynamics simulations showing the evolution of a BTB honeycomb structure during a temperature

ramp from 350 to 650 K within 2.0 ns.

remains almost intact. As the dynamics proceeds, some defects
in head-to-head H-bonds appear (as circled in Figure 6),
promoting disorder in the adlayer until the honeycomb
structure collapses.

Focusing on the atomistic processes, several H-exchange
processes between dimeric -COOH groups as well as rotation
of carboxylic groups occur even at the beginning of the reactive
dynamics (Figures 7a—b). Since the occurrence of proton
exchange between adjacent carboxylic groups at all temper-
atures in the MD simulations indicates that this process has a
low energy barrier, to support this observation, we conducted a
nudge elastic band calculation® (Figure S6), obtaining an
energy barrier for proton exchange of 0.47 eV, which aligns
with the observed proton exchange in the MD simulations.
Figure 7a shows the statistical description of the proton
transfer process between adjacent carboxylic groups by
following the OH distances for both O atoms (see inset)
during the temperature ramp. The OH distances oscillate
between ~1.0 A (O—H covalent bond distance) and ~1.6 A
(H-bond), showing H-exchanges in the honeycomb BTB
structure at temperatures lower than 400 K in the MD
simulation. When the black and red profiles overlap—at
around 1.6 A (Figure 7a), a deprotonated carboxylate group
(-COO)~ faces a -C(OH)(OH)* group. Such configurations
confer a dipole moment to BTB molecules that can interact
with the applied EEF between the STM tip and the sample and
result in an on-surface phase transition.

Carboxyl Group’s Rotation. We further explored the
rotation of the carboxylic groups to determine the origin of
the H-bond breakage during switching. Figure 7b shows the
statistical occurrence of the carboxylic group rotation during
simulations by computing the C—C—C—O dihedral angles of
several BTB molecules. When the entire BTB molecule lies flat
on the surface (meaning null dipole moment), the C—C—C—
O angle is 0.0°, and when the carboxylic group rotates around
the C—COOH bond (creating a clear dipole moment), such
an angle becomes 180.0°. This latter case would mean the
complete breakage of the intermolecular H-bond, destabilizing
the overall system. As observed in Figure 7, the occurrence of
such nonzero dihedral angles increases as the dynamic
proceeds. Even though only a few carboxyl rotations are
observed at the beginning of the temperature ramp (early
stages), they need to be taken into consideration, since the
polarized species could easily interact with the highly localized
and strong EEF applied during STM measurements.
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Furthermore, as expected, free rotations occur at high
temperatures (above SSO K) where dihedral angles of 180°
are observed coexisting with angle values around zero degrees.

Summarizing, after the rotation of the -COOH group that is
concomitant with the H-exchange process, several H-bonds are
broken, resulting in the whole BTB structure destabilization
and collapse (Figure 7). Accordingly, this effect will also be
enhanced by the large electric field between the STM tip and
sample, contributing to the overall energetic balance of the
switching process. These simulations allow us to correlate the
switching behavior with the process of H-exchange and
-COOH group rotation, in a reversible manner and without
the need of deprotonation.

As a comprehensive discussion of the proposed switching
mechanism, we initially examined the various energetic
contributions. As depicted in Figure 3, a charged substrate,
emulating the surface polarization due to an applied
perpendicular electric field, either stabilizes or destabilizes
different networks, elucidating the energetic preference for
opened structures on negative surfaces and close-packed
structures on positive ones. Furthermore, through reactive
molecular dynamic simulations, we demonstrated that both
processes (the rotation of carboxylic groups and proton
transfer/exchange) can occur in stable structures (Figures 6
and 7). These processes generate a nonzero dipole moment
that, when interacting with the electric field, triggers the
collapse of the structure. Additionally, employing DFT
calculations of BTB molecules in a vacuum, we determined
the dipole moment of BTB molecules in various configurations
(planar before H-exchange and/or rotation, as observed in
honeycomb structures) and nonplanar asymmetric arrange-
ments where carboxylic rotations were allowed. The dipole
moment (pgrp) of the planar Cy, symmetric molecule is, as
expected, 0 D, whereas a net nearly perpendicular dipole
moment of 2.3 D and 2.4 D for BTB was observed after
allowing the carboxylic groups to rotate. If we define the extra
work (Wefprg) generated by the interaction of an electric field
(Ef) on BTB molecules as

Wefy 1 Ey

considering a bias potential range between 0.7 and 1.5 V and
assuming an approximate distance of 1 nm between the tip and
the sample, we calculated a Wef pr ranging from 0.3 to 0.56 eV
(from 6.9 to 12.2 kcal/mol), comparable with the binding
energy of BTB molecules on honeycomb structures at negative

= ~Hprsp
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Figure 7. (a) Description of the H-exchange by means of O—H
bond length (red profile) and H-bond length (black profile) for the
head-to-head carboxylic groups in a honeycomb structure as a
function of temperature. (b) Statistical description of the
carboxylic group’s rotation by means of the variation of C—C—
C—O dihedral angles (in degrees) for 20 BTB molecules during
the temperature ramp from 350 to 650 K for BTB molecules in the
honeycomb structure.

surfaces (approximately —10 kcal/mol, Figure 3). Thus, since
both proton transfer and the rotation of COOH groups
contribute to the loss of Cy, symmetry in the BTB molecules
within the network, the generation of a dipole moment that
aligns with the EEF induces the collapse of the structure.

CONCLUSIONS

We have described the phase transition mechanism involved in
supramolecular networks as a response to the EEF at the solid/
liquid interface. By discussing each energetic contribution in a
systematic fashion, we have proven that the switching effect is
not inherent to any molecule but instead is related to a global
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energetic perspective of the adsorbate/substrate system under
different experimental conditions. We have shown how a
switchable molecule (such as BTB) becomes irresponsive to
the EEF by increasing the adsorbate—substrate binding energy
at the SLG/Cu/liquid interface. Additionally, we discussed the
importance of the intermolecular H-bonding interactions on
the switching mechanism by replacing -COOH with -CHO
groups (BTB to C3-Ald). This functional group modification
weakens the intermolecular H-bonds, preventing the ex-
pression of a porous CHO-based motif, and thus inhibits the
switching from a stable close-packed structure to a potential
unstable porous network. The effect of the surface polarity on
the system’s stability was discussed based on DFT calculations
performed on a graphene layer which determine that close-
packed structures are more stable at positive sample bias,
whereas at negative sample bias, all the structures lose overall
stability. Finally, via reactive molecular dynamics studies, we
have shown that the formation of polarizable species is
correlated to the carboxyl group rotation and the dynamics of
the proton exchange. This dynamic scenario is influenced by
the applied electric field, promoting molecular switching to the
most stable structures according to the surface polarity. The
switching of supramolecular networks by an EEF is a
fascinating effect, and here we analyze the factors that make
a surface supported supramolecular network switchable,
exploring the predictability and reversibility on the actuated
interface.

METHODS AND EXPERIMENTAL SECTION

Solutions of different concentrations of 1,3,5-tris(4-carboxyphenyl)-
benzene (BTB), trimesic acid (TMA) and 1,3,5-tris(4-formylphenyl)-
benzene (C3-Ald) were prepared in n-nonanoic acid (synthesis,
Merck). Highly ordered pyrolytic graphite (HOPG, Bruker), ZYB
grade, was used as substrate. HOPG substrate was cleaved with
adhesive tape prior to use. Single layer graphene substrates deposited
on Cu and on SiO, were used as received from Graphenea without
further cleaning. The samples were prepared by depositing 4 yL of the
BTB solution on the HOPG substrate. STM tips were prepared by
mechanical cutting of Pt/Ir wire (90%/10%, diameter 0.25 mm,
GoodFellow). All STM measurements were performed by using a
Bruker system at constant-current mode. After the samples were
prepared, the tip was immersed in the droplet of solution at the
liquid/solid interface. STM images were processed using WSXM S.0
software.>

Density Functional Theory Calculations. DFT calculations
were performed with the Quantum Espresso (QE) package.37 The
PBE formulation was used for the exchange and correlation
functional®® together with norm-conserving ultrasoft pseudopoten-
tials.>’ The electron wave functions were expanded in a plane-wave
basis set up to a kinetic energy cutoff of 40 Ry (240 Ry for the
density). Due to the large cell sizes, only one k point (gamma) was
used for integration in the first Brillouin to obtain a good balance
between the number of atoms and the computational burden. Only in
the case of graphene on copper, the integration in the first Brillouin
zone was performed with a (2 X 2 X 1) Monkhorst—Pack mesh.*
Dispersive forces between BTB molecules and graphene were
considered using Grimme’s semiempirical DFT-D2 approach*' as
implemented in the PWscf codel of QE. A vacuum thickness of 15 A
was introduced between the slabs.

ReaxFF Molecular Dynamics Simulations. Reactive MD
simulations were performed with the ReaxFF force field.*"** We
employed the ReaxFF force field reported by Sengul et al** MD
simulations were performed with the ADF2020** and LAMMPS*
codes. The temperature was controlled with a Berendsen thermostat™*®
(100 fs damping constant). The initial velocities were assigned
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according to the Boltzmann distribution. A Velocity-Verlet algorithm
was used in the NVT/MD simulations with a 0.25 fs time step.
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