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The effects of concentration and an oriented external electric field on the transformations of hydrogen-
bonded structures of trimesic acid (TMA) and terephthalic acid (TPA) have been investigated at a liquid–
solid interface by scanning tunneling microscopy (STM). The triangular periodic TMA framework can be
transformed into a flower-like structure by changing the STM sample bias sign in situ. Networks of TMA
and TPA are porous at a negative substrate bias, but typically change to relatively compact forms when
the polarity of the applied bias is reversed. This change is reversible if the applied bias is reversed. The
effects have potentials to locally control the capture and release of analytes in host-guest systems and the
2D morphology in multicomponent layers.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Self-assembly of ordered porous networks have been proven
to be well suited for the functionalization of surfaces and, thus,
has become a topic of elaborate research [1–4]. Traditionally,
carboxyl acid and its derivatives are used to build H-bonded
molecular networks since the carboxyl groups can serve as both
hydrogen bond donors and acceptors. One of the most
extensively studied models is trimesic acid (TMA), a planar
molecule with three-fold symmetry consisting of three carboxyl
groups attached to a central benzene ring. TMA is known to
assemble in various adsorbate structures, and the most
characteristic motif identified therein is chicken-wire and
flower-like network structures formed through the dimerization
and the trimerization of carboxyl groups at the solid-liquid
interface [5–11]. The monolayer morphology of carboxyl acid is
primarily governed by the structure and functional groups of the
molecules, and is also influenced by the type of solvent,
substrate, light irradiation, temperature, and concentration
[12–17]. The influences of these factors have been studied
comprehensively in earlier works [18–20]. However, there are
much less work on the effects of the concentration of carboxyl
acid on the self-assembly structure.

Controllable structural transformations of molecular nano-
architectures in response to external stimuli have received
considerable attention, as they are promising means to modulate
the functionality of surfaces and interfaces [21–24]. Scanning
titute of Materia Medica, Chinese
tunneling microscopy (STM) uses a strong electric field between a
sharp metallic tip and a flat conductive surface and provides a
seamless experimental setup to manipulate the diffusion and
arrangement of atoms and molecules at nanoscale [25–27]. Due to
the atomically sharp nature of the STM tip and a few-angstrom-
wide gap between the tip and the substrate, a highly localized and
directional electric field can be applied to the system positioned in
this tunnel junction [28,29]. Generally, the existence of a threshold
bias is characteristic of tunneling-electron-induced structural
transformation, whereas processes triggered by an electric field
(typically in the order of 109 V/m) do not depend on the threshold
voltage. In contrast, electric-field-induced processing can act as a
“trigger” to induce the structural transition of surface supramo-
lecular assemblies. Nevertheless, in most cases of electric-field-
induced processes, the electric field has been induced by changing
the bias of imaging or applying a pulse to the STM tip during
scanning by the STM tip. Recently, the electric field in an STM tip
was used to induce the large-scale reversible transformation of the
two distinct assembly phases of a positively charged polycyclic
aromatic hydrocarbon [30,31] and to trigger the formation of
physisorbed bilayers [32–35]. Nevertheless, in most cases of
electric-field-induced processes, the electric field is induced by
changing the bias of imaging or applying a pulse to the STM tip
during scanning by the tip. Experimental study of strong electric-
field-induced processes at the single-molecule level is still a fairly
unchartered territory, and a number of aspects remain unknown. It
is especially challenging to search for robust and reproducible
systems that can maintain the same response and reversibility
after numerous switching cycles.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. STM images showing the concentration dependence of the morphology of
TMA monolayers at a heptanoic acid/HOPG interface. (a) 2.8� 10�5 mol/L
(I = 0.63 nA, V = �0.35 V); (b) 8.2�10�5 mol/L (I = 0.65 nA, V = �0.32 V); (c)
2.5�10�4 mol/L (I = 0.60 nA, V =�0.38 V); (d,f) suggested corresponding molecular
models of TMA at the respective concentrations.
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In this contribution, we demonstrate that the large-scale highly
ordered triangular fractal framework of TMA can transform into a
flower-like structure by increasing its concentration. Then, by
reversing the direction of the electric field between the STM tip
and highly oriented pyrolytic graphite (HOPG) substrate, the
opening and closing of nanoporous structures of TMAonHOPG can
be locally controlled. We also propose a porous TMA and
terephthalic acid (TPA) bicomponent crystalline network at
negative substrate bias can be interchanged in a reversible fashion
by simply flipping the polarity of substrate. Based on the
experimental results, we suggest the external electric field can
be adopted to select the polymorphic outcome of supramolecular
assemblies at the solid/liquid interface.

Fig. 1a shows the molecular structures of the TMA and TPA
building blocks used in this study. Three different forms of TMA,
namely, triangular period, flower-like and filled flower structure,
were obtained at a heptanoic acid/HOPG interface by increasing
the TMA concentration, as shown in Fig. 1b. Furthermore, when
mixed in an appropriate stoichiometric ratio in solution, TMA and
TPA formed a mixed self-assembled network, bonded through
hydrogen bonding between carboxylic groups of TMA and TPA. We
used these perfectly crystalline arrangements as model systems to
study the mixing behavior of these molecules under an electric
field of varying polarity. Fig. 1c shows the flower-like porous
crystalline arrangement changes into honeycomb structure when
the substrate bias is reversed from negative to positive. Further-
more, a well-ordered rectangular nanoporous binary flower-like
network was destroyed and two TMA molecules appeared in
porous when changing the polarity of electric field, as shown in
Fig. 1d.

Fig. 2 shows STM images of different host network structures of
TMA in heptanoic acid on the surface of HOPG by adjusting the
sample concentrations. At a low concentration (2.8� 10�5 mol/L),
we observed the coexistence of a triangular period porous network
and a flower-like network, as shown in Fig. S1 (Supporting
information). Fig. 2a shows that the triangular fractal porous
network was formed by groups of three TMA molecules via
hydrogen bonds. Fig. 2d shows the correspondingmolecularmodel
with the lattice parameters obtained from calibrated STM images.
Interestingly, the triangular period porous network was complete-
ly transformed into the flower-like network by an increase in the
TMA concentration to 8.2�10�5 mol/L (Fig. 2b). It is obvious that
one-third of the hydrogen bonds are involved with three TMA
molecules, resulting in a circular hydrogen bonding network as
presented in Fig. 2e, which is in good agreement with the previous
reports [36,37]. The flower structure is more densely packed (0.99
molecules/nm2) than the triangular period structure (0.89
molecules/nm2). On a further increase in the TMA concentration
to 2.5�10�4 mol/L, the STM observation in Fig. 2c clearly shows
[(Fig._1)TD$FIG]

Fig. 1. (a) Molecular structures of TMA and TPA.[16_TD$DIFF] (b) Schematic showing the TMA
concentration dependence of TMA structural frameworks.[17_TD$DIFF] (c, d) Schematics
showing the influence of the surface composition on the outcome of external
electric field-induced switching.
that the basic flower like framework is still observed but now a
bright spherical structure was embedded into each pore of the
flower-like network. These bright spots actually represent
individual TMA molecules. This means that additional TMA
molecules are adsorbed on the graphite partially filling all the
cavities. Filling of cavities leads however to an increase of the
packing density to around 1.15 molecules/nm2. Because TMA is
a p-conjugated molecule, the density of the electronic states of
the TMA molecules in the pores became very high, forming
hydrogen bonds with the six TMA molecules that formed the
network pores. The contrast in the STM image is therefore very
pronouncing, and the TMA molecules in the pores appear to be
larger and brighter than the other TMA molecules. By carefully
analyzing the arrangement of the molecules in the STM image, we
proposed a model of the self-assembled molecular structure as
shown in Fig. 2f. This structure is formed by a similar host-guest
mechanism as discussed above for the filled chicken-wire
structure [38,39].

It was demonstrated previously that at lower concentration
more loosely packed and at higher concentration more densely
packed structures are favored [16,40]. To estimate how energeti-
cally favorable the formation of a specific polymorph at the
interface is, the Gibbs energy has to be considered. At higher
concentrations, the mobility of the molecules in the liquid phase
increases as well as the diffusion and rotation of the molecules
adsorbed on HOPG at the liquid–solid interface, so it easy for TMA
molecules to agglomerate and arrange into the corresponding
preferential H-bonding motif to reach the thermodynamically
favored structure. The kinetically controlled growth of the
interfacial monolayer starts when the droplet comes in contact
with the substrate and the very first molecules become adsorbed
and aggregate. The nucleation process and the following growth of
one polymorph are usually in competition with kinetic blockades
resulting in domains and in the initial formation of possibly
metastable arrangements with a high nucleation and growth rate
[41,42].

During all the experiments described above, we always carried
out measurements at a negative sample bias at room temperature.
Surprisingly, we found that the change of the polarity of the
electric field applied on the samples led to a structural transition.
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Fig. 3. (a) STM image showing the reversibility of the phase change of TMA
molecules at a heptanoic acid/HOPG interface.[18_TD$DIFF] (b) High-resolution STM image at a
positive substrate bias of the TMA structure at a heptanoic acid/HOPG interface
(I = 0.47 nA, V = 1.12 V), and six bright spots represent six TMAmolecules. [19_TD$DIFF] (c) Model
of the TMA structure at a positive substrate bias.
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Fig. 3a illustrates the dependence on the sample bias polarity of the
structure of a TMA monolayer physisorbed on a heptanoic acid/
HOPG surface. A flower-like monolayer of TMA (8.2�10�5 mol/L)
was obtained a negative sample bias. The measured unit cell
parameters are a = b = 2.5� 0.1 nm, and α = 60� �1�. The formation
of a honeycomb H-bonded network suppresses the TMA deforma-
tion and the interaction with the surface, while the stability of the
adsorbed network is compensated by H-bonding. When we
switched the polarity of the sample bias to positive, we detected
bright spherical spots in the honeycomb structure. Six TMA
molecules connect to each other by pairs of hydrogen bonds, and a
guest TMAmolecule is inserted into a hole, shown in Fig. 3b. Fig. 3c
shows the correspondingmolecularmodel. Because the cavity area
is larger than the size of a single TMAmolecule, it can move inside,
and it has been observed in various positions forming weak
H-bonds to the chicken-wire framework. The honeycomb network
of TMA obtained at a negative substrate bias on a nonanoic acid/
HOPG surface can also change into a densely packed network that
consists of rows of TMA molecules when the substrate bias was
reversed. Because TMA is a p-conjugated molecule, the density of
the electronic states of the TMAmolecules in the pores is very high.
Therefore, the contrast in the STM image is very noticeable, and
these molecules appear to be larger and brighter than the other
TMAmolecules. Electric-field-induced structural transitions of the
parent TMA network, however, were found to occur almost
instantaneously, in that the network changed from one scan line to
another upon the reverse of the polarity [43,44]. Despite its
sluggishness in the forward direction, the transition of the network
described above was fully reversible and could be initiated by
reversing the sample bias to negative.

Besides its polarity, the magnitude of the substrate bias also
controls the composition of themonolayer phases. A threshold for
the observed structural transitions was discovered when the
substrate bias was changed gradually in increments of 0.2 V from
[(Fig._4)TD$FIG]

Fig. 4. Voltage-magnitude-dependent STM image showing the gradual transition of
chicken-wire (a) to flower (b) via filled flower (c). Tunneling current (a-c) I =
0.62 nA.
�0.8 V to +0.8 V. Fig. 4 shows voltage magnitude-dependent
structural transitions in the case of TMA. The flower like structure
remains stable in the voltage range of �0.8 V to �0.2 V (Fig. 4a).
Further changes in the substrate bias lead to formation of
chicken-wire and flower coexisting networks within the voltage
range of �0.1 V to 0.2 V as shown in Fig. 4b. Additional increase in
the field strength furnished the final structure in the filled
chicken-wire structure, which remains stable within the voltage
window of 0.4 V to 0.8 V (Fig. 4c). The magnitude dependence of
the transition can thus alternatively be understood by considering
gradual deprotonation of the TMA molecules as a function of
increase in the field strength on the positive side of the substrate
bias. These systematic measurements reveal that neither of the
supramolecular networks observed at positive (+0.8 V) or
negative (�0.8 V) bias are stable at or around 0 V when the field
is weak or completely removed. The observation of the distorted
network indicating partial disruption of regular hydrogen
bonding between the two molecules indicates that the partially
deprotonated species may be present on the surface at or around
zero field.

TMA is known to assemble multi-dimensional hydrogen
bonded host-guest architectures with other molecules consist-
ing carboxyl groups. We chose TPA molecule, with two carboxyl
groups in the end of benzene, as the functional guest molecule
to modify the network of TMA. TMA and TPA are small rigid
molecules, and no dipole moment is induced by the free rotation
of their benzene rings. In addition, the carboxyl groups of TMA
and TPA formed several in-plane hydrogen bonds via adsorption
on the HOPG surface, which means that these hydrogen bonds and
the carboxyl groups themselves were coplanar with the rest of the
aromatic skeleton. In our previous report, when TMA was mixed
with two-fold symmetric TPA with their molar ratio 3:1 at a
heptanoic acid/HOPG interface at a negative substrate bias, a well-
ordered rectangular nanoporous binary 2D porous flower-like
network was formed [45,46]. Some TMA molecules connected to
other three molecules by one-third of hydrogen bonds to form a
circular structure. In addition, each TPA forms two hydrogen bonds
with one carboxyl group of the neighboring TMA molecules
(Fig. S3 in Supporting information). The measured unit cell
parameters are a = 2.7� 0.1 nm, b = 3.8� 0.1 nm, and α = 69� �1�.
Reversal of the substrate bias led to the appearance of another
phase, as shown in Fig. 5a. From the high-resolution STM image in
Fig. 5b, it can be clearly observed that the structure of rectangular
flower-like network was destroyed. The molecular model illus-
trated in Fig. 5c reveals that one TMAmolecule was removed from
the flower-like network, two TMA molecules in nanopores forms
one hydrogen bonds with one carboxyl group, and weak aromatic
��C��H� � �O¼C�� hydrogen bonding occurred between TMA
molecules that belonged to the flower-like network. The reverse
transition, however, re-accommodated the lost TMA molecules in
the network and thereby restored the original rectangular
nanoporous binary flower-like network.

[2 4_ TD $D I FF ]The experimental results described above clearly reveal that
the networks change from open porous at negative bias to higher
packing density structure at positive bias. Under such circum-
stances, the possible formation of a dipole moment for TMA upon
conformational changes proposed by Cometto et al. cannot explain
the networks since TMA and TPA both are small rigid planar
molecules [47,48]. Despite their open nature, which does not
conform to the thermodynamic principle of close-packing, the
stability of such networks is governed by maximization of energy
per molecule, in which case each molecule forms six energetically
favorable hydrogen bonds with its neighbor. Therefore, not only
the overall energy of the supramolecular surface is determined by
close packing wherein the energy per unit area dominates, but the
carboxylate ion formed after deprotonation may also engage in
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Fig. 5. (a) STM image showing the reversibility of the phase change of the TMA/TPA structure at a heptanoic acid/HOPG interface. [20_TD$DIFF] (b) High-resolution image at a positive
substrate bias of the TMA/TPA structure at a heptanoic acid/HOPG interface (I = 0.52 nA, V = 0.96 V [21_TD$DIFF]). (c) Model of the TMA/TPA structure at a positive substrate bias.
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hydrogen bonding with intact carboxyl groups. A hydrogen bond
formed between carboxylate ions and carboxyl groups is known to
be extremely strong and is categorized as a low-barrier hydrogen
bond. In this case, the hydrogen atom occupies a position
approximately equidistant from the two oxygen atoms and is
equally shared between the donor and the acceptor. Combining the
considerations made above, the following scenario for explaining
the switching behavior is brought forward. In agreement with
previous studies [49–51], we may conclude that the formation of
strong hydrogen bonds between the carboxylate anions and
carboxyl groups which may contribute to the overall stabilization
of the networks formed at positive substrate bias. This means that
the apparent carboxyl-carboxyl contacts in the networks obtained
at positive bias could as well be ascribed to carboxyl-carboxylate
hydrogen bonding instead of regular [25_TD$DIFF]R2

2 8ð Þ carboxyl-carboxyl
hydrogen bonding. The chemical insensitivity of STMprecludes the
determination of the exact siteswhere the plausible deprotonation
has occurred.

The triangular period porous network of TMAmolecules can be
tuned into a flower-like structure by increasing its concentration.
Then, by reversing the direction of the electric field that exists
between the STM tip and HOPG, the open flower-like nanoporous
structure of TMA is stabilized at negative substrate bias, whereas
relatively compact networks survive at positive substrate bias.
TMA and TPA molecules that form bicomponent crystalline
rectangular flower-like network at negative substrate bias are
destroyed in a reversible fashion by simply flipping the substrate
polarity. In conclusion, structural polymorphs formed at the
solution–solid interface can be controlled by adjusting the
concentration of the molecules and by changing the sample bias.
While a number of mechanistic details still need to be verified
experimentally, this work provides a compelling example of
electricfield-controlled mixing behavior of surface-adsorbed
supramolecular systems.
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