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ABSTRACT: The effect of the concurrent action of
intermolecular and molecule−substrate interactions on the
two-dimensional (2D) self-assembly of organic molecules on
solid surfaces is investigated in a combined experimental and
theoretical effort. Scanning tunneling microscopy measure-
ments of terephthalic acid on the Cu(111) surface, a model
system where the interplay between the two interactions is
particularly evident, are used to develop a general, simple, and
computationally inexpensive model that quantitatively ac-
counts for the experimental observations. The model, related
to the well-known Frenkel−Kontorova model, offers a
comprehensive description of the “subtle interplay” between
intermolecular and molecule−substrate interactions and
provides a qualitative and quantitative predictive capability in the design and fabrication of 2D molecular nanostructures at
surfaces.

■ INTRODUCTION

Self-assembly of organic molecules has emerged as a highly
effective and versatile strategy for the controlled fabrication of
nanoscale structures. Much of its success is owed to recent
advances in supramolecular chemistry and organic chemical
synthesis. Together, these two complementary disciplines
make it possible to design and fabricate molecular building
blocks that selectively self-assemble into predetermined
functional architectures. The application of this approach to
two-dimensional (2D) molecular assembly on solid surfa-
ces,1−5 however, is not necessarily straightforward, as, in this
case, the molecular organization is not determined exclusively
by the interactions between the adsorbed molecules. Instead,
the substrate often plays an active role, and molecular assembly
is driven by a “subtle interplay of intermolecular and
molecule−substrate interactions”.6−14

Despite its importance in supramolecular chemistry on
surfaces, the oft-cited “subtle interplay” is not well understood.
References to the subtle interplay can be found in the majority
of papers on molecular assembly at surfaces but, most
frequently, this concept is used only as a sort of general-
purpose scapegoat to mask the incapacity to explain specific
2D molecular assembly patterns. In particular, the ability to
quantitatively predict the effects of the simultaneous action of
intermolecular and molecule−substrate interactions in a
general case is yet to be achieved. Therefore, although the
successes reported in solution-phase supramolecular chemistry
suggest that similar accomplishments should be possible also

for molecular self-assembly on solid surfaces, much work is still
needed to move from a situation where most of the
experimental results are rationalized only a posteriori to the
capability of predetermining the final 2D molecular arrange-
ments.
In this work, we have used experimental data acquired on a

specific model systemscanning tunneling microscopy
(STM) measurements of the assembly of terephthalic acid
(TPA, Figure 1a) on the Cu(111) surfaceas the starting
point to develop a general model of the interplay between
intermolecular and molecule−substrate interactions. The
model we present here is limited to a one-dimensional (1D)
approximation, but the full 2D case will be based on the same
fundamental assumptions. Our results show that both a
qualitative and quantitative prediction of the experimental
molecular assembly is indeed possible, based on a multiscale
approach where molecular-level classical and quantum
calculations are used to determine input parameters of a
computationally inexpensive analytical algorithm operating on
large simulation cells.
TPA is an ideal model system for this study, as its assembly

has been analyzed on a wide range of different substrates.
When deposited onto weakly interacting surfaces such as
Au(111), Ag(111), or graphite, either from solution or in
vacuum, it remains intact, adsorbs parallel to the surface, and
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almost always assembles into the so-called brickwork
structure,15−24 shown schematically in Figure 1b. Here, the
carboxyl moieties form dimeric hydrogen bonds with adjacent
molecules, resulting in the development of 1D molecular
chains that stack in an offset manner to form a brickwork
motif. This supramolecular arrangement is also observed in the
condensed phase,25 indicating that, irrespective of the
substrate, it is in fact the most energetically favorable structure.
The interaction between the TPA chains is believed to be
weak, arising from van der Waals interactions and, possibly,
secondary electrostatic bonds with the aromatic protons
(shown in Figure 1b).16,17,26 Thus, the assembly in the
brickwork phase is essentially 1D in nature. In contrast, when
TPA is deposited onto strongly interacting materials like Cu or
Pd, or when it is co-deposited with reactive metal adatoms, the
carboxyl moiety can deprotonate. The resulting carboxylate
species can no longer form standard hydrogen bonds; instead,
they assemble into structures characterized by ionic hydrogen
bonds27−31 or coordination bonds to metal adatoms.31−35

Alternatively, an upright orientation can also be formed, where
the TPA binds to the surface through only one carboxylate
group.30,36,37 In such cases, the ultimate arrangement of the
molecules does strongly depend on particular aspects of the
specific experimental system (i.e., molecule coverage,38

substrate symmetry, deposition rate,39 annealing temper-
ature28).
The (001) and (110) orientations of Cu single crystals are

reactive enough for TPA to deprotonate upon adsorption at
room temperature. In particular, on Cu(001), the terephthalate
goes on to form a number of different supramolecular
architectures, depending on the coverage, which are charac-
terized by ionic hydrogen bonds.28−30 Similar coverage-
dependent phases were also observed on Cu(110), together
with the development of metal−organic structures.31,40 On
both surfaces, the supramolecular motifs exhibit symmetries
reminiscent of the substrate’s atomic structure, indicating a
strong molecule−substrate interaction. As Cu(111) is the least

reactive Cu termination, it is expected not to deprotonate the
adsorbed TPA, although its 2D atomic-scale modulation of the
adsorption potential is still expected to influence the molecular
assembly.41

■ METHODS
Experimental Methods. All experimental measurements

were performed using a commercial ultrahigh-vacuum low-
temperature STM instrument. The samples were prepared by
multiple cycles of Ar+ sputtering (1 keV, drain current 14 mA
cm−2, 15 min) followed by annealing (870 K, 5 min), which
yielded atomically clean and flat terraces. TPA, initially
outgassed for several hours at 440 K, was deposited onto the
cleaned surface by organic molecular beam epitaxy using a
crucible temperature of 450 K, resulting in sub-monolayer
coverages after 5−15 min of deposition. The sample was
cooled to 77 K prior to insertion into the STM.
The STM measurements were performed using etched W

tips that are treated with electron bombardment in the vacuum
system. The bias is applied to the sample; thus, positive
voltages correspond to tunneling from the tip to the sample,
and vice versa. The STM head and sample are held at 77 K
throughout measurement. All STM images were processed by
using the WSxM software.42

Computational Methods. Molecular Mechanics (MM)
Calculations of TPA. Interaction energies of TPA in the gas
phase (i.e., without substrate) were calculated using the MM3
force field43,44 within the Tinker software;45 hydrogen bond
energy and distance parameters in the MM3 force fields were
adjusted to reproduce the acid dimerization energy and the
hydrogen bond length obtained using DFT-B3LYP calcula-
tions, as described in ref 26: the energy parameter for the O···
H interaction was 7.98 kcal mol−1 and the distance parameter
was 2.05 Å. Energy minimizations were performed for a 1D
chain and then for a 2D network of TPA molecules while
keeping the z-coordinates of all atoms constant to maintain
planarity.

Density Functional Theory (DFT) Calculations of Adsorp-
tion. DFT and dispersion-corrected DFT (DFT-D) calcu-
lations were performed by using the SIESTA code,46 within the
generalized gradient approximation using the Perdew−Burke−
Ernzerhof (PBE) functional,47 with double-ζ polarized basis
sets and pseudopotentials for C, O, Cu, and Au available on
the SIESTA web page.48 Convergence of the Au and Cu bulk
and their (111)-oriented slabs was tested; these test results are
reported in the Supporting Information (SI).
Calculations of TPA on Cu(111) and Au(111) were done

using DFT-D as proposed by Grimme.49 The dispersion
correction was applied only to metal−molecule interactions.
Dispersion parameters for the Cu−C, Cu−O, and Cu−H
interactions from Grimme’s paper were used:49 C6 = 45.06,
28.50, and 12.74 eV Å−6, R0 = 3.014, 2.904, and 2.563 Å for
Cu−C, Cu−O, and Cu−H pairs, respectively. Dispersion
parameters for the Au−C, Au−O, and Au−H interactions were
obtained from ref 50: C6 = 70.89, 44.83, and 20.05 eV Å−6, R0
= 3.112, 3.002, and 2.661 Å for Au−C, Au−O, and Au−H
pairs, respectively. S6 coefficient = 0.75, recommended for
PBE,49 was used. Similarly as for bulk metals, the k-grid cutoff
of 15 Å was used, resulting in a 2 × 2 × 1 k-point grid.
Adsorption of TPA (and, for comparison, related molecules:

benzoic acid and benzene) on Cu(111) and Au(111) was
calculated, first at high-symmetry positions above these
surfaces and then on a 2D grid of positions to obtain the

Figure 1. (a) Molecular structure of TPA. (b) Schematic
representation of the TPA brickwork supramolecular motif. The
zoom-in panel highlights the dimeric hydrogen bonds between
carboxylic moieties (green) and the possible secondary bonds
involving the aromatic protons (orange).
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potential energy surface (PES) for adsorption of TPA on these
surfaces (see the SI for details). Only the metal atoms in the
lowest layer of the slab were fixed; the molecule was allowed to
optimize both its geometry and position, but there was almost
no change in its lateral position during optimization because of
the very flat PES. Adsorption energies were calculated as the
difference between the energy of the “surface + adsorbate”
system and the energies of the clean surface and isolated
molecule, and corrected for the basis set superposition error
using the counterpoise scheme.51

■ RESULTS AND DISCUSSION

Figure 2 shows typical STM images obtained after depositing
sub-monolayer quantities of TPA onto Cu(111). The substrate
is held at room temperature during deposition and then cooled
to 77 K for imaging. Elongated molecular islands are observed,
which exhibit long straight edges, oriented close to the [112̅],
[12̅1], and [2̅11] substrate orientations (i.e., close to
perpendicular to the main substrate orientations41).
Detailed inspection of the internal structure of the molecular

islands reveals elliptical protrusions that are assigned as
individual, flat-lying TPA molecules, in line with previously
reported measurements.15−20,52,53 The overlaid model in
Figure 2b reveals two important features of the assembly;
the TPA molecules are adsorbed with their long axis aligned
parallel to the long edges of the molecular islands and are
arranged in a “brickwork-like” structure. Here, we use the term
brickwork-like, rather than simply brickwork, due to a number
of structural differences that will be discussed later. The
supramolecular arrangement of TPA might be taken as an
indication of an intact chemical statei.e., that the molecules

have not deprotonated upon adsorption. However, this is not a
conclusive proof, as a similar assembly has been reported for
deprotonated TPA on Pd(111)27 and on Cu(001).54

Verification of the intact carboxyl moiety can be obtained
through annealing treatments, which result in a radical
transformation of the TPA film. The STM measurements
acquired after annealing to 350 K, shown in Figure 2c,d, reveal
that the adsorbates are now dispersed over the surface in small
aggregates. These aggregates are observed in a range of
different motifs, many of which appear to be pinned around a
central point. A comparison with previous results in the
literature32,39,55 suggests that the structures in Figure 2c,d are
in fact metal−organic complexes, where the central position is
most likely occupied by a single Cu adatom (see overlaid
model in Figure 2d). Thus, substrate annealing generates
metal−organic complexes because it deprotonates the
adsorbed TPA molecules and allows the ensuing terephthalate
species to bind with Cu adatoms already present as thermally
generated defects on the surface. An alternative explanation
might be that TPA is already deprotonated in the brickwork-
like phase and that annealing is necessary to generate a high
enough density of Cu adatoms for complex formation.
However, it has been previously demonstrated that the density
of thermal adatoms at room temperature on Cu(111) is
already sufficiently high to produce metal−organic com-
plexes.39,56,57 This alternative explanation can thus be
excluded, and it can be safely assumed that the brickwork-
like structure shown in Figure 2a,b is composed of protonated
TPA molecules interacting mainly through hydrogen bonding.
The high-resolution STM image in Figure 2b shows that the

TPA hydrogen-bonded monolayer structure developed on

Figure 2. STM images of sub-monolayer TPA deposition on Cu(111). (a) Hydrogen-bonded network. Tunnel current I = 50 pA, sample bias U =
1.3 V. The faint features at the island edges are tip-related artefacts. (b) High-resolution image of the internal structure of the hydrogen-bonded
network, demonstrating the distribution of larger gaps between TPA molecules (blue circle). Molecular models of TPA have been overlaid to
highlight the molecular orientation. I = 100 pA, U = −1.0 V. (c, d) Molecular arrangement observed after annealing the sample shown in (a) above
350 K. A tentative model of a metal−organic complex has been overlaid in (d). (c) I = 40 pA, U = −1.4 V and (d) I = 50 pA, U = −1.9 V. All
images were acquired at 77 K.
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Cu(111) exhibits marked differences to those reported
previously on other weakly interacting surfaces.15−20 Dark
spots can be observed in the TPA/Cu(111) lattice, highlighted
by the blue circle in Figure 2b, which are only located between
the carboxyl moieties. These darker regions are the result of
molecules presenting a larger separation from one another
along the dimeric hydrogen bonding direction; the molecular
separation across these spots is 10.4 ± 0.4 Å (measured as the
distance between the centers of two consecutive phenyl rings
within the TPA chain), compared to the ∼9.7 Å typically
found in hydrogen-bonded TPA chains on other surfaces (a
summary of previously reported intermolecular separations in
hydrogen-bonded TPA structures on different surfaces can be
found in ref 24, 26). On Cu(111), approximately 15% of the
intermolecular separations within the hydrogen-bonded chains
are elongated in this manner. A statistical analysis of the
remaining 85% nonelongated intermolecular distances reveals
that they are relatively short, with an average TPA−TPA
separation of 9.3 ± 0.02 Å. For example, when compared with
the molecular separation in bulk TPA crystals, which is 9.54
Å,25 the value measured on Cu(111) is 2.5% shorter. This
indicates that the hydrogen bonds are being compressed when
TPA is adsorbed on Cu(111).41 On the other hand, the
measured interchain separation (i.e., the distance between
chains in the direction perpendicular to the dimeric hydrogen
bonding direction) is 5.5 ± 0.3 Å, approximately in line with
values previously measured for TPA adsorbed onto weakly
interacting surfaces.15−20

Thus, at variance with what has been reported to date in the
extensive literature regarding TPA adsorbed on solid surfaces,
the TPA brickwork-like structure on Cu(111) is defective and
is characterized by hydrogen bonds that, in their majority
(85%), appear to be compressed and, less frequently (15%),
elongated. Such an unusual structure seems to indicate an
enhanced molecule−substrate interaction that however still
preserves the chemistry and intermolecular bonding motif of
pristine TPA. As such, the TPA/Cu(111) systems appears to
be ideally suited for quantitatively analyzing the interplay of
intermolecular and molecule−substrate interactions in supra-
molecular self-assembly at surfaces. With this aim, we
undertook a thorough analysis of the two competing forces
using a combination of molecular mechanics (MM) and
dispersion-corrected density functional theory (DFT) calcu-
lations. The former were employed to investigate the
intermolecular interactions and the latter to address the 2D
spatial dependence of the molecule−substrate interaction.
Finally, the MM and DFT results were combined into a
general analytical model, which we use to quantitatively
evaluate the effect of the subtle interplay on the molecular
assembly.
Figure 3 shows the potential energy calculated by MM as a

function of the dimeric hydrogen bond length for an infinite
1D chain of TPA molecules in the gas phase. The distances
corresponding to the compressed and elongated intermolecular
separations observed on Cu(111) are marked by the red and
green lines, respectively. The profile exhibits a Morse-like
shape and strongly resembles the one previously calculated by
using DFT, with an agreement within 0.1 Å and 0.1 eV.16 It has
a single energetic minimum at 9.65 Å, very similar to the value
reported for bulk TPA crystals.25 However, this is ∼0.3 Å
longer and ∼0.8 Å shorter than the compressed and elongated
intermolecular separations observed in the TPA/Cu(111)
system, respectively. Thus, the MM calculations indicate that

the formation of compressed and elongated separations in the
TPA chains results in energetic penalties of ∼0.1 and ∼0.4 eV,
respectively, per dimeric hydrogen bond.
Previous publications suggested that secondary attractive

interactions between the aromatic protons and the carboxyl
moieties are responsible for interchain binding.16 To ascertain
whether these secondary bonds might possibly induce also the
unique assembly of TPA on Cu(111), further MM calculations
were performed to identify the lowest-energy configuration of
the 1D chains in an infinite 2D network of TPA. The
calculations reveal only a single energy minimum with respect
to the interchain configuration (see the SI), demonstrating that
the interactions between chains cannot cause the compressed
and elongated intermolecular separations observed on
Cu(111).
To investigate the adsorption energy of a single TPA

molecule on Cu(111) as a function of its lateral position on the
surface, we utilized dispersion-corrected DFT calculations. We
computed the potential energy surface (PES) for the
displacement of the molecule oriented along the [112̅]
direction on the substrate (see Figure 4). Equivalent energy
minima correspond to the molecule adsorbed with the center
of its aromatic ring above the hexagonal close-packed (hcp)
hollow site. The hcp position being the lowest energy site is in
agreement with computational studies of benzene on (111)
metal surfaces.58,59 Adsorption energies range from −0.77 eV
(for the lowest energy adsorption sites) to −0.57 eV (for the
highest maximum of the PES). Further computational details
and results concerning TPA adsorption energies in several
orientations on Cu(111) can be found in the SI. The position
of the PES minima of TPA on Cu(111) is similar to that
expected for any (111)-terminated metal surface, reflecting the
geometric structure of the metal and the molecule. However,
the corrugation of the adsorption potential is remarkably high
on Cu(111), ∼0.2 eV, e.g., considerably larger than the 0.05 eV
calculated for TPA on Au(111) (see the SI). Perhaps
surprisingly, most of the adsorption energy arises from the
strong interaction between the aromatic ring and the substrate.
This is demonstrated by similar DFT calculations that we
performed for benzene adsorbed on Cu(111), resulting in an
adsorption energy of −0.56 eV, i.e., about 70% of that of TPA
(−0.77 eV).

Figure 3. Potential energy calculated by molecular mechanics as a
function of the intermolecular separation for an infinite, dimeric
hydrogen-bonded 1D TPA chain. The red and green lines correspond
to the distances observed on Cu(111) for the compressed and
elongated intermolecular separations, respectively.
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It is practically very difficult to use DFT calculations to
determine the lowest-energy configurations of large islands of
molecules adsorbed on surfaces because the supramolecular
lattice units and the number of molecules therein are not
known in advance. However, it is possible to construct a simple
and computationally inexpensive model that describes some

general features of the combined effect of intermolecular and
molecule−substrate interaction, and that quantitatively ac-
counts for the experimental observations. Indeed, one well-
known approach is the Frenkel−Kontorova (FK) model,60,61

which combines nearest-neighbor interactions and the
substrate potential; it has been applied to systems involving

Figure 4. (a) Atomistic model of the most favorable adsorption geometry calculated by dispersion-corrected DFT for TPA on Cu(111). The TPA
molecule is positioned with the center of its aromatic ring above a hcp hollow site. (b) Potential energy surface (PES) showing the calculated
adsorption energy of TPA on Cu(111) as a function of the molecular position with respect to the atomic substrate lattice. The area of the PES
corresponds to the green rectangle shown in (a); x- and y-coordinates identify the position of the center of the aromatic ring.

Figure 5. (a) Functions used to approximate the intermolecular and molecule−substrate interactions (see text). (b) Schematic flow diagram of the
algorithm used for determining the lowest-energy configuration of the molecular position with respect to the substrate. (c) Example of lowest-
energy molecular assembly obtained from the algorithm in (b). The blue diamonds indicate the positions of molecules and the red squares those of
the substrate adsorption sites; the simulation unit cell is shown by the dashed line. In this particular example, P = 6, N = 3, and = A B/ = 2.0.
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adsorbed atomic layers62 and molecular layers,63 epitaxy,64 and
surface reconstruction.65 Since, in the particular case of TPA
on Cu(111), the intrachain bonding is anharmonic, we present
here a modified version of the FK model and solve it
numerically. Moreover, as the intrachain bonding is signifi-
cantly stronger than the interchain interactions, our model
accounts for the 1D assembly, but it can be extended to
describe more general 2D assemblies.
The model is illustrated in Figure 5. We proceed by defining

simple but realistic potential energy functions of the
intermolecular and molecule−substrate interactions and by
computing the lowest-energy molecular arrangement for a
variety of system parameters, before considering the specific
case of TPA on Cu(111). The intermolecular interaction is
modeled by using a Morse function, x( ), to account for
anharmonicity (not included e.g., in the Frenkel−Kontorova
model), and the molecule−substrate interaction by a cosine
function, x( ), as depicted in Figure 5a. These are valid
approximations because the MM simulations reveal a Morse-
like shape for the intermolecular interactions (Figure 3) and
the DFT-calculated PES is essentially sinusoidal along the
[112̅] direction (see the SI).
We assume that the lowest-energy arrangement is periodic in

1D with the parameter P defining the number of adsorption
sites in the resulting unit cell and N indicating the number of
molecules within each unit cell. The values of N and P for the
lowest-energy arrangement are not known and we therefore
explore a large range of N and P values, computing the lowest-
energy molecular arrangement for each of them. The search
algorithm is outlined in Figure 5b and described in detail in the
SI. Although this algorithm is far from efficient, it fully
investigates a large parameter space in a highly systematic
manner, allowing the overall lowest-energy configuration to be
obtained.
The lowest-energy configuration depends only on the ratio

between the characteristic energy well depths of the two
interaction potentials, δ= ϵ/ , and the ratio of their
characteristic distances, = A B/ (see Figure 5a), and the
outcomes of the model are therefore analyzed in terms of these
quantities. Before considering the general result, we can inspect
a few specific instances. Figure 6a shows the case of a strong
molecule−substrate interaction ( = 0.5) and a large
mismatch between the spatial modulation B of the substrate
adsorption potential and the ideal intermolecular distance

=A ( 0.4). The calculated molecular superstructure (shown
by the blue diamonds) is clearly strongly perturbed with
respect to molecule−molecule separation defined by the
intermolecular interactions alone (the “ideal” gas-phase
molecular positions are depicted, as a reference, by the green
circles): The molecules are in fact arranged in tightly packed
pairs centered around the substrate adsorption sites (shown by
the red squares). It is important to note that this unusual
assembly is a consequence of both the relatively large
difference in interaction strengths and the mismatch in the
interactions’ characteristic lengths. For example, for = 0.5,

= 1.2 (Figure 6b)which only differs from the case in
Figure 6a because of a better spatial commensurability between
the molecule−substrate and the intermolecular periodicities
the model predicts a molecular configuration where the
adsorbates are uniformly spaced. As one would expect, when

is increased (i.e., the intermolecular interaction becomes
stronger than the molecule−substrate interaction), the lowest-

energy arrangement becomes closer to the uniformly spaced
configuration that the molecules would assume in the gas
phase.
A rapid way to evaluate the overall effect of the substrate on

the molecular assembly is to consider the difference between
the average intermolecular separation in the gas phase and on
the surface. Figure 6c reports this difference as a function of
and . Red regions indicate the range of and where, on
average, the intermolecular distances in the 1D adsorbate
chains are longer than the gas-phase intermolecular separa-
tions, whereas blue regions correspond to an average
compression. It is evident that the deviationsi.e., the effect
of the interplay between the intermolecular and the molecule−
substrate interactionsare most prominent either when the
molecule−substrate interaction is very strong ( is small) or
when there is significant incommensurability between the
substrate and molecular periodicities.
When the specific parameters determined for the adsorption

of TPA on Cu(111) = =( 3.45 and 2.15) are input into
the model, the resulting lowest-energy supramolecular
structure is that shown in Figure 7. The calculated
intermolecular separation is not uniform but varies continu-

Figure 6. (a, b) Distributions of intermolecular distances determined
via the algorithm in Figure 5 for two specific choices of and . The
red squares indicate the substrate adsorption sites and the blue
diamonds show the calculated lowest-energy molecular positions. The
light green circles indicate the location the molecules would have in
the gas-phase and are shown as a reference. (a) A case of strong
molecule−substrate interaction and strong spatial mismatch and (b) a
case of strong molecule−substrate interaction but weak spatial
mismatch. (c) Deviation (in %) of the average intermolecular
distance from the ideal gas-phase value plotted as a function of the
energetic, , and structural, , mismatch between the intermolecular
and molecule−substrate interactions. The values are given in units of
B, the separation between two successive minima in the substrate
adsorption potential.
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ously; six out of nine separations (blue boxes) are smaller than
the average value, whereas three are larger (red boxes).
Critically, the calculated separations closely match those
determined experimentally, both qualitatively and quantita-
tively, whereas the shorter intermolecular distances (9.15−9.37
Å) are consistent with the average measured periodicity (9.3 ±
0.5 Å), one of the nine separations is considerably longer than
the others (10.64 Å), in excellent agreement with the
experimentally determined intermolecular distance corre-
sponding to the darker spots in Figure 2a (10.4 ± 0.4 Å).
One of the most important aspects of the model presented

here is the fact that it can be applied to any molecule-on-
substrate system that exhibits a 1D-like self-assembly. To
demonstrate its generality, we considered the case of TPA
adsorbed on Au(111), which also forms a brickwork structure
that, in a first approximation, can be considered as composed
of essentially independent 1D TPA chains. For TPA/Au(111),
the experimentally observed molecular periodicity is locally
uniform with values of 9.9, 10.1, or 10.3 Å, depending on the
molecular position with respect to the underlying herringbone
reconstruction16 (i.e., variations occur only over distances of
several nanometers). In its present form, our model cannot
account for a nonuniform substrate lattice periodicity.
However, by using the calculated lattice constant of bulk Au
and the calculated PES for TPA on Au(111) (presented in the
SI), the input parameters for the TPA/Au(111) system
become = 13.8 and = 1.89, and the corresponding
lowest-energy configuration output consists of uniformly
spaced molecules separated by 10.22 Å. This is in good
agreement with the experimental data reported in ref 16 and
confirms that the intermolecular distance for TPA/Au(111) is
elongated with respect to both the gas-phase value (9.65 Å, see
Figure 3) and the molecular separations in bulk TPA crystals
reported in the literature (9.54 Å, ref 25).
One final critical note on the presented model is that the

calculations of TPA on Cu(111) suggest the elongated
molecular separations should repeat every nine molecules.
This is not observed experimentally; although some limited
correlation of the dark spots across the molecular lines is
apparent in the STM data, the long intermolecular spacings are
generally randomly dispersed throughout the molecular lattice
(see the SI). This discrepancy is most probably a result of the
simplicity of our model. In fact, the optimal configuration
shown in Figure 7 has an energy that is very close to that of
several other molecular configurations with a similar
distribution of intermolecular separations but with different

(both slightly smaller and slightly larger) N and P values. As a
consequence, because the molecular assembly occurs at room
temperature, entropy might play a role alongside enthalpy in
determining the final molecular structure. Moreover, a 2D
model that includes second-order interchain interactions might
reveal more complex supramolecular configurations with only
small energetic differences with respect to the most favorable
arrangement predicted by the simple 1D version. Although
getting into these minor details is beyond the scope of this
article, we anticipate that a more refined model that takes into
consideration entropic aspects and that includes a full 2D
generalization would be based on the same fundamental
assumptions and is therefore expected to be qualitatively very
similar to the one presented here.

■ CONCLUSIONS
Efforts to design and construct predetermined 2D supra-
molecular assemblies on surfaces have, to date, been
problematic due to the difficulty in predicting the effects of
the interplay between intermolecular and adsorbate−substrate
interactions. In this work, based on the experimental analysis of
a simple model system where this interplay is particularly
evident, we have constructed a general analytical model that
allows us to predict the effects of the subtle interplay both
qualitatively and quantitatively in a computationally inex-
pensive manner. It is anticipated that the approach outlined in
this work, with its flexibility in the choice of intermolecular and
substrate−adsorbate potentials, and its possible extension to
include full 2D molecular assemblies and to consider the effect
of entropy, will become an important tool for the design of
nanostructures on solid surfaces.
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(9) Kühnle, A. Self-Assembly of Organic Molecules at Metal
Surfaces. Curr. Opin. Colloid Interface Sci. 2009, 14, 157−168.
(10) Elemans, J. A.; Lei, S.; De Feyter, S. Molecular and
Supramolecular Networks on Surfaces: From Two-Dimensional
Crystal Engineering to Reactivity. Angew. Chem., Int. Ed. 2009, 48,
7298−7332.
(11) Schnadt, J.; Xu, W.; Vang, R. T.; Knudsen, J.; Li, Z.; Lægsgaard,
E.; Besenbacher, F. Interplay of Adsorbate-Adsorbate and Adsorbate-
Substrate Interactions in Self-Assembled Molecular Surface Nano-
structures. Nano Res. 2010, 3, 459−471.
(12) Kittelmann, M.; Rahe, P.; Kühnle, A. Molecular Self-Assembly
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Goḿez-Herrero, J.; Baro, A. Wsxm: A Software for Scanning Probe
Microscopy and a Tool for Nanotechnology. Rev. Sci. Instrum. 2007,
78, No. 013705.
(43) Allinger, N. L.; Yuh, Y. H.; Lii, J. H. Molecular Mechanics. The
Mm3 Force Field for Hydrocarbons. 1. J. Am. Chem. Soc. 1989, 111,
8551−8566.
(44) Lii, J. H.; Allinger, N. L. Directional Hydrogen Bonding in the
Mm3 Force Field: Ii. J. Comput. Chem. 1998, 19, 1001−1016.
(45) Ponder, J. W.; Richards, F. M. An Efficient Newton-Like
Method for Molecular Mechanics Energy Minimization of Large
Molecules. J. Comput. Chem. 1987, 8, 1016−1024.
(46) Soler, J. M.; Artacho, E.; Gale, J. D.; García, A.; Junquera, J.;
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(56) Matena, M.; Stöhr, M.; Riehm, T.; Björk, J.; Martens, S.; Dyer,
M. S.; Persson, M.; Lobo-Checa, J.; Müller, K.; Enache, M.
Aggregation and Contingent Metal/Surface Reactivity of 1, 3, 8, 10-
Tetraazaperopyrene (Tapp) on Cu(111). Chem. - Eur. J. 2010, 16,
2079−2091.

(57) Berland, K.; Einstein, T.; Hyldgaard, P. Rings Sliding on a
Honeycomb Network: Adsorption Contours, Interactions, and
Assembly of Benzene on Cu(111). Phys. Rev. B 2009, 80, No. 155431.
(58) Chwee, T. S.; Sullivan, M. Adsorption Studies of C6h6 on
Cu(111), Ag(111), and Au(111) within Dispersion Corrected
Density Functional Theory. J. Chem. Phys. 2012, 137, No. 134703.
(59) Liu, W.; Ruiz, V. G.; Zhang, G.-X.; Santra, B.; Ren, X.;
Scheffler, M.; Tkatchenko, A. Structure and Energetics of Benzene
Adsorbed on Transition-Metal Surfaces: Density-Functional Theory
with Van Der Waals Interactions Including Collective Substrate
Response. New J. Phys. 2013, 15, No. 053046.
(60) Kontorova, T.; Frenkel, J. On the Theory of Plastic
Deformation and Twinning. Izv. Akad. Nauk, Ser. Fiz. 1938, 1,
137−149.
(61) Braun, O. M.; Kivshar, Y. S. Nonlinear Dynamics of the
Frenkel−Kontorova Model. Phys. Rep. 1998, 306, 1−108.
(62) Thayer, G. E.; Bartelt, N.; Ozolins, V.; Schmid, A.; Chiang, S.;
Hwang, R. Linking Surface Stress to Surface Structure: Measurement
of Atomic Strain in a Surface Alloy Using Scanning Tunneling
Microscopy. Phys. Rev. Lett. 2002, 89, No. 036101.
(63) Bocquet, F.; Nony, L.; Mannsfeld, S.; Oison, V.; Pawlak, R.;
Porte, L.; Loppacher, C. Inhomogeneous Relaxation of a Molecular
Layer on an Insulator Due to Compressive Stress. Phys. Rev. Lett.
2012, 108, No. 206103.
(64) Tokar, V.; Dreysse,́ H. Lattice Gas Model of Coherent Strained
Epitaxy. Phys. Rev. B 2003, 68, No. 195419.
(65) Thürmer, K.; Carter, C.; Bartelt, N.; Hwang, R. Self-Assembly
Via Adsorbate-Driven Dislocation Reactions. Phys. Rev. Lett. 2004, 92,
No. 106101.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b06797
J. Phys. Chem. C 2018, 122, 17954−17962

17962

https://departments.icmab.es/leem/siesta/Databases/Pseudopotentials/periodictable-gga-abinit.htm
https://departments.icmab.es/leem/siesta/Databases/Pseudopotentials/periodictable-gga-abinit.htm
http://dx.doi.org/10.1021/acs.jpcc.8b06797

