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Abstract: The evolution of a low coverage of benzenethiol molecules on Cu(111) during annealing shows
the prevalence of S · · ·H hydrogen bonds involving hydrogen atoms in the ortho position. The row and
pattern formation of (methylated) anthracenethiols indicates intermolecular interactions in which hydrogen
atoms at the terminal position of the aromatic moiety dominate. In combination, this leads to the notion
that pattern formation in classes of arenethiol molecules is each governed by optimization of the
intermolecular interactions of the hydrogen atom at one particular position on the arene. This may provide
a general guiding principle for the design of arenethiol films.

1. Introduction

The conducting and dynamic properties of (thiolated) arenes
on coinage metal surfaces have been studied intensely because
these compounds feature both outstanding facility in the
fabrication of molecular-scale contacts (i)1,2 and unique diffusive
properties (ii).3 Arenes stacked parallel to the surface have been
suggested for charge injection at metal electrodes (iii).4 While
for application i the molecule is generally lifted at least partially
from the substrate and the interaction of the thiol group with
the substrate is paramount, ii relies on a delicate interplay
between sulfur and arene substrate interactions and iii, for which
generally unthiolated arenes are used, crucially depends on the
arene-substrate interaction and ensuing columnar stacking
pattern. Despite these technological promises there have been
very few studies addressing pattern formation in such films in
a systematic fashion, i.e., addressing more than 1 or 2 related
compounds. While many interesting phenomena have been
observed already, generally not a sufficient number of related
molecules were investigated to glean general rules. In contrast,
pattern formation of alkanethiols on coinage metal surfaces (in
particular gold) has been addressed extensively, mainly because

those systems provide a convenient path for self-assembled
functionalization.5,6

Intermolecular hydrogen bonds have emerged as important
pattern-determining factors,7-19 even for systems in which
conventional X-H · · ·X′ bonding (with X and X′ ) O, N, F)
cannot occur.20-24 They provide an alternative to pattern control
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by means of substrate reconstruction,25 electrostatic interaction,26,27

or surface coordination chemistry,29 yet there is no compre-
hensive understanding which hydrogen atoms feature most
prominently in them. Hydrogen bonding is known to depend
delicately on the electronic structure, bond length, and bond
angle, a problem reappearing in many current disciplines of
chemistry from surface science to proteomics.

In this study we contrast the pattern formation (or the absence
thereof) in coverages of benzenethiol (I, BT), benzene-1,4-dithiol
(II, BDT), anthracene-9-thiol (III, AT), anthracene-9,10-dithiol
(IV, ADT),3 2-methylanthracene-9,10-dithiol (V, MADT), and
2,3-dimethylanthracene-9,10-dithiol (VI, DMADT) adsorbed on
Cu(111). These experiments were performed in ultrahigh
vacuum and use scanning tunneling microscopy at cryogenic
temperatures.

2. Methods

2.1. Imaging. We used a home-built variable-temperature scan-
ning tunneling microscope (STM) operated in ultrahigh vacuum.
Cu(111) sample preparation involved sputtering (Ar+, 3 kV) and
annealing of a single crystal followed by cooling to liquid nitrogen
temperatures within the STM. Deposition onto the cold sample
occurred for anthracene-based species from a glass capillary
attached to the vacuum chamber through a gate valve in a line-of-
sight fashion while controlling the deposition rate through measure-
ment of the pressure in the vacuum chamber. Benzene-based species
were dosed through a needle valve due to their higher vapor
pressure. BDT and all anthracene-based species were acetyl
protected prior to deposition (see Synthetic section below) and
required postdeposition anneal of the sample to room temperature
in order to remove protecting groups, which was confirmed by mass
spectrometry.

2.2. Theoretical. Density functional theory (DFT) calculations
of the electronic and geometric structures and interaction energies
of all molecules on Cu(111) were carried out using the Vienna Ab-
Initio Simulation Package (VASP)29 implementing the generalized
gradient approximation (GGA) for the exchange-correlation func-
tional30 and the plane-wave pseudopotential method.31 Ultrasoft

pseudopotentials32 were used for all atoms in the system. The cutoff
energy for the plane-wave expansion is taken to be 400 eV, and a
single k point is used in Brillouin zone sampling to obtain converged
results for the total energy of the system. All supercells have three
substrate (Cu) layers so as to keep the total number of substrate
atoms in the supercell to approximately 100 for computational
feasibility. During lattice relaxation, all adsorbate and top-layer
substrate atoms were allowed to move in all directions. The
structures and free energies that are shown in this study result from
relaxation of the forces acting on each atom to better than 0.02
eV/Å. Calculations of the molecular structure in the gas phase use
BLYP/6-31G* in Spartan.33

2.3. Synthetic. The synthesis of AT, MADT, and DMADT
follows the synthesis of 9,10-dithioacethylanthracene described in
ref 3, its Supporting Information, and references therein. In a
nutshell, we used appropriate oxygen-based precursors and con-
verted them with Lawesson’s reagent to the polymerized or
dimerized anthracenedisulfide, whose sulfur atoms we subsequently
esterfied via reduction with sodium borohydride followed by in situ
addition of acetic anhydride. BDT was obtained from Alfa Aesar,
and we acetyl protected it to avoid polymerization during deposition.

All reactions were carried out under N2 and Ar gas, and all
glassware was dried in an oven at 100 °C. All solvents (HPLC
grade) were used without purification. The reactions were identified
by thin layer chromatography using UV light. The compounds were
purified by column chromatography (particle size 230-400 mesh).

3. Results

3.1. Benzene Derivates. The Yates’ group showed that BT
is capable of extracting atoms from a gold surface to form
BT-Au-BT bridges similar to those on gold nanoparticles.34,35

BT adsorbs on Cu(111) under hydrogen abstraction (at tem-
peratures as low as 40 K)36 with its sulfur anchor close to a
substrate bridge site, i.e., without extraction of a substrate atom.
BT has a diffusion barrier of 150 meV, and it is able to rotate
at 120-130 meV barrier through two sets of three equivalent
adsites with slightly different binding energies (see Figure 1a).37

In this study we followed the evolution of a number of BT
molecules while increasing the substrate temperature from 50
to 90 K (i.e., by ∼70%). The Supporting Information contains
a movie showing >700 images from this series acquired over
>24 h. Initially, we observe a number of odd-shaped molecular
aggregates, isolated molecules (yellow in Figure 1b), dimers
(red), trimers, and tetramers. Unsurprisingly, isolated molecules
become mobile first and attach to nearby islands. Subsequently,
dimers become mobile and start to rearrange. Analysis of a large
number of STM images at high resolution and ∼60 K temper-
ature reveals the distribution of dimers shown in Figure 2c. The
majority of dimers are found to interact by placing the sulfur
atom of one molecule in the vicinity of an Hortho of another
molecule. In most cases (purple portion), both molecules adsorb
in the preferred adsorption configuration (left in Figure 1a), yet
in some cases at least one of the molecules occupies the less
favored one (yellow portion). A significantly smaller number
of molecules are found to interact via the Hmeta and even fewer
via Hpara.

We performed DFT calculations in which we placed two BT
molecules on a sufficiently extended Cu(111) slab at >10
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Scheme 1. BT (I), BDT (II), AT (III), ADT (IV), MADT (V), and
DMADT (VI)
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different relative orientations and separations, including various
ones that allow for interaction via Hortho, Hmeta, and Hpara. For
each of the three interactions, the background of Figure 2c shows

the configuration associated with the most pronounced lowering
of the total free energy by 102, 88, and 42 meV compared to
separated molecules, respectively. These results show a wide
distribution of S · · ·H-C bond lengths of 3.6, 3.9, and 3.1 Å,
respectively. The sequence of interaction energies corroborates
our experimental observation of the dominance of the Hortho atom
in intermolecular interaction, and it is in good agreement with
previous work on fluorinated species.19,38

Upon further anneal of the molecular population of Figure
1, triangular trimers (most commonly of the kind shown in the
background of Figure 2c) are found (blue circle), yet also other
trimers (see Figure 2a,b) exist. Figure 2c compares the
abundance of triangular trimers to that of trimers of all other
shapes (i.e., not only the linear one shown). It should be noted
that trimers composed of a closed loop of both Hortho- and Hmeta-
interacting molecules are sterically possible, yet the latter are
rarely observed. During our measurements, trimers frequently
attach another molecule that subsequently changes position and
configurations quite rapidly (green circle), leading us to interpret
most tetramers as a stable trimer with an additional molecule
attached. No tetramers with a ‘circular’ interaction pattern (like
for the pictured trimer) have been observed. Ultimately, virtually
the entire population of BT is converted into heptamers that
incorporate both Hortho and Hmeta interactions. Similar to the
trimers, these heptamers shield their sulfur atoms from interact-
ing with additional molecules. Consequently, they do not form
the nucleus for larger ordered aggregates, and no ordered surface
coverage emerges.

The evolution of the BT coverages is reminiscent of Oswald
ripening, a common feature in, e.g., metal epitaxy, which has
also been observed for molecules.39 Due to the anisotropic
nature40 of the BT-BT interaction epitomized by the dominance
of Hortho in intermolecular interactions (in contrast to the isotropic
interactions of, e.g., metal atoms), we observe the formation of
stable ‘magic’ clusters at relatively small cluster size.41

Is the dominance of one particular hydrogen atom a general
feature of intermolecular interaction in arenethiol films? To
address this question, we proceed in two directions: (i) conver-
sion of all BT hydrogen atoms to Hortho by addition of a second
thiol group (resulting in BDT) and (ii) extension of the arene
moiety to anthracene.

STM images of a low coverage of BDT show the formation
of chains (Figure 3), in which each sulfur interacts with an Hortho
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Figure 1. (a) BT and its adpositions on Cu(111) from ref 37. (b) Sequence
of STM images (-1.4 V, 34 pA, 180 Å × 190 Å) during the annealing of
BT/Cu(111) from 50 to 90 K. Initially individual molecules (yellow) become
mobile followed by dimers (red). Trimers (blue) are very stable and often
attach another molecule (green) on the periphery, which can rearrange itself
facilely. Ultimately, the majority of molecules form stable heptamers.

Figure 2. (a and b) STM images (140 Å × 77 Å) resolving the benzene
ring (bright) and sulfur anchor (gray shoulder) of BT. Two triangular trimers
and rearrangement of a tetramer and an Hortho-interacting dimer are visible.
(c) Statistical evaluation of dimers shows that the majority of them interacts
via Hortho followed by Hmeta. Trimers tend to form triangles (as in panels
a,b) rather than any other pattern (not only the one shown).

Figure 3. (a) Row of BDT molecules interacting via Hortho (-2.0 V, 31
pA, 67 Å × 46 Å) and corresponding model (b).
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atom of a neighboring molecule. BDT adsorbs with both sulfur
atoms near bridge sites, which positions the arene ring at an
asymmetric configuration with regard to the substrate (in contrast
to BT, Figure 1a), thereby allowing Hortho interactions between
parallelly adsorbed molecules. The importance of Hortho interac-
tions is further underlined by the fact that upon increase of the
BDT coverage a variety of patterns emerge that are characterized
by interwoven rows similar to the Hortho rows shown in Figure
3a.

3.2. Anthracene Derivates. Can we find a similar prevalence
of one particular hydrogen atom in intermolecular interaction
of a different arene backbone? To strengthen the notion that
arenethiol pattern formation is determined by the optimization
of the intramolecular interaction of the hydrogen atom in one
particular position on the ring, we explore anthracenethiols.

AT (the anthracene counterpart of BT) forms a surface pattern
with an almost square [1

3
- 4
3 ] lattice (Figure 4a,c): each molecule

adsorbs at a position and an orientation similar to BT while
aligning the anthracene moieties in parallel rows, with succes-
sive rows offset by 2.5 lattice vectors along the row direction
(Figure 4d). This places the sulfur atom of one molecule in close
proximity to the hydrogen atoms in 3 and 6 positions of the
two molecules in the adjacent row. On the basis of this
observation, we explore whether the hydrogen in position 3, or
more generally the terminal hydrogen atom of the anthracene
system, is the one that dominates the intermolecular interaction
(and thus determines the film pattern) for anthracenethiols on
Cu(111).

Addition of a second thiol group to AT at the opposite side
of the ring results in ADT, which forms the same [1

3
- 4
3 ] lattice

as AT (Figure 4b). Due to the presence of sulfur atoms on both

sides of ADT, all terminal hydrogen atoms are equivalent (save
for a difference in adsite of the sulfur atoms),3 and they are all
involved in intermolecular interactions (Figure 4d), yet the
inequivalent hydrogen atoms in positions 1, 4, 5, and 8 do not
participate.

We further explore which impact introduction of steric
hindrance (by means of methyl groups) has on the film pattern.
In particular, we wish to elucidate whether the dominance of
the original Hterm-based intermolecular interaction persists,
forcing the film to adopt a more complicated geometry to
accommodate both the interaction and the steric hindrance at
the same time or whether the steric hindrance suppresses the
original kind of interaction permitting another kind of intermo-
lecular interaction to shape the film pattern.

Replacement of one of the terminal hydrogen atoms with
methyl results in MADT. Due to its lower symmetry, an MADT
film (Figure 5a,b) adopts a more complex pattern characterized
by alternating rows of linear depressions that appears to be
flanked by ordered rows of protrusions (highlighted black in
Figure 5a) and disordered zig-zagging depressions (highlighted
white in Figure 5a). At higher magnification (Figure 5b) it
becomes apparent that the first kind of linear depression reflects
a double row of molecules pointing their protruding methyl
groups to the outside. This allows their anthracene and thiol
moieties to interact in the inside of the row as if no substitution
were present (unshaded portion of Figure 5c). Due to the lack
of methyl-induced protrusion, this portion of the film appears
as an indentation. These double rows of molecules are separated
from one another by a row of molecules whose anthracene
moiety is rotated by 120° with regard to those in the double
rows (resulting in an equivalent adsite due to the 3-fold

Figure 4. (a and b) STM images (-0.9 V, 94 pA, 200 Å × 200 Å and -2.3 V, 79 pA, 96 Å × 110 Å) of AT and ADT on Cu(111), respectively, showing
successive molecular rows in antiphase (zoomed in at panel c, 27 Å × 32 Å). (d) molecular model of the pattern with unit cell and intermolecular bonds for
AT (green) and ADT (orange) indicated.

Figure 5. (a and b) MADT islands (-1.5 V, 85 pA, 360 Å × 410 Å and -2.2 V, 49 pA, 86 Å × 86 Å) showing double rows of molecules that present
their protruding methyl groups to the outside. The inside of these rows appears as a depression running along the row direction. It is highlighted with a black
bar in panels a and b and corresponds to the unshaded area of panel c. These double rows are separated by a single row of molecules at a different yet
equivalent surface orientation presenting their methyl groups to either side randomly causing a disordered appearance of this row (highlighted with a white
bar; shaded region in panel c). The orientation of the molecules is visible at the row edges indicated with ellipses.
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symmetry of the Cu(111) substrate). These molecules interact
with one another in the same way as those in the double rows,
and they point their extra methyl group at random toward either
one or the other of the adjacent double rows, giving rise to the
disordered appearance of this row. In combination, there are
three molecules per unit cell, which can be represented in matrix
notation as [1

11
- 4
3 ]. The Hterm interactions in this film are

highlighted Figure 5c; counting their number it becomes
apparent that they are the dominant way of intermolecular
interaction despite the low symmetry of the individual molecules.

Methyl substitution of all terminal hydrogen atoms on one
side of ADT leads to DMADT, which forms a pattern (Figure
6a-c) reminiscent of A(D)T: the molecules align their an-
thracene moieties in rows with successive rows pointing the
methyl groups in opposite direction. Along the anthracene rows,
the molecules are separated by one more substrate lattice spacing
to accommodate the extra methyl groups. Adjacent rows arrange
the methyl groups to opposite sides, so that the methyl groups
form a line meandering perpendicular to the row direction
through the film (blue line), rendering the impression that an
indentation (the unsubstituted side of the molecules) meanders
in parallel. Counting the S · · ·Hterminal interactions indicated in
green in Figure 6d, it becomes apparent that this film also favors
this particular kind of intermolecular interaction.

Thus, we find films of four different anthracenethiol species
adopting patterns tailored to optimize the intermolecular interac-
tions of the hydrogen atom at the terminal position of the acene.
Does this only occur in extended films, or is this interaction
also dominant for small aggregates of molecules (like the Hortho-
based interaction in BT aggregates)? To answer this question,
we also imaged low coverages of these molecules. Previous
studies already showed row formation for ADT,3,20 at a
periodicity identical to the ADT film pattern, i.e., in these rows
both sulfur atoms of one molecule interact with the Hterminal

atoms of their neighbors. MADT (Figure 7b) and DMADT
(Figure 7c) form the same kind of row, with the extra methyl
groups avoiding perturbation of the S · · ·Hterminal interaction by
pointing to either side of the row at random (MADT) or
alternatingly (DMADT), again highlighting the particular role
of the terminal position for intermolecular interaction.

4. Discussion

The investigation of two and four members of two classes
of arenethiols on Cu(111) reveals that for each class film patterns
emerge that optimize the S · · ·H-C intermolecular interaction
in one particular position on the aromatic system. This suggests
that once this position is identified for one particular molecular
backbone and substrate, the film patterns of differently substi-
tuted molecules can be predicted. At this point the question
remains to be answered, what is special about these particular
hydrogen-atom positions.

Geometrically, Hortho has the longest C-H bond in the
molecule both in the gas phase and on the surface, suggesting
that it is most prone to intermolecular interaction. Also, in terms
of Lewis acid/base complexes, Hpara lies at a node of the LUMO
of BT. As such, HOMO-LUMO interactions should prefer
Hortho/meta. Indeed, a preference for Hortho has been reported earlier
for fluorine-containing compounds.19,38 The case is less straight-
forward for anthracene derivates, where the Hterminal bond is
longer in calculations for the gas phase, but indistinct bond
lengths are found in surface calculations.

Our DFT calculations of the surface-bound molecules find
charge density at the hydrogen atoms of the molecules as shown
in the top of Figure 8. The spectra show only occupied states,
i.e., states below the Fermi level. Due to the node of the π
system in the plane of the hydrogen atoms, no π-derived states
are evident (including the HOMO). The highest energy feature
with significant density at the hydrogen atom (marked I in Figure
8) derives from the d bands of the substrate, followed by several
states stemming from the σ system of the aromatic moiety.
Notably, the second (II) feature appears to be correlated with
the propensity of an atom for taking part in intermolecular
interaction, whereas the third (III) feature, in particular for ADT,
is dominant, if no hydrogen bonding occurs based on the
corresponding atom: for ADT, where we find interaction
exclusively via Hterm and not via the internal hydrogen atoms
the ratio between the weights of feature II and III are 3.2 vs
0.07, respectively. For BT, where we find a more gradual
preference for Hortho over Hmeta over Hpara, the ratios are 1.8 vs
1.6 vs 1.4. Why do these states affect the propensity of the
hydrogen atoms for intermolecular interaction?

Figure 6. (a, b, and c) Individual DMADT molecules and film pattern (-0.4 V, 45 pA, 33 Å × 28 Å; -1.0 V, 78 pA, 280 Å × 290 Å; -0.4 V, 45 pA,
56 Å × 36 Å) consisting of parallel molecular rows with alternating orientation of the methyl groups leading to a wavy pattern (blue lines) of protrusions
representing the methyl groups (d).

Figure 7. STM images of rows of (a) ADT, (b) MADT, (c) DMADT (-1.5 V, 79 pA, 52 Å × 28 Å; -1.5 V, 85 pA, 46 Å × 34 Å; -3.0 V, 41 pA, 44
Å × 32 Å), and (d) model showing the molecular setup and hydrogen bonding in this configuration. The methylated species adopt the same pattern.
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The bottom panel of Figure 8 shows a projection of their
extent. For comparison, the figure also shows the corresponding
states as calculated for the gas phase, where the nodal structure
can be calculated directly. The projections show that feature II
corresponds to a σ orbital pointing to the periphery of the

molecule for both BT and ADT. In contrast, feature III places
more weight inside the molecule. As the availability of charge
density at the periphery of a molecule is crucial for hydrogen-
bond-based intermolecular interaction with its neighbors, these
findings provide a quantum-level rational for the experimentally
observed dominance of the intermolecular interaction of one
particular hydrogen atom in each system. The prominent
positions of these states in the electronic spectra suggest that
the hydrogen-atom position dominating intermolecular interac-
tion may be derived straightforward from theory rather than
requiring any measurements at all.

5. Conclusion

We addressed several members of two families of arenethiols
systematically and found that their film patterns are tailored to
optimize the intermolecular interactions of the hydrogen atoms
in particular positions on the arene and that this predominance
of one position persists upon further inert or thiol substitution
of the arene. In combination, our findings suggest that once for
a class of arenes the dominant H-atom position is identified,
the patterns of inertly substituted species can be predicted, at
least on Cu(111). Moreover, the dominant position on the arene
can be rationalized straightforwardly from DFT calculations of
the adsorption configuration, and it is in good agreement with
the conventional chemical behavior of the molecule, suggesting
an even further degree of predictability of the molecular film
patterns.
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Figure 8. (top) Calculated density of states at the location of the hydrogen
atoms. The ratio of the weight of states II and III (indicated error based on
variation between atoms equivalent in the gas phase) correlates with the
propensity of the atom in intermolecular interaction. (bottom) Charge density
of states III and II for the adsorbed molecule (using energy intervals of
6.75-6.35, 5.43-5.03, 7.02-6.75, and 6.22-5.96 eV below EF, respec-
tively) and the corresponding gas-phase molecular orbitals (found at 6.6,
5.1, 5.9, and 5.0 eV below the HOMO).
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