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Conformational change of tetrahydroxyquinone molecules deposited on Ag(111)
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We report a joint experimental and theoretical study of the deposition of tetrahydroxyquinone (THQ) mol-

ecules on a Ag(111) surface. Scanning tunneling microscopy and low-energy electron diffraction experiments
at room temperature reveal the formation of large two-dimensional domains composed of flat-lying molecules
which match exactly with the surface network. Density functional theory calculations give evidence of an
original self-assembly process in which the molecules have to change their conformation to self-assemble on
the Ag(111) surface. The intermolecular and molecule-substrate interactions are studied by electron density

topology. This reveals the formation of strong O-H:---O hydrogen bonds between adjacent molecules and
Ag:--O bonds between molecule and substrate, inducing a large charge transfer from the surface to the lowest

unoccupied molecular orbital of THQ.
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I. INTRODUCTION

The growing interest in molecule-based miniature devices
arises from the premise that collective optical and electronic
properties can be systematically manipulated through mo-
lecular design.!> Supramolecular aggregation can create
spontaneously controlled structures thanks to selective and
directional noncovalent interactions, such as van der Waals,
hydrogen bonding, or metal center coordination. This ap-
proach, which has been widely exploited both in the solid
state and in solution,? has been extended to create controlled
self-assemblies of functional molecular species on well-
defined surfaces in order to design novel nanoscale
architectures.*”” Chemical synthesis allows us to obtain a
large variety of functional organic molecules which interact
by hydrogen bonds. These strong intermolecular interactions
are used to control the two-dimensional architecture of the
molecular thin films.3-'? In a first approximation one would
like to take advantage of supramolecular chemistry to predict
the geometry of the molecular network simply from the mol-
ecule symmetry. In this study, we show that this simple su-
pramolecular concept is not always sufficient to predict the
molecular networks at surfaces. Herein the molecules are
first adsorbed in their most stable conformation and then they
transform themselves into a metastable conformer so that
they can self-assemble. The prediction of such supramolecu-
lar aggregations on surfaces needs a detailed understanding
of both molecule-molecule and molecule-substrate interac-
tions.

This work focuses on the self-assembly of tetrahydrox-
yquinone (THQ) on Ag(111) surface. THQ consists in a phe-
nyl ring with two carbonyl groups in para position and four
hydroxyl groups around the phenyl. In its most stable con-
formation (conformation O in Fig. 1), the symmetry of the
molecule is D,;,. Scanning tunneling microscopy (STM) and
low-energy electron diffraction (LEED) experiments reveal
that the deposition of THQ onto a Ag(111) surface gives a
hexagonal molecular network hardly compatible with the
D,;, symmetry. A theoretical study based on density func-
tional theory (DFT) calculations shows how a conforma-
tional change of this molecule makes possible this hexagonal
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packing. DFT represents a unique tool for the analysis of
molecular self-assemblies, in particular when hydrogen
bonds are involved!'~!® and also for a realistic study of
molecule-surface interactions.'*!> Figure 1 shows the three
different metastable conformers of THQ studied in this pa-
per: conformations 1 and 2 are obtained by the rotation in the
molecular plane of one or two hydroxyl groups (-OH), re-
spectively. One can notice that conformations 0 and 2 are
naturally present in three-dimensional molecular crystals and
conformers obtained by the rotation of three or four -OH are
definitely less stable due to strong hydrogen-hydrogen
repulsion.'®

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experiments

Sample preparation and characterization were carried out
in an ultrahigh-vacuum (base pressure 3 X 1079 mbar) appa-
ratus providing well-defined conditions for STM (VT-
Omicron) and LEED (Omicron) experiments. The Ag(111)
surface was cleaned by repeated cycles of Ar* sputtering and
annealing at 750 K, which accounts for an atomically flat
and clean surface. THQ molecules were deposited onto the
substrate held at room temperature by organic molecular
beam epitaxy (OMBE) from effusion cell evaporators. STM
measurements were performed in the constant-current mode
at room temperature, with bias voltage around 1.5 V and
tunneling current around 0.4 nA. Post-processing was done
using WSXM software.!”
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FIG. 1. (Color online) Representation of three THQ conformers:

the energy loss with respect to the most stable structure (conformer
0) is 0.13 and 0.26 eV for conformers 1 and 2, respectively.
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FIG. 2. (Color online) Structure of one monolayer film of THQ
on Ag(111) (a) STM image (10 nm X 10 nm) of the regular hexago-
nal structure of THQ rotated by —20° with respect to the [1-10]
direction, the inset is 2 nm large. (b) LEED pattern recorded at an
electron energy of 110 eV. The dashed line represents the Ag(111)
pattern; circles and squares represent (\"7X \““E)RZOo and (\5
X \7)R-20°, respectively, with some extinction.

B. Calculations

Electronic structure calculations were performed within
the framework of density functional theory using both SIESTA
(spanish initiative for electronic simulations with thousands
of atoms) (Refs. 18 and 19) and PAW (projector augmented
wave) codes.”’ The exchange-correlation energy is treated
within the generalized gradient approximation (GGA) using
a parametrization proposed by Perdew, Burke, and
Ernzerhof.?! When using PAW, the wave function of the va-
lence electrons is expanded in a plane-wave basis set with a
cutoff energy of 40 Ry. For the calculations using SIESTA, the
wave function of the valence electrons is expanded in a lo-
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FIG. 3. (Color online) Representation of the two-dimensional
self-assemblies of THQ molecules (a) in conformation 0, (b) in
conformation 1, and (c) in conformation 2. O-H- - -O bonds are rep-
resented by black lines and steric repulsion between hydrogen are
materialized by circles.

calized basis set consisting of finite-range pseudoatomic
orbitals:>? a double-£ basis set was used for each atom. The
core electrons are treated within the frozen core approxima-
tion with norm-conserving Troullier-Martins
pseudopotentials.”® The utilization of a basis set of atomic
orbital requires one to take into account the basis set super-
position error (BSSE) for cohesive energy calulations.’*
Moreover, the parametrization of the atomic orbitals used in
the SIESTA code was checked carefully by comparison of of
numerous calculations using SIESTA and PAW codes. In all the
calculations, the Ag(111) surface was simulated using a slab
of six Ag layers. The first three layers were fixed in the bulk
geometry and the last three (i.e., the surface) could fully
relax. We used a 4 X4 X 1 k-mesh grid: four k points along
each direction of the reciprocal space of the molecular pack-
ing and one k point along the [111] direction of the substrate.

III. RESULTS AND DISCUSSION
A. STM and LEED analysis of the first monolayer

The deposition of one monolayer of THQ molecules on
the Ag(111) surface results in two equivalent structures con-
sisting of regular hexagons of side 7.6 A rotated by *+20°
with respect to the Ag(111) close-packed direction as deter-
mined by STM. The structure rotated by —20° is represented
in the STM image in Fig. 2. These two structures are related
by a mirror symmetry with respect to a plane perpendicular
to the surface and passing through one of the close-packed
directions of the substrate. LEED experiments evidence two
unit cells: (\ﬁx \5 )R20° and (\EX V7)R-20° fully commen-
surable with the underlying silver hexagonal lattice. These
two molecular patterns are represented in Fig. 2(b) by circles
and squares, respectively, with some extinctions due to inter-
ferences. As shown in Fig. 2(a) the molecules are adsorbed in
flat-lying configuration with their phenyl ring parallel to the
substrate in round-shaped islands of one monolayer thick.
This isotropic shape is unexpected since the symmetry of the
most stable THQ conformer is D,;, and should not give a
network of D3, symmetry by hydrogen bonding between hy-
droxyl and carbonyl functional groups. We will demonstrate
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TABLE I. Comparison between the three adsorption sites calcu-
lated for THQ molecules in conformation O: the adsorption energies
(E,4s) are compared to the most stable top site. The charge transfers
are deduced from the Mulliken population analysis. d is the average
distance between molecule and surface.

E, (V) Charge CT (electrons) d (A)
Top 0.00 0.67 2.86
Hollow 0.14 0.49 3.18
Bridge 0.13 0.47 3.16

further that the formation of this two-dimensional (2D) net-
work implies both a strong molecule-substrate interaction,
leading to the commensurate epitaxial relation between the
THQ monolayer and the Ag(111) surface, and the necessary
conformational change of THQ molecule from the most
stable conformer O to conformer 1 or 2, in order to increase
the molecule-molecule interactions.

B. Intermolecular interaction

The intermolecular interactions were first simulated ne-
glecting the influence of the substrate. The hexagonal sym-
metry was imposed in agreement with experiments. Figure 3
represents the experimental unit cell with molecules posi-
tioned with conformations 0, 1, and 2, respectively. In con-
formation 0, the steric repulsion between hydrogen atoms of
neighboring molecules (circles in Fig. 3) does not allow
short-range interactions between molecules and consequently
makes a compact two-dimensional arrangement strictly im-
possible. Then molecules can self-assemble as observed only
if they change their conformation to conformation 1 or 2.
The energy loss due to the rotation of one or two hydroxyl
group (0.13 and 0.26 eV, respectively) is counterbalanced by
the formation of four O-H:--O bonds per molecule. Their
lengths are comprised between 2.0 and 2.2 A. They are re-
sponsible for a cohesive energy with respect to the most
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FIG. 4. (Color online) Densities of electronic states projected on
valence atomic orbitals (i.e., on the 1s orbitals of hydrogen atoms
and on the 2s and 2p orbitals of carbon and oxygen atoms) of the
isolated THQ molecule (dotted line) and of the adsorbed molecules
(solid line).
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FIG. 5. (Color online) Electron density obtained from PAW cal-
culations for the self-assembly of THQ adsorbed at top site: (a) in
the molecular plane and (b) in the perpendicular plane cutting
through it along the black line in figure (a). Intermolecular O-H- --O
and Ag---O bond CPs are represented by tiny gray spheres. The
isodensity values increase from 0.013e~ A3 (blue isoline) to
0.67¢~ A=3 and more (red isoline): the yellow isoline corresponds
to the isovalue 0.07¢~ A3,

stable conformation O of 0.42 eV and 0.20 eV within confor-
mations 1 and 2, respectively.”> Such a large difference sug-
gests that conformation 1 is preferred for self-assembly.

C. Molecule substrate interaction

The influence of the substrate on the self-assembly pro-
cess is determined by the comparison of three adsorption
sites (top, bridge, and hollow), the center of the phenyl group
being located at either top, bridge, or hollow site (Table I). In
all cases, the geometry of the molecule corresponds to the
conformation O but there is no influence of the conformation
on the adsorption since the hydrogen atoms are not involved
in the adsorption process. The two carbonyl bonds of the
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molecule are aligned with one of the close-packed directions
of the substrate. This alignment was checked to be the most
favorable orientation. The reference energy (0 eV) is attrib-
uted to the top site, which is energetically more favorable by
over 0.1 eV than the two other adsorption sites (hollow and
bridge). Thus, we can conclude that the molecules are ad-
sorbed on the top site of the Ag(111) surface as represented
in Fig. 5(a), below. In this configuration, all six oxygen at-
oms are located on top of an Ag atom and form Ag---O
bonds. The formation of these bonds induces a distortion of
the molecule: the distance between the oxygen atoms of the
carbonyl (hydroxyl) groups and the substrate is shorter by
0.22 A (0.11 A) than the distance between the carbon atoms
of the phenyl group and the surface. When THQ is adsorbed
at the bridge site or hollow site, the oxygen atoms are not
located on top of Ag atoms, and thus the Ag---O contacts are
very weak. Consequently, the geometry of the molecule is
almost planar and the average distance between the molecule
and the surface is longer: 3.2 A instead of 2.9 A when THQ
is adsorbed on top site. The adsorption process is associated
with a charge transfer (CT) from the surface to the molecule,
which plays the role of electron acceptor, which amounts to
0.7¢~ at the top site instead of 0.5¢~ at both the other sites.
The projected density of states of Fig. 4 reveals that charge
transfer results from a partial filling of the lowest unoccupied
molecular orbital (LUMO) of the molecule, which is mainly
localized on the 2p states of the oxygen and carbon atoms.
This charge transfer mechanism is very close to the one re-
ported in the case of the adsorption of NTCDI on Ag(110)
(Ref. 15) or PTCDA on Ag(111) (Ref. 14). On the whole,
adsorption on the top Ag site, combined with the necessary
conformation change of THQ molecules, perfectly explains
the hexagonal commensurate epitaxy of the THQ monolayer
revealed by STM and LEED experiments.

D. Analysis of the first monolayer of THQ adsorbed on
Ag(111)

To fully describe the adsorption process we still have to
make precise the mutual influence of molecule-substrate in-
teractions on molecule-molecule interactions. Intermolecular
bonds have been determined for the complete monolayer
with molecules adsorbed in conformation 1 on top sites of
Ag(111) using both SIESTA and PAW codes (Fig. 5). The to-
pological analysis was performed following Bader’s ap-
proach to electron densities, n(r), given on 3D grids.?®?7 It
allowed us, in particular, to characterize critical points (CPs)
which correspond to the extrema of n(r). At a bond CP, the
value of the electron density n(rcp) is minimum along the

PHYSICAL REVIEW B 77, 085410 (2008)

bond direction and maximum in the perpendicular plane.
Herein the value of n(rc-p) was used in order to quantify the
strength of the intermolecular contacts. As revealed by Fig.
5, the strengths of the intermolecular O-H---O and Ag:--O
contacts are similar because of very close electron densities
(around 0.07e~ A~3) at the corresponding CPs. In compari-
son with the two-dimensional arrangement without substrate,
the strength of the O-H:--O bonds is weakened by less than
20%, due to the elongation of the corresponding bond
lengths (less than 0.06 A). The molecule-surface interactions
are also affected by the intermolecular interactions. The mol-
ecules are less distorted and the average distance between
molecule and surface increases from 2.86 to 2.95 A, thus re-
ducing the adsorption energy and the charge transfer. It fi-
nally emphasizes that the self-assembly of THQ molecules
onto the Ag(111) surface results from balanced contributions
of both molecule-molecule and molecule-substrate interac-
tions.

IV. CONCLUSION

In summary, this STM and LEED study of the deposition
of THQ molecules on Ag(111) surface revealed the coexist-
ence of two domains of molecular self-assemblies related by
a mirror symmetry and perfectly commensurable with the
unit cell of the Ag(111) surface. The detailed DFT analysis of
intermolecular and molecule-substrate interactions showed
that molecules can self-assemble only if they change their
conformation to a less stable conformer by the rotation of
one O-H group. This allowed the formation of four O-H:--O
hydrogen bonds per molecule which were analyzed together
with the molecule-surface interactions by electron density
topology. The adsorption at the top site involved a large
charge transfer from the surface to the LUMO of the mol-
ecule and the formation of Ag- - -O electronic contacts induc-
ing a distortion of the molecule. Finally, the large molecule-
substrate interaction leads to the formation of a perfectly
commensurate molecular layer. Thus a detailed description
of intermolecular and molecule substrate interactions is man-
datory for supramolecular designs at surfaces.
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