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Supramolecular chemistry provides an original approach to
nanoscience and nanotechnology by its intrinsically molecular-
level control of self-assembly processes.[1] The spontaneous but
controlled generation of complex supramolecular entities from
suitably designed molecular components opens the way to
the efficient—because extremely parallel—bottom-up con-
struction of supramolecular architectures, with specific func-

tionalities emerging at each hierarchic step of complexity.
Among the underlying noncovalent interactions, hydrogen
bonding has been shown to be particularly useful for structural
control.[2]

For two-dimensional (2D) supramolecular engineering, the
self-assembly processes are conducted at surfaces.[3] The pri-
mary advantages of this approach are the unprecedented
direct access to structural information at the atomic level by
employing scanning probe techniques, notably scanning tun-
neling microscopy (STM), and the possibility to realize specific
low-dimensional molecular structures that can eventually be
integrated into nanostructured environments.
In most systems investigated to date, the transcription to 2D

of hydrogen-bonding motifs identified in 3D systems was ach-
ieved by employing planar molecular building blocks, (so-
called tectons). These adsorb in a flat geometry on surfaces,
thus favoring lateral linkages between functional endgroups.[4]

In this case, the necessary balance between adsorbate–sub-
strate and lateral intermolecular interactions can be tuned by
appropriately selecting the symmetry and chemical reactivity
of the substrate. It is, however, much harder to control tectons
exhibiting conformational flexibility, although such species
qualify for the self-assembly of particularly elaborate nano-
structures.[5] Moreover, the conformational design of single
molecules and molecular layers is a crucial ingredient to ach-
ieve a targeted set of chemical and physical properties, for ex-
ample, the realization of single-molecule switches,[6] the con-
trol of chiral recognition,[7] or efficient heterogenous catalysis.[8]

To obtain complete control over the assembly behavior of
complex molecular species at surfaces, it is thus mandatory to
understand the interplay of conformation and supramolecular
organization.
Herein, we present a study of the surface-confined self-as-

sembly of a conformationally flexible tecton. Specifically, we
employed the oxalic amide 1 that has been designed to form
structures consisting of a multitude of units that are tethered
through hydrogen bonds between the amide moieties of adja-
cent molecules. The N,N’-diphenyl oxalic amide test molecule
(Scheme 1) consists of two amide groups fused by a s C�C
bond unit (�NH�C(=O)�C(=O)�HN�). By substituting one
phenyl group at each of the nitrogen atoms, lateral hydrogen
bonding along the direction of the molecular backbone is
blocked. In a planar projection, the molecule can adopt two
different conformations with respect to the central s C�C
bond: s-trans and s-cis. These can be interconverted by rota-
tion around the central s C�C bond. However, this process is
expected to be hindered on a surface by an increased energy

Scheme 1. Molecular structure of N,N’-diphenyl oxalic amide 1 with the two
possible 2D-confined conformations reflecting rotation about the central
single C�C bond.
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barrier owing to molecule-surface interactions, thus leading to
resolution in two enantiomers for the 2D prochiral s-trans con-
figuration.[9] When the restriction of the planar confinement is
lifted, the s bonds of the molecular backbone provide confor-
mational flexibility. For example, one needs to consider the ro-
tation of the phenyl moieties around the s N�C bonds, that is,
the axes connecting phenyl to nitrogen.
We investigated the supramolecular organization of 1 on

the reconstructed Au ACHTUNGTRENNUNG(111) surface under ultra-high vacuum
(UHV) by STM and near-edge X-ray absorption fine structure
spectroscopy (NEXAFS). Our results were rationalized by mod-
eling based on density functional theory (DFT). We find that
during the assembly process from isolated molecules or small
clusters into one-dimensional (1D) chains, the molecule 1 un-
dergoes a marked conformational transformation. To optimize
hydrogen bonding necessary for the chain formation, the mol-
ecules adapt their conformation to overcome otherwise inter-
fering steric hindrance.
The molecules of 1 were deposited on the reconstructed

Au ACHTUNGTRENNUNG(111) surface by sublimation under UHV conditions. Figure 1
shows a series of STM images for molecules deposited at dif-

ferent sample temperatures T. In the pictures the zig-zag
shaped, gray double lines reflect the substrate reconstruction
pattern.[10] Molecules appear as bright spots with an apparent
height between 1 and 1.5 M, a typical height for molecules
with p-conjugated systems. Adsorption at T=155 K (Figure 1a)
leads to separated small features, whose spatial distribution
shows no significant ordering except the preferred appearance
in the face-centered cubic (fcc) stacking regions. Under these
conditions, it proved difficult to obtain intramolecular resolu-
tion, as the features are easily pushed aside by the STM tip.
The size of the numerous, smaller spots is principally consis-
tent with the assumption that each spot corresponds to an in-
dividual molecule, or possibly a dimer. Larger spots indicating
clusters of several tectons were rarely detected. The fact that

structure formation is suppressed hints at a diffusion length
after adsorption that is smaller than the average intermolecular
distance, which in this case is about 5 nm.
By increasing the deposition temperature to T=265 K, one-

dimensional, chainlike assemblies of 1 evolve (Figure 1b). This
chain-forming is associated with the development of hydrogen
bonds between the tectons’ functional amide moieties. How-
ever, two different morphologies of single molecules discrimi-
nating in-chain from end-chain positions are encountered. In
addition, dimer structures are present, which appear as a cen-
tral spot of changing brightness surrounded by four lobes. The
peculiar shapes observed for 1 strongly indicate the existence
of metastable flat-lying conformers, in particular related to the
resolution of s-bond C�C (Scheme 1) and C�N conformers
owing to the symmetry-breaking effect of the surface.
Finally, upon adsorption at 300 K (Figure 1c) we observe reg-

ular, self-assembled linear chains consisting of several tens of
tectons (each appearing as a bright dog-bone-like feature).[11]

The chains avoid hexagonal close-packed (hcp) stacking re-
gions and dislocation lines, which means that their average
length amounts to approximately 14 molecules or 9 nm. The
high degree of order within the chains indicates that they rep-
resent an equilibrated state of the system. The higher adsorp-
tion temperature thus yields a unique adsorption geometry for
a largely dominating portion of the molecules. Consistently,
further STM data recorded for coverages up to monolayer sat-
uration reveal that the chain conformer is by far the most
common species present in equilibrated systems and indicate
the absence of formation of 2D molecular networks (see the
Supporting Information).
In order to better characterize the conformation of 1) the

isolated single molecules and 2) the in-chain molecules,
NEXAFS measurements were carried out. With this technique,
the orientation of functional moieties with respect to the sub-
strate plane can be assessed.[12] For the case (1), the molecules
were deposited at 160 K. At this temperature, mainly isolated
molecules are present at the surface (see also Figure 1a). For
the analysis of (2), the samples were annealed for 5 min at
300 K to convert the molecules into the in-chain configuration
(see also Figure 1c).
The four series of spectra (Figure 2a) exhibit a pronounced

dichroism, indicating well-defined molecular adsorption geo-
metries. The fact that the resonances are sharp denotes a
weak interaction of the molecules with the Au substrate.[13] A
comparison of the grazing incidence carbon spectra (dashed
lines, left column) highlights a remarkable change: three well-
separated peaks (T=160 K) develop into two peaks upon an-
nealing to 300 K, with the lower one featuring a shoulder. This
repositioning of resonances indicates a change of chemical
properties connected with the 1D self-assembly. The first
p* resonance (binding energy EB=285 eV) of the C1s spectra
can be attributed to the phenyl-ring p system, while the O1s
edge shows a p* resonance (EB=531.2 eV) that originates from
the two carbonyl double bonds in the molecular backbone. If
q is defined as the angle between the surface normal and the
E vector of the photon beam, an ideally flat-lying phenyl ring
should result in a vanishing peak area for q=908 for the corre-

Figure 1. STM images at different temperatures. The scale bar denotes
10 nm in each of the three cases. a) Adsorption at low temperature
(T=155 K) yields isolated molecules. (tunneling voltage Vt=�640 mV, tun-
neling current I=0.28 nA). b) Metastable structures are found at T=265 K.
(Vt=�50 mV, I=0.12 nA). c) A high-temperature deposition (T=300 K) re-
sults in the self-assembly of 1D chains due to H-bonds (Vt=�200 mV,
I=0.35 nA).
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sponding signal. At low deposition temperatures, the phenyl-
ring signal is strongly reduced when going from q=308
(dashed curve) to q=908 (solid line), thus indicating a phenyl
orientation nearly parallel to the substrate surface (Fig-
ure 2b).[14] In contrast, after annealing the chain structure, the
spectra feature a remarkable intensity for q=908. Now the an-
gular dependence of the peak intensity corresponds to a rota-
tion of the phenyl groups of about 358 with respect to the
basal plane of the surface (Figure 2c). Because in both cases
the O1s edge indicates a flat-lying inner part of the molecule
1, the change of the phenyl orientation must originate from a
conformational adaptation. A simple rotation of the entire mol-
ecule can be excluded. Further data for samples with higher
molecular coverage (0.3, 0.5, and 1 monolayer) show approxi-

mately the same tilt, thus ruling out a coverage-dependent
compression of molecules due to increasing lateral “pressure”.
Combining the data from STM and NEXAFS, we put forth a
tentative model for the hydrogen-bonded 1D nanochains as
depicted in Figure 3d.

To rationalize the conformational adaptation of 1 in the
supramolecular chain-forming process, DFT calculations were
performed. In Figure 3, STM topography images (Figures 3a
and b) are compared with the top (Figures 3c and d) and the
side view (Figures 3e and f) of the structurally relaxed models.
The elongated STM appearance of a single molecule of 1 com-
pares well with the straight conformation of an isolated mole-
cule found in the calculation. Within the chains (Figure 3b),
the molecules appear with two brighter lobes at the ends and
a waist in the center. The bright lobes originate from the elec-
tron-rich p systems of the phenyl rings. The single molecule
appears as a more ellipsoidal shape. This difference is attribut-
ed to different imaging conditions, mainly a stronger convolu-
tion owing to the state of the tip. Concerning the 1D assem-
blies, the STM images of the in-chain molecules exhibit the
same characteristic angle a between the axis of the molecule
and the chain direction as that found in DFT.
Furthermore, the DFT results indicate that 1) the lowest-

energy conformation of isolated molecules is s-trans (Fig-
ure 3c) and 2) only one N�H···O=C hydrogen bond (Figure 3d,
dotted lines) between adjacent molecules is formed within the
chains. Two different conformers linked to each other define
the unit cell (Figure 3d, thin line) of the chain structure, which
represents an alternately ordered mixture. The alternation and
the tilt angle between the main molecular axes and the chain
axis imply that each conformer can only form hydrogen bonds
with another molecule through either its CO or its NH groups,

Figure 2. a) NEXAFS spectra of molecular adlayers deposited at T=160 K
(yielding single molecules, upper panels) and spectra of molecules annealed
at T=300 K (to give chain structures, lower panels). C1s edge (left column):
The dichroism of the phenyl p* resonance at 285 eV indicates essentially
flat-lying phenyl rings for single molecules (upper panel) and a tilt of �358
for molecules assembled in chains (lower panel). O1s edge (right column):
The dichroism of the CO p* resonance at 531 eV indicates a flat-lying inner
group for single molecules (top) as well as for molecules assembled in
chains (bottom). b) and c) Model representations of molecular conformations
as indicated by NEXAFS for the low (b) and high (c) temperature cases.
d) 3D visualization of the chain structure as concluded from combined STM
and NEXAFS results.

Figure 3. a) and b) STM images; c) and d) top views of energy-optimized
conformations obtained from DFT calculations; e) and f) side views of
energy-optimized conformations. Top [(a), (c), and (e)]: single molecule of 1;
(c) has the same scale as (a) and (b). For the isolated molecule, the calcula-
tions predict phenyl rings lying flat on the surface, as shown in (e). Bottom
[(b), (d), and (f)]: molecules of 1 inside a chain structure. DFT calculations (d)
indicate that the chains are bound by one hydrogen bond per molecule
(dotted lines between O atoms and NH groups). In (f), the side view of (d)
shows that the phenyl rings of the relaxed structure are tilted by about 108
with respect to the surface plane.

1784 www.chemphyschem.org G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemPhysChem 2007, 8, 1782 – 1786

www.chemphyschem.org


since in each molecule only one of these two groups will face
the other group of adjacent molecules.
The two-molecule periodicity of this structure is reflected in

two different, stretched hydrogen bond lengths (from O to H)
of 3.3 and 3.9 M in the structure, consistent with the intermo-
lecular distances observed by placing scaled models over the
STM images. The calculated bonding energy is 0.15 eV per
molecule in the optimized geometry. Furthermore, the calcula-
tions agree qualitatively with the NEXAFS results in predicting
a flat geometry for the isolated molecule (Figure 3e) and tilted
phenyl rings for conformers within the chain structure (Fig-
ure 3 f). The calculated tilt angle of 108 is, however, smaller
than the experimental value of about 358. This discrepancy
may be due to the fact that the DFT code used here overesti-
mates the p system–metal interactions and thus introduces a
spurious bias towards flatter adsorption geometries.
Both experimental and computational results indicate that

isolated molecules of 1 lie flat on the Au ACHTUNGTRENNUNG(111) surface with
phenyl rings and amide moieties parallel to the substrate. In-
creasing the substrate temperature results in the self-assembly
of 1D chainlike structures in the fcc domains of the recon-
structed Au ACHTUNGTRENNUNG(111) surface. Chain formation is driven by intermo-
lecular hydrogen bonding. These bonds would be sterically
hindered if the molecules stayed in a planar conformation.
Upon rotation of the phenyl rings, the functional groups of ad-
jacent molecules approach each other and form stronger
bonds. Recent work on rubrene[15] also showed that on the Au
surface the molecule exhibited a different conformation than
in the bulk. There, molecule–substrate interactions are the
origin of the adaptation. In contrast, in our case the molecule–
molecule interactions override the molecule–surface interac-
tions and thus are able to drive the phenyl rotation. Further-
more, a resonant photoemission study of 4-fluorobenzenethiol
on Au ACHTUNGTRENNUNG(111) recently demonstrated a strong dependence of the
molecules’ charge transfer properties on the angle between
the substrate and the phenyl ring.[16] Changing the angle by
approximately 308, which is comparable to the adaptation that
we see, causes a transition from negligible charge transfer to
fast charge transfer into the substrate.
In conclusion, our findings reveal that intermolecular nonco-

valent bonding between amide groups of adsorbed species
with intramolecular degrees of freedom can override the com-
petitive tecton–substrate coupling and lead to conformational
adaptation in supramolecular organization. Similar mechanisms
may drive the assembly of a variety of other systems. We sug-
gest that molecular building blocks based on conformationally
adaptive design can upgrade the tools of 2D supramolecular
engineering and thus help to enhance the control over func-
tional low-dimensional nanosystems.

Experimental and Theoretical Section

Compound 1 was synthesized according to literature protocols.[17]

The STM experiments were performed in an UHV system (base
pressure of a few 10�11 mbar) equipped with standard sample
preparation facilities and a home-built low-temperature scanning
tunneling microscope.[18] Images were taken in the constant cur-

rent mode using a W tip. The tunneling bias Vt is applied to the
crystal with respect to the tip being grounded through the IV con-
verter. The surface was prepared by ion-gun sputtering [p ACHTUNGTRENNUNG(Argon)
�3T10�6 mbar] at room temperature (RT) and annealing to 620 8C.
The molecules have been deposited from a quartz crucible in a
Knudsen-type cell held at 135 8C onto the metal surface at temper-
atures as indicated. After deposition, the sample was cooled down
to 10 K for STM. One monolayer (ML) is defined as an adlayer fully
covering the surface.

NEXAFS measurements were performed at the BESSY II HE-SGM
beamline. All NEXAFS spectra were taken with an energy resolution
of 0.5 eV at a substrate temperature of 160 K. The NEXAFS raw
data were treated to concentrate on the adlayer-related informa-
tion; the details on data processing are described elsewhere.[19] As
a trade-off between a high percentage of statistically separated
molecules and a large enough signal, the C1s region data was ob-
tained for 0.25 ML coverage, while a 0.6 ML coverage was necessa-
ry for the analysis of the O1s edge to compensate for the smaller
number of O atoms per molecule.

DFT calculations were carried out using the Car–Parrinello method
within the Projector Augmented Wave representation scheme. We
used the Perdew–Wang 92 local density approximation for the ex-
change–correlation functional.[20] The plane wave expansions were
limited by a 28 Ry energy cut-off and the Brillouin zone sampling
was limited to the gamma point only. A 0.25 eV Fermi level smear-
ing was used to deal with the metallic slabs as described else-
where.[21] All the calculations were performed in periodic boundary
conditions. A vacuum region of 10 M was used to minimize the in-
teraction between each gold slab and its periodically repeated
images. The simulated gold slabs were composed of four atomic
layers, with the atomic distances taken as calculated by first princi-
ples; no reconstruction was taken into account. The last layer was
kept fixed during the damped dynamics simulations used to opti-
mize the geometries.
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