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Calixarene molecules deposited on Au�110� self-organize giving rise to a �19�6� coincidence cell with the
substrate. Using grazing incidence x-ray diffraction, the structure has been completely resolved: gold recon-
structs with a �1�3� missing-row structure while the molecules form a �19/6�6� surface cell containing two
molecules. This study opens perspectives to create long-range ordered molecular templates to be used as
receptors for other species providing an example of collaborative self-arrangement through a metallic substrate
acting as guide and molecular flexibility.
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Organic molecules modified with specific substituents de-
signed for molecular recognition, allow us to build-up, “on
demand,” interfaces and/or surfaces with peculiar sensing,
electronic, magnetic, or optical properties.1–3 Calixarenes are
known for their properties as receptors/sensors for ions, neu-
tral species, clusters, and molecules4,5 which make them
ideal candidates to elaborate complex systems for molecular
recognition.6–8 Up to date, the main applications of calixare-
nes are their use as sensors and supramolecular receptor de-
signs. They have been, for example, used as ion-selective
electrodes in electrolyte-insulator semiconductors �EIS� and
ion-selective-field effect transistors �ISFETs� type sensors.
Some studies report on their use for the treatment of nuclear
waste acting as a trap for uranium ions. Here, the main idea
is to integrate these molecules into a 2D solid state environ-
ment by depositing them in a controlled fashion onto metal-
lic surfaces and to use the resulting well-ordered molecular
arrays as templates to build magnetic nanoarrays. Neverthe-
less, tuning the properties of such molecular surfaces re-
quires a perfect knowledge of adsorbate-metal interactions
and, first of all, of the details of the atomic/molecular ar-
rangement. Upon deposition on most metallic surfaces, large
organic molecules generally imply large coincidence unit
cells, low symmetry and weak response to surface probes,
making the structural details often difficult to decipher. Graz-
ing incidence x-ray diffraction �GIXRD� can be seen as an
ideal tool to solve the surface ordering of molecules on me-
tallic substrates, nevertheless only few experiments9–11 have
been reported because organic molecules are light scatterers
and the structural factors ratio of a high Z metal to that of an
organic layer is, a priori, highly unfavorable. Solving the
structure of organic molecules is thus a challenge of primary
importance for a real breakthrough towards a controlled pro-
duction of molecular films with designed properties. Herein,
we report on the structure of a molecular film, namely,
calix�4�arene, adsorbed on Au�110� surface. Au�110� offers a
�1�2� missing row reconstruction that might play the role of
rails to promote the molecular ordering, together with ad-
equate reactivity properties that favor charge transfer be-
tween molecules and substrate. The high sensitivity of the
measured GIXRD data has permitted �1� not only a full char-

acterization of large organic molecules films, including H
atoms but also �2� to identify the various contributions to the
registry of the molecules with respect to the substrate and �3�
to establish the stacking mechanisms of the molecules via
dispersion forces responsible of their final configuration. In-
deed, the H-H intermolecular dispersion forces play a crucial
role in the molecule conformation while improving the two
dimensional �2D� molecular stacking. Each molecule binds
to its four nearest neighbors through 10 H-H Van der Waals
bonds with an average bond distance of �2.8 Å. Moreover,
calixarenes bind to the substrate via six C-Au bonds that
force two phenol cycles to lie parallel to the �111� facets of
the �1�3� missing row �MR� valleys. Identifying the differ-
ent contributions to the final arrangement and determining
the details of the molecule configuration will help, via a bet-
ter description of dispersion forces, to improve the density
functional theory �DFT� calculations that are known to fail in
large molecular systems.12

EXPERIMENTAL SECTION

The experiment was performed on the BM32 beam line at
the ESRF. The surface, oriented with an accuracy better than
0.1°, was mounted in an ultrahigh vacuum �UHV� chamber
�base pressure �1�10−10 mbar� coupled with a six-circle
diffractometer operating in the Z-axis mode and equipped
with evaporators, ion gun, and Auger spectroscopy as de-
scribed elsewhere.13 In order to increase the surface sensitiv-
ity, the incidence angle of the impinging 19 keV x rays was
selected close to the critical angle �0.35°�. The Au�110� sur-
face is described by lattice vectors �A1 ,A2 ,A3� along the
�1-10�, �001�, and �110� directions, respectively, with A1
=A3=a0 /�2, A2=a0 �bulk lattice constant=4.078 Å�. The
sample was prepared in UHV by standard sputtering and
annealing cycles and its cleanness was checked by Auger
spectroscopy. The clean surface exhibits the expected �1
�2� missing row surface reconstruction reconstructed with
terraces �2000 Å wide. The calix�4�arene �purity 98%� film
coverage was monitored by recording, during deposition, the
intensity of one reflection, characteristic of the self-organized
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molecular layer. The actual coverage was derived from the
quantitative GIXRD analysis. The deposition rate was set to
0.2±0.04 monolayer �ML� per minute and various substrate
temperatures, from 340 to 410±20 K, were tested. Upon
calix�4�arene adsorption, the �1�2� missing row reflections
disappeared while new reflections appeared coming from
two new periodicities on the surface: �i� a �1�3� missing
row from the gold substrate induced by the interaction with
the molecule and �ii� a �19/6�6� periodicity exclusively due
to the molecular ordering of the calixarenes. The
�12/19,0 ,0.1� reflection was followed during the deposition
and intensity appears on this spot after 3.5 min, whatever the
substrate temperature, and its intensity increases abruptly to
saturate after �5 min, at 1 ML completion. In the explored
range of temperature, the reflection was found to sharpen
with increasing temperature. However, further annealing
does not improve and the �12/19,0 ,0.1� spot disappears be-
yond �500 K. The 410 K grown film was then cooled down
to room temperature for data acquisition.

EXPERIMENTAL RESULTS

A previous scanning tunneling microscopy �STM� and
low energy electron diffraction �LEED� study14 showed that
calixarenes yield a �3.15�6� superstructure with two dis-
torted molecules per unit cell, while the substrate periodicity
switches from �1�2� to �1�3�. The surface calixarene unit
cell size was found to be �9.1 Å�24.48 Å±0.2 Å� and sub-
molecular resolution allows imaging each phenol ring indi-
cating that the molecules are adsorbed via their lower rim.14

The present GIXRD experimental results reveal a �19/6
�6� surface structure periodicity which can be considered as
an average structure of a larger one, i.e., �19�6�. The �19
�6� unit cell has lattice parameters coincident with those of
the substrate and thus both lattices are commensurable while
the measured average cell �19/6�6� cell can be considered
as an incommensurable structure. This �19�6� coincidence
cell is constituted by 6 �19/6�6� subunit cells which are
identical or undistinguishable between them according to the
resolution of the experimental techniques we have used
GIXRD, STM, and LEED �Fig. 1�a��. The main structural
difference between one subcell with its neighbors corre-
sponds to a different distribution of the gold atoms around
each calixarene molecule. From one molecule to another, this
atomic gold distribution is shifted by A1/6 which explains
why 6 correlative �19/6�6� cells are necessary to find the
same substrate environment. Due to both, the identical—or
experimentally undistinguishable—molecular configuration
between consecutive �19/6�6� subcells (from now and on
will be called as the average structure of the �19�6� coin-
cidence cell and considered as “pseudoincommensurable”
along the �1-10� direction) and the negligible lateral distor-
tions of the topmost surface gold atoms along the A1 or
�1-10� direction—not enhanced by the existence of a shift
between them—only H=n*6 /19 �n integer� reflections are
present. The overall diffraction pattern is shown in Fig. 1�b�.

This average superstructure contains structural informa-
tion from the molecular net only since any lateral shift of Au

atoms in the �1-10� direction would yield non-negligible in-
tensities in the noninteger reflections H=n /19, due to the
large Au atomic number �Z=79�. Similarly, the six-fold pe-
riodicity along �001� arises from the molecular film only,
because the �m , �2n+1� /6� �m and n integers� reflections are
missing. Therefore, we can consider two data sets which can
be analyzed independently: the data set-1 only reflects the
periodicity of the average �19/6�6� superstructure as it has
been explained above; it exhibits a p2gg symmetry and com-
prises 486 reflections that reduce to 177 nonequivalent ones
after averaging them. The resulting agreement factor from
this averaging between equivalent reflections is 15%. This
symmetry is consistent with the presence of two molecules
per unit cell at �0,0� and �1/2 ,1 /2�, only reflections with
�H+K=2n� were observed.

On the other hand, the data set 2 is a combination of the
�1�3� reconstructed substrate and of the coincidence �19
�6� molecular film periodicity which contributes very
scarcely to the intensities of these reflections. Set 2 includes
1013 reflections that reduce to 543 nonequivalent ones with
the p2mm symmetry, distributed along 18 fractional order
rods and 4 crystal truncation rods �CTR’s�. The average
agreement factor between equivalent reflections is in this
case of 10%, a much lower value than that obtained for set 1
due to the higher intensities of this second data set. It is
worth noting that the intensities of the data set 1 are, on the
average, two orders of magnitude smaller than those of set 2.
Moreover, from the angular width �H=2.30�10−3 rlu of the
�0,1 /3 ,0.1� reflection arising from the �1�3� missing row,
we have an estimation of the terrace width of about 1000 Å
�close to that of the clean surface� while the correlation
length of the organic overlayer estimated from the angular
widths �H=�K=8.0�10−3 rlu of the �6/19,1 /6 ,0.05� re-
flection is close to 700 Å.

Since both the �19/6�6� and Au�110�-�1�3� structures
are commensurable along the �001� direction, the �0,K ,L�
reflections mainly contain contributions arising from the �1
�3� gold arrangement but also, in a smaller proportion, in-
clude intensity coming from the average structure of the
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FIG. 1. �Color online� �a� Representation of the �19�6� coinci-
dence cell formed by 6 �19/6�6� “pseudoincommensurable” cells.
The �1�3� missing row as well as the �1�1� substrate periodici-
ties are also indicated. Each colored ellipse represents one
calix�4�arene molecule. �b� Schematic reciprocal space diagram of
the surface corresponding to Fig. 1�a�. The data set 1 and data set 2
rods are indicated as full dots and empty circles, respectively. The
rectangles correspond to the calixarene �large dashed�, the recon-
structed substrate �short dashed�, and the bulk �continuous line� unit
cells.
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calixarene film. To avoid a different radiation damage behav-
ior over each measured subdata set, each data set was mea-
sured from a freshly prepared calix�4�arene surface. Both
surfaces were prepared in identical conditions and their in-
tensity evolution was followed in the same way by monitor-
ing the �12/19,0 ,0.1� reflection versus deposition time. Ra-
diation damages were checked during the whole experiment
by recording periodically the intensity of several test reflec-
tions. While measuring reflections belonging to data set 1,
two test reflections �6/19,3 /6 ,0.1� and �12/19,0 ,0.05�
were monitored at regular time intervals. The intensity de-
caying of these reflections after 36 h measuring correspond-
ing to the whole period of measurements of this data set was
of 25%. The intensity stability while measuring data set 2
was checked by also monitoring at regular time intervals the
test reflection �0,2 /3 ,1� intrinsic to the �1�3� missing row
reconstruction. The intensity decaying of this reflection after
40 h measuring �total time invested to acquire this second
data set� was of 20%. The reflections of each data set �set 1
and set 2—including CTRs� were renormalized according to
the time dependence of the intensity decay obtained from
their respective test reflections by using the expression:
Ii,new�t�= Ii�t�*Ir�t=0� / Ir�t�, where Ii,new�t� correspond to the
new intensity of reflection Ii�t� measured at time t, Ir�t=0� is
the intensity of the test reflection at the beginning of the
experiment �initial time equal to zero�, and Ir�t� is the ex-
trapolated value of the intensity of the test reflection at the
measuring time t. The classification of the different types of
structural contributions according to the corresponding set of
reflections is given in Table I.

ANALYSIS AND MODELING

The structural refinement was based on a �2 minimization
procedure.15 Using the data set 1, first, the shifts of the phe-
nol groups in each molecule and their orientation were de-
termined, the refinement being performed as follows: each
molecule was considered as a rigid block and allowed to
rotate around its �y ,z� internal axis in Cartesian coordinates
�Eulerian angles � ,� ,� defined as � :R�z�, � :R�y�, and
� :R�z�, where � and � were fixed by symmetry to zero,16

and thus the internal axes of the molecule coincide with
those of the unit cell�. Then, one additional rotation and one
translation were used for each of the two, symmetry non-

equivalents, phenol rings, to account for molecular distor-
tions: phenol-1 and phenol-2 are described by the operator
R1�y�T1�x ,y� and R2�x�T2�x ,y�, respectively �see Fig. 2�. The
corresponding rotation axes pass through the center of the
phenol rings, and Ri�x :y� are rotations around the x and y
axes of the unit cell. Ti is a �x ,y� translation of phenol-i
within the �19/6�6� surface unit cell. Table II shows the
initial and final �x ,y ,z� coordinates of the nonequivalent at-
oms of the molecules. The optimized parameters are thus:
one scale factor, three angles �one rotation of the whole mol-
ecule � around the z axis of the unit cell, one rotation of the
first phenol ring R1�y�, and an extra rotation for the second
phenol ring R2�x��, four �x ,y� parameters �for both phenols
translations� and two Debye-Waller �DW� factors �B
=8	2	u2
�, one for C and H atoms and one for O atoms. The
final optimized rods are displayed in Fig. 3 with a goodness-
of-fit �2=1.05. The resulting calixarene configuration is
shown in Fig. 4, while the largest translation �T1� of the first
phenol ring �amplitude and orientation� is shown in Fig. 2.

TABLE I. Contributions of each phase present at the surface for each family of reflections �H ,K�. The
term S or VS means small or very small, respectively. The intensity ratio of the reflections of the �1�3� MR
reconstruction and �19/6�6� cell belonging to the family �0,n /3� is about a factor 50.

�H ,K� Data set classification Types of contribution

�0,n /3� �n /3=fractional� Set 2 �1�3�; �19/6 ,6�-S; �19�6�-VS

�0,n� �n integer� Set 2 �1�3�; �19/6 ,6�-S; �19�6�-VS; �1�1�
�n ,m /3� �n integer; m /3 fractional� Set 2 �1�3�
�n ,m� �n�0, m integer� Set 2 �1�3�; �19�6�-VS; �1�1�
�0,n /6� �n /6�n /3� Set 1 �19/6 ,6�; �19�6�-VS

�6n /19, �2m+1� /6� �n ,m integer� Set 1 �19/6�6�
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FIG. 2. �Color online� Initial configuration of the calix�4�arene
molecule with the indication of the rotations and distortions applied
during the fit procedure. P1 and P2 refer to the two nonequivalent
phenol rings. Ri�x :y� and Ti refer to the rotation and translation of
phenol i. R�z��=�� means a rotation of the whole molecule around
z axis. Only translation vector T1 is indicated in the figure. For more
details, see caption header of Table II. The oxygen atoms of the
O-H groups are indicated in red, C atoms in black, and H atoms in
gray.
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The phenol translations in relative units are indicated in the
caption header of Table II. Phenol-1 rings end up almost
vertical to allow for maximum density of molecules along
the �1-10� direction as shown on the top view of the calix-
arene arrangement �Fig. 4�.

Additionally, to test the sensitivity of the experimental
data to individual C and H displacements, a second optimi-
zation of the coordinates of all atoms belonging to the mol-
ecules was performed instead of optimizing the movements
and distortions of groups of atoms �phenol rings�. We first
performed calculations, as above, including or excluding the
H atoms: removing the hydrogens increases �2 from 1.05 to
1.5. In the next step, all nonequivalent atoms, i.e., 14 C at-
oms �42 xyz-positional parameters�, 11 H atoms �30 xyz pa-
rameters�, 2 O-atom �6 parameters� were allowed to move in

addition to the molecular distortions considered in the previ-
ous section. In total 85 parameters were let free. The mean
displacements �average on all directions and all atoms of a
ring� off the “ideal positions” defined as those given in Table
II �configuration of Fig. 4� are �	�C
��3*	�C
=0.074 Å
and �	�H
��3*	�H
=0.074 Å for C and H, respectively.
Meanwhile, �2 remains very close to 1 whereas the fit does
not further improve with respect to that of the situation of
Fig. 3. Nevertheless we note a significant decrease �by a
factor 3� of the C, H, and O Debye-Waller factors compared
to that of calculations where molecular distortions only are
considered �see next section�. In spite of the quality of the fit,
the shifts of ideal positions are always smaller than the error
bars and the overall picture for the molecule is thus margin-
ally modified. In summary, while the data show good sensi-
tivity to these parameters, the present results illustrate the
fact that the methodology followed in the previous section—
optimizing groups of atoms instead of all individual
coordinates—is perfectly sound to extract the final configu-
ration of the molecule.

The H-C distances were fixed during the whole refine-
ment procedure. In spite of that, experimental data showed

TABLE II. Relative coordinates in the optimized structure: Pi-C j

refers to carbon j of phenol ring i; Oi is oxygen atom i and Aui-j is
the jth Au atom in layer i from the surface. Asterisks indicate fixed
coordinates. The values between brackets of Pi-C j and Oi atoms
correspond to the initial �left� and final �right� coordinates of the
corresponding atom. The final coordinates are obtained after apply-
ing the following rotations and translations �in relative lattice units�
to the molecule: �R1�y� ,T1�x ,y��= �−13.8° , �−0.018,0.031��,
�R2�y� ,T2�x ,y��= �−19.1° , �−0.009,0.008�� and R�z�=−13.4°. The
error bars of y and z coordinates of Aui-j atoms are �±0.001� and
�±0.002�, respectively. The position of the Au atoms is indicated by
the shift with respect to the ideal position. The average H-H inter-
molecular bond length ��2.8 Å� falls within the typical range for
van der Waals bonds.

Atom x �±0.003� y �±0.003� z �±0.005�

P1-C1 �−0.325,−0.273� �0.548, 0.585� �−0.070,0.304�
P1-C2 �−0.328,−0.337� �0.452, 0.399� �−0.071,0.349�
P1-C3 �−0.318,−0.315� �0.500, 0.491� �−0.030,0.094�
P1-C4 �−0.359,−0.329� �0.453, 0.406� �0.387, 0.816�
P1-C5 �−0.376,−0.297� �0.500, 0.500� �0.614, 1.025�
P1-C6 �−0.357,−0.267� �0.548, 0.589� �0.387, 0.770�
O1 �−0.286,−0.268� �0.503, 0.545� �−0.767,−0.346�
C7 �−0.298,−0.340� �0.396, 0.285� �−0.292,0.096�
C8 �−0.289,−0.196� �0.603, 0.686� �−0.303,0.086�
P2-C9 �0.141, 0.211� �0.627, 0.728� �−0.142,0.234�
P2-C10 �−0.132,−0.055� �0.625, 0.766� �−0.153,0.167�
P2-C11 �0.006, 0.068� �0.608, 0.700� �−0.326,0.080�
P2-C12 �0.136, 0.231� �0.665, 0.824� �0.197, 0.451�
P2-C13 �−0.132,−0.031� �0.663, 0.862� �0.186, 0.385�
P2-C14 �0.000, 0.111� �0.683, 0.891� �0.357, 0.522�
O2 �0.016, 0.057� �0.570, 0.051� �−0.668,−0.137�
Au1−1 0* 0* 0.000−0.106

Au2−1 0.166* 0.166+0.002 −0.500−0.032

Au3−1 0* 0* −1.000−0.032

Au3−2 0* 0.333+0.003 −1.000+0.024

Au4−1 0.166* 0.166+0.003 −1.500−0.018

Au4−2 0.166* 0.5* −1.500+0.053

Au5−1 0* 0* −2.000−0.011

Au5−2 0* 0.333+0.005 −2.000+0.009
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FIG. 3. �Color online� �a� The radii of the empty semicircles are
proportional to the measured in-plane structure factors. The uncer-
tainties are indicated by the two radii. The filled semicircles corre-
spond to the structure factors calculated with the molecular model
�without substrate contributions� as discussed in the text. The inset
corresponds to reflections with large K values represented in this
way for better clarity. �b� Selection of data set 1 rods. The numbers
indicated after the reflections in brackets correspond to the applied
shifts along y.

[1
−1

0]

[001]

FIG. 4. �Color online� Calixarene unit cell showing the opti-
mized phenols orientation and hydrogen bonding between neighbor-
ing molecules. Dotted circles indicate the lost hydrogens upon ad-
sorption. Black, red, and gray colors correspond to C, O, and H
atoms, respectively.
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good sensitivity to H-atoms as it was proved by the worsen-
ing of fit goodness when these atoms were removed from the
structure. The H-H intermolecular distances are on average
close to 2.8 Å and they result exclusively from the structure
refinement process. These distances correspond to van der
Waals H-H bonds and the resulting interacting forces be-
tween them are expected to be small, nevertheless, they un-
doubtedly play a fundamental role in the stabilization of the
final configuration not only of each molecule but also in the
2D molecular arrangement onto the metal surface. Recent
DFT calculations performed on this system are not able to
recover the final configuration of each molecule. The mo-
lecular packing in the �19/6�6� unit cell is optimized when
the molecules are located at �0,0� and �1/2 ,1 /2� in the cell.
Clockwise and anticlockwise rotations of one molecule with
respect to the other results in a p2gg symmetry instead of a
c2mm one. Even this basic configuration of the molecular
packing in the unit cell cannot be retrieved when using ideal
calix�4� arene molecules as those showed in Fig. 2 as an
initial point to start the procedure of energy minimization of
the system. The final configuration of the molecules in the
unit cell depends on the interaction with their neighbors and
this interaction is established in the present case via H-H
intermolecular bond lengths �Fig. 4�. Weak intermolecular
H-H forces are usually neglected when DFT methods are
applied and this omission could be the responsible of this fail
when applied to organic systems. The resolved structural sys-
tem we present here can supply the necessary information to
advance in this field.

In the following step, we retained the initial model with
two molecules per unit cell, on a �1�3� reconstructed
substrate—with two rows missing in layer 1 and one in layer
2—with molecules adsorbed in the troughs. Any other
model, with only two or one missing row�s�, was definitely
rejected on behalf of much too high goodness-of-fit criteria.
The phenol groups bonding the molecule to the surface will
thus sample random positions so that two adjacent non-
equivalent chains will appear as equivalent for diffraction, on
the average, yielding a �1�3� periodicity with p2mm sym-
metry instead of the expected �1�6� for the substrate data
set 2. The full structure was then determined using a �3
�3� cell made of three identical �1�3� Au surface unit cells
along the x direction, from now on, noted as 3*�1�3� sur-
face cell. The arrangement of the Au atoms in this 3*�1
�3� cell follows the p2mm symmetry in agreement with the
experimental data; moreover, the orientation and relative
molecules separation are fixed at the values derived from
step 1. Then, the calixarenes �19/6�6� unit cell was

squeezed by 5.5% in the x direction resulting into a �3�6�
one. As explained above, the six-fold period along the �001�
direction was not observed in set-2 reflections, due to the
�quasi� incommensurability �Fig. 1�b��. This allows reducing
the overall structure to a 3*�1�3� unit cell, when looking at
the reconstructed substrate and at the film registry. Moreover,
we have to account for the presence of two calixarenes in the
original unit cell: both were thus located at positions �0,1 /2�
and �1/2 ,1 /2� in the 3*�1�3� cell, with an occupancy set to
50%. Figure 5 shows in a graphical way the steps followed
to reduce the �19/6�6� cell into a 3*�1�3�.

In this unit cell, Au sites were allowed to relax in the y
and z directions, while staying at their bulk positions along
the x axis to maintain the actual p�1�3� substrate periodic-
ity. The molecular layer was allowed to move in the z direc-
tion and seven variable Au layers were included in the fit.
Thus, 1 scale factor, 18 �y ,z� Au parameters, 1 z shift for
calixarene, 3 gold DW parameters, and the occupancy of the
gold top row were optimized ��2=2.5�. A selection of frac-
tional and integer rods is plotted in Fig. 6. As usual for such
MR configurations, the topmost Au row interlayer distance is
contracted by about 15% while the second layer is contracted
by 6%. Layer numbers 3 to 5 are relaxed by �1% and the
deepest ones �sixth and seventh� are bulklike within experi-
mental error bars. Finally, the C/H and O DW factors are 16

x6

top

lateral

x3

FIG. 5. �Color online� Schematic representation of the proce-
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�19/6�6� by 5.5% along the x direction resulting in a �3�6� one
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to the molecular average along the sixfold period along the �001�
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the 3��1�3� cell with two molecules with 50% occupancy.
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and 5, respectively, while the Au DW decreases continuously
from 0.9 to 0.2—from surface to bulk. In spite of its rela-
tively high value, �2�=2.5� is an extremely good result since
the refinement was performed with a limited number of pa-
rameters as a result of the reduced 3*�1�3� unit cell as
compared to the actual �19�6� one.

The final structure is illustrated in Fig. 7. The molecules,
centered on the troughs with the OH groups pointing down
the valley, are fixed to the substrate through the six Au-C
bonds of the two rotated phenol rings facing the �111� facets.
The attractive dispersion forces between H-atoms of neigh-
bor molecules act as stabilizers of the molecule stacking,
while internal distortions of the calixarene are due to the
strong Au-C bonds. Indeed, the short bond length �average
2.27±0.04 Å� matches with a calculated Au-C+ distance that
implies a charge transfer from the molecules to the
substrate.17 Another indirect evidence of such a charge trans-
fer is the �1�3� reconstruction that was reported upon ad-
sorption on Au�110� of alkali and earth alkali metals accom-
panied by negative charge transfer towards metal.18

Incidentally, we note that the present �1�3� reconstruction

is very close to that induced by Cs adsorption that yields
quite similar interlayer spacing and buckling ��d12
=−22% /−15%, �d23=−9% /−5%, b3=0.14 Å/0.16 Å for
Cs and calixarene, respectively�.18 In addition, calculations
for negatively surface charged Au�110� indicate that the �1
�3� structure is favored over the �1�2�.19 Using nondis-
torted �as in gas phase� molecules results in a 20% larger
distance to the substrate, which would imply lower interac-
tions: as a consequence, molecular distortions can be readily
assigned to the strong molecule-surface interactions assisted
by charge transfer. In this case the goodness of the fit in-
creases from �2=2.5 to 3.5.

CONCLUSION

In summary, using GIXRD, we fully determined not only
the structure of a self-organized calix�4�arene monolayer on
Au�110�-�1�2� but also the forces responsible for molecular
distortion and 2D organization. The substrate switches from
a �1�2� to a �1�3� MR reconstruction, with a contraction
of the first interlayer distance of about 15%. Conformational
changes of the molecules to match the substrate corrugation
are observed with two opposite—rotated—phenol rings lying
almost parallel to the Au �111� facets and the other phenols
almost perpendicular to the surface. The short Au-C bonding
distance and the substrate structural change, implying long
range mass transport, indicate a strong molecules/substrate
interaction. Structural determination of large molecules de-
posited on metals provides clear insight to the rules govern-
ing self-organization and molecule-substrate interactions that
are the driving mechanisms to build molecular templates and
grow complex organic/inorganic systems.
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