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‡BAM-Bundesanstalt für Materialforschung und -prüfung, Unter den Eichen 44-46, 12203 Berlin, Germany

*S Supporting Information

ABSTRACT: The deposition of tetralactam macrocycles and the
corresponding benzyl ether rotaxanes on gold substrates is
investigated for the first time exploiting metallo-supramolecular
chemistry. Two pyridine-terminated self-assembled monolayers
(SAMs) are developed that are used as well-ordered template layers.
The two SAMs differ with respect to the rigidity of the terminal
pyridines as shown by angle-resolved near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy. The template layers are then
used for the metal-mediated self-assembly of macrocylces and
rotaxanes on solid supports. The SAM with the more rigid terminal pyridine shows a higher coverage with the macrocycles and is
therefore preferable. Angle-resolved NEXAFS spectroscopy also shows the deposited supramolecules to be oriented preferentially
upright. This order is only achieved for the macrocycles through the deposition on the more rigid SAM template, whereas
rotaxanes form oriented layers on both SAMs. Time-of-flight secondary-ion mass spectrometry analysis was used to determine
the deposition time required for the self-assembly process.

1. INTRODUCTION

In current nanotechnology research, the investigation of
synthetic molecular machines is an important topic.1

Mechanically interlocked molecules (MIMs) such as switchable
rotaxanes are capable of performing work on the molecular
level through structural changes initiated by external stimuli.2

These stimuli can be of chemical, photochemical, or electro-
chemical nature.3 In solution, however, molecular devices are
distributed randomly, without any directional control. Deposit-
ing them on solid supports in large ordered arrays would
therefore provide the basis for a concerted movement.
Furthermore, oriented layers would lead to a maximum amount
of deposited molecules and thus could help to maximize the
effect of molecular movement. Thus, the controlled transfer of
molecular switches from solution to surfaces is of great
importance in this field.4 Several reports exist concerning the
deposition of interlocked molecular systems;5 but only very few
reports on the successful deposition of tetralactam macrocycles
and rotaxanes are available so far.6 To the best of our
knowledge, no example exists that shows a preferential
orientation of interlocked molecules on solid supports in
large ordered arrays.5a

Self-assembly is required to achieve ordered arrays of
supramolecules, because error correction requires reversible
deposition processes to operate, for which noncovalent
interactions are favorable. Also, a preordered template layer
as realized in self-assembled monolayers (SAMs)7 with suitable

terminal groups is preferable to help induce order in the adlayer
deposited on top of the SAM. The connection between a SAM
and a supramolecule adlayer can be accomplished by metal-to-
ligand coordination using pyridines or terpyridines.7a,8 These
ligands are known to form long-lived and robust complexes
with transition metals due to strong metal-to-ligand back
donation and, for the terpyridine ligands, due to chelating
effects.9

A number of studies exists using pyridine-terminated SAMs
for coordination chemistry on gold substrates.7a,10 Recently, we
investigated a pyridine-substituted alkyl thiol, that is, 12-
(pyridine-4-yl)dodecane-1-thiol (PDT, Scheme 1a).11 The
PDT-SAM was shown to be perfectly suitable for the
complexation of terpyridines using Pd(II) ions. However, the
alkyl backbone of PDT causes the terminal pyridine group to
be somewhat flexible with respect to its orientation.
In this study, a novel SAM formed from (E)-4-(pyridine-4-

yl)stilbenethiol (PST, Scheme 1b) with a rigid stilbene
backbone was investigated. The palladium-directed self-
assembly of terpyridine functionalized tetralactam macrocycles
and rotaxanes12 on PST and PDT was carried out. Multi-
technique analysis using X-ray photoelectron spectroscopy
(XPS), time-of-flight secondary-ion mass spectrometry (ToF-
SIMS), and near-edge X-ray absorption fine structure
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(NEXAFS) spectroscopy was applied to provide evidence for
their successful deposition. The deposited macrocycles and
rotaxanes were investigated with respect to preferential
orientation by angle-resolved NEXAFS spectroscopy. In order
to determine whether a template layer with a flexible or a rigid
terminal pyridine-group is preferable, the PST- and PDT-SAMs
were compared with respect to the amount of deposited
macrocycles and of the preferential orientation of macrocycles
and rotaxanes. Furthermore, the time required for the self-
assembly process was determined. The comparative studies
were done by ToF-SIMS, because this technique allows the
semiquantitative analysis of a specific molecular species
adsorbed on the gold surface.

2. RESULTS AND DISCUSSION
In order to provide a good comparability of the two pyridine
SAMs for macrocycle deposition, the new PST molecule was
designed to have a length similar to that of PDT. Therefore, a
stilbene moiety was introduced as a rigid backbone, replacing
the flexible alkyl chain of PDT. For the deposition of ordered
supramolecule arrays on these template layers, the quite rigid
tetralactam macrocycles and the corresponding benzyl ether
rotaxanes were equipped with terpyridine groups. Using Pd(II)
ions with a square planar coordination sphere for connecting
the macrocycle/rotaxane layer to the underlying SAM can be
achieved by precomplexation of the macrocycle or rotaxane
with Pd(II) and the subsequent deposition of this complex on
the pyridine-terminated template monolayers. The trityl
stopper units of the corresponding anion-templated ether
rotaxanes were substituted with iodine as labeling atoms to
enable a straightforward detection of the deposited rotaxanes
through XPS.
2.1. Synthesis. The desired SAM molecule PST was

synthesized in five steps from (4-(methylthio)phenyl)methanol
1 (Scheme 1b). Substituent exchange in 1 introduces a bromo

group and yields (4-(bromomethyl)phenyl)methylsulfane 2 in
83%, which was further converted into the phosphonate 3 in
98% yield. 4-(4-Bromostyryl)phenyl)methylsulfane 4 was
synthesized from 3 with 4-bromobenzaldehyde 5 in a
Horner−Wadsworth−Emmons-type reaction (93%).13 Suzuki
coupling of 4 with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyridine 6 yielded 4-(4-(4-(methylthio)styryl)phenyl)-
pyridine 7. Final deprotection of 7 generated the surface-active
thiol (E)-4-(pyridine-4-yl)stilbenethiol PST in quantitative
yield.
The terpyridine-substituted tetralactam macrocycle MC was

synthesized as reported previously and used for the formation
of the corresponding rotaxane Rot (Scheme 2).12a Vögtle’s
anion-templated synthesis provided Rot from the 4-(tris(4-
iodophenyl)methyl)phenol stopper 8 and the commercially
available 1,4-bis(bromomethyl)benzene axle center piece 9 in
52% yield.14 Coordination of MC and Rot with palladium ions
was carried out using tetrakisacetonitrile-palladium(II)-tetra-
fluoroborate yielding MC−Pd and Rot−Pd in 81% and 92%
yield, respectively. Likely, the fourth coordination site at the
metal ion is occupied by one quite weakly bound acetonitrile
ligand.

2.2. SAM Preparation and Characterization. SAMs were
prepared by immersing the freshly cleaned gold substrates into
a 1 mM solution of the desired pyridine-substituted thiols PST
or PDT for 24 h (Scheme 3a).11 The characterization of the
PDT-SAM has been reported previously.11 The new PST-SAM
was characterized through multitechnique analysis using ToF-
SIMS, XPS, and NEXAFS spectroscopy.
Direct evidence for deposited SAM molecules was obtained

by ToF-SIMS through bombardment of the substrates with
Bi3

2+ primary cluster ions. Due to the relatively mild ionization
conditions, intact PST was detected among the secondary ions
generated by the bombardment. The additional observation of
characteristic PST fragments unambiguosly identifies the PST
to be assembled on the gold surface (Supporting Information).
Further evidence for the successful assembly of the deposited

PST SAMs on gold was obtained from the S 2p, C 1s, and N 1s
high-resolution XPS (HRXPS) core level spectra (Supporting
Information). In the S 2p spectrum, the photoemission at a
binding energy (BE) of 162.0 eV is assigned to the Au−S
interface of the SAM.15 The different carbon species forming
the PST molecule are superimposed in the C 1s photopeak
around a BE of 285.0 eV. The N 1s spectrum shows a peak at a
BE of 398.8 eV that is assigned to the aromatic nitrogen of the
pyridine terminated SAM.11,16

N K-edge NEXAFS spectroscopy revealed a single resonance
for the excitation into a π* orbital at 398.3 eV that can be
assigned to an aromatic nitrogen species. The intensity of this
resonance depends on the angle of the incident synchrotron
light measured relative to the surface plane (Figure 1a).
Therefore, we conclude the pyridine groups to form a layer
with preferential orientation on top of the SAM.17 In Figure 1b,
the corresponding angle-dependent NEXAFS spectra of the C
K-edge are depicted. Two resonances for the excitation into π*
orbitals are observed at 285.1 and 285.4 eV. The splitting of the
π* resonance is characteristic for pyridine groups.18 The
observed linear dichroism reveals the PST molecules to be
preferentially upright oriented on the surface consistent with
previously reported, almost perpendicular orientations of
stilbene thiolate SAMs.13,16b,18b,19 This consequently also
includes the terminal pyridine ring, which is rigidly attached
to the substrate.

Scheme 1. (a) SAM Constituent PDT and (b) Synthesis of
the New SAM Constituent PST
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In contrast, the terminal pyridine group of the PDT-SAM
exhibits no angle dependence in the C K-edge NEXAFS
spectrum of the π* region (Supporting Information), and we
conclude that it exists with isotropic orientation at the layer’s
surface.11 Consequently, both SAMs exhibit distinctly different

Scheme 2. Synthesis of the Iodine-Labeled Rotaxane Rot and the Palladium Coordinated MC−Pd and Rot−Pd

Scheme 3. (a) Preparation of the PST- and PDT-SAMs and
(b) Deposition of MC−Pd through Coordination Chemistry
Driven Self-Assembly on Pyridine-Terminated PDT- and
PST-SAMs

Figure 1. Angle-resolved NEXAFS spectra (in units of normalized
PEY (a.u.)) of a PST-SAM: (a) the N K-edge region; (b) the C K-
edge region.
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properties with respect to the orientation and flexibility of the
terminal pyridine.
These differences can be expected to have a significant effect

on their coordination behavior and therefore to change the
surface density and order in the macrocycle and rotaxane
adlayer.
2.3. Deposition and Characterization of Macrocycle

Layers. Macrocycles were assembled on the pyridine-
terminated SAMs by immersing the monolayers into a 1 mM
solution of MC−Pd (Scheme 3b). During the self-assembly
process, the terminal pyridine groups of the SAM coordinate to
the Pd(II) ions and replace the weakly bound acetonitrile
ligand of MC−Pd. Thus, the macrocycle is reversibly attached
to the surface through coordination chemistry.
Evidence for the deposition of MC−Pd on the PST-SAM is

provided by the detection of the typical palladium Pd 3d
doublet in the XP spectrum (Figure 2a). The doublet at BEs of

338.1 and 343.5 clearly indicates the palladium(II) ions to be
coordinated to the pyridines.11,18a,20 The growth of the organic
layer through coordination of MC−Pd on the surface is
observed by an increasing peak area ratio C 1s/Au 4f (Figure
2b). While a peak area ratio C 1s/Au 4f of around 4 is observed
for the unmodified PST-SAM, the ratio doubles to approx-
imately 8 after the deposition of MC−Pd. In a control
experiment, MC−Pd was deposited on a decane-1-thiol (DT)
SAM that does not carry any pyridine groups. In this case, no

increase of the peak area ratio C 1s/Au 4f is observed. Also,
metal-free MC was applied to the PST-SAM under the same
experimental conditions. Again, no significant increase of the
peak area ratio C 1s/Au 4f is detected. Therefore, the Pd(II)
ion is required for the successful deposition of MC providing
strong evidence for the coordination of MC−Pd to the pyridine
groups of the SAM and excluding unspecific adsorption of the
macrocycle on the SAM.
The isotope pattern for [MC + Pd]+ at m/z 1373.58

observed in the ToF-SIMS spectra nicely fits to the calculated
one (Figure 3a, b) and thus provides direct evidence for

deposited macrocycles on the surface. Furthermore, the surface-
coordinated macrocycle could also be observed as the [MC +
H]+ fragment ion at m/z 1268.68 (Supporting Information).
NEXAFS spectroscopy identifies the deposited MC−Pd

through nitrogen resonances in the N K-edge spectra. The
unmodified PST-SAM exhibits a single nitrogen resonance
feature at 398.4 eV assignable to the uncomplexed pyridine N
atoms (Figure 3c). For drop-coated MC−Pd without under-
lying template SAM, two characteristic resonances are observed
at 399.3 and 400.6 eV for palladium-coordinated pyridine and
the amide nitrogen atoms, respectively (Figure 3d).11,18a,21

After coordination of MC−Pd on the PST-SAM, all three
resonances appear and reveal the presence of the macrocycle on
the surface (Figure 3e). The remaining signal at 398.4 eV
indicates the presence of uncomplexed SAM pyridines, which is
in line with expectation as the high steric demand of MC makes
the coordination of all PST molecules impossible. The
analytical data presented here clearly demonstrate the

Figure 2. Characterization of deposited MC−Pd on a PST-SAM after
24 h deposition time: (a) Pd 3d core level synchrotron-radiation (SR)
XP spectrum (in units of normalized (cps)) at 60° emission angle (hν
= 500 eV) and (b) peak area ratio C 1s/Au 4f (SR XPS, hν = 350 eV)
for different surfaces.

Figure 3. Left: (a) calculated and (b) experimental ToF-SIMS isotope
patterns of [MC + Pd]+ (normalized secondary ion yield). Right:
NEXAFS N K-edge spectra (in units of normalized PEY (a.u.), 55°) of
(c) the PST-SAM, (d) MC−Pd drop-coated on a clean gold surface,
and (e) MC−Pd coordinated to the terminal pyridines of the PST-
SAM.
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successful deposition of MC−Pd on the SAM. Similar results
were obtained by using a PDT-SAM (Supporting Information).
Although the coordination of organic ligands to metal ions

on solid support is often rather slow,22 shorter deposition times
would be preferable to speed up the surface preparation for
future applications. Therefore, we compared the coordination
of MC−Pd on a PST-SAM after 1 and 24 h through a
quantitative analysis of the amount of deposited macrocycles.
For this purpose, NEXAFS N K-edge and ToF-SIMS analyses
were used. The two resonances at 399.3 and 400.6 eV in the N
K-edge spectra associated to the surface-coordinated macro-
cycle increase after longer reaction times (Figure 4a). This

represents a higher amount of deposited macrocycles after 24 h
of self-assembly time in contrast to only 1 h. However, the
quantitative comparison is quite difficult, because the signals in
the N K-edge are a superposition of resonances of different
nitrogen species. In contrast, ToF-SIMS allows the detection of
single molecular species as separate signals with their specific
isotopic patterns and thus can be used to follow the process at
least semiquantitatively. All MS spectra were recorded under
exactly the same ionization and detection conditions, and the
ion intensities were normalized to the total-ion current. For
comparison of the amount of macrocycle deposited after
different deposition times, the [MC + Pd]+ secondary ion at m/
z 1373.58 was chosen (Figure 4b).
The normalized intensity increases from 4.3 × 10−6 to 11.4 ×

10−6 indicating that the amount of deposited macrocycle
increases significantly between 1 and 24 h deposition time.
Consequently, the deposition and self-assembly process needs
longer than one hour. This is also supported by the growth of
the [MC + Pd]+ ion relative to the [Au7]

+ signal. A similar
trend can also be observed by using PDT-SAMs (Supporting
Information). Longer deposition times (72 h) did not lead to a
significant intensity increase after 24 h indicating the
thermodynamic minimum of the self-assembly to be reached
within that time frame.

2.4. Comparison of MC Deposition on PST- and PDT-
SAMs. ToF-SIMS also allows comparison of the ability of the
two SAMs, PDT and PST, to coordinate macrocycles and to
determine whether a more flexible or a rigid linker between the
Au−S interface and the terminal pyridine is advantageous for
the generation of ordered macrocycle layers in terms of surface
coverage. The intensities of the [MC + Pd]+ secondary ions,
again normalized to the total-ion current, amounts to 11.4 ×
10−6 for the deposition of MC−Pd on the monolayer formed
from rigid PST, while it is only 6.1 × 10−6 when the more
flexible PDT-SAM is used (Figure 5). For both SAMs, very

similar N 1s/Au 4f peak area ratios are obtained by XPS
experiments indicating closely similar pyridine densities. The
PST-SAM is thus more suitable as a template layer for
macrocycle coordination in terms of surface coverage and
contains the macrocycle in a more densely packed arrangement.
Consequently, the rigidity of the whole PST-molecule
comprising spacer and terminal-pyridine group plays an
important role for the self-assembly of MC−Pd. We assume
that the higher rigidity of the PST molecules causes better
preorganization of the pyridines thus orienting the pyridine N
atoms away from the surface into a position suitable for
coordination of sterically demanding macrocycles.

2.5. Orientation of Deposited Macrocycle Layers. In
order to determine a potential preferential orientation of the
molecules in the macrocycle layer, angle-resolved C K-edge
NEXAFS spectroscopy was applied (Figure 6a). The overall
intensities of the two π* resonances at 285.1 and 285.4 eV
increase by increasing incident angles of the synchrotron
irradiation as observed for an uncomplexed PST-SAM (Figure
1b). Thus, the preferential upright orientation of the SAM
molecules is not affected by the coordination of MC−Pd.
Nevertheless, the shape of the π* resonances changes in
contrast to the pristine PST-SAM. While the resonance at 285.1
eV is more intense at an incident angle of 30°, the resonance at
285.4 eV is the dominant signal at 90° angle of incidence.
However, the intensity ratio of both resonances reverses by
changing the angle of the incident light. This specific linear
dichroism effect cannot be assigned to the SAM template, as it
is not observed in the NEXAFS spectra in Figure 1b. It is
therefore a result of the deposition of MC−Pd. For a more
explicit presentation of the linear dichroism effect, the two π*
resonances (C1 and C2) in the C K-edge spectra were fitted
(Supporting Information). These resonances are also observed
for (ter)pyridyl groups.18 However, a straightforward assign-

Figure 4. Comparison of the deposition of MC−Pd on a PST-SAM
using 1 or 24 h assembly time by (a) NEXAFS N K-edge (in units of
normalized PEY (a.u.), 55°) absorption intensities and (b) the
normalized secondary ion yield (10−6) of [MC + Pd]+ detected in the
ToF-SIMS spectra.

Figure 5. Comparison of the deposition of MC−Pd on a PDT- and
PST-SAM expressed by normalized secondary ion yield (10−6) of [MC
+ Pd]+ detected in the ToF-SIMS spectra.
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ment to specific carbons is not easily possible because of the
large number of additional aromatic rings in the macrocycle
structure. The change of the peak area ratio C2/C1 is plotted
over the angle of the incident light vector in Figure 6c. While
for pristine PST- and PDT-SAMs no change is observed, the
peak area ratio C2/C1 changes significantly between incident
angles of 30° and 90° after the deposition of MC−Pd on a
PST-SAM. This underlines the occurrence of specific linear
dichroism as a result of MC−Pd coordination on the SAM.
It should be noted that such a rather small linear dichroism

effect does not necessarily indicate low order in the macrocycle
or, see below, the rotaxane layer. Looking at the molecular
structure of the macrocycle, it becomes clear that these
molecules contain aromatic rings in a number of different
orientations, even when well-ordered. Consequently, even for
an ordered array, only small linear dichroism effects would be
expected.23 Although azimuthal disorder cannot rigorously be
ruled out, we conclude the long axis of the tetralactam
macrocycles to be oriented preferentially upright.
Very interestingly, the corresponding NEXAFS spectra

obtained for MC−Pd deposited on the PDT-SAM do not

show an analogous specific linear dichroism effect and therefore
no change in the peak area ratio C2/C1 at different incident
angles (Figure 6b, c). This indicates that orientational order
within the macrocycle layer is only obtained when the
underlying SAM acts as a true template and by virtue of its
rigidity guides the macrocycles into the ordered arrangement.
With the more flexible terminal pyridines in the PDT-SAM, this
order is lost. These results nicely correspond to the differences
in surface coverage of both layers, and we conclude the PST-
SAM to template order generation within the macrocycle layer,
while the PDT-SAM does not.

2.6. Deposition of Benzyl Ether Rotaxanes. After
successful macrocycle deposition, the same procedure was
applied to the corresponding benzyl ether rotaxane Rot. The
characterization becomes more challenging due to additional
carbon and oxygen species of the axle, which for example, are
superimposed with other carbon and oxygen signals in the XPS
spectra. Also, it was not clear a priori, whether the rotaxane
would survive the ToF-SIMS ionization conditions. Pro-
nounced fragmentation of the axle might rather lead to the
disappearance of the [Rot + Pd]+ signals so that an
unambiguous detection of the rotaxane would be more difficult
than that of the macrocycle. Therefore, iodine substituents were
introduced into the trityl phenol stopper groups as labels to
simplify the analysis of surface-coordinated rotaxanes, which
can then be detected by I 3d core level XPS. Additionally,
NEXAFS spectroscopy and peak area ratio C 1s/Au 4f C/Au
ratios were used for the characterization of deposited rotaxanes.
After 24 h deposition time of Rot−Pd on a PST-SAM, an I

3d doublet at a BEs of 621.1 and 632.7 eV was indeed detected
(Figure 7a),24 which provides evidence for the successful
deposition of the labeled rotaxane. The minor species at smaller
BE becomes more prominent with rising irradiation time and is

Figure 6. Top: angle-resolved NEXAFS C K-edge spectra (in units of
normalized PEY (a.u.)) of the π* regions of the MC−Pd coordinated
to (a) the PST-SAM and (b) the PDT-SAM. Bottom: (c) differences
of C2/C1 peak area ratios of π* resonances between 281 and 286.5 eV
at different incident angles of synchrotron light for PST, PDT, PST +
MC−Pd, and PDT + MC−Pd surfaces.

Figure 7. Deposition of Rot−Pd on a PST-SAM detected by (a) an I
3d doublet in the SR XP core level spectrum (in units of normalized
(cps)) at 60° emission angle (hν = 780 eV), (b) NEXAFS of the N K-
edge (in units of normalized PEY (a.u.), 55°), (c) Pd 3d core level SR
XP spectrum (in units of normalized (cps)) at 0° emission angle (hν =
500 eV), and (d) peak area ratio C 1s/Au 4f (SR XPS, hν = 350 eV).
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therefore assigned to inorganic iodine formed by irradiation
damage. Additional evidence for the successful deposition of
Rot comes from the NEXAFS N K-edge spectrum. Figure 7b
shows two nitrogen species at 399.3 and 400.6 eV representing
the rotaxane’s wheel as described above (Figure 3e). As
previously described for the deposition of MC−Pd, Pd(II)
photoemission signals were detected revealing successful
complex formation (Figure 7c). As expected, the peak area
ratio C 1s/Au 4f increases through deposition of the rotaxane
(Figure 7d). Similar results were obtained by using a PDT-SAM
(Supporting Information).
The order within the rotaxane layer was again analyzed by

angle-resolved NEXAFS C K-edge measurements (Figure 8). A

small, but clearly detectable linear dichroism effect is observed
after coordination of Rot−Pd to both the PST-SAM (Figure
8a) as well as the PDT-SAM (Figure 8b). This is again
demonstrated more clearly by the change in the peak area ratio
C2/C1 using different angles of incidence of the synchrotron
light (Figure 8c). As the macrocycles, the rotaxane wheels are
oriented preferentially upright. It is however impossible to
assign orientational order to the rotaxane axles based on these
data. In contrast to the macrocycles, the rotaxanes obviously
pack sufficiently well through lateral interactions on both SAMs
to yield ordered arrays irrespective of the template’s backbone
rigidity and the flexibility of the terminal SAM pyridine groups.
For efficient lateral interactions, rather densely packed layers

are required. The packing density was estimated from N 1s XPS
data (for details, see the Supporting Information). About 15−
20% of the available SAM pyridines are coordinated to Rot−Pd
molecules in reasonable agreement with the dimensions of the
rotaxanes in a preferentially upright orientation.

3. CONCLUSIONS
In this study, the deposition of supramolecules on two different
pyridine-terminated template layers was investigated. Quite
densely packed and ordered SAMs consisting of either PDT or
the new PST were deposited on gold substrates and
investigated by multitechnique analysis. The terminal pyridine
of PST is highly ordered whereas PDT contains a more flexible
terminal-pyridine group. These two SAMs were used as
substrates for the self-assembly of ordered metal-coordinated
tetralactam macrocycles MC−Pd and rotaxanes Rot−Pd. A
combination of XPS, NEXAFS, and ToF-SIMS permits the
unambiguous identification of the surface-deposited macro-
cycles MC−Pd and the corresponding rotaxanes Rot−Pd. To
investigate the time dependence of the self-assembly of MC−
Pd, ToF-SIMS analysis was applied and furthermore used to
determine which of the two template layers is more suitable for
the coordination of MC−Pd. PST was found to be preferable
due to the more rigid terminal pyridine groups.
Angle-resolved NEXAFS experiments of the C K-edge reveal

a preferential upright orientation of the supramolecules on the
surface. Besides the rigidity of the template SAM, subtle details
of the lateral interactions between adjacent macrocycles or
rotaxanes govern the generation of order: while ordered
macrocycles were only observed on the more rigid PST-SAM,
but not on the PDT monolayer, the rotaxanes are ordered on
both substrates. The template effect caused by the rigidity of
the underlying monolayer is thus more important for the
ordered deposition of macrocycles than rotaxanes. The
generation of ordered rotaxane layers on the PDT-SAM is
nevertheless possible when rotaxanes Rot−Pd sufficiently self-
pack. In this case, the order in the rotaxane adlayer induces
preferential orientation of the previously unordered terminal
pyridines of the PDT molecules.
The metal-mediated coordination of tetralactam macrocycles

and the corresponding benzyl ether rotaxanes to the pyridine-
terminated SAMs presented here is well-suited for the
deposition of ordered supramolecular arrays on solid supports
and may become a valuable tool in the future for depositing
molecular machines and mechanically interlocked switches to
surfaces that are ready for concerted action and potentially
exert macroscopic effects. One important question for realizing
such layers with functional supramolecules will be whether
concerted switching or motion is possible at all in densely
packed layers. Potentially, such functionality might require a
delicate balance between organization and packing. The present
study lays the foundation to answer this question when
switchable rotaxanes become available for deposition in the
future.
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Rot−Pd coordinated on (a) a PST-SAM and (b) a PDT-SAM.
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between 281 and 286.5 eV at different incident angles for PST + Rot−
Pd and PDT + Rot−Pd surfaces.
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