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We address the adsorption of asymmetric Pd pincer complexes on a Cu(111) surface by scanning tunneling
microscopy. The structural asymmetry is manifested in the observation of two chiral enantiomers. To enable an
unambiguous identification of individual constituents, three closely related complexes with small modifications are
investigated in parallel. Thereby, methyl substituents determine attractive molecule-molecule interaction. Depending
on their distribution, dimerization and tetramerization can be observed.

Introduction

Palladium-containing organometallics and, in particular, pin-
cer type complexes of this class of inorganics are important
functional molecules for organic synthesis and catalysis.1 Palla-
dium pincer complexes have recently been introduced in several
topical fields like C-C coupling catalysis, C-H bond activation,
sensoric materials, or biohybrids, to name a few.2Whereas cobalt
and nickel containing pincer compounds are well-established
catalysts and have even found entry in technical processes, the
potential of palladium pincers to activate rather inert bonds3 and
to efficiently induce stereoselective processes4 was only recently
realized. The design of asymmetric Pd pincer complexes adds
further possibilities for the tailoring of reaction processes.5More-
over, some of the studied asymmetric Pd pincer complexes show a
unique porous bulk structure.6 This opens additional opportu-
nities for the construction of heterogeneous catalysts by the
molecules-to-materials approach, or by organizing catalytically
active molecules on surfaces via anchoring side groups.7 How-
ever, few is known so far about the formation process and the
local properties, and local studies on palladium pincer complexes
on surfaces have not yet been reported.

Here, we demonstrate the preparation and adsorption of three
asymmetric Pd pincer complexes on a metallic substrate. Scan-
ning tunneling microscopy (STM) is used for the investigation
of the adsorption behavior, first to identify single complexes, then
to observe the beginning of the aggregation process.Model mole-
cular electronic structure calculations for asymmetric Pd pincer
complexes in the vicinity of a metallic substrate are currently

not available. Because of the lack of any rotational and mirror
symmetry the computational unit cell will be large and calcula-
tions rather complex. Moreover, the adsorption site is not
avialable as input for themodeling. Instead,we chose a systematic
approach via ligand modification for the analysis of the acquired
STM images.

A pincer complex consists of a meridional tridentate ligand
(pincer ligand) hosting a metal atom which in this case is a
palladium(II) ion. For illustration, Figure 1a presents a space-
filling model for one of the used substances (2), with the structure
deduced from its bulk phase. The palladium(II) ion is coordinated
in distorted square-planar geometry by three N donor atoms and
by a C(sp3) atom from a C-H activated tert-butyl substituent.
The remaining moieties of this pincer ligand (thiazole, pyridine
and benzene ring) are approximately in plane with the PdN3C
coordination center, whereas one of the methyl substituents of
the tert-butyl group protudes into the third dimension. For the
present study, small modifications are introduced as depicted in
the structural formulas of the employed complexes (4-MeBt-
PI*)Pd (1), (4-tBuTPI*)Pd (2), and (4-tBu-6-MeBtPI*)Pd (3);
see Figure 1b. The synthesis of these complexes is described
elsewhere.6,8

Experimental Section

STM. All experiments were performed in an ultrahigh vacuum
environment. Cu(111) surfaces were cleaned by repeated cycles of
Arþ ion etching and annealing to∼900 K. Surface cleanness was
verified before deposition of molecules by STM. Molecules were
sublimed from molecular powders in homemade Knudsen cells
after thorough degassing (up to 12 h) with the evaporation rate
monitored by a quartz-crystal microbalance. During deposition,
substrate surfaces were precooled to ∼200 K and afterward
immediately transferred to the STM. The STM was operated at
25-30 K during the measurements.9 As STM probes electro-
chemically etched tungsten tips were used. Bias voltages refer to
the sample potential with respect to the tip; i.e., positive values
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indicate tunneling into unoccupied sample states. Images shown
in this paper represent raw data after line flattening.10

Results

Figure 1c shows STM images of the isolated complexes after
adsorption on Cu(111) at U = -0.5 eV. No significant bias
dependence (not shown) is observed indicating a strong hybridi-
zation of molecular and substrate states. The images are aligned
corresponding to the chemical structures.11 For orientation, we
marked three well-defined positions in the plane of complex 1, the
center of one benzene ring, the thiazole, and of the pyridine ring.
These positions are projected at the corresponding scales on topof
the other structures as well as on the STM images. Because of the
experimental approach via contacting the surrounding electron
cloud, molecules appear respectively larger than in their atomic
structures. All species are asymmetric in their STM images with
one protrusion and two pronounced shoulders evolving at differ-
ent heights as plotted color encoded. These features mainly
originate from the benzene and pyridine rings as well as from
the tert-butyl group. For complexes 2 and 3 the tert-butyl moiety
is the dominating feature due to its extension below and above the
molecular plane. This corresponds to previous STMobservations
on tert-butyl substituted molecules.12 The weakest feature in the
STM images can be attributed to the benzene ring of the central

isoindoline moiety, whereas the remaining shoulder originates
from the electron cloud above the pyridine ring.

Figure 2 presents line sections frommixed samples, i.e., (a) with
complexes 1 and 2 present at the same time on the identical
Cu(111) surface and (b) for complexes 1 and 3 adsorbed on
Cu(111).Molecules selected are oriented in parallel to each other.
These precautions avoid additional complications due to the
unknown tip geometry and electronic state of the tip and enable
a qualitative comparison. Line sections start on the bare Cu(111)
surface and cross the three characteristic topographical features
along two axes as indicated in Figure 1c. We find, identical
molecular subunits are imaged at approximately the same topo-
graphical heights, confirming our previously introduced assign-
ment of topographical features. The contributionof a highdensity
of electron states above the methyl group in complex 3 and the Pd
coordinated tert-butyl group in complexes 2 and 3 is significant.
In the latter case, steric repulsion causes an upward orientation of
one of the methyl extensions (see also Figure 1a) and shifts the
cloud of the respective electron states above the molecular plane.

Adirect consequence of the chemical structures is the lack of any
in-plane rotational symmetry. Therefore, surface supported chir-
ality, also called prochirality, is observed for isolated molecules.13

Left- and right-handed enantiomers in six orientations—due to the
6-fold symmetry of the Cu(111) surface—are identified; Figure 3a
illustrates the positions of all 12 adsorption geometries relative to
the Æ1-10æ axis of the substrate for 2. Figure 3b shows a repre-
sentative larger image with the adsorption geometries indicated.
Whereas most molecules stay isolated, few larger units can be
observed. Molecules retain their preferable adsorption geometry
within dimers. Whereas in tetramers (see for example Figure 3c),

Figure 1. (a) Three-dimensional ball model of complex 2. (b) Chemical structures of (4-MeBtPI*)Pd (1), (4-tBuTPI*)Pd (2), and (4-tBu-6-
MeBtPI*)Pd (3) withmarkers for the benzene, the thiazole, and thepyridine rings asused throughout the imagesof the article. (c) STMimages
of complexes 1-3 after adsorption on a clean Cu(111) surface with superimposedmarkers at the corresponding scale (the indicated color bar
equally holds for images 3c, 3d, and 3e). The lines indicate the positions of the line profiles in Figure 2 crossing the maxima of 1. (Scanning
parameters in part c): (1) -0.5 V, 150 pA, 4 � 4 nm2; (2) -0.4 V, 143 pA, 4 � 4 nm2; (3) -0.5 V, 150 pA, 4 � 4 nm2.).

(10) Horcas, I.; Fernandez, R.; Gomez-Rodriguez, J.; Colchero, J.; Gomez-
Herrero, J.; Baro, A. M. Rev. Sci. Instrum. 2007, 78, 013705.
(11) Note: Each protusion in the STM images can be unambigously attributed to

a specific molecular subunit. Due to the preparation of bimolecular systems, the
parallel alignment of the benzene-pyridine axis is granted within the experimental
series. Whereas an assignment of topographical features to exact positions in the
chemical structure is not given (Δx,Δy=0.2 nm,Δθ=10�). As isolatedmolecules
and clusters of homochiral molecules are predominant, the systematic uncertainty
has no impact on the analysis.
(12) (a) Jung, T. A.; Schlittler, R. R.; Gimzewski, J. K. Nature 1997, 386, 696–

698. (b) Hoffmann, G.; Libioulle, L.; Berndt, R. Phys. Rev. B 2002, 65, 212107.
(c) Deng, Z. T.; Guo, H. M.; Guo, W.; Gao, L.; Cheng, Z. H.; Shi, D. X.; Gao, H.-J.
J. Phys. Chem. C 2009, 113, 11223–11227.

(13) (a) B€ohringer, M.; Schneider, W.-D.; Berndt, R. Angew. Chem., Int. Ed.
2000, 39, 792–795. (b) Ernst, K.-H. Top. Curr. Chem. 2006, 265, 209–252. (c) Kuck,
S.; Hoffmann, G.; Br€oring, M.; Fechtel, M.; Funk, M.; Wiesendanger, R. J. Am. Chem.
Soc. 2008, 130, 14072–14073. (d) Bombis, C.; Weigelt, S.; Knudsen, M. M.; Nørgaard,
M.; Busse, C.; Lægsgaard, E.; Besenbacher, F.; Gothelf, K. V.; Linderoth, T. R. ACS
Nano 2010, 4, 297–311.



10870 DOI: 10.1021/la100746a Langmuir 2010, 26(13), 10868–10871

Article Chang et al.

which reveal a nearly square like arrangement, only two molecules
are aligned to the substrate. The internal arrangementwith the tert-
butyl groups facing the benzene-thiazole side, is suggesting con-
siderable attractive intermolecular interactions and thereby, par-
tially liftingmolecule-substrate interaction andavoiding repulsion
among adjacent tert-butyl groups. Juxtaposed tert-butyl groups

were not observed as also reported for similar molecular systems14

as longasmolecule-induced substrate restructuring is not thermally
driven15 as in the presented case. The preparation of complexes 1 to
3 at higher coverages of up to two monolayers gave no further
indications as long-range ordered structureswere not observed and
the exact structure of the disordered surface did not allow for a
systematic analysis. A representative STM image of a surface after
deposition of 1.5 ML of complex 2 is presented in the inset of
Figure 3b with areas of the first ML and the secondML indicated.
Thereby, molecular layers become insulating and the applied bias
voltage had to be respectively increased to larger set values to allow
for stable tunneling into unoccupied molecular states at elevated
energies.

Figure 3. (a) Arrangements of complex 2 relative to the <1-10> substrate axis for left- (b) and right (O) -handed molecules. The colors
correspond to chemical groups as introduced in Figure 1. Because of the 6-fold symmetry of the surface, six (1-6) orientations are found
for each enantiomer (L, R). (b) STM image of a larger surface area with the adsorption geometry of complex 2 labeled following the
nomenclatura of part a. The inset shows a representative surface image at a coverage of ∼1.5 ML. (c) View onto a representative tetramer.
(d)Heteromolecular sampleof1and3.1markedbycircleswas first deposited at∼200K.Subsequent toapostannealing toRT, complex3was
deposited at ∼200 K. Complex 3 preferentially forms dimers, see part e. (Scanning parameters: (b) 1 V, 40 pA, 40 � 40 nm2; (inset) 5.3 V,
80 pA, 400 � 400 nm2; (c) 1 V, 40 pA, 11 � 11 nm2; (d) -1 V, 163 pA, 50 � 50 nm2; (e) 0.5 V, 150 pA, 10 � 10 nm2.)

Figure 2. Line sections through STM images of complexes 1-3 along the phenyl-pyridine axis and the pyridine-thiazole axis.Within each
graph, the probing tip is identical and selectedmolecules are aligned parallel to each other; this avoids complications due to the unknown tip
shape and electronic tip state. For orientation, dotted lines indicate the same position above the molecules within individual line sections.
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Instead, the comparison of the initial growth of complexes 1
and 3 is instructive for the discussion of molecule-molecule
interaction. Figure 3d shows a heteromolecular surface after
consecutive preparation of complexes 1 and 3 onto the same
surface. First, complex 1 was deposited at ∼200 K and its
adsorption geometry follows the previously introduced nomen-
clatura of complex 2. Different to complex 2 molecular agglom-
erates were not observed, although sufficient, thermally induced
mobility is present during preparation and step edges are com-
pletely decorated (see Supporting Information, Figures S1 and
S2). This is suggesting that the tert-butyl group plays an essential
role in the formation of self-assembled structures. Post annealing
at room temperature (15 min) did not alter this observation,
instead three-dimensional clusters (not shown) at lower frequen-
cies emerged at respectively elevated heights with the internal
structure inaccessible. The additional condensation of complex 3
at ∼200 K completes our picture of the molecule-molecule
interaction. Different to complexes 1 and 2 dimer formation
starts from the initial stage of growth without the need of
additional tempering. Even within larger surface areas (see
Figure 3d) isolated complexes 3 are barely present among isolated
complexes 1. This reflects an increased interaction strength
carried by the additional methyl substitution and is equally
observed when only complex 3 is prepared on Cu(111) (see
Supporting Information, Figure S3). Two complexes (3) of the
same chirality are rotated relative to each other by 180� and form
dimers with the tert-butyl group facing the methyl termination of
the opposing complex (seeFigure 3e).Nevertheless, already at the
given coverage much below 1 ML, irregular structures with two
and more complexes involved appear at a considerable level
among regular dimers. The exact geometry within these irregular
structures could not be satisfactorily resolved, however, with the
position of the dominant tert-butyl substituent identified, the
presence of juxtaposed tert-butyl groups can be disregarded as in
the case of 2.

The opposing behavior of interaction for different methyl
groups is unexpected. It reveals a more complex insight into
intermolecular interactions than previously obtained and indi-
cates aspects of the interaction so far not appropriately consid-
ered. Because of the lack of other reasonable alternatives as
covalent or ionic bonding as well as van der Waals interaction—
the latter is certainly present but is always attractive—it can be
assumed that the origin has to be of electrostatic nature. The
methyl group is source of a dipolar field—hydrogens are posi-
tively charged whereas the carbon is negatively charged, respec-
tively. Depending on the relative alignment, a short-range attract-
ion or repulsion can be expected. The system gets complicated by
the presence of the substrate, which will screen the local charge
and host image charge underneath the molecule and alter the
dipolar field into a multipolar field decreasing rapidly with
distance.

Discussion and Summary

Three closely related asymmetric Pd pincer complexes were
successfully prepared under vacuum conditions on a Cu(111)
surface and their adsorption systematically investigated by STM.
The broken symmetry at the surface transfers the structural
asymmetry into surface supported chirality.Molecular substituents
are identified in STM images by their characteristic appearance in
the comparison of all three complexes. Prominent is the role of the
methyl groups. Because of an out-of-plane conformation, these
methyl groups are the dominant feature in STM images and
determine intermolecular interactions. tert-Butyl groups energeti-
cally prefer binding to methyls (of the methyl-pyridine group),
when available, whereas adjacent tert-butyl groups repel each other.

Different to the growth of bulk materials from solution, long-
range ordered structures are not observed. The observation of
highly disordered structures at higher coverages up to 2 ML and
after annealing potentially excludes the possibility of studying the
growth of regular networks even with other local techniques on
the chosen substrate upon further increase of the coverage.
However, the observed initial growth of three-dimensional struc-
tures for complex 1 after tempering, the tendency to prefer specific
molecule-molecule arrangements for complexes 2 and 3, and the
start of insulating behavior beyond 1 ML suggest that further
investigations on a less interacting substrate in combination with
other local techniques as for example atomic force microscopy
might be highly appealing for further development.16 In the sub-
monolayer range andonan electronically less interactingorpartially
insulating substrate to lift molecule-substrate hybridization,17 even
scanning tunneling spectroscopy might become a feasible approach
to access the electronic states of the isolated complex.
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