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Abstract: A set of dipolar molecular rotor compounds was
designed, synthesized and adsorbed as self-assembled 2D
arrays on Ag(111) surfaces. The title molecules are con-
structed from three building blocks: (a) 4,8,12-trioxatriangu-
lene (TOTA) platforms that are known to physisorb on metal
surfaces such as Au(111) and Ag(111), (b) phenyl groups
attached to the central carbon atom that function as pivot

joints to reduce the barrier to rotation, (c) pyridine and
pyridazine units as small dipolar units on top. Theoretical
calculations and scanning tunneling microscopy (STM) inves-
tigations hint at the fact that the dipoles of neighboring
rotors interact through space through pairs of energetically
favorable head-to-tail arrangements.

Introduction

Molecular rotors are fundamental parts in artificial molecular
machines[1,2] and in a number of biological systems.[3,4] Besides
the investigation and construction of individual, molecular
functional units, the coupling of ensembles of rotors in 2D and
3D arrays is intriguing from a fundamental and an application
oriented point of view.[5,6,7]

A number of different strategies were developed to mount
rotor-type molecules on surfaces. Hla et al. adsorbed isolated
rotor structures on Au(111) surfaces that are either mounted on
molecular tripods attached to the gold surface through
thioethyl groups[8] or a substituted cyclopentadienyl moiety[9]

while a Ru atom serves as a pivot joint. A number of sandwich
(double-decker) complexes have been investigated as rotors on
surfaces.[10,11,12,13] Mechanically interlocked rotors have also been
shown to perform gear-like rotation.[14] However, these exam-
ples focus on two or a limited number of neighboring rotors.

While remaining overall scarce, there are several reports on
ordered 2D rotor arrays. Phthalocyanines[15] or sandwich com-
plexes of porphyrins[13] or phthalocyanines[10,16] containing
lanthanoid metals form self-assembled arrays of rotors on

Au(111) surfaces. Rotors with permanent dipole moments may
exhibit spontaneous, collective orientation of their dipole mo-
ments through through-space dipole-dipole interaction, and
they may be addressed through external stimuli such as electric
fields and manipulation through an STM tip.[16,17,18] A recent
publication reports on molecular rotors with a dipolar head
group mounted on a molecular tripod.[19] STM manipulation of
the dipolar group leads to correlated motion of neighboring
molecules. Ordered arrays of dipolar rotors could thus lead to
the fabrication of ferroelectric materials.[20] Such 2D dipolar
rotor arrays on surfaces have already been found to undergo
collaborative rotation and formation of domains when exposed
to sufficiently high STM currents as shown by Rapenne, Hla
et al. in a hexagonal network of porphyrin double decker
complexes.[16]

Over the last decade, our group has established the so
called platform approach.[21] As molecular platforms we employ
triaza-triangulenium (TATA)[22] or trioxa-triangulenium
(TOTA)[23,24] cations, which form self-assembled monolayers on
Au(111) or Ag(111) surfaces. A variety of groups has been
attached to the central carbon atom of the platforms, which are
freestanding upright at a lateral distance defined by the size
and the absorption pattern of the platforms underneath.
Electronic coupling of the functional groups with the metal
surface was tuned by introducing spacer groups of different
lengths and π conjugation.[25] Particularly ethinyl and phenyl
groups as spacers are suitable to increase the distance from the
surface and allow for almost free rotation of the functional
groups on top. A number of photoswitchable molecules, such
as azobenzenes[26,27,28] and diazocines[29,30] were mounted onto
TATA and TOTA platforms. The molecules were adsorbed on
Au(111) and Ag(111) surfaces, and their switching behavior was
investigated by STM. Whereas TATA based molecules are
designed to form ordered monolayers from solution under
ambient conditions, TOTA compounds have a higher propensity
to sublime without decomposition in high vacuum, and are
therefore ideal to prepare monolayers for low temperature,
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high vacuum STM investigations.[31] Besides photoswitches,[32]

polar molecules were attached to TOTA platforms[33] and their
rotation was investigated by STM. Following this concept,
platforms functionalized with dipolar rotors were used to create
self-assembled arrays of rotors as shown schematically in
Figure 1.

In this work, we present the synthesis of dipolar rotor
functionalized platform molecules that self-assemble into
ordered 2D arrays on Ag(111) surfaces (Figure 1). Phenyl spacers
as pivot joints attached to the center of the platforms (grey
spheres) allow for almost free rotation of the pyridine and
pyridazine rings above (arrows with blue base and red arrow-
head). Besides the dipolar rotors, a biphenyl compound which
serves as a reference for STM experiments was also prepared as
shown in Figure 2. The pyridazine units exhibit a dipole
moment of 4.24 Debye parallel to the surface and interact with
each other through space, forming characteristic patterns
visible in the STM images. Pyridine units in comparison exhibit
roughly half the dipole moment with 2.26 Debye (see
Supporting Information, page S35). Theoretical calculations
predict that pairs of dipoles form head-to-tail dimers. Coulomb
attraction in these pairs are strong enough to bent the rotors
towards each other to such an extent that hydrogen bonds are
formed between the nitrogen lone pairs of pyridazine and a
C� H bond of the neighboring molecule.

Results and Discussion

Synthesis of the functionalized platforms 1a–d

Key step in the synthesis of the dipolar rotor or biphenyl
functionalized TOTA compounds is the polar C� C bond
formation of the TOTA cation with the functional molecule on
top, which acts as the nucleophile. The standard method to
achieve this polar bond formation implies the use of lithium
organic compounds generated by halogen metal exchange and
reaction with the TOTA cation. However, the preparation of the
lithium organic compounds by halogen metal exchange in this
work gave rise to the formation of side products when applied
to pyridazine derivatives and didn’t lead to success. Therefore, a
detour involving stannylated intermediates (6, Scheme 1),
developed by Staubitz et al. was applied.[34] The iodine sub-
stituent in 5 was first converted to the corresponding trimeth-
ylstannyl group through a palladium catalyzed cross-coupling
reaction with distannane (5!6). Selective exchange of the
stannyl group with lithium is achieved by reaction with MeLi
under mild conditions at low temperatures. The lithium
compound generated in situ was reacted with the TOTA cation
(6!1). Another problem leading to low yields is the poor
solubility of the TOTA+ BF4

� salt, which is the product of the
standard literature synthesis. To increase the solubility in
organic solvents the TOTA+ tetrakis-[3,5-bis-(trifluoromethyl)
phenyl]-borate (BArF4) salt 2 (Figure 3) was used, which is well
soluble in organic solvents.[32] Another detour was necessary to
prepare the biaryl iodide 5. To avoid polymerization during the
aryl-aryl coupling step, the bromide in the phenyl component
was masked as a TMS group (7!8), which after Suzuki coupling
(3!4) was replaced by iodine using I� Cl (4!5).

Starting from the halogenated heteroaromatics 3-chloro-
pyridazine[35] (3a) and commercially available 2- and 3-bromo-
pyridine (3b, c), cross coupling with 4-(trimethylsilyl)phenyl
boronic acid pinacol ester (8) was performed. The boronic acid
ester 8 was obtained through two subsequent lithiation/
substitution steps of 1,4-dibromobenzene (7) in a one-pot
reaction. The subsequent Suzuki reactions were accomplished
in yields exceeding 90% using standard conditions, giving the
para-trimethylsilylphenyl substituted heteroaromatics 4a–c.
Iodination of these was achieved by ipso substitution of the
TMS groups with iodine monochloride, producing the iodinated
biaryls 5a–c in good yields. Subsequent stannylation of 5a–d
was performed following the literature protocol[34] using
hexamethyl distannane and palladium catalysis in a microwave

Figure 1. Schematic view of a self-assembled 2D dipolar rotor array on a
surface, based on the platform concept. TOTA molecules were used as
platforms, phenyl groups as pivot joints and pyridazine and pyridine as
dipoles (blue arrows with red arrowheads). The dipoles interact through
space with each other.

Figure 2. Structures of the synthesized dipolar rotor functionalized platforms
1a–c and a reference compound without dipole moment 1d.

Figure 3. 4,8,12-Trioxatriangulenium (TOTA) cation was applied as the
tetrakis[3,5-bis(trifluoromethyl)phenyl]-borate (BArF4) salt 2.
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reactor. This method was very convenient due to short reaction
time and simple workup, yielding the stannylated compounds
5a–d. For the final connection of the TOTA cation and the
dipolar rotor, the stannylated biaryls 6a–d were lithiated using
methyllithium, followed by the addition of TOTA+ BArF4

� (2) to
obtain the funtionalized platform compounds 1a–d in yields up
to nearly 50%.

Preliminary results of STM measurements

The platform based dipolar rotor, 3-phenylpyridazine-TOTA (1a)
was sublimed in vacuo and deposited onto an Ag(111) surface
(for details see Supporting Information). The molecules form
monolayers that were investigated by STM (Figure 4, ).

These first STM images reveal the formation of a self-
assembled monolayer of 1a and allow to distinguish between
intact compounds and fragmented, unfunctionalized TOTA-
platforms on the surface. It was shown that it is possible to
remove single molecules from the surface by STM voltage. We
will comment further on the arrangement and those of the
remaining compounds in future reports, yet we can already
show the deposition of an intact azimuthal rotor network on a
Ag(111) surface. An example of the manipulation of molecules
at the edge of an island with the STM suggests that rotation
may be induced (Figure 5). (Figure 5).

Theoretical calculations

To obtain structural details and information about intramolecu-
lar and intermolecular interaction energies we performed

quantum chemical calculations using Turbomole[36] at the PBE/
def2SVP (DSP-D3-BJ) level of density functional theory. Unfortu-
nately, arrays of dipolar rotors on surfaces as represented in the

Scheme 1. Synthetic route for the preparation of the target compounds 1a–d.

Figure 4. STM topographs of 3-phenylpyridazine-TOTA (1a) sublimed onto
Ag(111) recorded at a constant current I=10 pA. The false color scales used
are indicated. (a) Close-up view of an intact molecule (left) along with two
TOTA+ platforms (right). Sample voltage V= � 0.1 V. (b) Self-assembled
island imaged at V=0.1 V. (c) The same island imaged again after applying a
current pulse at an elevated sample voltage of 2.5 V over tens of seconds.
The pulse led to the disappearance of a single 3-phenylpyridazine-TOTA (1a)
molecule from the network as indicated by a dashed frame.
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STM image (Figure 4) are too large systems to be calculated at
an adequate level of theory. In our first attempts, we replaced
the Ag(111) surface by a single layer of Ag atoms and
performed calculations on isolated molecules and dimers on
the silver slabs.

Assuming that the platform is fixed on the surface (stator),
there are two C� C single bonds (1. TOTA-phenyl and 2. phenyl-
aryl) that allow rotation of the dipole on top of the platform.
The overall barrier to rotation of an isolated dipolar rotor is
defined by four (weak) intramolecular interactions (a–d, Fig-
ure 6).

1. a) There is H-bond formation of the ortho hydrogens of
the lower phenyl ring with the three oxygen atoms of the
platform, which leads to a sixfold degenerate minimum on the
rotational energy hypersurface (Figure 6a). The C� H···O hydro-

gen bond is weak and consequently, the rotational barrier with
ΔH+ =0.25 kcalmol� 1 is low (Supporting Information Fig-
ure S27). 2. The phenyl-aryl torsion is more intricate. In an ideal,
unhindered biaryl system the two aromatic rings should be
coplanar to maximize their π overlap (Figure 6b). However, the
H atoms adjacent to the aryl-aryl bond experience a slight steric
repulsion, which leads to a twist angle of about 40° (Figure 6c),
which is a compromise between H···H repulsion and planariza-
tion driven by π conjugation. There are four energetically
degenerate minima and two different transition states during a
360° rotation of the two phenyl rings with respect to each
other. Two barriers at 0° and 180° (ΔH+ =1.4 kcalmol� 1) are
due to maximum H···H repulsion and the transition states at 90°
and 270° (ΔH+ =2.7 kcalmol� 1, Supporting Information Fig-
ure S28) define a complete loss of π conjugation at orthogonal
orientation. Fortunately, the situation in the pyridazine-phenyl
(1a) and pyridine-phenyl torsion (1b) is simpler (Figure 6d).
There is only one pair of H atoms (instead of two as in biphenyl
1d and in 1c) that get into each other’s way, and more
importantly, there is an H bond between N atom in the
pyridazine or pyridine ring with the adjacent H atom in the
phenyl ring that acts as a driving force towards planarization
(Figure 6d). Our calculations predict that the two aromatic rings
in 1a and 1b are coplanar. There is a substantial barrier of
6 kcalmol� 1 towards rotation (Supporting Information, Fig-
ure S28). As expected, the transition state structure exhibits two
orthogonal aryl rings with a complete loss of π conjugation and
rupture of the C� H···N hydrogen bond. As a bottom line we
conclude that if there is an external force (e.g., from an STM tip
or electrostatic interaction with a neighboring molecule) it will
rather be the TOTA-phenyl bond (ΔH+ =0.25 kcalmol� 1) than
the phenyl-pyridazine/pyridine bond (ΔH+ =6.0 kcalmol� 1) that
rotates in 1a and 1b. The situation is more complicated in 1c
and 1d (see Supporting Information).

Another force that controls the rotation of the dipoles and
their orientation with respect to each other are the intermo-

Figure 5. (a) STM image of the edge of a self-assembled island of phenyl-
pyridazine-TOTA (1a) on Ag(111). Manipulation experiments were performed
on the molecule marked by a dashed circle. The initial orientation of the
targeted molecule is indicated by an arrow. (b–d) Orientations of the
targeted molecule after the first, second and third manipulation with the
STM tip. The data suggest that the phenylpyridazine group is reversibly
alternating between two orientations. Imaging parameters: I=10 pA and
V=0.1 V. Manipulation procedure: The STM tip is initially placed next to a
target molecule. Next, the tip is brought closer until I~3 nA is reached at
V~5 mV, and then moved along the molecule at constant height. Finally,
the tip is retracted to imaging conditions.

Figure 6. Four types of interactions that control the rotation of the dipolar
rotor mounted on top of the platform. θ are the torsional angles defined by
the 4 atoms indicated. a) H-bond between a C� H of the phenyl ring and the
oxygen atoms of the TOTA platform, b) π conjugation, c) steric repulsion of
the H atoms adjacent to the aryl-aryl bond, d) H bond between the phenyl
C� H and the N atom of the rotor on top.
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lecular dipole-dipole interactions. To obtain a rough estimate
about the strength of these electrostatic interactions, the
distance between the dipoles on the surface must be known.
Previous experiments with arrays of methyl-TOTA on Ag(111)
revealed a next neighbor distance (distance of midpoints of two
neighboring platforms) of ~10 Å. The energetically most
favorable orientation of two platforms with respect to each
other is edge to edge, forming two C� H···O hydrogen bonds
(Figure 7). However, the attractive electrostatic forces between
two adjacent dipoles could lead to shorter platform distances.
To plot the potential energy as a function of the platform
distance d, two phenylpyridazine-TOTA platforms (1a) and as a
reference two H-TOTA platforms were placed on a single sheet
of silver atoms (Figure 7). For further information regarding the
distance scan see Supporting Information.

The 1a dimer is most stable at a distance of d=9.15 Å and
the H-TOTA dimer at d=9.3 Å. The energy minimum in both
cases is due to the formation of two intermolecular C� H···O
hydrogen bonds between the two platforms. The slightly
shorter distance between the 1a platforms as compared to the
H-TOTA dimer is due to an additional intermolecular C� H···N
hydrogen bond between the two pyridazine rings on top of the
two platforms. Whereas the phenyl-pyridazine unit in isolated
platform molecules stand upright and orthogonal to the
surface, the two biaryl units considerably bend towards each
other to form an intermolecular hydrogen bond (Figure 8).
Obviously, the electrostatic dipole-dipole interaction (head-to-
tail orientation of the pyridazine units) and the concomitant
formation of a C� H···N hydrogen bond are able to distort the
four bond angles including the two C� C single bonds
considerably. From our calculations, we infer that these
intermolecular forces are at least one order of magnitude larger
than the barriers of rotation. Hence, the dipole-dipole inter-
actions should dominate the orientation of the pyridazine units,
whereas the intrinsic barrier to rotation can be neglected as a
first approximation.

To obtain more information about the correlated motion of
the dipolar rotors in a dimer, we calculated the energy
hypersurface of a dimer at a distance of d=9.1 Å as a function
of the two rotational angles θa and θb (Figure 9). These
simplified model calculations confirm the head-to-tail arrange-
ments as the global minima on the energy hypersurface (deep
blue color in Figure 9). The transition between two different
minima (rotation of both dipoles by 180°) follows a correlated
motion through a T type orientation. The lowest energy path
involves a barrier of 5.0 kcalmol� 1. The dimer model (Figure 7,
Figure 9) is a first and crude approximation of the situation in a
monolayer. The STM images indicate a more complex arrange-
ment of the dipolar rotors on the surface. For a more details
regarding the method applied, see Supporting Information.

Conclusion

The synthesis of four new functionalized TOTA platform
compounds was reported, of which 1a–c contain dipolar rotor
units on top and 1d serving as a reference compound for STM
investigations. The molecules were designed in such a way that
the platforms absorb on metal surfaces, forming self-assembled
arrays of free standing azimuthal dipolar rotors that interact
through electrostatic dipole dipole interactions.

Compound 1a with the highest dipole moment (4.24 D)
was sublimed onto Ag(111) surfaces and the self-assembled
monolayers were investigated by STM. The STM images indicate
a well-ordered but complex absorption pattern.

Theoretical calculations predict strong electrostatic interac-
tions between neighboring dipolar rotors. The attractive
Coulomb forces are sufficiently strong to force the otherwise
upright standing axes of neighboring molecules to bend
towards each other to form intermolecular H bonds between
the pyridazine rotors. The rotational barrier of the dipolar units
in an H bonded dimer is calculated as 5 kcalmol� 1. The situation

Figure 7. Distance scans of an H-TOTA and a pyridazine-TOTA dimer on a
single layer of silver atoms (Ag(111) orientation). For H-TOTA the drop in
energy at d>10 Å correlates with a beginning transition from edge-to-edge
to head-to-edge configuration.[24] Level of theory: PBE/def2SVP (DSP-D3-BJ).
For more information see Supporting Information p. 34.

Figure 8. Structure of a pyridazine-TOTA dimer on a single layer of silver
atoms. The silver layer was fixed at the geometry of bulk silver (Ag(111). All
other geometry parameters were optimized (PBE/def2SVP (DSP-D3-BJ). H-
bonds are indicated with dashed lines.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202103237

17456Chem. Eur. J. 2021, 27, 17452–17458 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 06.12.2021

2169 / 225674 [S. 17456/17458] 1

www.chemeurj.org


certainly is more complicated if all rotors in a 2D arrangement
will be included. This will be subject of future investigations.
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