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ABSTRACT: Understanding and controlling molecular orientations
in self-assembled organic nanostructures are crucial to the develop-
ment of advanced functional nanodevices. Scanning tunneling
microscopy (STM) provides a powerful toolbox to recognize
molecular orientations and to induce orientation changes on surfaces
at the single-molecule level. Enormous effort has been devoted to
directly controlling the molecular orientations of isolated single
molecules in free space. However, revealing and further controlling
molecular orientation selectivity in constrained environments remain
elusive. In this study, by a combination of STM imaging/
manipulations and density functional theory calculations, we report the orientation selectivity of tetrapyridyl-substituted porphyrins
in response to various local molecular environments in artificially constructed molecular “Klotski puzzles” on Au(111). With the
assistance of STM lateral manipulations, “sliding-block” molecules were able to enter predefined positions, and specific molecular
orientations were adopted to fit the local molecular environments, in which the intermolecular interaction was revealed to be the key
to achieving the eventual molecular orientation selectivity. Our results demonstrate the essential role of local molecular
environments in directing single-molecule orientations, which would shed light on the design of molecular structures to control
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preferred orientations for further applications in molecular nanodevices.

Bl INTRODUCTION

Molecular self-assembly is flourishing with the growing
importance of organic-based nanomaterials. Recognizing and
controlling molecular orientations in self-assembled organic
nanostructures at the single-molecule level is essential for both
the in-depth understanding of the self-assembly mechanism
and the development of advanced functional nanodevices.
Specifically, molecular orientation has proven to be crucial in
influencing and determining the electrical and optical proper-
ties of organic semiconductors.'”* Many factors, such as
molecular weight, blending, and melt annealing, have been
tuned to induce the global orientation change in organic films
to achieve the ideal device performance.4 In addition,
conventional spectroscopic methods, such as ellipsometry’
and X-ray-based techniques,” have been extensively used to
monitor the average molecular orientations, allowing the
discrimination between horizontal (lying-down) and vertical
(standing-up) orientations, while leaving the specific molecular
orientations in the plane elusive. Advances in the surface
science techniques, such as scanning probe microscopy (SPM),
provide great opportunities to directly visualize the orientation
heterogeneity of organic molecules on surfaces at the single-
molecule level.>~"" Furthermore, SPM manipulations provide a
versatile toolbox to induce molecular motions and reac-
tions,"”””"* including translation'*™'® and rotation.'®"**
Accordingly, molecular orientation changes have been directly
triggered and controlled by SPM manipulations on the target
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However, molecular orientation
17,23

molecules in free space.'°™*
selectivity in constrained environments remains elusive.
Therefore, it is of general interest to artificially construct
various local environments to explore the influence of
peripheral intermolecular interactions on the orientation
selectivity of target molecules, which would shed light on the
fundamental understanding of orientation selectivity at the
single-molecule level and benefit the further development of
advanced functional organic nanodevices.

In this study, the tetrapyridyl-porphyrin (H,TPyP)-based
molecules were used as the building blocks (cf. Scheme 1).
Due to the intramolecular steric hindrance, the H,TPyP-based
molecules (both intact and metalated ones) adopt a saddle-
shaped adsorption geometry”**> on Au(111), leading to the
apparently rectangular morphology in the STM images
(Scheme 1). Accordingly, the molecular orientations can be
intuitively recognized based on the direction of the long axis of
rectangles (as depicted by the blue dashed lines). To explore
the orientation selectivity of H,TPyP-based molecules in
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Scheme 1. Overview of the Molecular Orientation
Selectivity in a “Klotski Puzzle””
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“Top: Optimized structural models of the Na-based tetrapyridyl-
substituted porphyrin molecule on Au(111) with two orthogonal
orientations, i.e., transverse and longitudinal, respectively, where the
underlying substrates are omitted for clarity. The corresponding STM
morphologies with prominent apparent height are shaded blue, and
the apparent long axes are indicated by blue dashed lines. C: gray; N:
blue; Na cluster: pink. Hydrogen atoms above and below the
molecular plane are colored orange and white, respectively. Bottom:
STM images recorded at the same region showing the “parking”
process of the target “sliding-block” molecule (as depicted by the
white dashed rectangles in the left and right panels, respectively) in a
molecular “Klotski puzzle” triggered by the STM lateral manipulation
(the direction is indicated by a red arrow), in which the molecular
orientation has to change orthogonally to fit the local molecular
environment. Scanning conditions: V; = —1.4 V, and I, = 0.7 nA.

constrained environments, we fabricated a close-packed self-
assembled chessboard structure with some naturally existing
vacancies by co-deposition of H,TPyP molecules and sodium
chloride (NaCl) onto Au(111),”>*® in which H,TPyP-based
molecules are aligned alternately with two orthogonal
orientations (i.e., transverse and longitudinal). Interestingly,
based on STM lateral manipulations,””*® various molecular
patterns with different cavities, figuratively, the molecular
“Klotski puzzles”, were artificially constructed by collecting
dispersed vacancies, thus providing the possibility to
investigate the orientation selectivity of H,TPyP-based
molecules in constrained environments (Scheme 1).

Herein, we reveal that the orientation selectivity of the
constrained H,TPyP-based molecules is determined by the
local molecular environments. When manipulating the “sliding-
block” molecules in “Klotski puzzles”, as long as at least one
side of a target molecule interacts with an adjacent molecule, it
must adopt a specific orientation (i.e., either transverse or
longitudinal) to fit the local environment while maintaining the
orthogonally alternate orientations with respect to the
neighbors. For molecules without constraint, i.e., no neighbors
on any side, interestingly, no orientation selectivity was
observed, and transverse and longitudinal orientations were
found to interconvert during scanning at room temperature
(RT, ~300 K). Furthermore, density functional theory (DFT)
calculations validated that the orientation selectivity of
molecules constrained in the “Klotski puzzles” was driven by
the intermolecular packing in energetically more favorable
manners, and two possible pathways (i.e., molecular rotation
and conformational change) to achieve the orientation change

were proposed. Our results reveal the selectivity of molecular
orientations in constrained nanostructures via local intermo-
lecular interactions at the single-molecule level, which is a step
forward in understanding and further controlling molecular
orientations in self-assembled organic nanostructures.

B RESULTS AND DISCUSSION

Deposition of H,TPyP molecules and NaCl onto Au(111)
followed by annealing at ~510 K or above led to the formation
of a close-packed chessboard structure dominantly composed
of metalated NagTPyP molecules.”> The chessboard structure
is stabilized mainly by the electrostatic interactions between
the peripheral pyridyl groups of H,TPyP-based molecules and
Na derived from NaCl>%***>3° In addition, with a slightly
higher annealing temperature (of around $520—530 K), several
dispersed cavities (with single molecules missing) naturally
existed in the molecular island (cf. Figure S1). It thus provides
an ideal template for further artificial construction of various
local molecular environments, i.e., molecular “Klotski puzzles”,
allowing us to explore the influence of local environments on
the orientation selectivity of target “sliding-block” molecules.
To investigate the molecular orientation selectivity in con-
strained environments at the single-molecule level, a series of
STM lateral manipulations were conducted in a line-scan
mode””** (see Methods in the Supporting Information). As
shown in the high-resolution STM image (Figure la), the
target “sliding-block” molecule A was first manipulated along
the direction of the red arrow toward the upper cavity.
Interestingly, it successfully entered the cavity, and the
molecular orientation changed orthogonally, with the molecule
appearing as A’ (Figure 1b). Next, manipulations on molecules
B and C resulted in the same phenomena, as shown in Figure
1b—d. Such an accompanying molecular orientation change
within “Klotski puzzles” is also applicable to other saddle-
shaped tetrapyridyl-substituted porphyrins, including the intact
H,TPyP and another metalated form (Na,TPyP) in our study
(Figure S2), and the manipulated molecules are stable after
movements (Figure S3).

To understand the orientation selectivity in a more general
case, we intentionally constructed cavities in different shapes
by gradually moving the surrounding molecules away via STM
lateral manipulations and collecting the dispersed vacancies.
Such highly reliable STM lateral manipulations also show
promising applications in the construction of tailored nano-
patterns on surfaces.'*"** As a result, the cavity consisting of
three vacancies was constructed with the target “sliding-block”
molecule D located at the top right of the cavity, which
provided a template to explore the molecular orientation
selectivity in a 2 X 2 cavity (Figure le). By successively moving
the molecule D to the adjacent positions, it underwent
continuous orientation changes after each movement within
the “Klotski puzzles” (Figure le—h). Besides, a larger cavity
with eight vacancies was delicately constructed to further
enlarge the free space for the target molecule, and the “sliding-
block” molecule E was initially positioned at the corner of the
3 X 3 cavity (Figure 1i). STM lateral manipulations were
repeatedly performed on molecule E to induce the movements
in the directions of the red arrows (Figure 1i—l). Interestingly,
after the manipulations, the target molecule was observed to
move a two-molecule distance each time and unexceptionally
adopt the original orientation at the destinations. It is
noteworthy that the sizes of both the 2 X 2 and 3 X 3 cavities
are large enough to host the target molecule in any orientation,
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Figure 1. Molecular orientation selectivity in single-cavity and 2D-cavity “Klotski puzzles”. (a—d) STM images recorded at the same region
showing that the target “sliding-block” molecules were manipulated to the adjacent 1 X 1 cavity, accompanied by orientation changes. The three
target “sliding-block” molecules before and after manipulations were labeled A, B, C, and A’, B’, C’, respectively. (e—h) STM images showing the
successive manipulations on the target “sliding-block” molecule D in a 2 X 2 cavity, accompanied by orientation changes. (i—1) STM images
showing the successive manipulations on the target “sliding-block” molecule E in a 3 X 3 cavity, where the target molecule adopted the original
orientation to fit the local environment after moving a two-molecule distance. Scanning conditions: V; = —=1.2 V, and I, = 0.6—0.7 nA.

and therefore, the factor of spatial constraint should not be the
reason for the orientation change.

To further reveal the orientation changes in relation to the
displacement steps, linear 1D-channel “Klotski puzzles” were
constructed. As shown in Figure 2a,b, the STM manipulation
on the “sliding-block” molecule A along the channel resulted in
the movement of a two-molecule distance (from A to A’),
where the target molecule adopted the original orientation at
the destination. Then, when the molecules B and C were
manipulated along the channels to move a three-molecule
distance (from B to B’ shown in Figure 2c,d) or a five-
molecule distance (from C to C’ shown in Figure 2e,f), the
target molecules changed their orientations. Therefore, when a
“sliding-block” molecule is moved for a distance with odd
times of a single-molecule length in the channel, its orientation
has to change orthogonally (by undergoing odd times of
orientation changes). On the contrary, when it is moved for a
distance with even times of a single-molecule length in the
channel, it adopts the original orientation (by undergoing even
times of orientation changes). Thus, whether the molecular
orientations change in the “Klotski puzzles” is not determined
by STM manipulations.

Instead, the local molecular environment is the key to the
orientation selectivity; that is, a specific orientation (either
transverse or longitudinal) has to be adopted to keep the
orthogonally alternate orientations with respect to the
neighbors. As shown above in Figure la—d, after the
manipulations, the target “sliding-block” molecules were always
constrained by three adjacent molecules (also see Figure S4a),

indicating that the molecular orientation can be controlled by a
three-sided constraint. Moreover, when the constraint was
reduced to two-sided, as shown in Figure le—h and i—], such a
constraint was also valid to determine the molecular
orientations (also see Figure S4b). Then, a question arises:
how about the one-sided constraint?

Thereafter, we tried to construct more complicated “Klotski
puzzles” to produce scenarios of one-sided constraint. As
shown in Figure 3a,b, the target “sliding-block” molecule A was
initially constrained on three sides and was then manipulated
downward to the adjacent cavity, where only a one-sided
constraint was available. Interestingly, it was observed that the
molecular orientation also changed orthogonally (with the
molecule appearing as A’) to fit its interacting neighbor. In
addition, in a larger cavity, another target “sliding-block”
molecule B was manipulated downward for a two-molecule
distance to reach the position constrained on only one side,
and the orientation of molecule B’ also fitted its interacting
neighbor (Figure 3c,d). Similarly, molecules initially con-
strained on one side also obeyed the rule (Figure SS).
Therefore, it turned out that the constraint from an adjacent
molecule interacting only on one side is strong enough to force
a target molecule to follow the rule of orientation selectivity.

To further explore the influence of the local molecular
environments and to test the extremes of constraint even down
to zero-sided, a porous nanostructure template®® (Figure 4)
formed by intact H,TPyP molecules and Na was applied,
where some molecules without constraint (i.e., no neighbors
interacting on any side) are depicted by blue rectangles, e.g.,
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Figure 2. Molecular orientation selectivity in 1D-channel “Klotski
puzzles”. STM images showing the manipulations on the target
“sliding-block” molecules along the 1D channels, in which (a, b) the
target molecule adopted the original orientation after moving a two-
molecule distance (from A to A’); (c—f) the target molecules changed
the orientations after moving (c, d) a three-molecule distance (from B
to B’) or (e, f) a fivemolecule distance (from C to C’). Scanning
conditions: V, = —=1.2 V, and I, = 0.6—0.7 nA.

molecules A, B, C, and D. Due to the absence of steric
hindrance from the adjacent molecules, the rule of orientation
selectivity is not valid for these molecules anymore, and
interestingly, the orientations (i.e., transverse and longitudinal)
of molecules A, B, C, and D were found to interconvert during
scanning at RT (Figure 4a—d). Notably, the orientation of a
given molecule without any constraint initially can be well
controlled by moving another one next to it (forming a one-
sided constraint) and is then strictly determined by the
orientation of the adjacent molecule, following the rule of
orthogonally alternate orientation (see Figure S6 for more
details). Additionally, the unconstrained Na;TPyP molecule
was also observed to change the orientations in situ without
selectivity (Figure S7). Furthermore, DFT calculations were
performed to verify the orientation changes in such a porous
nanostructure. As shown in Figure 4e, DFT-optimized
structural models of the networks containing the target
molecules (shaded blue) with the two orientations on
Au(111) were calculated to have almost the same potential
energy, and thus, it is reasonable for these two orientations to
interconvert as observed experimentally. The corresponding
enlarged STM images with respect to the models are shown in
Figure S8.

To elucidate the underlying mechanism involved in the
orientation selectivity in the “Klotski puzzles” as shown above,

Figure 3. Molecular orientation selectivity in more complicated
“Klotski puzzles”. (a, b) STM images showing the manipulation on
the target “sliding-block” molecule (from A to A’), where only one
side of the target molecule interacted with a neighboring molecule
after the manipulation, and the target molecule changed the
orientation to fit the local environment. (c, d) Manipulation on
another target molecule (from B to B’) with only one side interacting
with a neighboring molecule at the destination, where the target
molecule adopted the original orientation after moving a two-
molecule distance. The apparent long axes of the molecules directly
interacting with the target molecules are highlighted by blue dashed
lines. Scanning conditions: V; = —1.2 V, and I, = 0.6—0.7 nA.

DFT calculations were performed. The first question is why
the orientation selectivity is valid in the “Klotski puzzles”.
Figure S9a—c show the situations of moving the target
molecule to the position constrained by three-sided molecules.
The molecular network structures before and after the
manipulation with an orientation change were calculated to
have an identical potential energy (see the red stars in Figure
S9¢). On the contrary, when the orientation of the target
molecule is maintained during the “parking” process, the
single-point calculated potential energies (blue dots) increase
drastically as the molecule moves away from the initial position
and remain at a high level during the approach, indicating a
much lower stability in this case compared to the situation with
an orientation change involved at the destination. Moreover,
when the “sliding-block” molecules are moved to positions
with two-sided (Figure S9d—f) or one-sided constraints
(Figure S9g—i), respectively, similar situations are obtained
with respect to the changes in potential energies. Therefore, as
long as at least one side of the target molecule interacts with a
neighboring molecule, the orthogonally alternate orientation
has to be adopted to fit the local molecular environment,
forming the energetically more favorable structure.

Moreover, another critical question is how the orientation
change occurs. Two possible pathways were proposed, ie.,
molecular rotation and conformational change (Figure Sa).
The corresponding pathways and energy barriers were
calculated for two different situations, where there is (i)
sufficient or (ii) constrained space for a target molecule, to
interpret the cases of molecules located in a large cavity or in a
1D channel, respectively.
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Figure 4. In situ interconversion of orientations of molecules with no constraint on any side in a porous network. (a—d) Successive STM images
recorded at the same region showing the random interconversion of the two orientations (i.e., transverse and longitudinal) of the molecules (as
depicted by blue rectangles and labeled A, B, C, D, respectively) without constraint (i.e., no neighbors interacting on any side) during scanning at
RT. Scanning conditions: V, = —1.2 V, and I, = 0.6 nA. (e) DFT-optimized structural models of the networks containing the target molecules
(shaded blue) with the two orientations on Au(111) (the surfaces have been omitted for clarity), which were calculated to have almost the same

potential energy.

As for the orientation change with sufficient space, an
isolated molecule adsorbed on Au(111) was applied to simplify
the calculations. The energy barriers were calculated to be only
~0.0S eV for molecular rotation and ~0.91 eV for conforma-
tional change (Figure Sb), indicating that a molecule with
sufficient adjacent space would tend to change its orientation
via rotation. Interestingly, some asymmetric molecules with a
missing leg naturally existed in the chessboard structure, which
may serve as marker molecules to speculate the two possible
processes experimentally based on the position of the missing
part. Accordingly, in large cavities, the marker molecules were
manipulated and found to change their orientations by rotation
(Figure S10), which is in line with the calculated result.

In addition, to interpret the situation of orientation change
with constrained space in a 1D channel, a periodic assembled
molecular structure on Au(111) was applied as a simplified
system, and two pathways (i.e., molecular rotation and
conformational change) were calculated (Figure Sc). Expect-
edly, the steric hindrance originated from the peripheral
molecules significantly modifies the potential energies, and the
energy barriers largely increase, which were calculated to be
~2.01 and ~1.65 eV for molecular rotation and conforma-

22370

tional change, respectively. Note that such a constraint
imposed by the local molecular environment also results in a
reversed order of the energy barriers of the two possible
pathways compared to the case with sufficient space shown in
Figure Sb. Thus, an orientation change through a conforma-
tional change would be slightly preferred in this situation.
While, experimentally, the orientation change of a marker
molecule via conformational change or rotation was found to
be feasible (see Figure S11 for a detailed discussion).
Furthermore, the last fundamental question is when the
orientation change took place, i.e, whether the manipulated
molecule changed its orientation before or after diffusion. The
calculated pathways in Figure Sc show that after overcoming
the energy barrier of ~1.65 eV to achieve the in situ orientation
change by conformational change, the next energy barrier for
the target molecule to diffuse to the adjacent position is ~1.08
eV. Accordingly, the conformational change (~1.65 eV) is the
rate-determining step, when the target molecule changes its
orientation before diffusion. On the other hand, if the target
molecule diffuses to the next vacancy as the first step, it has to
overcome the energy barrier of ~1.72 eV for diffusion and then
~1.02 eV for the in situ orientation change through
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Figure S. Two possible pathways for the orientation change of a target Na-TPyP molecule in different situations. (a) Schematic illustration showing
the orientation interconversion achieved by molecular rotation and conformational change, respectively. (b) DFT-calculated pathways for the
orientation change of an isolated Na-TPyP molecule (with sufficient space) adsorbed on Au(111) through molecular rotation and conformational
change, respectively. (c) DFT-calculated pathways for the Na-TPyP molecules in the 1D channel (with constrained space) on Au(111) to
accomplish the orientation change through molecular rotation or conformational change, followed by diffusion (as depicted by black, red, and blue
dashed lines, respectively). The surfaces have been omitted for clarity. The structural models of the initial state (IS), transition state (TS),
intermediate state (IntS), and final state (FS) are displayed, and their energies are provided with respect to those of the corresponding IS.

conformational change. In this case, the rate-determining step
is diffusion (~1.72 eV). Therefore, due to the similar energy
barriers, the “parking” process of a target “sliding-block”
molecule may take place independent of the sequence of the
orientation change and diffusion.

B CONCLUSIONS

In summary, by a combination of STM imaging/manipulations
and DFT calculations, we report the orientation selectivity of
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tetrapyridyl-substituted porphyrins constrained in various
molecular “Klotski puzzles” constructed from H,TPyP and
NaCl on Au(111). As long as at least one side of a target
molecule interacts with an adjacent molecule, a specific
orientation (i.e., either transverse or longitudinal) has to be
adopted to fit the local molecular environment, where the
intermolecular interaction is revealed to be the key to
achieving molecular orientation selectivity. It thus provides a
way to control specific molecular orientations by predesigning
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and constructing the corresponding local molecular environ-
ments, ie. the specific “Klotski puzzles”. Our results
demonstrate the delicate interplay between molecular
orientations and intermolecular interactions in self-assembled
structures, which shed light on the fundamental understanding
of orientation selectivity and benefit the further development
of advanced functional molecular nanodevices.
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