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ABSTRACT Induction of chirality in planar adsorbates by
hydrogenation of phthalocyanine molecules on a gold surface is
demonstrated. This process merely lowers the molecular symmetry
from 4- to 2-fold, but also breaks the mirror symmetry of the entire
adsorbate complex (molecule and surface), thus rendering it chiral
without any realignment at the surface. Repositioning of single
molecules by manipulation with the scanning tunneling microscope

+2H

+H
MnPc /A\ HMnPc KA\ H,MnPc

—H

(STM) causes interconversion of enantiomers. Dehydrogenation of
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the adsorbate by means of inelastic electron tunneling restores the mirror symmetry of the adsorbate complex. STM as well as density functional theory

(DFT) calculations show that chirality is actually imprinted into the electronic molecular system by the surface, i.e., the lowest unoccupied orbital is devoid

of mirror symmetry.
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olecular recognition among chiral
biomolecules is of fundamental
importance to life." It plays a key

role for spontaneous resolution into enan-
tiomers during crystallization and for the
performance of liquid crystal devices.>® The
motivation for better understanding such
complex processes as well as the role of chiral
surfaces in biomineralization and enantiose-
lective heterogeneous catalysis has led to
many studies of chiral recognition at sur-
faces.*> Taking advantage of its ability of
providing submolecular resolution, scanning
tunneling microscopy (STM) has been applied
to explore molecular chirality at surfaces, in-
cluding determination of absolute handed-
ness,® homochiral recognition,” amplification
of chirality,®® diasteriomeric recognition,'®~'2
and chirality switching."*~ ">

A common feature in molecular adsorp-
tion is induction of chirality, i.e., an achiral
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molecule leads to a chiral adsorbate due to
confinement on the surface.® In the case of
symmetric planar molecules adsorbed par-
allel to the surface, mirror-symmetry break-
ing requires an oblique azimuthal orientation.*
Such misalignment of the molecular mirror
plane with respect to the substrate lattice
mirror plane leads to a combined molecule-
surface system devoid of mirror-symmetry.
Translation or rotation of the entire adsorbate
complex, i.e., molecule and substrate, will not
allow superposition of the enantiomers. Ad-
sorbed on Au(111), Cu(111), and Ag(111),
metallo-phthalocyanines (MPcs) (M = Fe, Co,
Mn, Cu) maintain their planar configuration,
with the molecular planes oriented parallel to
the surface.'® 2! Chiral motifs have been re-
ported so far for Cu—phthalocyanine (CuPc)
on Ag(100) and Cu(111)."4?2

Manipulation of single molecules with
the STM tip is state-of-the-art nowadays.>®
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At sufficient voltage bias, tunneling electrons may
deposit energy into molecular vibrational modes, lead-
ing to molecular surface dynamics and even disso-
ciation.*=2® Single molecule chemistry performed
with the STM on MPcs has been described before.?”
Moreover, dehydrogenation of molecules after excita-
tion with inelastically tunneling electrons emanating
from the STM tip has been reported previously.?%°
A thermal hydrogenation followed by STM-induced
dehydrogenation of single molecules has also been
demonstrated recently.3® Here we show that such
combined process installs and removes reservedly
chirality to/from a single molecular complex.

Since at least one of the molecular mirror planes
aligns parallel to a mirror plane of the substrate, no
chirality is expressed in the case of manganese phtha-
locyanine (Figure 1a, MnPc) adsorbed on Au(111).
Thermally induced hydrogenation of MnPc on Au(111)
lowers the symmetry from 4- to 2-fold, and now the
combination of substrate and molecule becomes non-
superimposable with their mirror images by translation
and rotation. By realigning the molecule on the surface
via STM manipulations, the two mirror-isomeric (enan-
tiomeric) states can be interconverted. Density func-
tional theory (DFT) calculations show that the molec-
ular part of the chiral complex is triply hydrogenated
MnPc. Finally, STM-induced dehydrogenation switches
the chiral adsorbate into an achiral state again.

RESULTS AND DISCUSSION

After deposition of MnPc molecules (roughly 1% of a
close-packed monolayer) on Au(111), subsequent ex-
posure to H, at room temperature (600 L, 300 K) and
sample cooling to 4.3 K, three different molecular
entities are observed by STM (Figure 1b, Supporting
Information Figure S1). The plain MnPc molecule
shows a cross structure with a central protrusion.’®>'
Other molecules appear also as a cross, but have a
depression at the center. This species is identified as
HMnPc, with a hydrogen atom coordinated to the
Mn atom of MnPc.'® A third species with only 2-fold
symmetry shows a more complicated STM appearance,
indicating a significant charge redistribution of the
molecular orbitals.

This drastic difference in appearance is attributed to
the hydrogenation of MnPc beyond the previously
identified HMnPc.'® As shown below, two additional
hydrogen atoms become attached to two opposite
outer nitrogen atoms of the macrocycle, i.e., generat-
ing a triply hydrogenated MnPc. This species is ob-
served on the fcc as well as the hcp regions of the
reconstructed gold surface. Hydrogenation beyond
HMnPc is not observed for a closed-packed monolayer,
an observation that can be explained as follows:
Although H, dissociation occurs with rather low prob-
ability at steps and defects on gold surfaces, the high
dose applied leads to sufficient atomic hydrogen on
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Figure 1. Hydrogenation and dehydrogenation of MnPc on
Au(111). (a) Ball-and stick model of MnPc. (b) STM image
(17 nm x 17 nm, /| = 100 pA, U = 0.1 V) showing three
different types of molecular entities after exposure of MnPc/
Au(111) to H,. (c) STM images (2.1 nm x 2.1 nm, /=100 pA,
U=0.1V) showing stepwise dehydrogenation from HsMnPc
to HMnPc and to MnPc, induced by inelastic electron
tunneling. (d) Transition rate R from H;MnPc to HMnPc as
a function of tunneling current for a fixed bias voltage of
1.15 V. The linear line represents the power-law fit (R o< /)
with N=1.03 + 0.01 indicating a one-electron process. Inset:
Tunneling current versus time trace measured on the center
of the molecule during a dehydrogenation event.

the surface. However, blocking these active sites with
molecules suppresses H, dissociation. Exposure of
MnPc molecules on Au(111) to gas molecules such as
0, and CO and their mixtures does not induce a
change in STM appearance; hence, impurity effects
can be safely excluded here.

To confirm the extent of hydrogenation of MnPc,
STM-induced stepwise dissociation manipulations
were performed. That is, substantially higher bias
voltages and tunneling currents than used for imaging
induce transitions from H,MnPc to HMnPc and finally
to MnPc (Figure 1c). For this procedure, the tip is
positioned over the center of a molecule and the bias
voltage is applied on the tip with an open feedback
loop, while the tunneling current is recorded over time.
An abrupt change in the tunneling current marks an
action event (Figure 1d, inset), and the nature of the
action is analyzed by subsequently acquired STM
images and dI/dV spectra. Besides lateral hopping,
dehydrogenation is often identified (Figure 1c). To find
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Figure 2. Mirror symmetry breaking by hydrogenation. (a
and b) Ball-and stick model of MnPc and HMnPc on Au-
(111). Mirror planes (dashed lines) of both species coincide
with symmetry planes of the underlying substrate. [112]
and [110] surface directions are indicated by arrows. (c)
Ball-and stick model of HsMnPc on Au(111). The molecular
mirror plane has an oblique tilt to any symmetry planes of
the Au substrate underneath, rendering the entire adsor-
bate complex chiral. The two additional hydrogen atoms
at the macrocycle are indicated by red arrows. (d) Compar-
ison of the MnPc/HMnPc alignment (green crosses) with
the chiral HsMnPc alignment (butterflies) on the Au(111)
grid (circles).

out how many electrons are involved in this inelastic
electron tunneling-induced dehydrogenation of
H,MnPc to HMnPc, 178 switching events were evalu-
ated at different tunneling currents and fixed bias
voltage (1.15 V, Supporting Information Figure S2).
From the distribution of the residence time for a given
current, the rate is deduced.®? Figure 1d shows the plot
of the transition rate R as a function of tunneling
current. The rate follows a power-law, R ~ [V, with
N=1.03+ 0.01, suggesting a one-electron process that
drives H,MnPc to HMnPc 3233

That HMnPc is left after the first dehydrogenation
step clearly shows that the H,MnPc molecule must
have more than one additional hydrogen atom. Not
many H,MnPc configurations (x = 2) with molecular
G, symmetry and the possibility of a transition to
HMnPc can be considered. H,MnPc, for example, on
which two hydrogen atoms are bound to the central
Mn ion, can be safely excluded, as DFT calculations
reveal that the two hydrogen atoms would desorb
instantly as H,. The only possible configuration is
therefore HsMnPc, in which one hydrogen atom is
bound to the Mn ion and two others at two opposite
outer azamethine N atoms. These nitrogen atoms are
targets for hydrogenation without leading to a non-
planar configuration. Besides the fact that an addi-
tional nodal plane is introduced into the electronic
aromatic system, a large delocalized planar electronic
structure is still present. Hydrogenation of all four nitro-
gen atoms would lead again to a 4-fold-symmetric
adsorbate and must be excluded from the experimental
results. DFT calculations confirm the stability of HsMnPc
and predict the energetic position of the LUMO of
HsMnPc (~ 0.12 eV with respect to the Fermi level) to
be close to the experimental determined position in
dl/dV spectra (Supporting Information Figure S3).

Intriguingly, the one-electron dehydrogenation
process releases two hydrogen atoms from the macro-
cycle. A single hydrogen atom left at one nitrogen
atom leads to an uneven electron system that strongly
disturbs the aromaticity of the ring system. The second
dehydrogenation step is therefore expected to occur
instantly after the release of the first hydrogen. The
chemistry of MnPc can be therefore summarized as
follows: hydrogenation occurs at room temperature
stepwise to HMnPc and HzMnPc. These steps can be
reversed by excitation with inelastic tunneling elec-
trons at low temperature, leading to stepwise dehy-
drogenation back to MnPc (Figure 1c).

a
<112>
-135° | +135° H3MnPC
1 0 i \\ I’
750 ¥~ 475°

ET0 WTH

Number of molecules
(6]

Q
N
N
N
N
N
N
N
N
\!
N
N
N
N
N
N
N
5

~$
N
N
3!

Crrsrisrisssssssss s st s
SIIIIIIIIIIIIIIIIIIIIs
P2

br2zz222222222222
A

orientations

b

VIS IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
CIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIEIIIIIIIIIIIIIIY S

[N rrrrrrrrrrrrs.

0 3
_ —45 0 45 90
Azimuthal orientations

RN vrrrrrrrrs.

35

Figure 3. Azimuthal orientations of HsMnPc on Au(111). (a) Histogram showing distribution of the orientations of HsMnPc
with respect to the (112) direction of the Au(111) surface. The six preferential orientations are indicated in the inset. (b) STM
images (4.1 nm x 4.1 nm, /=100 pA, U = 0.1 V) showing the interconversion of six molecular orientations of a single HsMnPc

molecule by lateral manipulation with the STM.
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Figure 4. Chiral electronic structure of H3MnPc on Au(111). (@) STM image (/= 100 pA, U = 0.1 V) of an area containing MnPc,
HMnPc, and HsMnPc (circle) molecules. (b) d//dV-STM image at U = 100 mV (set point: / = 100 pA, U = —0.1 V) over the same
region as shown in (a). At this bias the contrast for H3MnPc is dominated by its LUMO. (c) di/dV spectra (set point:/=0.1 nA, U=
—0.2V) taken at the center of MnPc, HMnPc, H;MnPc and off-center on Hz;MnPc. The off-center spectrum of H;MnPc exhibits a
pronounced broad peak above the Fermi level. This peak is located at 70 mV and represents tunneling into the lowest
unoccupied molecular orbital (LUMO). (d and e) DFT optimized adsorption configurations of both enantiomers of HsMnPc on
Au(111). The molecular parts of the adorbate complex enantiomers are aligned. The dashed black lines indicate the C,,-
symmetry axis of H3MnPc. (f and g) d//dV maps (set point: / = 100 pA, U = —0.2 V) of two H3MnPc molecules with opposite
handedness, showing opposite contrast (circles). (h and i) Calculated di/dV maps at the peak position of the LUMO of H;MnPc
on Au(111), also showing opposite chiral contrast of the LUMO. (k) Superposition of theoretical d//dV map and adsorbate

complex.

MnPc and HMnPc have C,, symmetry and two of the
molecular mirror planes coincide with mirror planes of
the substrate, i.e., mirror planes parallel to the (112)
and (110) surface directions (Figure 2a,b). Hence, rota-
tion by 120° of the HMnPc—surface complex, for
example, leads to superposition with its mirror image
(Figure 2d, top). Concerning the energetically most
favorable adsorption configuration of HsMnPc, the Mn
atom was found to be located over a bridge site of the
Au(111) surface with the molecular azimuthal orienta-
tion along the Mn—N axis being rotated from the (112)
directions of Au(111) by 15° (Figure 2c), again, in very
good agreement with STM images. Now, the only
molecular mirror plane does not coincide with any
symmetry of the substrate (Figure 2¢), i.e., it is aligned
in an oblique fashion with respect to the substrate.
Thus, the adsorbate complex is chiral: Only reflection
with respect to the (112) directions will coincide both
enantiomers. Statistical analysis of all alignments of
this species reveals six distinct orientations of the
entire adsorbate complexes (Figure 3), compatible
with two enantiomeric species and their three 120°
rotational isomers, as dictated by the Cs, symmetry of
the underlying substrate. The achiral MnPc and HMnPc
species come only in three unique orientations of
their rotational isomers. Adding two more H atoms to

YANG ET AL.

HMnPc reduces the symmetry of the molecule—
substrate system and creates a chiral motif, without
any realignment of the molecular frame. Depending on
which pair of outer nitrogen atoms becomes hydro-
genated, the same prochiral HMnPc may either turn
into an R- or an L-enantiomer. By separating the two
main parts of the adsorbate complexes, namely, mo-
lecule and particular surface site, it is possible to inter-
convert the two enantiomeric states of HsMnPc. That is,
by dragging the molecule it may be aligned on the Au
grid such that the opposite mirror complex (enantio-
morph) results. All six distinguished alignments of the
chiral adsorbate complex are shown in Figure 3. They
were established by repeated STM-tip-induced lateral
moves of the same Hz;MnPc molecule.

Chirality should be also observable in the electronic
structure of the adsorbate complex. This is indeed
achieved here by acquiring current-to-voltage differ-
ential STM images, so-called dI/dV maps. Taken at the
bias voltage dominated by the LUMO of HsMnPc, they
show strong contrast for the fully hydrogenated spe-
cies, whereas the other two species do not have
electronic states at this bias voltage (Figure 4a—c).'®
The dI/dV spectra acquired at the central Mn ion of
MnPc show a pronounced Kondo resonance near
the Fermi energy (Ef) close to zero bias (Figure 4c).
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In contrast, d//dV spectra collected at the centers of
HMnPc and HsMnPc are featureless near Eg, suggesting
the quenching of the Kondo effect due to hydrogen
attachment (Figure 4c). d//dV maps of the two Hz;MnPc
enantiomers reveal strong chiral contrast (Figure 4f,g),
i.e., distinctive intensity differences that are opposite
mirror images. When the most stable complex derived
from DFT is used (Figure 4d,e), the calculated d//dV
maps show the same asymmetries as observed in the
experiment (Figure 4h,i). Note that the electronic
asymmetry reflected in the LUMO of the molecule
arises from the combination of substrate and molecule.
For example, the contrast differences located at the
carbon atoms next to the not-hydrogenated outer
azamethine nitrogen atoms correlate with good/
bad alignments to 3-fold hollow sites of the sub-
strate (Figure 4k and Figures 4d,e and Supporting

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Experiments were carried out in an ultrahigh vacuum (p < 1 x
107 '° mbar) low-temperature STM system (Unisoku), equipped
with standard surface preparation facilities. The Au(111) surface
was prepared by repeated cycles of argon ion sputtering and
annealing at 800 K. MnPc molecules (Sigma-Aldrich, 97% purity)
were deposited onto the surface by sublimation from a Knudsen-
type evaporator held at 580 K, while the substrate was at room
temperature (RT). Hydrogen adsorption was performed by
dosing 600 Langmuir at RT, followed by sample transfer into
the STM at 4.3 K. STM images were acquired in constant-current
mode, with the tip at ground potential (positive bias voltages
indicate tunneling from the tip to the sample). All experiments
were performed with electrochemically etched tungsten tips,
which were calibrated with respect to the Au(111) surface state
before spectroscopic measurements. di/dV spectra were col-
lected by using a lock-in technique with a 0.5 mV,,, sinusoidal
modulation at a frequency of 973 Hz. The lateral manipulation
was carried out by placing the STM tip on top of a molecule,
lowering the tunneling resistance down to 8.3 MQ (/ = 600 pA,
U = —5 mV), and laterally moving the tip. For the IET dehydro-
genation, the tip was positioned over the center of a molecule,
the feedback was turned off, and then a bias voltage was
increased to a larger value (in 50 ms) while the tunneling
current versus time was recorded.

Ab initio calculations were performed using the VASP im-
plementation of DFT in the projected augmented wave (PAW)
scheme and the generalized gradient approximation of Perdew,
Burke, and Ernzernhof (PBE) for exchange correlation func-
tion,**73¢ including van der Waals (vdW) interaction using
Grimme's empirical correction.>” ~3° The periodic slab models
include four layers of gold, MnPc molecule, and a vacuum layer
of 15 A. Except for the two bottom substrate layers, all atoms
are fully relaxed until the net force on every atom is less than
0.01 eV/A. The energy cutoff of the plane-wave basis sets was
set to 400 eV, and a single I' point is employed for Brillouin zone
matrix integrations.
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Information Figure S4). Hence, the asymmetric sub-
strate alignment imposes actually a chiral footprint
onto the electronic structure of the molecule.

CONCLUSIONS

Hydrogenation of MnPc to HzMnPc leads to misa-
lignment of molecular symmetry axes with respect to
the substrate surface without moving the molecular
frame. This process installs chirality to the otherwise
achiral adsorbate complex. A chiral footprint onto the
electronic structure, as observed in d//dV maps domi-
nated by the LUMO, is the consequence of this process.
Interconversion of the enantiomers is possible by STM
manipulations that move only the molecule on the
surface. Dehydrogenation of single molecules by in-
elastic electron tunneling switches the chiral complex
back into an achiral one.

Supporting Information Available: Additional STM image,
IET-induced dehydrogenation statistics, measured and calcu-
lated dl/dV spectra and calculated adsorption configuration and
dl/dV maps. This material is available free of charge via the
Internet at http://pubs.acs.org.
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