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ABSTRACT: This paper describes a single-molecule study of N-
methylbutylamine molecular rotors supported on a Cu(111) surface. It
is first demonstrated that the chirality of the individual rotating molecules
can be directly determined by scanning tunneling microscopy (STM)
imaging and understood with density functional theory (DFT)
simulations. Tunneling electrons from the STM tip are then utilized to
excite vibrational modes of the molecule that drives the rotational motion.
Experimental action spectra were used to demonstrate that the electrically
induced rotational motion of N-methylbutylamine occurs above 360 meV,
which coincides with C—H stretching vibrational modes. The measure-
ments also reveal that, above this 360 meV threshold, the excitation
occurs via a one-electron process. DFT calculations indicated that the
rotation barrier is over an order of magnitude smaller, meaning that the
rotor is excited via high-energy vibrational modes that then couple to the
low energy rotational mode. Furthermore, by adjusting the electron flux, individual rotational motions between the six different
stable orientations of the molecule on the Cu(111) surface were monitored in real time. It was found that, for most STM tips used to
electrically excite the rotors, the rotation of one enantiomer is faster than the other. This confirms an earlier report that STM tips can
themselves be chiral and illustrates the fact that diastereomerism arising from a chiral STM tip interacting with a chiral molecule can
lead to significant physical differences in the rotation rates of R versus S molecular rotors. This result has ramifications for
interpreting the data from experiments where nanoscale electrical contacts to chiral molecules are made in devices like break
junctions and scanning probe experiments.
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Bl INTRODUCTION the current work, combining STM and density functional
theory (DFT) calculations has led to a deeper understanding
of thioether-based single-molecule rotors and motors,”’~31333¢
Specifically, electrically induced directional motion is only

Molecular rotors, motors, and machines are of current interest,
and the recent literature contains many reports of organic

molecular structures and their functionality in a range of ’ B - : o
chemically, thermally, or photon-driven processes 1-10 “e o possible when the adsorbed rotor is chiral via activation of
) ) .

sidering that molecular machines found in nature operate at vibrational npdes by tunr}ehngA electrons as opposed to
interfaces, it is important to study surface-bound systems.* 2! thermally activated rotors in which second law thermody-
However, factors such as friction, thermal fluctuations, namics dictates that they must exhibit a random mo-

tion. 27313537
intramolecular bonding, and steric effects have imposed :

- . . This paper describes a single-molecule study of the
various challenges in understanding many surface molecular . ) . ;
11,22 . . rotational motion of chiral N-methylbutylamine rotors
machines. To address these gaps in understanding,

scanning tunneling microscopy (STM) offers the unique suppf)rted on a Cu(lll)- surface. Comparing the relative
ability to make single-molecule measurements of molecular rotational rates of the chiral N-methylbutylamine molecular

rotation on surfaces and to interrogate the details of electron- rotors induced by inelastic tunneling electrons, it was observed

induced molecular motion at the nanoscale.”>>' Thanks to

this approach, there have been important breakthroughs in Received: December 1, 2020
studying molecular machines such as electrically driven Revised:  January 22, 2021
nanocars,”” synchronized molecular motor networks,®® and Published: February S, 2021

single-molecule motors.””** While still far from application,
molecular rotors offer an ideal test bed for the investigation of
how a molecular structure affects dynamical motion. Related to
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that there was a strong enantioselective coupling between the
STM tip and the adsorbed chiral molecule leading to large
differences in the electrically excited rotation rates in R and S
molecular rotors.

B EXPERIMENTAL METHODS

Low-temperature (STM) LT-STM was operated with a base
pressure of <1 X 107" mbar. N-Methylbutylamine was
acquired from Sigma Aldrich at 95% purity and further
purified by degassing with multiple freeze/pump/thaw cycles.
N-Methylbutylamine was then vapor-deposited onto a
Cu(111) sample held at S K using a collimated molecular
doser attached to a precision leak valve. Anneals in the 80—120
K range were performed to equilibrate the molecules by
removing the sample from the cryogenically cooled stage of
STM and placing it into a sample holder held at room
temperature in an ultrahigh vacaum (UHV) chamber for a
predetermined time period. The crystal was then cooled back
to 5 K by putting it back into the STM stage for high-
resolution imaging and spectra collection. Etched W STM tips
were used in this study.

B COMPUTATIONAL DETAILS

Periodic density functional theory (DFT) calculations were
performed within the Vienna ab initio simulation package
(VASP) using the Perdew—Burke—Ernzerhof (PBE) exchange
correlation functional based on generalized gradient approx-
imation (GGA).***' Plane-wave basis sets used to approx-
imate wavefunctions of valence electrons were expanded to a
400 eV kinetic energy cutoff. The interactions of valence
electrons with atom cores were described by the projector-
augmented wave (PAW) method.*” Electronic structures were
converged self-consistently to energy differences less than 1 X
107# eV between successive steps. All surface and bulk metal
calculations were performed without spin polarization.

The Cu(111) surface was represented using a four-layer 4
Cu X 4 Cu supercell with about six layers of vacuum space
between neighboring slabs along the [111] direction. The
supercell sizes are defined to be 10.28 X 10.28 X 20.98 A’
based on the PBE-optimized Cu lattice constant (3.634 A).
The lower two-layer Cu atoms were fixed at the bulk positions,
and the upper two-layer Cu atoms were relaxed. The long-
range interactions among neighboring slabs of Cu were
corrected using dipole moments along the [111] direction.*
All calculations were performed using a 2 X 2 X 1 Monkhorst—
Pack k-point mesh.”* The initial structure of N-methylbutyl-
amine adsorbed on the Cu(111) surface was optimized until
forces on atoms were less than 0.02 eV A™". Rotational barriers
and shapes of potential energy surfaces for the rotation were
derived within the rigid-rotor approximation using single-point
calculations on images formed by rotating an optimized
structure from 3 to 66° in 3° intervals, with the axis of rotation
perpendicular to the Cu(111) surface and centered at the Cu
atom underneath the N atom. The rigid-rotor calculation for
the intact rotor is compared to a nudged elastic band
calculation in the Supporting Information (Figure S4).

B RESULTS AND DISCUSSION

Figure 1 shows a summary of STM data of N-methylbutyl-
amine deposited on Cu(111) at S K and annealed to 80 K to
equilibrate the system. Figure 1A shows a schematic of the
molecular adsorption site of N-methylbutylamine and illus-
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Figure 1. (A) Schematic of surface-adsorbed N-methylbutylamine on
Cu(111). The rotational behavior of the amine rotor around the N—
Cu “axel” is highlighted with a blue arrow. (B) Large-scale 5 K STM
image of surface-adsorbed N-methylbutylamine on Cu(111). The
green circles are representative examples of the isolated rotor
molecules used in the study. Imaging conditions: 10 mV, 90 pA.
Scale bar: § nm. High-resolution STM images of accompanying top-
view models of the (C) R enantiomer of an N-methylbutylamine
molecule adsorbed on Cu(111) and the (D) S enantiomer of an N-
methylbutylamine molecule adsorbed on Cu(111). Imaging con-
ditions: (C, D) 20 mV, 200 pA. Scale bars: 0.5 nm.

trates how the molecule can rotate around the N—Cu bond
that forms the axel of the molecular rotor. Figure 1B shows a
typical larger STM image with both isolated single molecules
and small clusters present. For the purpose of this study on
single-molecule rotors, only isolated molecules that were
several nanometers from any neighboring molecules were
examined. In the high-resolution images in Figure 1C,D, one
can see from the individual rotating molecules that they are
mirror images of one another and hence chiral. This
observation indicates that, while enantiomers of N-methyl-
butylamine undergo fast interconversion in the gas phase, on
the Cu(111) surface, binding of the lone pair of the N atom to
Cu means that each enantiomer maintains its chirality.">*°
To further support these experimental findings, DFT
calculations and STM image simulations were performed to
interrogate the barrier to rotation and the appearance of the
molecules in the STM images. DFT-derived energies along the
rotational path shown in Figure 2A reveal that there is a very
small barrier (14 meV) for a 60° rotation of the molecule
around the N—Cu axel to the next equivalent stable orientation
on the Cu(111) surface. This explains the pseudo-hexagonal
shape of the individual molecules in the STM images that
occur due to time averaging of the six equivalent stable
orientations that the molecule rapidly switches between the
slow timescale of STM imaging.zg_31 Furthermore, the DFT-
optimized structures enabled us to make absolute assignments
of the chirality of each absorbed molecule. Specifically, Figure
2B shows simulated STM images of the DFT-optimized
structures in which the chirality of the adsorbed molecule can
be directly seen in the image. Time averages of these
projections over the six equivalent orientations of the molecule
on Cu(111) yield pinwheel shapes that are in excellent
agreement with the STM images of the rotating molecules.
This allows us to use the Cahn—Ingold—Prelog rules for
assigning chirality to label each isolated molecule as R or S.
To study electrical excitation of the single molecules’
tunneling current versus time (I Vs t), measurements were

https://dx.doi.org/10.1021/acs.jpcc.0c10767
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Figure 2. (A) DFT-derived energies as a function of the rotation angle for the optimized N-methylbutylamine geometry with the N atom atop a Cu
atom. The rotation of this molecule by 60° was enough to cover the whole rotational path. The top-view schematic of N-methylbutylamine on
Cu(111) at different angles of rotation is shown below the graph. (B) Simulated STM image of an S enantiomer rotor over six equivalent
orientations of the molecule on Cu(111). The blue spot indicates the position of the N atom center. An STM image of the S enantiomer is shown
below for comparison. Simulation STM conditions: 200 mV, 4.64 A tip position. STM imaging conditions: 20 mV, 200 pA. Scale bar: 0.5 nm.
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Figure 3. (A) Tunneling current as a function of time (I vs t) traces for N-methylbutylamine on Cu(111) reveals six discrete tunneling current
values that correspond to the six inequivalent orientations of the molecule (red, blue, green, purple, orange, and yellow) with respect to the position
of the STM tip position as marked by the black cross symbol. The larger lobes in the schematic indicate the butyl group position, while the smaller
lobes indicate the methyl group position of the rotor. Excitation conditions: 400 mV, 100 pA. (B) Action spectra for N-methylbutylamine on
Cu(111) at a set tunneling current of 10 pA showing a sharp increase in the rotation rate above the 360 mV threshold voltage, regardless of the
positive/negative bias. (C) Plot of rotation rate vs tunneling current for various applied voltages. The lines are power law fits to the data; n gives the
electron order, i.e., one vs multiple electron-induced rotation.

taken in which the STM tip is positioned off to the side of one
of the lobes of the pinwheel shape of the rotating molecule
with the feedback loop off and the tunneling current (I)
recorded over time (f). As can be seen in Figure 3A, these
traces show “long” periods where the molecule is in one
orientation (i.e, one tunneling current value) separated by
“fast” switching between the six different rotational orienta-
tions. These six tunneling currents correspond to the six
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equivalent orientations of the alkyl tail (as shown in the
schematic in Figure 3A where the STM tip position is marked
with an “X”). These six tunneling current levels arise from the
position of the molecular lobes with respect to the STM tip;
the shorter the distance between the tip and rotor, the higher
the tunneling current. These single-point measurements allow
us to quantify rotation rates of single molecules. Furthermore,
by recording these I versus t traces as a function of applied

https://dx.doi.org/10.1021/acs.jpcc.0c10767
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voltage, it enables us to plot action spectra that relate the rate
of an action (in this case, a rotation rate that refers to any
molecular rotation between the six equivalent orientations) to
the energy of the tunneling electrons (as defined by the voltage
across the tunnel junction). The action spectrum in Figure 3B
shows a sharp increase of the rotation rate around 360 mV,
regardless of the direction of electron flow. This is a
characteristic of inelastic electron tunneling by which an
electron with an energy at or greater than the molecular
vibration mode quanta it couples to can lead to the motion of
the molecule as a whole.*’ ="

To determine whether the electrical excitation of the
rotational motion is a one- or multi-electron process, the
tunnelin4g7 current (I) dependence of the rotation rate (k) was
studied,”” and the rotation rate is plotted as a function of the
tunneling current

k=1"

in which n refers to the number of electrons a given process
involves.*” The results in Figure 3C show that, at or below 350
mV, rotational excitation is a multi-electron process versus a
one-electron process at 400 mV. This, in conjunction with the
action spectroscopy results that show a sharp increase in
rotation rate at ~360 mV, indicates that the primary pathway
for electrical excitation of the rotor occurs via excitation of C—
H stretch modes that occur at this energy.*”** Excitation of the
N—H mode of the molecule can be ruled out as N—H
stretches in amines that occur in the range of 3300—3500
cm™!, which would lead to an onset voltage of 410—430
meV.>

When comparing the energy input (360 meV electron) to
the barrier to rotation in which DFT puts at ~14 meV, one can
see that there is a significant difference in energy between the
input and output channels. These barrier estimates and
rotation rates are influenced by entropy effects and finite
temperature corrections,” but such effects are less significant
at low temperature and cannot account for a mismatch of over
one order of magnitude. This mismatch between high-energy
vibrational modes that drive the low energy rotational motion
has been observed in molecular systems before and arises from
the C—H vibrational modes having a high inelastic excitation
cross section for excitation followed by energy transfer via
anharmonic coupling of these high-energy vibrational modes to
lower energy rotational and frustrated translational
modes.”' ~>* This also indicates that the rate of vibrational
relaxation via energy transfer to the Cu(111) surface occurs
slowly enough to allow the IVR coupling that leads the
rotation to occur.”* >’

No evidence for preferential rotation in one direction was
observed, which is consistent with symmetric rotation barriers
in the DFT derived energies in Figure 2, and is in contrast with
other surface-adsorbed molecules with asymmetric torsional
barriers that produce net directionality in their rotation when
electrically excited by STM tips.””°>®" However, when
measuring the electrically induced rotation rates of the two
enantiomers of the molecule under identical excitation
conditions (i.e., same tunneling voltage, tunneling current,
and sample temperature), statistically significant differences in
the rotation rate of the two enantiomers of the molecule were
observed. By changing the STM tip between measurements via
high voltage pulses or surface indentation, some STM tips were
observed to induce faster rotation of the R enantiomer of the
rotor, while other tips induce faster rotation of the S
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enantiomer, as seen in Figure 4A. To further demonstrate
this effect, we studied six enantiomers of the molecules isolated
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Figure 4. Plots of the (A) tunneling electron-induced rotation rate of
R and § enantiomers of N-methylbutylamine with different STM tips;
the R rotor is represented in red, and the S rotor is represented in
blue. (B) Rotation rate ratios (Rateg/Rateg). Excitation conditions:
400 mV, 100 pA. Error bars reflect one standard deviation.

from each other in the same area of the surface with the same
STM tip state. Specifically, Figure S3 demonstrates that the
interaction of the STM tip with the three S enantiomers leads
to a slow (~2 Hz) rotation rate versus the same STM tip in the
same tip state interacting with the R enantiomers, which leads
to a faster (~8 Hz) rate. This data definitively demonstrates
that the interaction between the STM tip and the chiral
molecules is different depending if the R or S enantiomer is
probed and a classic diastereomeric relationship is observed.

Given that the rotational rate differences are physical
properties of the system, the STM tip itself must be chiral to
induce this diastereomerism.””%> To aid in this comparison,
the ratio of the rotational rates (Ratey/Rateg) for different
STM tips is shown in Figure 4B. Statistically significant ratios
above 1.0 represent STM tips that are chiral and favor
excitation of the R enantiomer, while ratios below 1.0 represent
STM tips that favor excitation of the S enantiomer. Ratios
closer to 1.00 come from STM tips with no measurable
chirality as the rotation rate of both enantiomers is equal
within error.

Bl CONCLUSIONS

A combined STM and DFT study of a new molecular rotor
system consisting of individual N-methylbutylamine molecules
bound to a Cu(111) surface is reported. Rotation around the
N—Cu bond gives increase to the chiral pinwheel appearance
of individual rotating molecules, and our complementary DFT
calculations enable the chirality of each individual molecular
rotor to be assigned. The results presented indicate that the
rotation of the molecules can be driven by tunneling electrons
with an energy of 360 meV or greater in a one-electron
process. Importantly, significant differences in the rotation
rates of R and S enantiomers of the molecule were observed,
and it was found that these differences change as the STM tip
has changed. These results highlight the diastereomerism

https://dx.doi.org/10.1021/acs.jpcc.0c10767
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arising from the interaction of a chiral STM tip and a chiral
molecule. The fact that rates differing by >100% were observed
between enantiomers indicate that care must be taken when
interpreting results from systems that involve electrical
contacts to single molecules like break junctions and scanning
probe experiments as unforeseen chirality of the metal
electrode (in this case, the STM tip) may lead to large
differences in rates of induced motion in the different
enantiomers of the molecule. Furthermore, in the future, it
would be interesting to study how different STM tip etchings
or cutting procedures affect the chirality of the STM tip as
measured by differences in rotation rates between enantiomers
and even the use of chiral etchant solutions that may yield tips
of one chirality. However, given the serial nature of
experiments, and the slow turnaround time for S K imaging
experiments, this would take years of work to produce
statistically significant data.
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