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ABSTRACT: Surface-bound molecular rotors provide a
useful way to study the structure and dynamics of molecular
motion at the single-molecule level. However, when most
molecules adsorb on a metal surface, their interaction with the
metal changes their properties dramatically, making a priori
design impossible. We report a case in which gas-phase
predictions of the stable orientations of a class of molecular
rotors hold true when they are attached to a surface. This
transferability is achieved by mounting the molecular rotor moiety on a metal−organic complex formed as an intermediate in
the surface-catalyzed Ullmann coupling reaction of 1-bromo-4-ethylbenzene versus 1-bromo-4-methoxybenzene. Gas-phase
calculations predict that, while the ethyl molecular rotor is most stable when oriented perpendicular to the phenyl ring, the
methoxy rotor’s stable orientation is in plane with the phenyl ring. Our STM imaging results confirm this behavior, with the
methoxy rotor exhibiting switching in plane with the surface versus the ethyl rotor, which switches out of plane with respect to
the surface. Furthermore, the two rotors exhibit different rotational excitation characteristics. Action spectra measurements
reveal that, while the threshold voltage for direct excitation of the rotational process of the ethyl rotor is identical to the
rotational barrier (45 meV), the methoxy rotors require a significantly larger applied voltage (300 mV) than the 128 meV
torsional barrier calculated for methoxybenzene in the gas phase. Density functional theory (DFT) calculations of a
methoxybenzene molecule on Cu(111) reveal that, while interaction with the Cu(111) surface does not change the preferred
orientations of the methoxy rotor, the barrier for rotation is raised to 246 meV, which is much closer to that observed
experimentally. This study offers insight into the factors determining the dynamics of molecular rotors based on both the
chemical nature of the rotor and its interaction with the surface.

1. INTRODUCTION

Harnessing and controlling the motion of single molecules is a
necessity in the fabrication of nanodevices ranging from fluid
pumps to microwave signaling applications.1−15 In order to
create complex artificial molecular machines, a deep and
thorough understanding of their molecular structure and
dynamics is required.7,16−26 While mounting molecular
machines on surfaces offers the advantage that they can be
organized and addressed at the single-molecule level, most
often interactions with the surface dramatically alter their
properties. Most surface-bound molecular rotors found in the
literature tend to be azimuthal, where the axis of rotation is
defined as being perpendicular to the surface.9,11−13,27−29 For
this geometry, the rotor is in plane and often in close contact

with the surface. Meanwhile, cases of surface-bound altitudinal
rotors, being defined as the axis of rotation being parallel to the
surface, tend to be relatively few.29−31 These rotors operating
on different axes will function differently when applied in
various devices and offer the potential advantage that the rotor
can be switched out of contact with the surface.1−31

Using low-temperature scanning tunneling microscopy (LT-
STM), we previously examined the formation and surface
diffusion of Ullmann coupling intermediates on Cu(111); an
example schematic is shown in Figure 1.32,33 The reaction was
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tracked from the aryl halide reactant, through to metal−
organic intermediates, and finally the cross-coupled biphenyl
product.32 It was generally found that the aromatic sections of
the reactants and the final products laid flat on the surface, but
the phenyl groups of the intermediate stage were angled 30−
45° off of the surface.34−36 The intermediates were formed as a
Cu atom was removed from the surface, creating a structure
that was angled away from the surface with the ethyl rotor in a
para position.31−33,36 The rotation of the C sp2−C sp3 bond of
the ethyl rotor of ethylbenzene has been widely studied, and
the energies of the conformations in liquid and solid phases
have been identified using IR and Raman spectroscopy.37 The
most stable conformation has the ethyl chain oriented
orthogonal to the plane of the benzene ring, while the least
stable conformation has the ethyl chain oriented parallel to the
plane of the benzene ring.37 The barrier of rotation for the C
sp2−C sp3 bond has been calculated to be 40−80 meV
depending on the conformation of the ethyl chain.37,38 With a
dearth of characterization information on ethylbenzene and 1-
bromo-4-ethylbenzene, it still remains difficult to predict how
changing a substituent on the 1-bromo-4-ethylbenzene
precursor molecule may impact the rotor dynamics of the
intermediates. For example, in terms of small alterations to
molecular structure, a previous study found differences in
terms of 2D rotor array formation and correlated switching
behavior of the Ullmann coupling intermediates on Cu(111)
when only one atom of the precursor was different: 1-bromo-4-
ethylbenzene vs 4-bromo-1-ethyl-2-fluorobenzene.39

In this study, we replace the ethyl rotor group with methoxy
to investigate its effects on rotor dynamics. We find that
swapping −CH2− for −O− has a significant impact on the
stable orientations of the rotors, their switching dynamics, and
molecular interactions with the surface, which results in the
different assembly and switching behaviors of the 2D rotor
arrays. The most stable conformations of the ethyl rotor are
when it is oriented orthogonal to the plane of the benzene ring,
as expected from the gas-phase calculations of ethylbenzene.
The gas-phase calculation of methoxybenzene indicates that
the most stable conformations of the methoxy rotor are when
it is parallel to the plane of the phenyl ring. Our results indicate
that, in addition to forming different 2D structures, the
increased interaction of the methoxy rotor with the Cu(111)
surface flattens the metal−organic complex and raises the
rotational barrier, but the preferred rotor orientations
predicted for the gas-phase molecule are maintained.

2. EXPERIMENTAL METHODS
All LT-STM experiments were performed in an Omicron
Nanotechnology GmbH low-temperature microscope, operat-
ing under a base pressure of <1 × 10−11 mbar. The MaTecK
Cu(111) single-crystal’s cleaning procedure consisted of
multiple cycles of Ar+ bombardment and 1000 K anneals.
Prior to molecular deposition, the cleanliness of the crystal was

determined by STM. Etched W tips were used to record all
STM images. 1-Bromo-4-ethylbenzene and 1-bromo-4-me-
thoxybenzene were acquired at 99.9 and 99% purity,
respectively, and degassed by multiple freeze/pump/thaw
cycles. The 1-bromo-4-ethylbenzene and 1-bromo-4-methox-
ybenzene were vapor deposited onto a Cu(111) sample held at
5 K through a collimated molecular doser attached to a
precision leak valve. Anneals from 5 K were performed in order
to equilibrate the molecular ensembles and to initiate the
conversion of Ullmann coupling precursor molecules into
intermediate structures via removing the sample from the
cryogenically cooled stage of the STM and placing it into a
sample holder held at room temperature in the UHV chamber
for a predetermined length of time. Anneals above 300 K were
performed using a resistively heated manipulator arm. The
crystal was then cooled back to 5 K by putting it back into the
STM stage for high-resolution imaging and spectra collection.
Reflection absorption infrared spectroscopy (RAIRS) experi-

ments were conducted in an UHV chamber with a base
pressure of less than 5 × 10−11 mbar. Spectra were collected
with a Bruker Tensor II spectrometer and a HgCdTe (MCT)
detector. Light was directed from the spectrometer, onto the
Cu(111) crystal at a grazing angle, and back out to the
detector using a series of gold-coated mirrors encased in a dry
air purge box. Chamber windows were made of ZeSe to
prevent loss of IR radiation. Spectra were collected with 4
cm−1 resolution, and both the background and the sample
spectra were averaged over 2000 scans. Exposures of 1-bromo-
4-methoxybenzene (same sample as that described above)
were done using a precision leak valve. Spectra were
background-subtracted.

3. COMPUTATIONAL DETAILS
The energy of the ethylbenzene molecule was calculated at 10°
increments of rotation of the ethyl substituent. The energy of
the methoxybenzene molecule was calculated at 1° increments
of rotation of the methoxy substituent.40 The calculations in
the gas phase were performed using the Gaussian 09 Software
package with the B3LYP functional and the 6-311+ G(d,p)
basis set.40 The dipoles of both ethylbenzene and methox-
ybenzene were calculated using the ESP charges according to
the Merz−Singh−Kollman scheme of the respective atoms,
with hydrogens summed into heavy atoms.
The interaction between the methoxy rotor and the

underlying Cu(111) surface was quantified by modeling the
adsorption of methoxybenzene on Cu(111), where the
corresponding density functional theory (DFT)-based calcu-
lations were performed within the Vienna ab initio simulation
package (VASP).41,42 The Projector Augmented Wave (PAW)
method was employed for computationally efficient treatment
of wave functions of core electrons using the data set released
in 2012 for VASP 5.2.43,44 Electronic exchange and correlation
were treated under the Generalized Gradient Approximation

Figure 1. Schematic of the Ullmann coupling reaction of 1-bromo-4-ethylbenzene on Cu(111). The Ullmann coupling intermediate has ethyl
groups that rotate. The preferred rotor orientations are indicated with the up−down positions of the ethyl groups.
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(GGA) using the optb86b-vdW functional,45 where van der
Waals corrections have been included.46,47 We used a cutoff
energy of 500 eV for the plane-wave basis set. The surface was
modeled as a p(5 × 5) Cu(111) surface supercell consisting of
four atomic layers with the bottom two layers fixed and a
vacuum spacing of 15 Å. A theoretical bulk Cu lattice constant
of 3.599 Å was computed through symmetrically constrained
optimization of the primitive Cu unit cell (fcc) using a (20 ×
20 × 20) non-γ-centered Monkhorst−Pack k-point grid, which
agrees with previously reported experimental and theoretical
values.45,48 Electronic convergence was considered achieved
when the total energy change between subsequent self-
consistent field steps was less than 10−4 eV.42 Geometries of
the structures were considered optimized when forces on all
relaxed Cartesian degrees of freedom dropped below 0.02 eV/
Å. A (4 × 4 × 1) γ-centered mesh was used to sample the
Brillouin zone in all slab calculations. The adsorption site of
methoxybenzene on Cu(111) was systematically scanned on all
possible sites available on Cu(111) and is discussed in the
Supporting Information (see Figures S1 and S2). The
methoxybenzene on the Hcp 0-C1 site was found to be the
most energetically favorable and was chosen as the initial state
for the dihedral angle rotation barrier calculation of the
methoxy group on the Cu(111) surface.
The dihedral angle rotation barrier was computed using the

climbing image nudged elastic band (CINEB) method.49

Projected force minimizations for all images along this pathway
were performed using a simple quick-min algorithm.50 To
verify that the transition state lay on a saddle point, a
vibrational mode analysis was performed to ensure that the
structure has the required imaginary mode. The convergence
criteria for total energy and interatomic forces were set to 10−4

eV and 0.03 eV/Å, respectively. A finite difference step size of
0.01 Å was used for the Hessian matrix construction. Charge
transfer between the surface and the molecule at each step in
the minimum-energy pathway was visualized through a
differential charge analysis at isosurfaces of 0.005 and 0.0005
e/Bohr3 in the VESTA 3 software.51 The charge density
difference was calculated according to the expression given in
eq 1

n r n r n r n r( ) ( ) ( ) ( )methoxy Cu(111) Cu(111) methoxyΔ = − −+
(1)

where nmethoxy+Cu(111), nCu(111), and nmethoxy denote the charge
density for the methoxybenzene adsorbed on a Cu(111)
surface, the Cu(111) slab, and the gas-phase methoxybenzene
molecule, respectively.

4. RESULTS AND DISCUSSION

The progression of the Ullmann reaction of 1-bromo-4-
methoxybenzene was tracked from the precursor molecules,
through the intermediates, to the dimethoxybiphenyl products.
This allows for characterization of the relevant steps of the
reaction, as shown in Figure 2. Upon deposition onto the Cu
sample held at 5 K and annealing to 120 K, 1-bromo-4-
methoxybenzene adsorbs in large-scale ordered arrays
consisting of a trio of molecules with the bromine groups
facing toward the center of the trimer (Figure 2A). The
intermediate structure is formed by annealing the sample to
220 K, followed by further cooling to 5 K for imaging (Figure
2B). Further annealing the sample to 400 K yields the final
product 4,4′-dimethoxybiphenyl (Figure 2C).
Although there are only slight differences in molecular

structure, the domains formed by the 1-bromo-4-methox-
ybenzene Ullmann intermediates (Figures 2B and 3A) differ
greatly from that of 1-bromo-4-ethylbenzene intermediates
(Figure 3B). On closer inspection, the individual intermediates
of 1-bromo-4-methoxybenzene appear to have either a sigmoid
shape (S-shaped; blue box, Figure 3A) or crescent shape (C-
shaped; green box, Figure 3A). These shapes directly
correspond to the orientation of the methoxy rotors adopting
either a cis or trans configuration. Meanwhile, the 1-bromo-4-
ethylbenzene intermediates have a dumbbell shape, with the
ends being either bright or dim, which directly corresponds to
the orientation of the ethyl rotor facing away from the surface
or toward the surface, respectively (orange box, Figure
3B).31−34 This difference in rotor orientation not only affects
how the molecules arrange themselves but also shows how the
bound phenyl groups lie.32−37

Figure 2. Progression of the Ullmann coupling reaction of 1-bromo-4-methoxybenzene tracked with STM imaging at 5 K on Cu(111). (A)
Precursor molecules (1-bromo-4-methoxybenzene) are dosed on a Cu(111) surface and annealed to 120 K. (B) Annealing to 220 K enables C−Br
bond cleavage and yields the surface-bound intermediate. (C) Product formation occurs when the intermediates are heated to 400 K. Individual
molecules are highlighted within a red box. The orange circles highlight the bromine adatoms. Scanning conditions: (A) +50 mV, 100 pA; (B)
+100 mV, 200 pA; (C) +200 mV, 200 pA. Scale bar: 2 nm.
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To study the rotational behavior of the Ullmann coupling
intermediates, tunneling current versus time experiments (I(t))
were performed. In these experiments, the STM tip was placed
next to the extremity of a rotor group of a given molecule
isolated from the domains (in this case, either the ethyl or
methoxy group). The feedback loop was then turned off, a bias
was applied, and the resultant tunneling current was recorded
as a function of time. Because the STM tip position and the
alignment of the given molecule with respect to the underlying
surface did not change, the fluctuations in tunneling current
indicate changes in the orientation of the given rotor unit.
Figure 4B shows a 1-bromo-4-methoxybenzene intermediate
starting off in a trans configuration, and after the I(t)
measurement, the intermediate has a cis configuration. The

resulting I(t) trace shows two stable states labeled 1 and 2,
respectively, in Figure 4C. These states directly correlate with
the observed stable orientations of the methoxy tail, shown in
the lower panel of Figure 4C. State 1 shows that the methoxy
rotor is orientated toward the tip, thus resulting in a larger
current. On the other hand, in state 2, the methoxy rotor is
orientated away from the tip, resulting in a drop in current.
When I(t) measurements were performed on the ethyl rotor

of the 1-bromo-4-ethylbenzene intermediate, similar observa-
tions were made, as shown in Figure 5, albeit the individual
up/down states of isolated molecules cannot be seen directly in
the STM images. However, the I(t) spectra exhibit two stable
states of the tunneling current, consistent with switching
between the two most stable orientations of the ethyl rotor:

Figure 3. STM images of Ullmann coupling intermediates at 5 K. (A) STM image of a domain of the Ullmann coupling intermediates of 1-bromo-
4-methoxybenzene. The inset shows a close-up of a section of the domain, where individual molecules with different methoxy orientations are
highlighted in blue and green. The proposed molecular structures, alongside their respective highlighted molecules, are shown in their respective
(blue and green) colored boxes on the right. (B) STM image of a domain of the Ullmann coupling intermediates of 1-bromo-4-ethylbenzene. The
inset shows a close-up of a section of the domain, where an individual molecule is highlighted in orange. The top- and side-view molecular structure
of the individual highlighted molecule is shown in the orange box on the right. Imaging conditions: (A) +100 mV, 50 pA; scale bar: 4 nm; inset
scale bar: 1 nm; (B) −10 mV, 10 pA; scale bar: 4 nm; inset scale bar: 1 nm.

Figure 4. (A) Chemical structure and side-view schematic of the surface-bound intermediate of 1-bromo-4-methoxybenzene. (B) LT-STM images
of an individual surface-bound intermediate of 1-bromo-4-methoxybenzene before (left) and after (right) an I(t) measurement, where the blue
arrow indicates the placement of the STM tip. The orientation of the molecule is indicated with dashed black lines, for clarity. Scanning conditions:
+400 mV, 100 pA. Scale bar: 0.5 nm. (C) I(t) tunneling current vs time trace. The two regions highlighted correspond to the two stable
orientations of the methoxy group with respect to the phenyl ring. The two stable methoxy rotor orientations are modeled with the location of the
STM tip, below the spectrum. Excitation conditions: +300 mV, 150 pA.
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either toward or away from the surface. State 1 indicates that
the ethyl rotor is oriented away from the tip (down), while
conversely state 2 indicates that the ethyl rotor is orientated
toward the tip (up).
To understand the molecular origin of the different

properties of the two intermediates formed by 1-bromo-4-
methoxybenzene vs 1-bromo-4-ethylbenzene, theoretical cal-
culations were performed to examine the rotation of the O−C
sp3 bond of methoxybenzene and the rotation of the C sp2−C
sp3 bond of ethylbenzene in the gas phase (Figure 6A). The
rotational barrier is much higher for methoxybenzene, and
furthermore, the theoretical calculation of the methoxybenzene
rotation differs significantly from that of the ethylbenzene in
terms of the location of the energy maxima and minima. These
results indicate that the most stable conformations of
ethylbenzene are those where the rotors are orthogonal to
the plane of the phenyl ring, i.e., the up and down orientations
(rotation angles of −90 and 90°; red dashed line in Figure 6A).
The most stable conformations of methoxybenzene, on the
other hand, are those where the rotors are parallel to the plane
of the benzene ring (rotation angles of 0 and 180°; blue solid
line in Figure 6A). In the case of the 1-bromo-4-ethylbenzene,
the experimentally measured barriers and rotor orientations
match the calculated orientational minima for ethylbenzene as
well as the magnitude of the torsional barriers for rotation of
the ethyl group.31,37 The STM switching data collected for the
1-bromo-4-methoxybenzene intermediate are also consistent
with the methoxybenzene gas-phase calculation; in that, the
methoxy rotors in the STM images lie parallel rather than
orthogonal to the surface (Figure 6B).
In order to compare and contrast the excitation mechanism

of the ethyl and the methoxy rotors, we performed action
spectroscopy. Action spectroscopy is performed by having the
feedback loop switched off, where the molecule is excited while
its rate of rotation can be monitored by recording changes in
the tunneling current. The rotation rate is then measured as a

function of applied bias at a constant tunneling current.52 The
action spectra in Figure 7A show that the rate of methoxy
group rotation is extremely low at biases < 300 mV, whereas
above this threshold the rate of rotation increases sharply. The
action spectra being symmetrical about 0 V is characteristic of
inelastic electron excitation of a molecular vibration that is
insensitive to the direction of electron flow.53 Furthermore,
when the tunneling current dependence of the rotation rate is
plotted for an excitation, voltages at the barrier are consistent
for a one-electron process, as shown in the inset of Figure 7B,
versus a multielectron process below the barrier.53−55 This also
supports the mechanism being inelastic excitation of the rotor
with a barrier less than 300 meV.
We note that the experimental results for the rotational

switching of the methoxy rotor occurs at a larger energy than
the calculated gas-phase rotational barrier of 128 meV (Figure
6A). The experimental barrier of 300 meV does not match
with any vibrational modes of the methoxy rotor.56−58

Furthermore, in the RAIRS spectra shown in Figure 8, there
is an absence of any strong vibrational bands in the 300 meV
range (2419 cm−1). It is important to note that the methoxy
rotor does not lie completely parallel but rather is slightly tilted
off the plane of the surface, as indicated with the presence of
the 2895 cm−1 peak corresponding to the symmetric stretch
mode of the CH3 group.
Considering that the STM experiments were performed on

lone molecules, there is a lack of lateral interactions to stabilize
the orientation of the methoxy rotor, which further points to
interactions with the underlying surface having a greater effect.
The influence of the Cu(111) surface toward the dihedral
rotation barrier of the methoxy group was therefore
investigated using a DFT-based model starting from the
ground-state configuration of methoxybenzene (the hcp 0-C1
site; see Figures S1 and S2) so as to better rationalize the
experimental results. This model also converged with the rotor
laying parallel to the surface, which is consistent with the

Figure 5. (A) Chemical structure and side-view schematic of the surface-bound intermediate of 1-bromo-4-ethylbenzene. (B) STM image at 5 K of
a single molecule of the intermediate with a blue arrow indicating the position where I(t) measurements were taken. Scan conditions: +30 mV, 100
pA. Scale bar: 1 nm. (C) I(t) spectra measurement trace. The two regions highlighted correspond to the two stable orientations of the ethyl group
with respect to the phenyl ring. The two stable ethyl rotor orientations are modeled with the location of the STM tip, below the spectrum.
Excitation conditions: +50 mV, 5 pA.
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experimental findings that suggest that the methoxy rotor lies
much flatter with respect to the Cu(111) surface than the ethyl
rotor system. A 180° dihedral rotation barrier of 246 meV was
obtained for the methoxy group, as shown in Figure 9A, which
is within DFT error of the experimental value of 300 meV. To
understand the influence of the Cu(111) surface on the barrier,
a differential charge analysis was conducted, and the calculated

dipole moment of the methoxy bond was compared to that of
the ethyl group on their respective molecules.
Through the differential charge analysis shown in Figure 9B,

we find no charge transfer at an isosurface of 0.005 e/Bohr3.
There is minimal electron transfer between the molecule and
the surface even at an isosurface of 0.0005 e/Bohr3. As
adsorption sites are all roughly equivalent in energy (Figure

Figure 6. (A) Gas-phase rotational barrier around the O−C sp3 bond of a methoxybenzene molecule (solid blue line). Schematics of
conformations at dihedral angles of −90, 0, 90, and 180° from both top- and side-views are shown below the graph. The gas-phase rotational barrier
around the C sp2−C sp3 bond of an ethylbenzene molecule is also included for comparison (red dashed line). (B) LT-STM images of an individual
surface-bound intermediate of 1-bromo-4-methoxybenzene before (top) and after (bottom) an I(t) measurement, where the blue arrow indicates
the placement of the STM tip. The orientation of the molecule is indicated with dashed black lines, for clarity. Scanning conditions: +400 mV, 100
pA. Excitation conditions: +300 mV, 150 pA.

Figure 7. (A) Action spectra for the Ullmann coupling intermediate of 1-bromo-4-methoxybenzene; plot of rotation rate vs bias. (B) Natural
logarithm of the rotation rate as a function of the natural logarithm of the tunneling current for various applied electron energies. The lines are
power law fits to the data, and the slope of the line, N, gives the electron order, i.e., one- vs multiple-electron induced rotation. The power law fits
for 100 and 300 meV are indicated with a green dotted line and blue dashed line, respectively.
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S2), we expect that the potential energy surface (PES) of
methoxybenzene on Cu(111) is flat. While distinct chemical
bonding would be characterized by steep valleys in the PES, a
flat one indicates the lack thereof. Furthermore, the bond
length between the molecule and the Cu(111) surface was
approximately 3 Å, which has been suggested to be typical for
physisorption.59,60 These observations are supported in the
literature by a similar conclusion for benzene on Cu(111) and
Ag(111) surfaces.59,61 Like methyl, we expect methoxy to be a
relatively weak activating group.60 We can thus speculate that
the adsorption of methoxybenzene on Cu(111) is dominated
by dispersion forces and that the dihedral angle rotation barrier
of the methoxy group is not convoluted by chemical bonding
between the methoxy group and the surface.
The interaction between the methoxy and ethyl rotors and

the Cu(111) surface were examined in terms of dipole−dipole
interaction. In our gas-phase calculations, the dipole moment
for the methoxy group was 1.95 D, while −0.27 D was
obtained for the ethyl group in ethylbenzene. Taking into the
account the polarizability of a Cu(111) surface, the much
larger dipole of the methoxy rotor, causing a stronger dipole
interaction with the surface, may have been the key reason for
the higher dihedral rotation barrier as compared to that for the
ethyl rotor. This stronger dipole−dipole interaction with the
surface could not have been captured through the gas-phase
barrier calculation of the methoxy rotor, which rationalizes the
previous underestimation of the rotational barrier.

5. CONCLUSIONS
We observed that simply switching the −CH2− moiety of an
ethyl molecular rotor to −O− leads to a significant change in
rotational behavior in terms of both the stable rotor
orientations and the barrier to rotation. The rotor orientations
are consistent with the local minima calculated in the
respective gas-phase DFT-based calculations, but surface
interactions change both the 2D molecular rotor array
structure and switching rates. Unlike the ethyl rotor where
switching is induced at voltages above 45 meV via a one-
electron process (which matches the gas-phase calculations),
the methoxy rotor begins switching only at voltages (300 mV)
far greater than the gas-phase calculated barrier of 128 meV.

This discrepancy is attributed to the greater interactions of the
methoxy group with the underlying Cu(111) surface, which
serves to increase the torsional barrier but, crucially, does not
change its favored conformations. By modeling the adsorption
of methoxybenzene on Cu(111), we found with DFT that the
phenyl ring and methoxy functional group both lie nearly
parallel with the underlying surface, in support of the
experimental results. The influence of the surface was
deconvoluted by recalculating the rotation barrier of the
methoxy group when methoxybenzene is adsorbed on
Cu(111). This resulted in a 246 meV barrier, which is much
larger than the calculated gas-phase barrier of 130 meV and
closer to the experimentally observed 300 meV value. Given
that the potential surface energy is flat and charge transfer
between methoxybenzene and Cu(111) is poor, we suspect
that the molecule interacts with the underlying Cu(111)
largely through dispersion forces. The larger dipole of the
methoxy rotor (1.95 D) as compared to that of the ethyl rotor
(−0.27 D) supports the hypothesis that the dipole−dipole
interaction with the Cu(111) surface is stronger for the methyl
rotor, resulting in a higher rotation barrier. With an absence of
vibrational modes of the rotor complex measured with RAIRS,
we postulate that the rotation of the methoxy rotor occurs via
direct excitation at the rotational barrier energy (300 meV),
and we show experimentally that this is via a one-electron
inelastic tunneling process. With this study, we have shed some
light on the significance of subtly different chemical moieties in
rotary groups of surface-bound Ullmann coupling intermedi-
ates and the degree to which their behavior compares with
simple gas-phase calculations. This “gas-phase first” approach
may prove an effective starting point when designing surface-
bound molecular rotors and switches as calculations involving

Figure 8. RAIRS spectra for the Ullmann coupling intermediate of 1-
bromo-4-methoxybenzene on Cu(111). Spectra collected after a 10 L
exposure of 1-bromo-4-methoxybenzene to Cu(111) held at 250 K. A
blank spectrum prior to any reactant exposure is included to show
similarity of the gas-phase CO2 region, indicating a strong mode due
to the coupling intermediate not being present in this region.

Figure 9. (A) DFT-calculated minimum-energy pathway to rotate the
methoxy group of methoxybenzene by 180° when it is absorbed at its
most favorable adsorption site. The corresponding images of each
number is shown in (B), where 0 and 7 indicate the initial and final
states, respectively. Each image is overlaid with isosurfaces of 0.005
(column 1) or 0.0005 e/Bohr3 (column 2). The blue overlayer
represents charge loss, and the yellow overlayer represents charge
gain.
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the large Ullmann coupling intermediates on surfaces are
prohibitively computationally expensive. We envision a wider
range of molecular switches incorporating other properties
such as chirality or rotors tuned with addition of other groups
at ortho or meta positions on the phenyl ring that can lead to
more complex and controllable switching properties.
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