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Chiral surfaces offer great potential as a medium for enantioselective synthesis or separation, yet their dynamic
enantiospecific interactions with adsorbates are not well understood. Here, the influence of chiral surfaces
on the molecular rotations of desorbing molecules is investigated. Formic acid desorption from Cu{531} and
Cu{110} serve as model systems for desorption processes of an achiral adsorbate from a chiral and an achiral
surface. Our first-principles molecular dynamics study reveals a much larger and more directed angular
momentum for molecules desorbing from the chiral surface, and a clear preference for one sense of rotation.
This result provides new insight into desorbtion and adsorption processes and propensities on chiral surfaces.

Chirality can manifest itself in both structure and dy-
namics. While structural chirality is of great interest in
many different fields, such as pharmaceutical design, pri-
marily at molecular length scales, chiral motion is harder
to analyse, and is often only accounted for as a macro-
scopic property. Despite this difference in length scales,
there have been various attempts to establish causal re-
lationships between them. One such attempt was pub-
lished recently, reporting targeted formation of chiral
supramolecular structures from achiral monomers by ap-
plying a vortex motion throughout the aggregation pro-
cess.1 If macroscale rotational chirality can be linked to
chiral nanoscale structures, it is likely that such connec-
tions can also be found within a single length scale. State-
of-the-art molecular beam experiments have investigated
the influence of stereodynamics on surface reactions, and
several techniques to select molecules according to their
rotational state have been developed.2 It has been shown
that adsorption and reaction probabilities can differ, de-
pending on the rotational state of the molecule, but up
to this point without regard to the sense of the rotation,
i.e. its chirality.3 Herein, we report such a link between
a structurally chiral state of an achiral, surface-adsorbed
molecule and its chiral molecular rotation upon desorp-
tion. We analyse the desorption of formic acid as a simple
achiral molecule from the chiral R(D)-Cu{531} surface as
a model system by means of first-principles molecular dy-
namics (MD) based on density functional theory (DFT).
Chiral surface systems have been studied for some time4

but coupling of surface asymmetry to the rotational mo-
tion of adsorbates has not, to the best of our knowledge,
been previously discussed.

Extracting reactive trajectories that are connected to
an adsorption and dissociation event from a sample with
random initial parameters is computationally very expen-
sive at typical sticking factors of approx. 0.1 for formic
acid on copper at 300 K.5 Based on the principle of mi-
croscopic reversibility, we therefore employed a method
using only desorption trajectories that pass through the
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transition state for formic acid dissociation on the cop-
per surface. This method has previously been success-
fully applied to reveal vibrational mode specificity for
the chemisorption of methane on metal surfaces.6–8

To determine the transition state necessary for initial-
ising the MD simulations, the adsorption geometries of
formic acid and formate on Cu{531} and Cu{110} first
had to be determined. All DFT calculations have been
performed with the CASTEP code (Version 18.1)9 us-
ing the PBE exchange-correlation functional,10 ultrasoft
pseudopotentials11 and a cut-off energy of 500 eV for the
plane-wave basis. To account for long-range molecule-
surface interactions, the Tkatchenko-Scheffler dispersion
force correction scheme12 was utilised. More computa-
tional details can be found in the SI. Careful sampling
of different initial geometries on the Cu{531} surface en-
abled identification of the most stable adsorption geome-
tries for both formic acid and formate above the (110)
microfacet, as shown in the left and right panels of Fig-
ure 1 (more details in Sec. 2 of the SI). To the best of
our knowledge, the adsorption and dissociation of formic
acid on Cu{531} have not previously been studied, ex-
perimentally or computationally.

When adsorbed on Cu{110}, formate adopts a biden-
tate geometry, occupying the short bridge (sb) site of
a close-packed row.13–15 Such an arrangement has been
assumed here, and the hydrogen atom liberated upon
adsorption was placed at an sb site of an adjacent close-
packed row. As shown in the left panel of Figure 2, the
most stable geometry of formic acid on Cu{110} exhibits
its molecular plane parallel to the surface normal and
perpendicular to the close-packed rows of Cu, which is
consistent with DFT calculations for formic acid on the
structurally similar Cu{211} surface.16

Transition state searches connecting the most stable
geometries of formic acid and formate, thus likely yield-
ing the transition state that is lowest in energy and there-
fore most relevant for the desorption process, were ini-
tially surveyed with the LST-QST17 algorithm as im-
plemented in CASTEP. These candidate transition state
structures were then refined using hybrid eigenvector-
following18–20 in the OPTIM code in conjunction with
CASTEP energies and gradients until the root-mean-



Surface chirality influences molecular rotation upon desorption 2

FIG. 1. Formic acid dissociation on R-Cu{531}, atoms shown
in red (oxygen), black (carbon) and off-white (hydrogen) and
shades of blue (copper; brightest closer to the surface). (Left)
Formic acid, (middle) transition state, (right) formate and
hydrogen after dissociation.

FIG. 2. Formic acid dissociation on Cu{110}. (Left) Formic
acid, (middle) transition state, (right) formate and hydrogen
after dissociation.

square (RMS) gradient was smaller than 0.001 eV Å−1.
Finite-displacement calculation of molecular vibrations
revealed the expected normal modes and confirmed that
only a single normal mode frequency was imaginary, rep-
resenting the reaction coordinate (see SI for list of fre-
quencies). The same amount of kinetic energy for each
trajectory was distributed equally among these modes,
i.e. kBT in each normal mode apart from the reaction
coordinate, which due to its single quadratic degree of
freedom, was assigned only kBT/2 (T=300 K). This ini-
tialisation is based on the equipartition assumption for
the transition state. The phase of each vibrational mode
was chosen randomly, thus enabling the generation of
different initial velocities for MD trajectories with the
same amount of assigned kinetic energy. The key ques-
tion that our work will address is whether asymmetry in
the transition state survives the randomness of thermal
desorption to generate a robust asymmetry in the even-
tual rotational ensemble. We will focus particularly upon
the component of the angular momentum parallel to the
surface normal, since the pseudovector nature of spin im-
plies that a non-vanishing mean value of this component
is the signature of desorption from a chiral surface (see
SI).

MD simulations were performed using an NVE ensem-
ble (constant number N of particles, volume V, and total
energy E) and a time step of 0.5 fs. A total of 32 trajec-
tories were computed per surface, of duration 200 fs each,
which allows for full desorption and an eventual separa-
tion between surface and molecule of around 4 Å. Along
with the kBT kinetic energy assignment to the modes,
we noted that full desorption from the surface was only
achieved if another 1.2 eV of translational energy par-

allel to the surface normal (z-axis of the supercell) was
assigned to the molecular centre of mass. Here we fo-
cus on a subset of molecules from the high-energy tail
of the Maxwell-Boltzmann energy distribution. These
molecules with ‘hyperthermal’ kinetic energy6–8 associ-
ated with their surface-normal motion are precisely those
that are most likely to fully desorb and be amenable to
measurement in an experiment.

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 50 100 150 200

Cu{531}

Cu{110}

-1.0

-0.5

0.0

0.5

1.0

0 50 100 150 200

Cu{531}

-1.0

-0.5

0.0

0.5

1.0

0 50 100 150 200

Cu{110}

L
[1
0−

33
kg

m
2

s−
1
]

time [fs]

L z
[1
0−

33
kg

m
2

s−
1
]

L z
[1
0−

33
kg

m
2

s−
1
]

time [fs]

FIG. 3. Time evolution of the magnitude of the spin angular
momentum, L (left) and z-component of L (right) for each
trajectory on Cu{531} and Cu{110}. Red lines indicate the
mean values for each surface (left)/each population per sur-
face (right), while an error range of one standard deviation is
indicated in grey.

The angular momentum of the formic acid molecule,
L, is defined as

L =

N∑
i=1

(ri × vi)mi (1)

where N is the number of atoms, ri and vi are the posi-
tion and velocity vectors of atom i (both relative to the
centre of mass), and mi is its atomic mass. The left panel
of Figure 3 shows the time evolution of the modulus of
L for each trajectory on both surfaces, together with the
mean for each set. It is evident that formic acid molecules
desorbing from the two surfaces exhibit significantly dif-
ferent angular momenta after about 30 fs. On Cu{531}
a much larger L value is observed, which persists over
time, while the angular momentum on Cu{110} is smaller
(even at its maximum) and afterwards decays gradually
to a level similar to its initial value. The decline of the
angular momentum from its maximum is larger, in both
absolute and relative terms, for the achiral surface than
for the chiral one. Note that the angular momentum is
nonzero from the start because the vibrational modes are
perturbed by the surface at the transition state (see SI
for more computational details). The mean angular mo-
mentum is initially not much different between the two
surfaces, but its slope changes rapidly. We note that the
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FIG. 4. Time evolution of the angular momentum vector (dark blue), its mean (red) and the principal axes of I (green - IC ,
yellow - IB , orange - IA) of formic acid desorbing from Cu{531} after 62 fs and 200 fs, and from Cu{110} after 51 fs and 200 fs.

rotational effect is comparatively small, associated with
a maximum of 30 meV kinetic energy. It is, however, the
significant difference in both magnitude and time evo-
lution of the molecular rotation descriptors between the
desorption from chiral and achiral surfaces that is of in-
terest here.

The two right panels of Figure 3 show that the z-
component (parallel to the surface normal) of L is sig-
nificantly different for the two surfaces. In each case the
trajectories exhibit bimodal populations, with positive
and negative initial Lz. This bifurcation correlates very
well with the random phase assignment of mode num-
ber 8 (see Table 3 in the SI) being either positive or
negative. While the two populations on Cu{110} retain
their opposing signs, Lz on Cu{531} declines below 0 for
both populations and levels out at about -0.3 and -0.8
(10−33 kg m2 s−1), respectively. These values correspond
to an overall tilt out of the surface plane of 10◦ and 24◦,
and an average tilt of 15◦ for Cu{531}; the correspond-
ing angles are 22◦ and 27◦ for the two populations on
Cu{110}, averaging to just 2◦. Moreover, if one were to
average including mirror images of the Cu{110} transi-
tion state studied here, the mean Lz component for the
achiral system would vanish entirely. Lacking any degen-
erate mirror-image transition states, however, the same
will not be true for desorption from the Cu{531} surface.

Another important descriptor of the rotational prop-
erties for a three-dimensional object is the moment of
inertia and the corresponding principal axes. These axes
are defined by the eigenvectors of the moment of inertia
tensor, which is obtained from the positions of all atoms
in the formic acid molecule, again with respect to the
centre of mass. The diagonal elements of the moment of
inertia tensor are defined as Ixx =

∑
i mi(r

2
i − x2

i ) and
similarly for Iyy and Izz, using the Cartesian coordinates
xi, yi and zi of atom i. Off-diagonal elements are given
by Ixy = −∑

i mixiyi etc.
The angular momentum vectors at two different time

points of the trajectories for both surfaces, together with
the respective principal axes of the moment of inertia
and the molecule itself, are shown in Figure 4. In this
depiction, all three principal axes of the moment of iner-
tia are normalised to the same vector length. Taking the
respective eigenvalues of these eigenvectors into account
reveals that their magnitude ratio is actually 77:67:10
for the green:yellow:orange axes (following convention,
the labels IC , IB and IA will be used). Therefore, formic

acid behaves as an asymmetric top, with its long axis
(smallest moment of inertia) along IA and its short axis
(largest moment of inertia) along IC . To a reasonable ap-
proximation, however, one might alternatively consider it
as a pseudo-prolate top, since IB and IC are quite sim-
ilar in magnitude. Figure 4 clearly shows an alignment
around IC , which is much more pronounced on Cu{531}
than on Cu{110}, and that only one rotational sense is
present in the ensemble. Additionally, Figure 5 shows
a projection of the angular momentum vectors onto a
plane perpendicular to IC at different times during the
simulation.

FIG. 5. Representation of the spread of angular momen-
tum vectors for each desorption trajectory from Cu{531} and
Cu{110} at 20 fs, the time of maximum angular momentum
(62 fs and 51 fs, respectively) and at the end of the simulation
(200 fs). The vectors were projected onto a plane (shown in
grey in the inset as a schematic of the projection) normal to
the IC vector of the respective time and surface, located to
be intersected by IC at its normalised length. The x and y
directions are chosen to be parallel to IA and IB for each data
set.

Initially, the molecule experiences a kick from the for-
mation of the O-H bond, which occurs in roughly the first
10 fs of each trajectory. The induced angular momentum
has a significant component along IA with no preference
for a particular rotational sense around that axis and
only a small IC component. Over roughly the next 50
(40) fs the angular momentum vector associated with



Surface chirality influences molecular rotation upon desorption 4

desorption from Cu{531} (Cu{110}) increases in magni-
tude and aligns increasingly with IC , see Figure 4. Later
in the calculated trajectories, the magnitude of the angu-
lar momentum decreases, while the IA component of the
vector continues to fall. The decrease in magnitude must
be attributed to a surface-induced torque. Assuming that
the main surface-adsorbate interaction is that between
the carbonyl oxygen and the topmost copper atom to
which it is initially bonded, we propose that the decel-
eration of the molecular rotation stems from the torque
exerted while that bond is progressively broken. As the
distance to the surface increases, the interaction strength
between O and Cu gradually declines and eventually dis-
appears, as does its decelerating effect on the molecular
rotation. After 200 fs, the surface-adsorbate interaction
is negligible and the angular momentum should be un-
changed thereafter (but see SI for a discussion of interact-
ing periodic images), especially because IC is the princi-
pal axis with the largest moment of inertia and rotations
around that axis are stable against small variations.21

Isolated, freely rotating molecules will furthermore tend
to align their axis of rotation with their respective IC axis
over time due to energy dissipation and angular momen-
tum conservation. This could very well have caused the
molecules in this study to align with IC whilst still inter-
acting with the surface, but this will have to be subject
to further studies.

Our main result is that all angular momentum vectors
aligned along IC exhibit the same sense of rotation upon
desorption from Cu{531}. This result indicates a clear
overall preference for this sense of rotation, as no mir-
ror image of the transition state can exist. Applying the
principle of microscopic reversibility, this result trans-
lates into a higher probability for molecules with this ro-
tational sense to enter the most energetically favourable
reaction pathway for dissociative adsorption on a sur-
face of corresponding chirality. As net chirality has been
shown to persist even when idealised surfaces are modi-
fied by surface roughening,22,23 this effect might also be
observable on defective and thermally roughened chiral
surfaces. On Cu{110}, however, mirror-image transition
states are equally likely, and so molecules with the oppo-
site sense of rotation should be connected with symmetry
related transition states. Additionally, the larger IB com-
ponent in the angular momentum vectors on Cu{110}
(see Figure 5, right panel) and the rapid decay of the an-
gular momentum, shows that there is much less of a sig-
nificant, directed effect on the achiral surface even when
only a single transition state is considered.

In conclusion, we have demonstrated a relationship be-
tween structural surface chirality and chiral motion of
desorbing molecules, comparing the desorption of formic
acid from the chiral Cu{531} and achiral Cu{110} sur-
faces. Following the identification of the most energeti-
cally favourable reaction pathway for dissociative adsorp-
tion on both surfaces, we performed MD simulations of
formic acid desorption and analysed the time evolution
of rotational properties for desorbing molecules. On the

chiral surface, a much larger and more directed effect
on the molecular rotation was observed, with only one
rotational sense, a significant and non-vanishing surface-
normal component, and a much narrower spread of the
angular momentum vector compared to the achiral sur-
face. According to the principle of microscopic reversibil-
ity, these observations also hold true in time-reversal, i.e.
upon adsorption. This study therefore provides new in-
sight into the influence of rotation on adsorption prob-
abilities and in particular the likely influence of surface
chirality on such processes. We find that achiral reac-
tants with one sense of molecular rotation, which have
been shown to be experimentally accessible,24 should be
much more likely to undergo adsorption and reaction pro-
cesses on a chiral substrate than those with the opposite
rotational sense. This effect has the potential to open up
entirely new applications for chiral surfaces and inspire
the design of new experiments.
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