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Abstract.

In molecular nanotechnology, a single molecule is envisioned to act as the
basic building block of electronic devices. Such devices may be of special
interest for organic photovoltaics, data storage, and smart materials. However,
more often than not the molecular function is quenched upon contact with a
conducting support. Trial-and-error-based decoupling strategies via molecular
functionalisation and change of substrate have in many instances proven to
yield unpredictable results. The adsorbate-substrate interactions that govern the
function can be understood with the help of first-principles simulation. Employing
dispersion-corrected Density-Functional Theory (DFT) and linear expansion
Delta-Self-Consistent-Field DFT, the electronic structure of a prototypical
surface-adsorbed functional molecule, namely azobenzene adsorbed to (111) single
crystal facets of copper, silver and gold, is investigated and the main reasons
for the loss or survival of the switching function upon adsorption are identified.
The light-induced switching ability of a functionalised derivative of azobenzene on
Au(111) and azobenzene on Ag(111) and Au(111) is assessed based on the excited-
state potential energy landscapes of their transient molecular ions, which are
believed to be the main intermediates of the experimentally observed isomerisation
reaction. We provide a rationalisation of the experimentally observed function
or lack thereof that connects to the underlying chemistry of the metal-surface
interaction and provides insights into general design strategies for complex light-
driven reactions at metal surfaces.
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1. Introduction

A key prerequisite to develop applications of molecular
nanotechnology is the ability to selectively and
reversibly change measurable properties of single
molecules. Materials and techniques which enable this
are important for molecular-level optoelectronic device
integration,[I] molecular circuits, [2] ultrasensitive
molecular sensors, [3] and plasmonic reaction control
at nano-structured interfaces. [4]

Single molecules that can be reversibly switched
between two or more distinguishable states, so-called
molecular switches, provide an interesting playground
for molecular device design. [5] The changes between
these states can be in the form of discrete modifications
to the molecular conformation, the chemical state,
the magnetic state, or other measurable molecular
properties. Embedded in a matrix [6], in porous
metal-organic frameworks [7] or adsorbed at well-
defined surfaces [8], such molecules are envisioned to
be switchable individually or in domains, and the
corresponding changes have to be detectable in terms
of simple electric or spectroscopic signatures. In
practice, this is an intricate task, because the function
of molecular switches depends on a delicate balance
of different intra- and intermolecular interactions,
but also on the interactions with the environment.
Conducting electrodes, such as metal substrates are
of special interest as support due to the direct
contact of the molecule to a conductor and the
prospects of controlling function via an applied
voltage or via introducing novel functionality due to
electronic coupling. However, the strong molecule-
metal coupling can readily lead to a loss of function —
if the intermediate electronic states are quenched, the
reaction pathway is hindered, or more fundamentally,
the basic stability of the equilibrium geometries
changes. [9] 10]

Although clear-cut design strategies are still lack-
ing, a large variety of molecular switches is cur-
rently investigated for their functionality. Explorative
substrate-variation and molecule functionalisation
have led to many switchable metal-organic interfaces
including molecules that undergo changes due to chem-
ical reactions [I1], conformational changes [12], switch-
ing between chemisorbed and physisorbed states [13],
or magnetic spin transitions [I4, [I5]. The means
to induce such switching range from light irradiation
to thermal activation [I6] and inelastic electron tun-
nelling [I7]. These fundamental studies have led to fas-
cinating prototype applications such as molecular mo-
tors or machines [I8] [19, 20] and optically contractable
polymers [21].

Azobenzene (Ab) and its derivatives represent one
of the best studied classes of molecular switches. Its
ability to change between an E and a Z conformation
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Figure 1. (a) Schematic view of the relevant degrees of
freedom for the on-surface isomerisation between E and Z-Ab on
a Ag(111) surface via a transition state (TS) along the dihedral
rotation of the central di-nitrogen bond. N atoms are shown in
blue, C atoms in grey, and H atoms in white. The Ag atoms are
shown as van-der-Waals spheres. Relevant geometry parameters
are defined: z refers to the vertical adsorption height of the
N atoms, w refers to the dihedral angle around the di-nitrogen
bond (CNNC), « refers to the CNN bending angles. The bottom
panels show equilibrium gas-phase structures of isolated (b) E-
Azobenzene (E-Ab), (¢) Z-Ab, (d) E-3,3’5,5-tetra-tert-butyl-
Azobenzene (E-TBA), and (e) Z-TBA.

around the central N-N double bond (cf.  Fig.
upon light irradiation depends not only on an
efficient excited-state reaction channel, but more
fundamentally on the sheer fact that two meta-stable
states coexist in the ground state and are fairly
stable at the experimental conditions. Owing to time-
resolved photoexcitation experiments and quantum
dynamics simulations, the electronic and atomistic
details of the gas phase photoswitching mechanism are,
by now, quite well understood [22], 23, [24]. For a review
of the literature see Ref. [25] or [26] page 37.

The persistence or loss of switching function of
Ab and its derivatives directly adsorbed to noble
metal surfaces, such as close-packed facets of coinage
metals, has been intensively studied [12, 27, 28]
29, B0, BIL B2]; no light-induced switching of pure
Ab on Ag(111) or Au(111) has been observed to
date. [33] The lack of photo-induced function has
been attributed to three main factors: overly strong
coupling to the surface, quenching of the excited states
involved in the isomerisation, and steric hindrance
due to strong dispersion interactions between the
phenyl rings of the molecule and the underlying
surface. [34] However, successful switching of Ab
on Au(111) via resonant electron tunnelling through
a Scanning Tunnelling Microscopy (STM) tip [I7],
suggests that there are additional factors at play when
comparing different substrates. In all experimental
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studies, successful switching has been verified either
by significant changes to spectral features, such as
Two-Photon-Photoemission (2PPE) resonances, or by
visual inspection of STM topograph changes.

Molecular functionalisation strategies to decouple
the photochromic azo-moiety from the surface follow
the basic ideas of either geometrically decoupling the
central di-nitrogen bridge from the surface with spacer
groups [35], B3, 6], introducing a modified switching
process via strongly chemically active functional
groups [28, B} 32], or via combination of Ab units
into sterically constrained tripods. [36] Comstock et al.
tested the former by analysing the switching behaviour
of Ab and Ab substituted with tert-butyl groups
at the two phenyl para positions and the four meta
positions (DBA and TBA, respectively) when adsorbed
to Au(111). [33] The authors were able to detect a
switched state of TBA after 1 hour of irradiation
with UV light, whereas no isomerisation was observed
for Ab and DBA. The reason for a successful photo-
induced isomerisation of TBA in contrast to DBA and
Ab has been related to the electronic decoupling of the
central nitrogen atoms, therewith reduced substrate
effects on the excited-state lifetime, and the optical
absorption properties. We note that all three molecules
represent functioning molecular switches in gas phase
or solvent and could be switched by an STM tip when
adsorbed at a Au(111) surface [17, [35] 33].

The isomerisation mechanism of metal-mounted
TBA is believed to be strongly modified compared to
the gas phase. The change in electronic structure of
the adsorbate can be verified by STM topographs [37],
2PPE signatures of the molecular resonances [38], and
changes in the work function. [16] The photo-switched
state can be identified as the molecular Z-TBA state
by structural predictions from Angular Resolved Near-
Edge X-Ray Absorption Fine-Structure (NEXAFS)
experiments [39]. In contrast to the gas phase or
solvent situation, a photo-induced back-reaction from
this Z-TBA state to E-TBA is much less efficient and
does not happen in the visible regime, but rather
with photon energies in the same energy regime as
the E-to-Z transition. [37] A corresponding drop in
switching efficiency can thus already be understood
in terms of simultaneously induced switching in both
directions, as is supported by the reduced E/Z ratio
at the photostationary state. Wolf and Tegeder have
proposed a mechanism of cationic resonance formation
in E-to-Z photo-isomerisation of TBA that is in
agreement with experimental observations. [30] Light
irradiation generates electron-hole pair excitations in
the metal. The generated holes rapidly diffuse to the
upper edge of the metal d-bands. Energetic overlap
between the d-bands and occupied molecular frontier
orbitals, such as the highest occupied molecular orbital

(HOMO) will enable a transient cation formation
in the molecule, which subsequently drives the
isomerisation. [38, 40] The prevalent assumption for
the ensuing molecular motion is that, although the
coupling to the metallic degrees of freedom will limit
the lifetime of this state to tens to hundreds of
femtoseconds, [4I] the kinetic energy gained by the
motion on the excited-state PES might suffice to enable
the transition to the Z-Ab state. This is the so-called
Menzel-Gomer-Redhead model [42] [43], which has been
proposed in the context of photo-induced desorption
processes [44, [45, 46]. Not much is known about
the atomic degrees of freedom involved in surface-
mounted TBA switching though. On the basis of STM
topographs and chiral mapping, it has been argued
that the isomerisation must follow a predominantly
planar inversion of the central CNN bending angle «
(¢f. definition in Fig. [1) rather than the rotational
mechanism that is believed to be dominant in gas
phase. [47]

First-principles modelling of such light-induced
molecular adsorbate reactions and involved excited
states can in principle shed more light into the
dynamics and the mechanism. Presently, this is
extremely challenging.  This relates to the large
system size, the concomitant high computational
expense, and the difficulty of describing electronic
charge-transfer excitations at the molecule-metal
interface. An important prerequisite for an ab initio
simulation of the excited-state dynamics involved
in photo-isomerisation is a detailed understanding
of the adsorption geometries of the ground-state
equilibrium structures and the ability to access
electronic excited states of molecular adsorbates
at metal surfaces. To this end, the recent
emergence of predictive-quality dispersion-corrected
Density Functional approximations for metal-organic
interfaces [48) [49] and efficient, approximate methods
to calculate electronic excited states, such as linear
expansion Delta-Self-Consistent-Field DFT (ASCF-
DFT), [50, 5] is providing the necessary tools to study
the fundamental structural and electronic parameters
that control light- or electron-driven Ab isomerisation
at metal surfaces in more detail.

In this work, we use these tools to study the
structural and electronic properties at the metal-
organic interface that govern the switching ability of
metal-adsorbed functional molecules. We do this for
the case of coinage-metal adsorbed Ab, for which we
previously were able to rationalise the loss of function
on Ag(111) as a loss of ground state bi-stability [9].
By analysing the effects of substrate variation and
molecule functionalisation for coinage-metal-adsorbed
Ab and TBA on the ground- and excited-state
potential energy landscapes of the adsorbed species,
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we connect how chemical and electrostatic molecule-
surface interactions shape these energy landscapes and
provide the basis for molecular switching or the lack
thereof.

2. Computational Methods

2.1. Density Functional Theory calculations

All DFT calculations have been performed with the
pseudopotential plane wave code CASTEP version
6.0.1 [52, 53] using the legacy MaterialsStudio ultrasoft
pseudopotentials (USPPs) [54]. The exchange-
correlation functional due to Perdew, Burke, and
Ernzerhof (PBE) [55] has been used throughout. We
account for dispersion interactions using the screened
Tkatchenko-Scheffler pairwise dispersion correction
method (vdWs"). [48] This method describes the
screening of van-der-Waals interactions in the metal
substrate by renormalisation of the pairwise C°
coefficients of the metal. It has, in the past,
been shown to provide accurate adsorption geometries
at a moderate overestimation of the adsorption
energies. [56] (57, 49] Higher-order dispersion correction
techniques, such as the Many Body Dispersion (MBD)
method exist to correct for this overbinding, [58], [59],
but have not been available for geometry optimisations
at the time of this study. For all structures, the
dispersion interactions between periodic images of the
adsorbed molecules have been switched off to simulate
a low-coverage situation.

The employed computational set-up was previ-
ously described with details on careful convergence
tests [0, [60]. In short, all calculations were performed
on (111)-oriented bulk-truncated 4-layer surface slabs
of Cu, Ag, and Au with 350 eV or 450 eV plane wave
cutoff for Azobenzene and 3,3’,5,5'-tetra-tert.-butyl-
Azobenzene (TBA), respectively. The top-most two
layers of the substrate slabs were allowed to relax. The
PBE optimised lattice constants for Cu, Ag, and Au,
are 3.62 A, 4.14 A, and 4.19 A, respectively. The vac-
uum region above the surface slab was chosen to exceed
20 A in all cases. We obtained optimized geometries
using the delocalized internal coordinate optimization
algorithm in CASTEP [6I] with a maximum atomic
force threshold of 25 meV/A. Minimum energy paths
were calculated by constrained optimization where the
value of the central dihedral angle w was fixed while all
other degrees of freedom of the molecule were allowed
to relax. The transition states reported in Table 1 have
been calculated with the quadratic synchronous transit
method. [62]

The results in Fig. [3|have been obtained for (6x4),
(6x3), (6x3) surface unit cells containing a single
Ab molecule on Cu, Ag, and Au, respectively. TBA
molecules have been studied in (6x4) and (6x5) sur-

face unit cells on Ag and Au, respectively. Calcula-
tions of the gas phase molecules have been performed
in 40x40x40 A and 50x50x50 A rectangular super-
cells for Ab and TBA, respectively, with the electronic
structure calculated only at the I'-point of the first Bril-
louin zone.

2.2. Modelling molecule-surface charge-transfer
excitations with linear expansion

A-Self-Consistent-Field-DFT (leASCF-DFT)

The excited state results described in section B3
have been obtained with the linear expansion A-Self-
Consistent-Field DFT method (1eASCF-DFT), which
we have implemented in CASTEP 6.0.1 and which
is available in the latest CASTEP 18.1 release. [50]
Conventional ASCF-DFT, where the occupation of
a single Kohn-Sham (KS) state is constrained to
model an excited state, would not be able to correctly
capture the charge-transfer excitation between an
adsorbed molecule and the metal surface in the
presence of electronic hybridisation between the two.
The 1eASCF-DFT method addresses this issue by
construction of a resonance orbital. This is achieved
via projection of the wave function of a molecular
orbital of the free molecule |¢.) onto the KS states
of the surface slab containing the molecule:

states

) = D7 1) (wiloe) (M)

Upon construction of this resonance state |¢k), all
remaining KS states are orthonormalised with respect
to it. The orbital occupations are then distributed
and constrained to model the envisioned excitation.
This procedure is repeated during each consecutive
Self-Consistent-Field (SCF) step until convergence is
reached.

In Ref. [B0], we have shown that this method
can be used to model intramolecular excitations
of electrons from occupied to unoccupied adsorbate
states, such as the Ab 7 — 7 (HOMO—LUMO
or S2) and the n— 7* (HOMO-1-LUMO or S2)
excitations. However, also charge-transfer excitations
between the molecule and the surface can be modelled.
In the case of a hole transfer from the substrate to the
molecule, a so-called cationic resonance (HOMO— ep
or hiiomo), We constrain the occupation of the HOMO
to be one electron less than in the ground state. The
missing electron is balanced by adjusting the Fermi
energy accordingly, which has a minimal effect on the
electronic structure in the case of a large metal surface
slab. In the case of an electron transfer from the
substrate to the molecule, a so-called anionic resonance
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Figure 2. Ab adsorbed to Ag(111): Relative energy with

respect to the ground-state equilibrium adsorption geometry as
a function of the vertical adsorption height. Points at 10.5 A
distance represent a molecular free-standing overlayer. Shown
are the ground state energy (black curve), the first (n— 7*, red
curve), and second (m — 7*, blue curve) intramolecular excited
states as well as charge-transfer excitations, where an electron is
added to the LUMO of the molecule (e[ ;,;o, Purple curve) or

removed from the HOMO of the molecule (hEOMO7 green curve).
The small model in the inset on the bottom right depicts the
dissociation direction orthogonal to the surface.

(er =LUMO or ej ;)10), one electron is taken from the
Fermi level and added to the LUMO of the molecule.

Figure [2| presents the ground- and excited-state
energies of E-Ab on Ag(111) as a function of the
vertical distance from the surface.  The ground-
state energetics and geometry are calculated with
DFTHvdws™f. At every geometry four different
leASCF-DFT calculations have been calculated to
yield the pictured excited-state energies; two of
them are charge-neutral intramolecular excitations,
the other two are molecule-surface charge-transfer
excitations. Far away from the surface, at distances
above 10 A, the intramolecular excitations approach
the limit of the isolated molecule (gas phase S1(n—
™) 227 eV , S2(m — w*): 275 eV ). [63
More precisely, the values approach the limit of an
infinite free-standing molecular layer in the periodic
arrangement of the employed supercell geometry (S1:
2.21 eV, S2: 2.24 eV). The corresponding substrate-
mediated excitations, hEOMO and e[y, should,
in the limit of infinite molecule-surface separation,
approach the corresponding Ionization Potential (IP)
and Electron Affinity (EA) of the molecule as predicted
by the PBE functional (IP: 7.82 eV, EA: 1.06 ¢V [64]).
The corresponding value for the IP above 6 A distance
from the surface is the difference between the hiioyo
state and the ground state (4.37 eV). The value of
the EA can be calculated as the difference of the work
function (including the potential drop due to the free
standing overlayer this amounts to 4.21 eV [64]) and
the e[y state and thereby amounts to 2.36 eV.
The substrate-mediated excitation energies are very
sensitive to the distance from the substrate and to

the interactions with the neighbouring Ab images, as
well as the periodic image of the substrate above [65].
This sensitivity stems from the excess charge on the
molecule interacting via long-range Coulomb forces
with the electron density of the substrate and the
periodic images of the molecule.

When approaching the surface, the intramolec-
ular excitation energies do not change dramatically,
whereas ep o and hIfIOMO strongly shift.  Close
to the equilibrium geometry the anionic resonance
state is only 0.38 eV above the ground state and
the cationic resonance state is at 2.52 eV above the
ground state. This arises from the Coulomb inter-
action between the localized charge on the molecule
and the substrate, which steadily builds up an image
charge as the molecule approaches. This difference in
the renormalization behaviour of intramolecular exci-
tations and charge-transfer excitations is well known.
It can be described at the level of many-body perturba-
tion theory [66 [67, 68], whereas linear response time-
dependent DFT based on semi-local functionals fails
to capture this effect. It is remarkable that by employ-
ing such an approximate scheme as leASCF, the main
physical effects of substrate polarization and excited-
state renormalization can be qualitatively captured.
We therefore feel encouraged to apply this method to
study the excited state landscape of charge-transfer
states during the Ab and TBA on-surface isomerisa-
tion in section 3.3

3. Results

3.1. The role of substrate electronegativity

The most basic prerequisite to retain the isomerisation
ability of Ab-based molecular switches upon metal-
surface-adsorption is that the interaction with the
substrate does not destroy the existence of the two
meta-stable conformers in the ground state, namely
E and Z-Ab (see Fig. [I). Strong reduction or
removal of the ground-state barrier or changes in the
relative stability of these two states would affect the
thermal stability of a Z-Ab state. As such, any
viable metal substrate to support functioning metal-
mounted molecular switches needs to have a weak
interaction with the molecule that, ideally, affects all
molecular conformations similarly as not to modify
the energetic landscape along the reaction coordinate
of isomerisation. Unreactive noble metals such as
Ag(111) or Au(111) therefore come to mind as natural
substrate choices.

In previous work, we have shown that Ab
adsorption on these two surfaces does, in fact, still
modify the energetic landscape along one of the three
traditionally discussed pathways for the isomerisation
reaction. [9] These relevant reaction coordinates
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include the rotation around the central dihedral angle
w, an inversion around one of the two central bending
angles a, and a symmetric inversion around the two
central bending angles leading to a linearisation of the
CNNC group. Various different pieces of evidence for
the prevalence of one of these mechanisms over the
others have been given for different enviroments. [24]
22, [69] Calculated ground-state minimum energy paths
for the three pathways are shown in Fig. S1 of
the supplemental material. An important finding
of our calculations is that metal-surface adsorption
increases the relative energy difference between E and
Z isomers due to a preferential adsorption of the E-Ab
state. This additional stabilisation arises from a strong
contribution due to dispersion interactions between the
phenyl groups of the flat-lying E-Ab molecule and the
substrate. As shown in Fig. [§]and further summarised
as AE(E-Z) in Table 1, for the three coinage metals
(Au, Ag, Cu), this effect follows the trend of substrate
reactivity with Cu showing the strongest effect and Au
the weakest.

—= Ab
—e— AbOCu(111)

—=— AbOAg(111)
Ab@Au(111)

E-Ab N Z-Ab

—
(S}
L

relative energy (eV)
—
o
|

0.5
0.0 A
T T T T T T T T T
180 160 140 120 90 60 40 20 O
dihedral rotational angle (in deg)
Figure 3. Ground state minimum energy path from E-Ab

to Z-Ab along the central dihedral rotation angle w for Ab in
gasphase (blue line, dashed) and adsorbed at Cu(111) (brown
line, circles), Ag(111) (grey line, squares), and Au(111) (yellow
line, triangles) surfaces.

The most striking finding is that, along the three
reaction pathways, only the transition state along
the dihedral rotation (TS) is significantly modified,
which is why, in the following, we only focus on this
pathway. As shown in Fig. [3] the sizeable gas phase
barrier of 1.09 eV when measured from the Z-Ab
state, is strongly reduced upon adsorption. This effect
is stronger for more reactive substrates and, in the
case of Cu(111), reaches a point where the barrier
vanishes completely and the Z-Ab state seizes to be
a (meta)stable geometry. This finding is corroborated
by the fact that no experimental evidence of a Z-
Ab state on Cu(111) exists [29]. Even for a Ag(111)

substrate, the remaining barrier of 0.04 eV will likely
provide sufficient stabilisation of the Z-Ab state for
experiments at finite temperatures. Already from this
data it becomes evident that Ab can not act as a
functioning molecular switch on any metal surface that
is more reactive than Au(111), with experiments failing
to find any evidence of switching even on more reactive
Au facets such as Au(100) [29].

As pointed out in ref. [9], the mechanism
behind this rotational barrier reduction lies in charge-
transfer between the metal and the adsorbate in
the rotational transition state geometry. Upon
breaking the N-N double bond, the metal stabilises
the transition state by directly donating electrons
to it. The electronegativity of the metal or its
ability to accept electrons is inversely proportional
to its reactivity and to the position of the Fermi
level with respect to the molecular states. From
Au to Cu, the barrier consistently decreases with
decreasing electronegativity or increasing reactivity of
the underlying metal. Thus, despite the potential
existence of an efficient electron- or light-induced E-
to-Z isomerisation, a thermal Z-to-E back-reaction
becomes more and more favourable.

The electronegativity of the substrate, therefore,
represents a central design parameter for metal-
supported molecular switches. A potential strategy
to enable the light-induced isomerisation of Ab
is consequently to increase the electronegativity of
the underlying substrate or, equivalently to reduce
the availability of surface electrons to stabilise the
transition state. However, it should be stressed that
the energy landscape is highly sensitive to substrate
electronegativity as already the step from a Au to a Ag
surface destroys the molecular switching ability and,
for adsorption on Cu(111) at higher coverages, even
dissociation of the N-N bond has been observed. [70] A
subtle increase in electronegativity can, for example,
be achieved by depleting electrons from the surface
with coadsorbates that are strong electron acceptors.
In the following, we will study a different avenue
of tuning the switching ability, namely by molecular
functionalisation with bulky spacer groups.

3.2. The role of molecule functionalisation

A key strategy of molecular design is the derivatisation
of molecules with purpose-designed functional groups
to control the strength of molecular interactions.
The four tetra-tert.-butyl legs in TBA have been
designed with the intent to decouple the molecule from
the metal surface and to enable the photo-induced
molecular switching. Contrary to Ab on Au(111),
which can only be switched via electron-tunnelling
through an STM tip, TBA on Au(111) can indeed
be switched with light. [71] 7] However, the original
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Table 1. Central geometric parameters and relative energetics of Ab and TBA conformers in gas phase and adsorbed at coinage
metal surfaces. In the case of TBA, z refers to the vertical adsorption height of the lowest-lying N atom. In the case of Ab, z refers
to an average of the two N atoms. AE(E-Z) refers to the relative energy difference between E and Z conformer and AE(TS-Z)
between transition state and Z conformer.

E TS Z
system z w z w z w  AE(E-Z) AE(TS-Z)
A deg A deg A deg eV

Ab - 180 - 90 - 12 0.58 1.09

Ab@Cu(111) 2.04 169 1.85 90 1.78 20 1.22* -
Ab@Ag(111) 252 173 2.08 90 2.10 50 0.77 0.06
Ab@Au(111)  3.03 179 90 248 19 0.73 0.37
TBA - 179 - 90 - 8.3 0.33 1.27
TBAQAg(111) 2.36 155 2.06 89 2.07 29.7 0.48 0.04
TBA@Au(111) 2.67 166 2.00 90 2.31 &7 0.46 0.48

* The Z-Ab state on Cu(111) is not stable. For the purpose of this comparison it has been defined as the Ab
molecule with an w angle constrained at 20°.

rotational barriers are strongly reduced compared to
the free molecule and the remaining barriers compared
E-TBA N 7Z-TBA to the Z-TBA state are comparable to those of Ab
AN adsorbed on the respective surfaces with an almost
/ s vanishing thermal barrier for Z-TBA on Ag(111) and
N a barrier of 0.48 eV for Z-TBA on Au(111). This
means that there are no thermodynamic arguments
against the existence of a Z-TBA state on Au(111),
whereas long-time thermal stability of a Z-TBA state
z on Ag(111) is highly improbable. Both of these
assertions, as in the case of Ab, are in agreement with
experimental reports on these systems. [33] 29]

An interesting structural difference that can be
observed is the change in w angles for the equilibrium
E and Z-TBA structures compared to adsorbed Ab
Figure 4. Minimum energy paths from E-TBA to Z-TBA  structures. Whereas E-Ab adsorbs in an almost flat-
along the‘dihedral rotation C(?ordinate. The paths are shown lying geometry on the Ag(lll) and Au(lll) surfaces,
for TBA in gas phase (blue line, dashed) and adsorbed to an E-TBA shows deviations of 25° and 14°, respectively.
Ag(111) (grey line, squares) and Au(111) (yellow line, triangles) ’ ’
surface. from a perfectly flat arrangement with the phenyl rings

and side groups distorted away from the surface. On
the other hand, the Z-TBA structures show much more

Ldea tgat thll{s ; purely dl,le t,O spatial decozphng has acute angles than their Ab counterparts when adsorbed
een debunked by quantitative x-ray standing wave Ag(111) and Au(111) (see also Fig. S2 and Fig. S3
measurements (XSW) and equilibrium structures of E-

TBA on Au(111) calculated with DFT, which show
that the vertical adsorption height of the central di-

nitrogen bond is not sggniﬁcantly altered. [72} 34] In reaction path from E to Z is almost the same for Ab
fact, our PBE+vdW™"" calculations (see Table 1) find 1 TBA on Ag(111) and Au(111), namely 123/125°

Eertg:aAl adso;pti]gr‘; h}elights of thelnitrogﬁn a;omEs io‘; and 160/157°, respectively. However, the effective
s LBA and #TBA that are even lower than for - angle distance from the E-TBA state to the rotational

and Z-Ab. The strongest r'eduction can be found for ground-state barrier is reduced for E-TBA compared
E-TBA on Au(%ll). In t.hls case, th.1s 1 mostly 'due to E-Ab. On Au(111), this difference is 89° for E-Ab
to an asymmetric adsorption of the di-nitrogen bridge and 76° for E-TBA. In addition, the energy difference
with a difference in height between the two nitrogen between the E and Z states is significantly smaller when

atomji olf:‘.().3 A.h L . TBA also d compared to Ab.

, s Fig. s ows, tﬁe spacer Eroups mn aiso do This means that, in the context of the proposed
not have any drastic effects on the ground state energy light- or electron-driven mechanism that involves short-
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for molecular structures of the metal-surface adsorbed
Ab and TBA equilibrium geometries). Despite these
differences, the difference in angle Aw that defines the
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lived transient excited states, which provide a funnel
for energy from hot electrons into vibrational degrees of
freedom, less total energy has to be provided to make
it from the E-TBA to the Z-TBA state compared to
Ab and an effectively shorter path has to be passed
to cross the barrier. The first is accomplished by a
relative destabilisation of the E-TBA state compared
to the rotational transition state and the Z-TBA state
due to the bulky spacer groups. The latter arises from
the distorted di-nitrogen center in the ground state
structure of E-TBA. We therefore note that, while
bulky spacer groups do not geometrically decouple the
di-nitrogen bridge from the surface, their destabilising
effect on the E-TBA geometry will facilitate switching.

Whereas a clear picture arises for the switching
ability of Ab and TBA on Ag(111) and Ab on Cu(111)
and, by deduction, any other more reactive metal
surface, the subtle differences between the ground-
state potential energy landscapes and equilibrium
structures of Ab and TBA on Au(lll) do not
provide an explanation for the difference in switching
ability between the two. In order to understand the
thermodynamic and kinetic differences that give rise
to the photoswitching ability of TBA on Au(111), we
therefore proceed to study the energetic landscapes of
molecule-surface charge-transfer excitations proposed
in the context of the on-surface isomerisation reaction.

3.3. Fxcited state energy landscapes of transient
molecular ions

The requirements of potential energy landscapes to
be able to support a successful transient ion-based
photoswitching mechanism, as the one described
by Wolf and Tegeder, [30] are somewhat different
from the ones that apply to gas phase and solvent
photochemistry. First and foremost, the transient
ion formation has to be efficient, ie. the transient
ionic state has to have high overlap with high-density
areas of the metallic density-of-state, such as the d-
bands, so that electrons or holes can be efficiently
transferred. The probability of switching due to this
transient ion will be high if, within its short lifetime
of few tens of femtoseconds, [4I] it can efficiently
transfer electronic excess energy from the vertical
excitation that led to the ion formation to vibrational
energy within the reactive degrees of freedom of the
molecule that will drive the isomerisation. This
will be the case if the equilbrium geometry exhibits
strong forces upon ion formation. Whereas, in the
context of an intramolecular excitation, changes to
the excited state landscape upon surface-adsorption
are to be avoided to retain the switching function, in
the context of a transient ion formation, changes to
the energy landscape of the cationic state induced by
substrate variation or molecule functionalisation could

be advantageous. To enable an efficient transient-
ion-driven isomerisation, the energy landscapes of
transient ion excitations need to show the following
features:

1. a significant gradient towards the transition state
within the Franck-Condon (FC) region of the
excited state PES,

2. a barrierless path towards the ground-state transi-
tion state,

3. and a kinetic excess energy (vide infra) that exceeds
the ground state barrier, but is not too large to
increase the probability of immediate thermal Z-to-
E backreaction.

The natural starting point for an investigation
of the adsorbed PES topology of ionic resonances
are the cation and anion PESs of isolated Ab and
TBA. Corresponding gas phase calculations have been
reported by Fiichsel et al. [73] and Leyssner et
al. [74] in the context of electron-tunneling- and
light-induced Ab switching on metal surfaces. STM-
induced switching can be triggered with negative
and positive bias voltage. Therefore, electron
removal (cationic resonance’) and electron attachment
(’anionic resonance’) to the molecule are both viable
mechanisms, whereas in the case of light-induced
switching of Ab and TBA the possibility of an anionic
resonance as dominating excitation mechanism has
been excluded by experimental considerations. [16], [30]

The above mentioned studies report DFT-based
anionic and cationic potential energy surfaces of Ab
and TBA along rotation and inversion. Just as in
the ground-state, these PESs show two meta-stable
states at very similar positions, although slightly
shifted towards smaller « bending angles and w
dihedral angles, closer to the mid-rotation point.
Correspondingly, both ionic states show significant
gradients at the FC structures of E and Z-Ab and TBA.
Additionally upon electron removal or attachment,
the rotation and inversion barriers are significantly
reduced, although still present. In general, the ionic
surfaces are less corrugated and specifically the cationic
PES is much more shallow. It can therefore be argued
that in both ionic molecular states, the prerequisites
to a substrate-mediated excitation mechanism are
in principle given and if only minimal changes to
these PESs occur upon metal-surface adsorption, light-
induced switching along the Wolf-Tegeder mechanism
is feasible.

Figure presents the calculated cationic (in
blue) and anionic (in red) resonance states for Ab
and TBA adsorbed on Au(111l) along the minimum
energy path of dihedral rotation. As described in
the previous sections, the ground state PES along
this pathway (shown in black) exhibits a very similar



Computational design of metal-supported molecular switches 9

Ab@Au(111 TBA@Au(111
(@) 3y —e— so @Au(LLD) (b) 34 @AU(LLL)
< —=— e~ LUMO S
2 | —— h* HOMO 2
>2 >~2.
o o
g 5 ‘\M
e C
() w
vl 019 -\n———I\_ -
> > -~
- -
© (©
6 2 /ﬁ&‘\‘\‘_«
— 0 — O_
c00y T .. T T 00— .
ST e e N
10— e 810 e
s> T =] iy
[ [ P S
1 N e [ [ o b
©20! ---mmmmmmemmemmm T T e 20! e T
175 150 125 100 75 50 25 0 175 150 125 100 75 50 25 0
dihedral rotation angle w (de dihedral rotation angle w (de <
© glew (dea) (@ ole w dea) ¢
zg, ‘?;, o w0 & w o w
oo o g B ks S sg R84 WO 24 Kl

Figure 5. (a) and (b) Upper panel: Relaxed minimum-energy paths of Ab (a) and TBA (b) adsorbed on Au(111) along the dihedral
rotation coordinate. Shown are the ground-state PES (black), an anionic resonance where an electron has been added to the LUMO
of the molecule (e, red), and a cationic resonance where an electron has been withdrawn from the HOMO of the molecule (A,
blue). Points marked with dashes for the anionic resonances are calculations where the excitation constraint in leASCF-DFT could
not be fully satisfied due to the already existing occupation of the LUMO in the ground-state (see the main text for more details).
Lower panel: Ground-state occupations of the molecular HOMO (dashed line) and the molecular LUMO (dotted line) along the
dihedral rotation pathway. These occupations have been calculated using the orbital projections that underlie the leASCF-DFT
method. [50]. (c) Side view of Ab equilibrium and transition state structures along the isomerisation pathway. The order follows:
E-Ab, TS-Ab, Z-Ab (d) Side view of TBA equilibrium and transition state structures along the isomerisation pathway. The order

follows: E-TBA, TS-TBA, Z-TBA

topology for both molecules, which derives from the
similar adsorption-induced changes that occur along
this pathway. Both E and Z states of Ab and TBA
are dominantly physisorbed, which is reflected in a
net occupation of the molecular LUMO that is close
to zero and a net population of the molecular HOMO
that is close to full occupation (see occupation panels in
Fig.|5). These occupations are calculated by projecting
the molecular orbitals of the isolated molecule from the
band structure of the slab with the adsorbed molecule
and integrating the corresponding occupations up to
the Fermi level. [9] 50] In a previous study, we have
compared this charge analysis measure with other more
established methods and have found it to provide a
description of net charge flow between that of the
Hirshfeld and the Bader methods. [75] The loss of
occupation in the HOMO and the gain of occupation
in the LUMO around the rotational transition state
is a clear sign for a covalent bond formation via a
surface-to-molecule donation into the LUMO and back-
donation of charge from the HOMO into the surface.
The here presented excitation energies for the
cationic and anionic resonance represent the lowest
possible vertical transitions of electrons between
molecular states and metal states at the Fermi level
based on the equilibrated ground-state geometries.

Corresponding excitations can also happen at higher
photon energies albeit with more excess energy. For
both molecules, we find the cationic resonance at a
higher excitation energy than the anionic resonance,
as expected considering that the IP of the isolated
molecule is much larger than the EA. At the E-Ab
geometry, the corresponding energies (h™: 1.65 eV,
e”: 1.39 eV) are close to the molecular resonance
energies measured with 2PPE (HOMO: 1.77 eV,
LUMO: 1.68 eV, absolute energy difference from the
Fermi level [76]) with the same qualitative trend
of HOMO>LUMO. The anionic resonance shows a
larger discrepancy, which could be a reflection of the
poor description of unoccupied states with semi-local
DFT and possibly also due to the difference between
the high-coverage situation in experiment and the
intermediate-coverage as described by our calculations.

For both molecules, the anionic resonance (shown
in red in Fig. |p) clearly satisfies the above mentioned
criteria. The path from E-Ab and E-TBA towards the
transition state is barrierless and shows a moderate
gradient. The nominal excitation energy, not assuming
any dissipation during the transition, is sufficient
to overcome the barrier. We should note that the
description of this excitation around the rotational
transition state is limited in the leASCF-DFT method
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as the LUMO of the molecule is already more than
half filled between 125 and 75° (dashed line). This
means that we cannot excite a full electron into
the LUMO and therefore cannot fully satisfy the
occupation constraint. This is, however, also an
indication that the lifetime of such a state will be
extremely short. Considering also the experimental
assessment that suggests that the isomerisation is not
triggered by an anionic resonance, we will therefore
focus on the cationic resonance state in the following.

For the cationic resonance states of TBA and Ab
on Au(111), more differences are visible. The h*
surface for both molecules shows a minimum close to
the rotational transition state. However, the E-TBA
FC region exhibits a significant gradient towards the
transition state, whereas the E-Ab FC region shows
an extended plateau across a wide range of w values.
The electronic excess energy, ie. the energy difference
between the vertical excitation energy and the ground
state barrier, is very similar for both systems (0.55
and 0.52 eV for Ab and TBA on Au(111)). Therefore
the cationic resonance along rotation satisfies all above
defined criteria for transient-ion-mediated switching
for TBA on Au(111). The cationic resonance for
Ab on Au(11l) instead satisfies criteria 2 and 3,
but violates criterion 1. This means that, while in
principle possible, the insufficient coupling of molecular
vibrations with the transient cation state, could
prevent sufficient energy to be transferred to the
molecular vibrations within the short lifetime of the
excitation. This then would rationalize why, contrary
to TBA on Au(111), no light-induced switching has
been observed for Ab on Au(111), whereas E-to-Z
switching can be induced with sufficiently high STM
electron tunnelling currents.

The excited-state topologies calculated for TBA
do thus support the Wolf-Tegeder mechanism in several
aspects. The transition from E to Z-TBA involves
almost exclusively rotational motion around the central
dihedral angle w, with the exception of a small, almost
isoenergetic twisting of the phenyl rings when lifting
off the phenyl ring at dihedral angles between the
transition state and Z-TBA. The PES topology of a
cationic resonance in the HOMO that is connected
with this motion represents a fairly steep, barrierless
descent towards the mid-rotation point. At this
point, if not earlier, increased coupling with the
substrate is likely to quench the already short-lived
excitation and a corresponding motion will have a
higher probability for crossing the ground-state barrier
than for a momentum inversion to occur. The
smaller gradient around the Z-TBA FC region and the
correspondingly reduced vibrational activation of the
rotational motion rationalise the lack of experimentally
found Z-to-E TBA photoswitching. Furthermore, the

strong vibrational dependence of the switching rate
and the termal Z-to-E isomerisation that have been
observed experimentally, [77] are also consistent with
the potential energy path that has been found here. A
thermal activation of the dihedral angle, corresponding
to a wagging motion of the molecule perpendicular
to the surface, will strongly facilitate a corresponding
switching upon photo-excitation.

Up to this point, we have only considered
isomerisation along the dihedral rotation around the
central di-nitrogen bridge. The literature around
light-induced isomerisation in the gas phase discusses
in detail the (co)existence of different isomerisation
pathways that also include an inversion around one
of the two central bending angles. For the sake
of completeness, we note that cationic and anionic
resonance excitations along such an inversion do not
provide energy landscapes that satisfy the above
criteria (see Fig. S4 in the supplemental material).
Both, cationic and anionic resonance, show a topology
similar to the free molecular cation and anion states
with a barrier between the E-Ab and Z-Ab states.
It should be noted that the steric hindrance due
to bulky spacer groups of TBA will significantly
impede the isomerisation along the bending angle
inversion, leaving dihedral rotation as the only viable
pathway for E-to-Z isomerisation. Counterintuitively,
the introduction of large functional side groups, as
in TBA, strongly decreases the number of degrees of
freedom that can participate in isomerisation. As such,
the here presented findings would suggest that, at least
for the light-induced on-surface isomerisation, dihedral
rotation is the dominant isomerisation pathway. This
is contrary to a suggestion by Comstock et al.
that inversion must be the dominant isomerisation
route. [47]

Despite the apparent failure to stabilise a Z-
Ab or Z-TBA state on Ag(111), it can be insightful
to compare the effect of different substrates on the
ionic PESs. Comparing the excited states along
the rotation for Ab on Au(11l) and Ag(111) (see
supplemental material, Fig. S5), strong changes
to the cationic and anionic resonance PESs are
apparent. The corresponding paths of cationic and
anionic resonance states along rotation are strongly
modified, as compared to the gas phase or to the
molecule adsorbed on a Au(111) surface. Owing
to the strong adsorption, almost everywhere along
the path the LUMO is more than half-filled in the
ground state and therefore the anionic resonance
excitation constraint in leASCF can not be fully
satisfied. Correspondingly, the anionic resonance state
is systematically downshifted and coincides with the
ground state over large portions of the rotational
pathway. More importantly, the cationic resonance
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state is systematically shifted upwards on Ag(111) as
compared to Au(111) and appears more corrugated
with a pronounced minimum at the transition state.
At both FC regions of E and Z-Ab on the cationic
resonance state, there is a significant gradient towards
the mid-rotation point. Quite ironically, whereas Ab
adsorbed on Ag(111) nominally fulfils the necessary
criteria to efficiently activate nuclear motion upon
excitation, it fails to sufficiently stabilise a Z-Ab
conformer. In contrast, in the case of Ab on Au(111)
sufficient stability is accompanied by highly inefficient
vibronic energy transfer.  The inspection of the
static PESs therefore suggests that both isomerisation
processes can, at best, be highly ineflicient.

The excited state PES differences between Ag
and Au can be understood in terms of the differences
in electronegativity of the underlying surfaces. The
electronegativity of the Au surface is higher than that
of the Ag surface. Therefore, electrons are harder to
detach from the Au surface than from the Ag surface,
or in other words, adding electrons to a gold surface
is connected to a smaller energetic penalty than for
the case of silver. When inducing a cationic resonance
state, an electron from the molecule is transferred
to the substrate. For the above reasons, the energy
that is necessary to do this is higher for Ag than for
Au. In the case of an anionic resonance this situation
is reversed. The more electronegative a surface, the
higher the energetic penalty to withdraw electrons
from it. Correspondingly, the energy associated with
the anionic resonance on the molecule is higher for
E-Ab on Au(111l) than on Ag(111). This, however,
does not hold for the resonances at the transition
state. In both cases, the chemical bond to the surface
efficiently transfers electrons from the substrate to the
LUMO of the molecule. Correspondingly, the ground
state is already, to some extent, an ’anionic resonance’
state compared to the isolated molecule; the ground
state and the e~ state are energetically equivalent.
Detaching an electron at the mid-rotation point from
the HOMO, effectively yields an n — 7* excited Ab
molecule. The corresponding excitation energy at the
transition state, due to the orbital degeneracy and
the conical intersection with the ground state, is zero
in the gas phase. The minimum observed in the
cationic state at the transition state for the adsorbed
molecules stands in contrast to the barrier exhibited
at this point for the gas phase molecules. [73] This
minimum appears because of the significant mixture of
the cationic state with the n— #* (S1) intramolecular
excitation that stems from the molecule-surface charge-
transfer in the ground-state. Correspondingly, at this
point, the hybridization with the surface completely
inverts the topology of the cationic resonance state
and enables an otherwise infeasible substrate-mediated

light-induced isomerisation process.

4. Discussion and Outlook

The combined picture of ground- and excited state
energy landscapes for Ab and TBA on Ag(111) and
Au(111), in combination with previously presented
intramolecular excited state landscapes, [50] provides
a clear rationalisation of the proposed switching
mechanism in terms of the choice of substrate and the
molecule functionalisation, as well as their effect on the
underlying molecule-surface chemistry.

Reactive metal surfaces will not be able to
sustain light- or electron-induced E-Z switching around
covalent double bonds. This apparently includes noble
surfaces such as silver and anything more reactive.
The reason for this is an unbalanced stabilisation of
different geometries along the reaction pathway, where
the transition state and the E-Ab state are strongly
stabilised with respect to the Z-Ab state by surface-
molecule charge transfer and dispersion interactions,
respectively. The effect is a loss of stability of the Z-
Ab state in the ground state.

In addition to a lack of ground state stability,
such reactive substrates that easily donate electrons to
adsorbates will also suppress anionic resonances to the
LUMO and shift cationic resonances to high energies,
which equivalently means reduced overlap with the d-
bands. For Ab on a more inert substrate such as
Au(111), due to the high substrate electronegativity,
the ionic excitations are sufficiently separated from
the ground state and the ground-state stability is
such that, in principle, a bistable molecule with an
E and a Z state can be supported. Nevertheless,
surface adsorption (hybridisation and image charge
interactions) strongly modifies the topology of the
ionic resonance states compared to the isolated
molecule with the effect that the coupling to molecular
vibrations for the E-Ab state is minimal. Whereas
simple UV light exposure will not be able to transfer
sufficient momentum to molecular motion, inelastic
electron tunnelling can still transfer sufficient kinetic
energy to achieve an isomerisation to the Z-Ab state.

The bulky spacer groups in TBA have a much
more faceted effect on the potential energy landscape
and switching ability than previously considered. The
additional side groups do not achieve a chemical
decoupling of the central di-nitrogen bridge from the
surface, however they distort the E-TBA conformation
and effectively destabilise it compared to all other
structures. As such they contribute to a more balanced
adsorption along the reaction pathway. Yet, the
charge-transfer at the rotational transition state and
the dipole-image charge interaction in the Z-TBA
state are still sufficiently large to modify the cationic
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resonance landscape compared to adsorbed Ab. As a
result, the excited-state PESs are shifted downwards
for the rotational transition state and the Z-TBA
isomer: what was a plateau for the cationic resonance
state in the case of E-Ab, for E-TBA, shows a gradient
that evidences the ability to transfer electronic excess
energy into vibrational motion towards the barrier
along a path that is significantly shorter than it is for E-
Ab. These effects compound to a much higher reaction
probability, while not significantly affecting the level
alignment and the rate of ion formation.

The above presented results may also help to settle
the controversy over the prevalence of rotation or in-
version motion during photo-isomerisation. Comstock
et al., based on their STM experiments, have proposed
that a dominance of an inversion-based mechanism is
likely. The authors base this interpretation on the ob-
servation of a selection rule to photo-switching that
applies differently to different chiral island domains of
TBA on Au(111). They rationalize this effect by an ini-
tially planar linearisation of one CNN bond angle o and
two subsequent channels towards the Z-TBA structure.
In that way, E-TBA of one racemic type can convert
into a left-handed and a right-handed Z-TBA molecule
by changing the handedness of the di-nitrogen bridge.
As a second argument, such a pathway would addition-
ally maximise the dispersion interaction of both phenyl
rings with the surface as much as possible during the
isomerisation process.

The here presented ground- and excited-state
potential energy landscapes paint a different picture.
Whereas surface adsorption strongly affects the
rotational pathway, minimal effects are apparent for
the isomerisation along bending angle inversion. Both
intramolecular excitation or transient ion formation
would lead to barriers in the excited state and an
insufficient driving force towards isomerisation. The
corresponding ground state barrier that has to be
overcome is considerably higher for inversion than
in the case of rotation. Previously found low-
lying vibrational modes contribute to vertical wagging
modes that can initiate a rotational motion, whereas
no such low-lying modes where found that contribute
to asymmetric bending angle inversion. [72] On
the basis of our results, dihedral rotation provides
the most likely pathway to isomerisation. This does,
however, not mean that some bending angle motion
might not contribute to the dynamical process and
the intramolecular vibrational energy distribution.
The chiral selectivity that forms the argument for
an inversion-based mechanism can be understood by
taking a look at the dynamics of the mechanism for
the molecules in solvent. Weingart et al. [24] have
found that also dihedral rotation can generate two
different pro-chiral Z-Ab variants by either clockwise

or anti-clockwise rotation. This finding is based on the
fact that the dominant motion during isomerisation
is carried out by the light-weight di-nitrogen bridge
rather than the side groups. In the case of surface-
adsorbed molecules, that could mean that during
a wagging motion of the molecule, an asymmetric
vertical rotation of the two nitrogen atoms (much like
the motion of pedals on a bicycle when viewed from
ahead) may change the handedness of the molecule.
This assertion is supported by the recent finding of such
motion for an Ab tripod structure on Ag(111). [36]

Our findings show that the leASCF-DFT ap-
proach, at least qualitatively, accounts for a range of
important effects that shape on-surface excited states,
including electrostatic stabilisation via interaction be-
tween excited-state dipoles and the substrate image
charge, as well as hybridisation and charge-transfer in
chemisorbed geometries. Although no fully quantita-
tive description can be expected from an approximate
scheme like leASCF-DFT, the presented excited state
topologies offer a convincing rationalisation of the ex-
perimental findings for the molecular switching of Ab
and its derivatives on the close-packed coinage metal
surfaces. One of the current limitations of our imple-
mentation of leASCF-DFT is the inability to calculate
analytical forces in the excited state. This will be key
to ensure its widespread usage and its successful appli-
cation for complex and high-dimensional light-driven
dynamics at surfaces. With the advent of the machine-
learning-based construction of high-dimensional energy
landscapes and more from ab initio data, [78 [79] [80]
this limitation could be alleviated. The authors thus
see a clear remit for this efficient and approximate
excited-state methodology to tackle challenging prob-
lems in photocatalysis and nonadiabatic dynamics at
surfaces and nanoparticles.

5. Conclusion

We have performed state-of-the-art dispersion cor-
rected DFT and linear expansion ASCF-DFT calcu-
lations to study the potential energy landscapes of
the ground state and molecule-surface charge-transfer
excited states of Azobenzene and its derivative TBA
adsorbed at coinage metal surfaces. In the con-
text of light- and electron-tunnelling-induced molec-
ular switching of Ab, we investigated the traditional
experimental parameters of functional interface design,
namely the choice of substrate and its reactivity, and
the molecular functionalisation. Our findings provide
evidence of the drastic and somewhat unexpected ef-
fects that these parameters have on the energy land-
scape and the expected reactivity of the two molecules.

Our findings fully support a previously proposed
mechanism based on the transient formation of a
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cationic molecular resonance due to light exposure or
electron-tunnelling. We can clearly discern the effects
that the change of substrate and the introduction of
bulky spacer groups have on the energy landscapes, the
molecule-surface interaction and the reactivity. The
differences in the ground and excited-state potential
energy landscapes that our calculations expose, clearly
rationalise why TBA on Au(111) can be switched via
light, whereas Ab on Au(111) can only be switched via
inelastic electron tunnelling through an STM tip.

In addition to providing mechanistic insight
into the photochemical reactivity of a prototypical
functional interface and a differentiated picture of the
effect of traditional experimental design strategies, our
calculations provide evidence of the potential utility
of the leASCF-DFT method for a diverse range of
chemical challenges associated with charge-transfer in
condensed matter.

Acknowledgments

Funding through the Deutsche Forschungsgemein-
schaft (DFQG) is gratefully acknowledged. Computer
resources for this project have been provided by the
Gauss Centre for Supercomputing/Leibniz Supercom-
puting Centre under grant id: pr63ya and the Garching
Supercomputing Center of the Max-Planck Society.

References

[1] Cuevas J C and Scheer E 2010 Molecular electronics : an
introduction to theory and experiment (World Scientific)
ISBN 9789814282581
[2] Mativetsky J M, Pace G, Elbing M, Rampi M A, Mayor M
and Samori P 2008 [J. Am. Chem. Soc. 130 9192-9193
[3] Joshi G K, Blodgett K N, Muhoberac B B, Johnson M A,
Smith K A and Sardar R 2014 [Nano Lett.| 14 532-540
[4] Xie W and Schliicker S 2018 Chem. Commun.|54 2326-2336
[5] Feringa B L 2001 Molecular Switches vol 3 (Weinheim:
Wiley-VCH) ISBN 3527299653
[6] Ikeda T and Tsutsumi O 1995 Science 268 1873-1875
[7] Wang Z, Heinke L, Jelic J, Cakici M, Dommaschk M,
Maurer R J, Oberhofer H, Grosjean S, Herges R, Brése
S, Reuter K and Woll C 2015 |Phys. Chem. Chem. Phys.
17 14582-14587
[8] Katsonis N, Kudernac T, Walko M, van der Molen S J, van
Wees B J and Feringa B L 2006 |Adv. Mat. 18 1397-1400
[9] Maurer R J and Reuter K 2012 |Angew. Chem. Int. Ed. 51
12009-12011
Titov E, Lysyakova L, Lomadze N, Kabashin A V, Saalfrank
P and Santer S 2015 J. Phys. Chem. C 119 17369-17377
Schulze G, Franke K J and Pascual J I 2012 Phys. Rewv.
Lett.| 109 026102
Comstock M, Cho J, Kirakosian A and Crommie M 2005
Phys. Rev. B 72 153414
Liu W, Filimonov S N, Carrasco J and Tkatchenko A 2013
Nature Commun. 4 2569
Venkataramani S, Jana U, Dommaschk M, Sénnichsen F D,
Tuczek F and Herges R 2011 |Science 331 445-8
Wackerlin C, Chylarecka D, Kleibert A, Miiller K, Iacovita
C, Nolting F, Jung T A and Ballav N 2010 Nature
Commun. 1 61

(16]
(17]
(18]

19]

20]
21]
(22]
(23]
[24]
25]

(26]

[27]
28]
[20]

(30]
(31]

(32]
(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]
[42]
[43]
[44]

[45]
[46]

(47]

13

Hagen S, Leyssner F, Nandi D, Wolf M and Tegeder P 2007
Chem. Phys. Lett.| 444 85-90

Choi B'Y, Kahng S J, Kim S, Kim H, Kim H, Song Y, Ihm
J and Kuk Y 2006 | Phys. Rev. Lett. 96 156106

Browne W R and Feringa B E N L 2006 Nat. Nanotechnol.
1 25-35

Chiang P T, Mielke J, Godoy J, Guerrero J M, Alemany
L B, Villagémez C J, Saywell A, Grill L. and Tour J M
2012/ACS Nano 6 592-597

Coskun A, Banaszak M, Astumian R D, Stoddart J F and
Grzybowski B a 2012 |Chem. Soc. Rev. 41 19-30

Hugel T, Holland N B, Cattani A, Moroder L, Seitz M and
Gaub H E 2002 [Scizence 296 1103-1106

Pederzoli M, Pittner J, Barbatti M and Lischka H 2011 J.
Phys. Chem. A 115 11136-43

Gamez J, Weingart O, Koslowski A and Thiel W 2012 J.
Chem. Theory Comput. 8 2352-2358

Weingart O, Lan Z and Koslowski A 2011 |J. Phys. Chem.
Lett.] 2 1506-1509

Bandara H M D and Burdette S C 2012 |Chem. Soc. Rev.
41 1809-1825

Maurer R 2014 |First-Principles Description of the
Isomerization Dynamics of Surface-Adsorbed Moleculan
Switches Ph.D. thesis Technische Universitaect Muenchen

Kirakosian A, Comstock M, Cho J and Crommie M 2005
Phys. Rev. B 71 113409

Henzl J, Mehlhorn M, Gawronski H, Rieder K H and
Morgenstern K 2006 Angew. Chem. Int. Ed. 45 603-6

Alemani M, Selvanathan S, Ample F, Peters M V, Rieder
K H, Moresco F, Joachim C, Hecht S and Grill L 2008
J. Phys. Chem. Lett. 112 10509-10514

Wolf M and Tegeder P 2009 |Surf. Sci.| 603 1506—1517

Henzl J, Puschnig P, Ambrosch-Draxl C, Schaate A, Ufer
B, Behrens P and Morgenstern K 2012 |Phys. Rev. B 85
035410

Morgenstern K 2011 |Progr. Surf. Sci.|86 115-161

Comstock M, Levy N, Kirakosian A, Cho J, Lauterwasser
F, Harvey J, Strubbe D, Fréchet J, Trauner D, Louie S
and Others 2007 |Phys. Rev. Lett.| 99 38301

McNellis E R, Mercurio G, Hagen S, Leyssner F, Meyer J,
Soubatch S, Wolf M, Reuter K, Tegeder P and Tautz F S
2010 |Chem. Phys. Lett.| 499 247-249

Alemani M, Peters M V, Hecht S, Rieder K H, Moresco F
and Grill L 2006 \J._ Am. Chem. Soc. 128 14446-7

Scheil K, Gopakumar T G, Bahrenburg J, Temps F, Maurer
R J, Reuter K and Berndt R 2016 J. Phys. Chem. Lett.
7 20802084

Comstock M J, Levy N, Cho J, Berbil-Bautista L, Crommie
M F, Poulsen D A and Frechet J M J 2008 |[Appl. Phys.
Lett. 92 123107

Hagen S, Kate P, Leyssner F, Nandi D, Wolf M and Tegeder
P 2008 |J. Chem. Phys.| 129 164102

Schmidt R, Hagen S, Brete D, Carley R, Gahl C, Dokié¢
J, Saalfrank P, Hecht S, Tegeder P and Weinelt M 2010
Phys. Chem. Chem. Phys.: PCCP 12 4488-4497

Tegeder P, Hagen S, Leyssner F, Peters M, Hecht S,
Klamroth T, Saalfrank P and Wolf M 2007 Appl. Phys.
Al 88 465-472

Campillo I, Rubio A, Pitarke J, Goldmann A and Echenique
P 2000 Phys. Rev. Lett.| 85 3241-3244

Menzel D and Gomer R 1964 |J. Chem. Phys. 41 3311

Redhead P A 1964 Can. J. Phys. 42 886-905

Zhou X L, Zhu X Y and White J 1991 Surf. Sci. Rep. 13
73-220

Hertel T, Wolf M and Ertl G 1995 J. Chem. Phys.|102 3414

Guo H, Saalfrank P and Seideman T 1999 Progr. Surf. Sci.
62 239-303

Comstock M, Strubbe D, Berbil-Bautista L, Levy N, Cho
J, Poulsen D, Fréchet J, Louie S and Crommie M 2010
Phys. Rev. Lett. 104 178301


http://pubs.acs.org/doi/abs/10.1021/ja8018093
http://pubs.acs.org/doi/10.1021/nl403576c
http://xlink.rsc.org/?DOIC7CC07951F
http://www.sciencemag.org/content/268/5219/1873.short
http://xlink.rsc.org/?DOIC5CP01372K
http://doi.wiley.com/10.1002/adma.200600210
http://doi.wiley.com/10.1002/anie.201205718 http://onlinelibrary.wiley.com/doi/10.1002/ange.201205718/full
http://pubs.acs.org/doi/10.1021/acs.jpcc.5b02473
http://prl.aps.org/abstract/PRL/v109/i2/e026102
http://prl.aps.org/abstract/PRL/v109/i2/e026102
http://prb.aps.org/abstract/PRB/v72/i15/e153414
http://www.nature.com/ncomms/2013/131025/ncomms3569/full/ncomms3569.html
http://www.sciencemag.org/content/331/6016/445.short
http://dx.doi.org/10.1038/ncomms1057
http://dx.doi.org/10.1038/ncomms1057
http://linkinghub.elsevier.com/retrieve/pii/S0009261407009232 http://www.sciencedirect.com/science/article/pii/S0009261407009232
http://prl.aps.org/abstract/PRL/v96/i15/e156106
http://pubs.acs.org/doi/10.1021/nn203969b
http://www.ncbi.nlm.nih.gov/pubmed/22116531
http://www.ncbi.nlm.nih.gov/pubmed/12004125
http://www.ncbi.nlm.nih.gov/pubmed/21688804
http://www.ncbi.nlm.nih.gov/pubmed/21688804
http://pubs.acs.org/doi/abs/10.1021/jz200474g
http://pubs.acs.org/doi/abs/10.1021/jz200474g
http://xlink.rsc.org/?DOI=C1CS15179G
https://mediatum.ub.tum.de/?id=1190934
https://mediatum.ub.tum.de/?id=1190934
https://mediatum.ub.tum.de/?id=1190934
http://prb.aps.org/abstract/PRB/v71/i11/e113409
http://www.ncbi.nlm.nih.gov/pubmed/16345104
http://dx.doi.org/10.1021/jp711134p
http://linkinghub.elsevier.com/retrieve/pii/S0039602809000326
http://link.aps.org/doi/10.1103/PhysRevB.85.035410
http://linkinghub.elsevier.com/retrieve/pii/S0079681611000207
http://link.aps.org/doi/10.1103/PhysRevLett.99.038301
dx.doi.org/10.1016/j.cplett.2010.09.051
http://dx.doi.org/10.1021/ja065449s
https://pubs.acs.org/doi/10.1021/acs.jpclett.6b01011
http://link.aip.org/link/APPLAB/v92/i12/p123107/s1/html
http://link.aip.org/link/APPLAB/v92/i12/p123107/s1/html
http://www.ncbi.nlm.nih.gov/pubmed/19045242
http://pubs.rsc.org/en/content/articlelanding/2010/cp/b924409c/unauth#!divAbstract
https://link.springer.com/article/10.1007/s00339-007-4047-0
https://link.springer.com/article/10.1007/s00339-007-4047-0
http://prl.aps.org.eaccess.ub.tum.de/abstract/PRL/v85/i15/p3241_1 http://link.aps.org/doi/10.1103/PhysRevLett.85.3241
http://link.aip.org/link/?JCPSA6/41/3311/1
http://www.nrcresearchpress.com/doi/abs/10.1139/p64-083\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {U\global \mathchardef \accent@spacefactor \spacefactor }\accent 95 U\egroup \spacefactor \accent@spacefactor UcC-FeZoUY
http://www.sciencedirect.com/science/article/pii/016757299190009M
http://link.aip.org/link/JCPSA6/v102/i8/p3414/s1&Aggdoi
http://www.sciencedirect.com/science/article/pii/S0079681699000131
http://adsabs.harvard.edu/abs/2010PhRvL.104q8301C

Computational design of metal-supported molecular switches 14

[48]
[49]
[50]
[51]

[52]

Ruiz V, Liu W, Zojer E, Scheffler M and Tkatchenko A
2012 |Phys. Rev. Lett.|108 146103

Maurer R J, Ruiz V G, Camarillo-Cisneros J, Liu W, Ferri
N, Reuter K and Tkatchenko A 2016 Prog. Surf. Sci. 91
72-100

Maurer R J and Reuter K 2013 J. Chem. Phys.| 139 014708

Gavnholt J, Olsen T, Engelund M and Schigtz J 2008 | Phys.
Rev. B'78 075441

Clark S, Segall M, Pickard C, Hasnip P, Probert M, Refson
K and Payne M 2005 |Z. Kristallogr. 220 567-570

Payne M C, Arias T A and Joannopoulos J D 1992 Rewv.
Mod. Phys 64 1045-1097

Vanderbilt D 1990 | Phys. Rev. B 41 7892-7895

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev.
Lett. 77 3865-3868

Mercurio G, Maurer R J, Liu W, Hagen S, Leyssner F,
Tegeder P, Meyer J, Tkatchenko A, Soubatch S, Reuter
K and Tautz F S 2013 | Phys. Rev. B 88 035421

Maurer R J, Wei L, Poltavsky I, Stecher T, Oberhofer H,
Reuter K and Tkatchenko A 2016 Phys. Rev. Lett. 116
146101

Tkatchenko A, DiStasio R, Car R and Scheffler M 2012
Phys. Rev. Lett. 108 236402

Maurer R J, Ruiz V G and Tkatchenko A 2015 J. Chem.
Phys. 143 102808

McNellis E R, Meyer J and Reuter K 2009 | Phys. Rev. B 80
205414

Andzelm J and King-Smith R 2001 |Chem. Phys. Lett. 335
321-326

Govind N, Petersen M, Fitzgerald G, King-Smith D and
Andzelm J 2003 |Comp. Mater. Sci.| 28 250-258

Maurer R J and Reuter K 2011 J. Chem. Phys.| 135 224303

McNellis E, Meyer J, Baghi A and Reuter K 2009 |Phys.
Rev. B 80 035414

The employed vacuum slab, as dictated by computational
resources, was 22 A as measured from the molecule to
the image of the lowest metal layer, therefore a higher
vertical distance would lower the excitation energies
again.

Neaton J, Hybertsen M and Louie S 2006 Phys. Rev. Lett.
97 216405

Thygesen K and Rubio A 2009 |Phys. Rev. Lett. 102 046802

Garcia-Lastra J and Thygesen K 2011 | Phys. Rev. Lett.|106
187402

Titov E, Granucci G, Gotze J P, Persico M and Saalfrank
P 2016 J. Phys. Chem. Lett. 7 3591-3596

Willenbockel M, Maurer R J, Bronner C, Schulze M,
Stadtmiiller B, Soubatch S, Tegeder P, Reuter K and
Stefan Tautz F 2015 Chem. Commun. 51 15324-15327

Cho J, Berbil-Bautista L, Levy N, Poulsen D, Fréchet J M J
and Crommie M F 2010 J. Chem. Phys.| 133 234707

McNellis E R, Bronner C, Meyer J, Weinelt M, Tegeder P
and Reuter K 2010 Phys. Chem. Chem. Phys.: PCCP
12 6404-6412

Fiichsel G, Klamroth T, Doki¢ J and Saalfrank P 2006 J.
Phys. Chem. B 110 16337-45

Leyssner F, Hagen S, Ovari L, Dokic J, Saalfrank P, Peters
M V, Hecht S, Klamroth T and Tegeder P 2010 |J. Phys.
Chem. C 114 1231-1239

Miiller M, Diller K, Maurer R J and Reuter K 2016 J.
Chem. Phys.| 144 024701

Bronner C, Schulze M, Hagen S and Tegeder P 2012 N. J.
Phys. 14 043023

Hagen S 2009 Isomerization behavior of photochromic
molecules in direct contact with noble metal surfaces
Ph.D. thesis Free University of Berlin

Behler J, Lorenz S and Reuter K 2007 J. Chem. Phys. 127
014705 ISSN 0021-9606

Kolb B, Luo X, Zhou X, Jiang B and Guo H 2017 J. Phys.
Chem. Lett.) 8 666—672

[80] Rupp M, von Lilienfeld O A and Burke K 2018 |J. Chem.
Phys. 148 241401


http://prl.aps.org/abstract/PRL/v108/i14/e146103 http://link.aps.org/doi/10.1103/PhysRevLett.108.146103
http://link.aip.org/link/JCPSA6/v139/i1/p014708/s1&Aggdoi
http://prb.aps.org/abstract/PRB/v78/i7/e075441
http://prb.aps.org/abstract/PRB/v78/i7/e075441
http://www.atypon-link.com/OLD/doi/abs/10.1524/zkri.220.5.567.65075
http://rmp.aps.org/abstract/RMP/v64/i4/p1045_1
http://rmp.aps.org/abstract/RMP/v64/i4/p1045_1
http://prb.aps.org/abstract/PRB/v41/i11/p7892_1
http://prl.aps.org/abstract/PRL/v77/i18/p3865_1
http://prl.aps.org/abstract/PRL/v77/i18/p3865_1
http://link.aps.org/doi/10.1103/PhysRevB.88.035421
http://link.aps.org/doi/10.1103/PhysRevLett.108.236402
http://scitation.aip.org/content/aip/journal/jcp/143/10/10.1063/1.4922688
http://scitation.aip.org/content/aip/journal/jcp/143/10/10.1063/1.4922688
http://link.aps.org/doi/10.1103/PhysRevB.80.205414
http://linkinghub.elsevier.com/retrieve/pii/S0009261401000306 http://www.sciencedirect.com/science/article/pii/S0009261401000306
https://www.sciencedirect.com/science/article/pii/S0927025603001113
http://www.ncbi.nlm.nih.gov/pubmed/22168690
http://link.aps.org/doi/10.1103/PhysRevB.80.035414
http://link.aps.org/doi/10.1103/PhysRevB.80.035414
http://link.aps.org/doi/10.1103/PhysRevLett.97.216405
http://link.aps.org/doi/10.1103/PhysRevLett.102.046802
http://link.aps.org/doi/10.1103/PhysRevLett.106.187402
http://pubs.acs.org/doi/10.1021/acs.jpclett.6b01401
http://pubs.rsc.org/en/content/articlehtml/2015/cc/c5cc05003k
http://scitation.aip.org/content/aip/journal/jcp/133/23/10.1063/1.3519557
http://www.ncbi.nlm.nih.gov/pubmed/20379594
https://pubs.acs.org/doi/abs/10.1021/jp060969v
https://pubs.acs.org/doi/abs/10.1021/jp060969v
http://pubs.acs.org/doi/abs/10.1021/jp909684x
http://pubs.acs.org/doi/abs/10.1021/jp909684x
http://scitation.aip.org/content/aip/journal/jcp/144/2/10.1063/1.4938259
http://scitation.aip.org/content/aip/journal/jcp/144/2/10.1063/1.4938259
http://link.aip.org/link/?JCPSA6/127/014705/1
http://pubs.acs.org/doi/10.1021/acs.jpclett.6b02994
http://pubs.acs.org/doi/10.1021/acs.jpclett.6b02994
http://aip.scitation.org/doi/10.1063/1.5043213
http://aip.scitation.org/doi/10.1063/1.5043213

	1 Introduction
	2 Computational Methods
	2.1 Density Functional Theory calculations
	2.2 Modelling molecule-surface charge-transfer excitations with linear expansion -Self-Consistent-Field-DFT (leSCF-DFT) 

	3 Results
	3.1 The role of substrate electronegativity
	3.2 The role of molecule functionalisation
	3.3 Excited state energy landscapes of transient molecular ions

	4 Discussion and Outlook
	5 Conclusion

