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We use density-functional theory (DFT) to analyse the interaction of trans- and cis-porphycene with
Cu(111) and their interconversion by intramolecular H-transfer. This tautomerisation reaction is char-
acterised by small values for the reaction energy and barrier, on the order of ~0.1 eV, where the
trans configuration is thermodynamically more stable upon adsorption according to the experiments
[J. N. Ladenthin et al., ACS Nano 9, 7287-7295 (2015)]. To gain even a qualitatively correct descrip-
tion of this reaction at the DFT level, an accurate treatment of dispersion interactions and a careful
choice of the exchange contribution are required in order to predict the subtle energetics. Analysis of
the electronic structure shows that adsorption is contributed by a van der Waals (vdW) interaction,
mainly responsible for stabilising the polyaromatic fragments, and by a significant charge redistri-
bution localised between Cu and the unsaturated N atoms of the molecule central cavity. We find
that different vdW functionals can produce qualitatively different electronic structures, while yield-
ing small trans vs. cis energy differences. Unlike other functionals surveyed here, vdW-DF with
PBE exchange satisfactorily reproduces not only the experimental energetics but also the scanning
tunneling microscopy images. This gives us confidence that this functional achieves a reliable bal-
ance between the two mechanisms contributing to the adsorption of porphycene. Published by AIP
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l. INTRODUCTION

A tautomerisation reaction is defined as an intramolec-
ular transfer of hydrogen between two sites of an organic
molecule,' and the isomers convertible by this reaction type are
known as tautomers. Tautomers, unlike enantiomers, behave
as different chemical entities. Currently, a large body of
research devoted to the synthesis and characterisation of
these molecules is under development.” From a surface sci-
ence perspective, it is observed that some tautomeric pairs
adsorbed on metals show radically different conductances,
i.e., an intramolecular hydrogen transfer reaction between
bi-stable bonding sites can be mapped into a two-level elec-
tronic system. This has prompted a number of single-molecule
manipulation studies, mainly in the framework of scanning
tunneling microscopy (STM). Additionally, the issues of tau-
tomeric selectivity and recognition have emerged, mapping the
long-standing field of chirality characterisation on surfaces.
The seminal manipulation work involved naphthalocyanine
tautomerisation, where H atom transfer at the molecule central
cavity was excited by inelastic electron tunneling.> Subse-
quent studies have involved mostly this class of molecules,
with phthalocyanine,*> H,-free-base tetraphenyl-porphyrin
(H,-TPP),%® and porphycene® !> as prominent examples,
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as well as molecular switches based on quinone deriva-
tives'>!* and guanine,'>'® demonstrating that H-transfer is
not necessarily restricted to the cavity of large polyaromatic
molecules.

Here, we study the tautomerisation of the most stable iso-
mer of porphine and porphycene, which has a lower symmetry
than the parent molecule because of its rectangular central
cavity.!'”!8 The positions within the molecular central cav-
ity of the H-saturated and hydrogenated N atoms, which we
will refer to as amine and imine N in the following, respec-
tively, define the trans and cis tautomers as shown in the inset
of Fig. 1. On copper surfaces—and on metallic substrates in
general—the STM-induced H-transfer is mediated by non-
adiabatic coupling (NAC) between the low-energy excited
electrons or holes in the metal and the vibrational degrees
of freedom associated with the =N—H bonds breaking and
formation at the amine and imine groups. While on Cu(110)
only cis < cis transfers could be realized experimentally,” %12
importantly, on Cu(111) the trans — cis tautomerisation is
accomplished.!! That is, not only the porphycene conductance
but also its chemical identity can be manipulated on the lat-
ter surface. This reaction on Cu(111) has alternatively been
realized by the application of near-infrared or ultraviolet laser
pulses,!” which vibrationally excite the molecule indirectly
via electronic excitation of the substrate, such as to create
an excited intermediate from which the tautomerisation then
proceeds. The experiments on Cu(111) also reveal the irre-
versibility of the STM-induced trans — cis tautomerisation at

Published by AIP Publishing.
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FIG. 1. One-dimensional energy barrier of the trans — cis-porphycene
(shown in the insets) process in the gas phase for various functionals, referred
to the potential energy Eq of the trans tautomer, as a function of the N—H
stretched bond length r.

5 K—the inverse process is thermally induced—which makes
porphycene a good molecular switch candidate. Interestingly,
the reaction can be remotely induced, i.e., it can proceed after
the application of electron pulses of the STM tip located at
nanoscale lateral distances from the molecule, in the low cov-
erage regime. This suggests a likely key role of the Cu(111)
surface state. However, this conjecture, together with other
subtle details of the NAC mechanism, such as anharmonic-
ity, intermolecular vibrational energy redistribution, and the
importance of tunneling,’®?! remains open for discussion.
A successful model of adsorbed porphycene tautomerisation
must certainly include those ingredients, but it relies ultimately
on a faithful description of the energy landscape associated
with the cavity deformation, in particular the motion of the
N and H atoms. Illustratively, in the STM-induced manip-
ulation of hydrogen on/in Pd(111),>>?? the potential energy
topography is decisive in the dynamics description, as it was
shown that a quasi-thermal mechanism promoted by NAC
suffices to explain the H-transfer behaviour under a wide
range of external parameters, e.g., tunneling bias and current
intensity.>*

In the present work we calculate, by means of density-
functional theory (DFT), the potential energy landscape along
a one-dimensional adiabatic reaction path to describe the
trans < cis tautomerisation of the isolated porphycene
molecules adsorbed on Cu(111). That, in conjunction with the
electronic structure analysis for both tautomers in their equilib-
rium configurations, serves the double purpose of (i) extracting
information from the STM images (e.g., tautomer recogni-
tion, molecule buckling, and other geometrical parameters)
and (ii) addressing the degree of importance of the van der
Waals (vdW) interactions in the system. The latter is a fun-
damental aspect of the DFT study of organic and organo-
metallic molecule adsorption on metal surfaces that, despite
the latest major vdW functional developments,? still demands
benchmarking and refinement. One challenge faced in this
theoretical area is functional transferability, in the sense that
a functional should be valid to describe a wide range of
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system classes (e.g., molecular and layered crystals’*~® or

molecule-metal surface interactions”*=?) or long and short
length scales (e.g., in gas-surface interactions in a dynamical
environment***), simultaneously.

We find for porphycene on Cu(111) that there is a compe-
tition between the dispersion forces, which tend to stabilise
the polyaromatic molecule ring farther from the substrate,
and a significant charge exchange between the Cu and the
cavity imine N atoms at closer distances. Since the combi-
nation of unsaturated N atoms that might serve as anchoring
points (O and S atoms, even a metal atom, could serve as
well) and variable-sized polyaromatic fragments is a common
feature of many organic molecules, the conclusions we draw
here for porphycene can be generalised to those cases. The
balance between those interactions dictates the details of the
H-transfer barrier and will, consequently, rule the inelastic
scattering mechanisms driving the tautomerisation reaction.
A reliable theoretical model of the process thus stems from a
sensible choice of a vdW functional, all the more in the partic-
ular case of porphycene on Cu(111), where the small energy
differences and low barriers between both tautomer confor-
mations demand a careful account of the two aforementioned
bonding contributions.

By surveying vdW functional formulations, and partic-
ularly by varying the exchange contributions, we find that
several of them yield trans as the lowest energy conformation
upon adsorption, as in the experiments, with energy differ-
ences of the order of ~0.1 eV only. Thus, this observation
alone does not make a strong case for supporting a functional.
In spite of this, we find that different functionals produce
qualitative differences in the electronic structure at the inter-
face and in the atomic coordinates (buckling of the molecule).
These properties are in turn manifested as distinctive features
in the simulated STM images, which allow us to further assess
the functional reliability by comparison with experimental
images. From this analysis we conclude that vdW-DF3>-3
where PBE exchange replaces the original revPBE exchange?’
offers a good overall agreement with the available experimen-
tal information on the energetics and STM images for this
system.

The paper is organised as follows: the parameters for the
DFT calculations and details on the vdW functionals used are
reported in Section II; in Section III we show the results on
the gas-phase and adsorbed porphycene energetics, and we
describe the electronic structure; in Section IV we discuss
those results in terms of the functionals used and interpret
the experimental STM images and tautomerisation barriers.
Finally, conclusions are presented in Section V.

Il. METHODOLOGY

In the present DFT calculations, we use the periodic super-
cell approach to represent an infinite Cu(111) surface. The
calculations are carried out with the VASP code,3® which uses
a basis of plane waves to describe the electron wavefunc-
tions. In the analysis of the porphycene-Cu vdW interaction,
the performance of various exchange and correlation func-
tionals is examined. We have used a few representatives of
the non-local DF*33%40 and opt*%#! families of DFT-vdW
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functionals, which are self-consistently*® implemented in
VASP by means of an efficient algorithm to compute the dis-
persion corrections.*>*> The functionals of the opt family are
based on the DF non-local correlation. They are made more
attractive by reparameterisation of the exchange function-
als**#! to obtain smaller deviations from the benchmark dimer
data set S22.*3 As will be shown below, the attractive or repul-
sive character of the exchange functional employed is key
to explain the relative stabilities and barrier heights of the
porphycene-copper system. The literature describes how the
use of alternative exchanges to those featured in the original
vdW functional formulations improves the binding properties
of several system classes.3”#445 Therefore, we studied the role
of exchange in the molecule-surface binding using vdW-DF
with PBE in the semilocal exchange and correlation (outer®”)
term®’ and vdW-DF-cx, which uses the same exchange in the
outer term and in the calculation of the non-local (inner®)
term.***® We have also applied other methodologies, namely
Grimme’s semiempirical dispersion corrections to the energy
at the D3 level*’ and the density-based model of Tkachenko-
Sheffler (TkS) in its original form,*® as well as in the re-
parametrized version vdW**74® which accounts for the many-
body screening of the substrate electrons, and the many-body
dispersion (MBD) approach.’>>! Note that in the latter a
screened polarizability in the metal substrate atoms needs to be
considered.>

Finite slabs with four Cu layers and a (6 x 6) lateral peri-
odicity were found to be wide enough for the lateral vdW
interactions between molecules to be negligible. We keep the
Cu lattice constant fixed to its experimental value, ap =3.61 A,
and we also fix the two bottom Cu layers, while allowing for
the relaxation of all other atomic coordinates. The vacuum
space between the slabs is equivalent to 7d, where dj is the
bare surface interlayer spacing. Note that vdW-DF2 largely
overestimates lattice constants.*? In fact, here we observe
an overestimation of about 4% in the interlayer distance at
the topmost layer. In this particular case, only the molecular
degrees of freedom are optimized to avoid unphysical expan-
sion of the surface. lon cores are treated in the calculations
through projector-augmented wave (PAW) potentials.”> The
energy cutoff for the basis set is 400 eV and the Monkhorst-
Pack mesh for the first Brillouin zone k-point sampling>* is
3 x 3 x 1. To extract the properties of the gas-phase molecule,
a larger hexagonal supercell of 14x 14 x 10 A3 anda 1 x 1 x 1
k-point mesh was used. The convergence criteria for the total
energies in the self-consistent loop are 107> eV. In the geome-
try optimizations, the atomic coordinates are considered con-
verged when the energy differences are <10~ eV and forces
<0.02eV AL

We use constrained minimization to obtain the one-
dimensional tautomerisation energy barrier between the trans
and cis potential energy minima. The corresponding reac-
tion coordinate is determined by following the potential
energy landscape along the N—H distance of the hopping
H atom. At each point along the calculated path, this dis-
tance is kept fixed (i.e., it is a nonlinear constraint) and
the remaining molecular degrees of freedom are allowed to
relax and follow the H migration adiabatically. All the struc-
tures along the reaction path were optimised with the ASE
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package® using the FIRE algorithm.® To obtain initial
guesses for the intermediate structures, the Cartesian coor-
dinates of the frans and cis equilibrium configurations were
linearly interpolated.

lll. RESULTS
A. Tautomerisation in the gas phase

Table I shows the potential energy difference E._;
between the cis and frans configurations in the gas phase
(a positive E._; indicates that trans is more stable than cis) and
the energy at the frans — cis transition state (TS) for various
functionals, compared with B3LYP>7% and MP2>* litera-
ture values.®'> Fig. 1 shows the one-dimensional potential
energy profile of this tautomerisation process calculated with
constrained minimization. The vdW-DF2 functional results in
much larger E._; and barrier values than the other studied
functionals, which lie closer to the MP2 data which we con-
sider a reliable reference. The best agreement is found for the
vdW-DF with PBE exchange. We recall that the original
vdW-DF is constructed with revPBE exchange. Note that
results labelled as PBE are obtained with PBE semilocal cor-
relation, while the vdW-DF(PBE) ones are obtained with the
local density approximation (LDA) plus non-local correlation.
Therefore, the differences in the energies obtained from these
two levels of approximation might be attributed to the two
intramolecular hydrogen bonds N—H- - - N, as the main sup-
plementary sources of dispersion interactions. This seems to
be a minor effect, though, as differences of only ~20 meV are
found (see Fig. 1).

B. Tautomerisation in the adsorbed configurations

We calculate next the energy minima corresponding to the
adsorbed trans and cis configurations. Since the STM exper-
iments show that the molecules lie oriented along the [1 12]
surface crystallographic direction or their symmetry equiva-
lents (in total they can adopt six equivalent orientations and
both chiralities of the isomers), in the present work we con-
sider the configurations shown in Fig. 2, which guarantee that
both unsaturated N atoms of the cis isomer are in registry with
neighbouring Cu atoms. This configuration is supported by the
fact that the experiments show a rigid shift of the molecule of

TABLE I. Relative energies of gas-phase trans and cis porphycene and trans
— cis barrier heights E7g from VASP calculations (in eV) for various func-
tionals. Literature values calculated with TZ2P and 6-31G(d,p) Gaussian basis
sets at the B3LYP and MP2 levels are shown, too.

E._; E7s

optB86b-vdW !° 0.077

optB88-vdW 0.088 0.138
vdW-DF2 0.118 0.237
PBE 0.080 0.108
vdW-DF(PBE) 0.099 0.155
B3LYP (TZ2P°') 0.104 0.213
B3LYP (6-31G(d,p)*?) 0.100 0.203
MP262 0.115 0.163




244701-4 Novko, Tremblay, and Blanco-Rey

FIG. 2. Models of trans and cis-porphycene adsorption on Cu(111).

~1.4 A along [110] (symmetry equivalent to [101]) during
the cis < cis tautomerisation.!! Although no evident confor-
mation that pairs up the unsaturated N and Cu atoms of the
Cu(111) substrate exists for the trans isomer, no significant
shift or rotation of the molecule is observed upon trans — cis
transformation. This supports the structures shown in Fig. 2
where the molecule lies at a hollow site as being the most stable
ones, which is confirmed by most density functionals. Exper-
imentally, it is difficult to distinguish fcc from hcp hollows or
to determine the adsorption height of the molecules.

Table II summarizes the E._; energies and adsorption
heights, given as the average height 7 of the four pyrrole
centres, obtained with several functionals for Fig. 2 geome-
tries. According to the experiment, all the molecules adsorb
only in the trans conformation. The thermodynamical sta-
bility of the frans molecules proves univocally that values
E._; > 0 should be obtained. Theoretically, we observe that
optB86b-vdW, optB88-vdW, and TkS (with PBE exchange)
fail to reproduce this qualitative trend, yielding a cis con-
figuration, that is, ~0.15 eV more stable than the trans one.
The many-body corrections to the latter functional vdW*“/
and MBD do not modify this conclusion, although they sig-
nificantly reduce the energy difference between both config-
urations. The Grimme vdW-D3 functional also predicts the
wrong ordering and about the same stability when the PBE

J. Chem. Phys. 145, 244701 (2016)

TABLE II. For various DFT functionals, adsorption energy difference
between cis and trans configurations on Cu(111), and molecule heights mea-
sured as the average height Z of the centres of mass of the four pyrroles in
each molecule.

Functional Ec—; (eV) Ztrans (A) Zeis (A)
optB86b-vdW -0.130 2.50 2.65
optB88-vdW -0.167 2.69 272
DFT-D3(PBE) -0.115 2.59 2.54
DFT-D3(revPBE) -0.034 2.63 257
DFT-D3(RPBE) -0.011 261 2.60
TkS -0.159 2.59 2.62
vdwsuf -0.081 2.52 2.53
MBD -0.093 2.49 2.55
vdW-DF(PBE) 0.085 3.29 2.96
vdW-DF-cx 0.049 3.29 2.87
vdW-DF2 0.106 3.55 3.54
vdW-DF2(PBE) 0.094 3.42 3.43

exchange is used. However, the cis stability is largely reduced
for other exchange choices: revPBE and RPBE result in nearly
equally stable frans and cis, with absolute values of E._; 0.034
and 0.011 eV, respectively. We observe two typical adsorption
heights for both tautomers across the table: z ~ 2.5 A for the
functionals that yield energies E._; ~ —0.15eV or E._; ~ 0,
in disagreement with the experimental observations, and
7 ~ 3.5 A for the ones resulting in values E._; =~ 0.1 eV. The
vdW-DF(PBE) and vdW-DF2 functionals provide similar
E._; ~ 0.1 eV, consistent with the experimental result regard-
less of the choice of the exchange functional. The behaviour of
vdW-DF-cx is similar to vdW-DF(PBE), with a slightly more
strongly bound cis. They differ significantly, though, in the
height and shape of the tautomerisation barrier, as shown in
Fig. 3 top panel, as well as in the distance Z of cis-porphycene
to the surface. The original vdW-DF2 functional, which uses

- FIG. 3. Top panel: trans — cis one-
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FIG. 4. One-dimensional  adsorption
cis potential for porphycene approaching
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rPW86 exchange, overestimates the experimental cis — trans
barrier of 42.3 + 2.7 meV, while vdW-DF(PBE) is in a good
agreement with the experiment (the functional vdW-DF-cx
also overestimates the barrier, mainly because the cis con-
formation is more stable). In this figure and in the analysis
hereafter, we focus on the three functionals that are the repre-
sentative of the different DFT-vdW functionals and molecule-
substrate interaction strength scenarios: the strongly attractive
optB88-vdW, the weakly attractive vdW-DF2, and the vdW-
DF(PBE) as an intermediate case. The medium strength of
the latter functional is also revealed in the adsorption heights
Zirans = 3.29 and Z.;s = 2.96 A, which are intermediate between
the two typical heights mentioned above (see Table II). The
binding strength provided by each of these functionals is
reflected in the variation of the molecular structure as H is
being transferred from one N atom to the other. This is shown
in the bottom panels of Fig. 3, where the adsorption heights
and molecule bucklings are given as the averages of the heights
of the four N atoms (z) and of the pyrrole centres (Z) above
Cu(111). These two ways of accounting for the geometrical
details provide very similar information, with differences of
less than 0.1 A. These could be attributed to the distortion of
the polyaromatic ring along the reaction path, which is barely
observable with the bare eye. The overbinding character of
optB88-vdW is reflected in the small adsorption heights and
larger buckling of the molecule. The opposite behaviour is
obtained for the weakly binding vdW-DF?2. In the intermediate
vdW-DF(PBE) case, we observe a progressive decrease in the
height and an increase in the buckling along the reaction path.

The molecule adsorption energies E,; with respect to
the gas-phase and the attraction range exerted by five of the
studied functionals are depicted in the molecule-surface

gas-phase molecular geometry.

z(A)

potential energy as a function of the molecule height, V(z), in
Fig. 4. The curves are calculated by shifting the rigid molecule
upward and downward from the potential energy minima con-
figurations, i.e., the relative atomic positions are not relaxed.
No barrier for the molecule approach from the gas phase is
observed, at least with these constraints. The energy zero in
each curve is taken at the potential energy of the molecule
lying far from the clean surface in its relaxed configuration,
i.e., the energy value at the minimum is E ;. Because of the
constraints adopted here, some of potential curves at high z
values tend to ~0.7 eV due to the strong buckling caused by
adsorption near the surface. We observe E 4, differences of the
order of 1 eV depending on the functional and wider adsorption
wells for the least binding ones.

C. Electronic structure of the porphycene-Cu(111)
interaction

Fig. 5 shows the sum of projected densities of states
(PDOS) on the atomic orbitals of N, C, and H, which pro-
vide a simple tool to univocally identify the binding energies
of the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) in particular for a
weak hybridisation with the surface. This is clearly the case for
vdW-DF2 and for trans-porphycene with vdW-DF(PBE),
where the HOMO and LUMO peaks are localised. In the other
cases, the peaks are less clear as a consequence of a significant
hybridisation between the MOs and the Cu(111) substrate. To
confirm this interpretation, we have also inspected the Kohn-
Sham (KS) states located at the relevant peaks or energy ranges
in the PDOS curves and compared them with the KS states
calculated in the gas-phase that correspond to the HOMO and
LUMO (see the charge density associated to the gas-phase

FIG.5. PDOS of cis and trans-

optB88-vdW ——
vdW-DF2 )
trans vdW-DF(PBE) —— cis
20 T T T T T T T T T T T
15 1 F E
HOMO HOMO
10 1 F

PDOS (arb.u.)

g porphycene near the Fermi level for
various functionals.
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TABLE III. Charges Aq in lel units of the adsorbed molecules relative to their
gas-phase nominal values calculated from a Bader partitioning scheme of the
charge inside the calculation supercell. A negative (positive) sign corresponds
to the electron transfer from (to) the Cu surface to (from) the molecule.

Functional trans cis

optB88-vdW —-0.550 -0.576
vdW-DF2 0.039 0.037
vdW-DF(PBE) 0.054 -0.243

MOs in Fig. 7). For the optB88-vdW and vdW-DF(PBE) func-
tionals, the cis-porphycene hybridisation with the Cu substrate
is strong enough to shift the LUMO downward in energy
around the Fermi level. Only for the most attractive functional,
does the trans LUMO hybridise close to the Fermi level. The
HOMO lies well below, at about —1 eV.

The HOMO-LUMO gap of both isomers in the gas phase
takes an approximate value of 1.6 eV for the investigated
functionals (the experimental gas-phase value is 2.2 eV%%).
Fig. 5 shows that the gap is not significantly altered upon
adsorption, but marginal changes due to screening effects
might be present. Although we cannot expect accurate gap
values at this level of theory, we can infer charge transfer
differences because of the functional-dependent gap align-
ment with respect to the Fermi level. The use of the hybrid
functionals, which include exact exchange, in combination
with a nonlocal correlation correction could reduce self-
interaction errors and thus improve the quantitative description
of the HOMO and LUMO binding energies, as well as of
the charge transfer.®* These calculations currently come at a
prohibitive computational cost for a system like the present
one. We have determined the actual charge transfers from a
Bader-like atoms-in-molecules charge partitioning analysis.®
Table III shows the charge depletion or accumulation Ap at
the adsorbed molecule with respect to the gas phase. Bear in
mind that a Bader analysis of our calculated gas-phase por-
phycene electron densities underestimates the nominal total
charge in the molecule by 0.13 electrons. Thus we can con-
sider this value as an error bar for the Ap values of Table III. As
expected, vdW-DF?2 yields negligible and optB88-vdW yields
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the largest charge transfers. In the latter case, about 0.6 elec-
trons are donated by the surface to both isomers. The third
functional yields a significant donation to the cis but not to
the trans porphycene. All these features of the Bader analy-
sis are consistent with the results of the PDOS presented in
Fig. 5.

The charge density alterations at the interface are stud-
ied in further detail with the so-called charge density dif-
ference (CDD) map, i.e., the difference between the actual
electron density in the adsorbed configuration and the sum
of the bare surface and the isolated molecule densities, both
calculated with the atomic positions frozen at the adsorbed
configuration geometry. Fig. 6 shows two-dimensional cuts
of the CDD perpendicular to the surface through the imine
N atoms. There it can be distinguished how bonds are
formed between these N atoms and some substrate Cu atoms,
with a quite clear directionality in some of the cases. This
happens mainly for optB88-vdW and both imine N atoms
of cis and also one N in trans porphycene, but also for
vdW-DF(PBE) and the cis isomer. In the other cases, the
much weaker bonding is manifested as a delocalised and very
subtle electron accumulation at the interface. Regarding the
relationship between the charge transfer and geometry, note
that those directional bonds make the half portion of the cis
molecule containing the imine N atoms that lie closer to the
surface, while the other half of the molecule lies slightly
higher by the influence of the vdW forces, which tend to sta-
bilise the molecule farther from the substrate. As a matter of
fact, even a small depletion of electrons is found under the
amine N atoms of the cis molecule with optB88-vdW (not
shown).

It is clear from Fig. 5 that a STM image taken at pos-
itive voltages below ~1 V or even small negative voltages
will map the molecular LUMO. Fig. 8 shows the calcu-
lated partial charge density (PCD) 2 A above the adsorbed
molecules at the experimental bias voltage —0.1 V,!! which
can be interpreted as a coarse approximation to simulating
the STM images. For a given potential bias V, the PCD is
constructed by integration of the electron densities of the
KS states lying between the Fermi level energy Er and
E F+ ev.
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IV. DISCUSSION
A. Molecule-substrate interaction

The original vdW-DF2 formulation, with rPW86
exchange contribution, %7 correctly predicts the thermody-
namical stability of the frans isomer upon adsorption on
Cu(111) [as it will be discussed below, despite correctly pre-
dicting the sign of E._;, vdW-DF2 does not correctly describe
the porphycene/Cu(111) interaction], unlike optB86b-vdW
and optB88-vdW, which yield a much more stable cis con-
figuration by nearly 0.15 eV. The latter two functionals use
optimised exchange contributions, formulated as the gradient-
modified Becke86°® and Becke88,%° respectively, but with a
reparameterisation of the exchange enhancement factor F(s)
(where s o« |Vp|p~#/3 is the reduced density gradient and p
the point electron density) optimised to better match the S22
benchmark dataset.** PBE and revPBE also use an alterna-
tive parametrisation of the Becke expression for the exchange
enhancement factor.’° Figures 2 of Ref. 67, 2 of Ref. 40, 3(a)
of Ref. 71, and 11 of Ref. 46 nicely summarize the F(s) val-
ues of a number of exchange functionals in the literature. The
rationale behind those formulations is that F',.(s) must increase
steeply enough with s to avoid the overbinding brought by
LDA, in some cases while attempting also to satisfy the Lieb-
Oxford bound’? at large s. This typically causes a stronger
binding behaviour for PBE than for revPBE, since the lat-
ter takes larger Fy(s) values. In order to improve in the S22
benchmarkings, RPBE, rPW86, optB86b, and optB88 are gen-
erally made to adopt intermediate values between revPBE and
PBE with the following exceptions: (i) optB86b and optB88
are smaller than PBE at around s < 3 and increase above
revPBE rapidly at around s > 4.5, (ii) rPW86 is higher than
revPBE at low s < 1.8, and (iii) RPBE and revPBE take very
similar values at s < 2.5. The overall quality of the physi-
cal description is highly dependent on the different s-values
spanned by the electron density in each particular system.
In fact, Fig. 4 shows that both tautomers are most strongly
bound by optB88-vdW and least by vdW-DF2 with rPW86,

trans

HOMO

LUMO
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while vdW-DF(PBE) shows an intermediate strength, which
is reflected both in the energy and the adsorption heights. This
suggests that the porphycene-Cu(111) interaction is mainly
influenced by low-s regions. This is further supported by the
result of vdW-DF-cx. This functional has F,(s) similar to
rPW86 at large s values. Note that it is not directly comparable
to the other studied methods of the DF family because the same
exchange enters also in the nonlocal correlation term. As for
the trans vs. cis difference, it is not straightforward to antic-
ipate the effect of each functional on the relative binding en-
ergy E.—, and height. The results of Table II for optB88-vdW
and optB86b-vdW (E._; = —0.15 eV, in disagreement with the
experiment) show that the cis tautomer is more overbound than
the trans one. This makes sense if we assume that the general
effect produced by these functionals is to create a strong bond
at each molecule-surface anchoring point, since cis has two
of these imine N—Cu bonds and frans just one (see Fig. 6).
In contrast, the two vdW-DF?2 results with rPW86 and PBE
exchanges [and also vdW-DF(PBE)], favour the trans tautomer
by E.—; ~ 0.1 eV and adsorb the molecules ~1 A farther from
the surface.

The trend predicted by the low-s enhancement factors
is also observed with the semiempirical vdW-D3 functional,
where PBE yields an overbound cis (same for TkS with PBE).
This is in contrast with RPBE and revPBE, which yield simi-
larly small E._; values, well within the uncertainty of density
functional theory. Note that the use of PBE exchange in the
vdW-DFT functionals does not result in overbinding. This
proves that, despite the exchange being a relevant factor in the
adsorption strength, the correlation formulation is by no means
less relevant to describe the dispersion interactions accurately.
From these results, we infer that the above described exchange
effects affect mostly the binding through the imine N atoms
(i.e., the region of the interface below the molecule), while the
outer polyaromatic ring of the molecule weakly binds to the
surface. The latter is dominated by attractive dispersion forces,
which tend to bind the molecule at higher z values. These
forces may counteract an eventually overestimated imine
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N—Cu bond strength, causing an overall upward shift of the
molecule, as we discuss in Subsection IV B.

B. Electronic structure and STM interpretation

We have analysed the electronic structure of the trans and
cis adsorbed configurations for the three selected functionals.
OptB88-vdW can be readily ruled out for this system on the
basis of wrongly predicting that the cis tautomer is the most sta-
ble on Cu(111). By interpreting the experimental STM images
aided by the PDOS and PCD results, we now further argue that
vdW-DF?2 is neither suitable.

The trans and cis STM experimental images possess
distinctive patterns, which enable tautomer recognition. The
double-lobed asymmetric elongated image is attributed to
trans, while the crescent-shaped one to cis. This assignment
can be made just by the consideration of the absence or pres-
ence of mirror symmetry (i.e., chiral or achiral character),
respectively, of the gas-phase molecules. However, the knowl-
edge of the gas-phase electronic structure alone does not grant
the distinction. It is to be expected that either the HOMO or
LUMO of the molecule is being imaged in the STM experi-
ment, with some degree of blurriness associated with orbital
hybridisation at the surface. In Fig. 7, both the MOs are found
to look very similar for both the gas-phase tautomers, since
their electronic density is localised at the polyaromatic ring.
In the molecular cavity region, where the main difference (the
positions of the imine and amine N atoms) between trans and
cis resides, the changes are marginal. Therefore, we conclude

trans cis
vy
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that the distinctive features of the STM images must have their
origin in the interaction of the HOMO and LUMO with the
substrate. This finding already suggests that the very weakly
binding vdW-DF2 might not be a suitable functional for mod-
elling porphycene on Cu(111) either, since the molecule retains
its gas phase structure and is adsorbed far from the surface
(~3.5 A) for both the cis and trans structures. Another impor-
tant conclusion is that the STM image modulations account
for the buckling of the polyaromatic ring, which is captured by
optB88-vdW and vdW-DF(PBE) only (see bottom right panel
of Fig. 3).

The PDOS in Fig. 5 show that the LUMO is the
closest lying orbital above the Fermi level, and that it is
strongly hybridised with the surface electron density for trans
with optB88-vdW and for cis with optB88-vdW and vdW-
DF(PBE). In these cases, the hybridised states conform to the
observed STM images at low bias voltage. The interpretation
of the crescents of the cis images thus appears clearly: the
half of the molecule containing the amine N atoms is lifted,
while the other one lies closer to the surface. The trans case is
less clear, though, as none of the performed calculations yield
enough hybridisation as to bring the imine N atoms closer to
the surface and produce the needed asymmetry in the PCD,
with the exception of opB88-vdW. A buckling with the same
origin has been reported for Ho-TPP,” which does not seem
to be the case here. The brightest lobes were interpreted in
the experimental literature as closely lying to the axis along
the molecule diagonal that crosses the amine N atoms, reveal-
ing the molecule handedness.!! This seems to be a natural
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interpretation, as the unsaturated N atoms lie closer to the
surface when vdW-DF(PBE) and especially optB88-vdW are
used. The PCD at V =—-0.1 V (see Fig. 8) for these two func-
tionals shows that there is enough hybridisation as to produce
the modulation of the LUMO needed to reproduce the asym-
metric lobes and the crescent shape characteristic of the trans
and cis tautomers, respectively. Note that the vdW-DF(PBE)
seems to slightly underestimate the hybridisation, producing
just a weak asymmetry. Fig. 5 demonstrates the weakness
of the surface interaction with both tautomers for vdW-DF2,
which is reduced to a pure vdW interaction contribution at
long distances ~3.5 A with no charge exchange and very little
molecular buckling. As expected, the simulated images (Fig. 8)
are in a qualitative disagreement with the experimental ones
because the PCD at V = —0.1 V does not include any MO
character at all. Therefore, we argue that vdW-DF2 should
be disregarded, too. From the buckling calculated with vdW-
DF(PBE) and optB88-vdW (see Fig. 3), and the experimental
images, we may deduce that a buckling of ~0.2 A produces
a small, yet noticeable, modulation in the STM images, and
that bucklings above 0.4 A result in very clear contrasts. Note
that, here, no attempt was made to enhance the contrast of
the PCD images and the STM response is depicted as a linear
scale.

The Bader analysis (see Table III) allows to quantify
the hybridisation in terms of the charge Ag transferred from
the substrate to the molecules. As expected, Ag is negligi-
ble for vdW-DF2. However, we note that the porphycene-Cu
binding energies do not correlate with the degree of charge
transfer. In fact, optB88-vdW stabilises cis more than trans
on Cu(111), but yields similar Ag ~ —0.55]e| in both cases.
For the medium-binding vdW-DF(PBE), we find negligible
Ag for trans and Aq =~ —0.25|e| for cis, consistent with the
LUMO hybridisation features observed in the PDOS of Fig. 5.
Similarly, there is a clear correlation between large Ag val-
ues and low adsorption heights but not between large Ag and
E._;, > 0 values. The CDD maps of Fig. 6 show that the
strongly directional Cu-imine-N bonds are the main contribu-
tors to the reported Ag values. There, we also observe that in
the optB88-vdW case the interaction with Cu causes a signif-
icant charge rearrangement within the molecule, not only in
the interface region. This extra localised charge redistribution,
probably conditioned by the underestimation of the molecule
adsorption height, has an important effect on the interaction
energetics. It thus appears as one of the main factors respon-
sible for the wrong energetic ordering [cis more stable upon
adsorption on Cu(111)] using this functional.

The degree of charge exchange between the substrate and
the single molecule is relevant for understanding the stability
of porphycene at higher coverages. This correlation with lat-
eral interactions between molecules, which add to the expected
usual weak lateral vdW contribution, has been reported for
2H-porphine on Ag(111) and Cu(111).7>7# Although the char-
acterisation of coverage effects lies beyond the scope of this
work, it is worthwhile pointing out that lateral interactions are
expected to be weak in the present case. As a worst case sce-
nario, let us consider the vdW-DF(PBE) functional, for which
the value for the charge transfer varies from Ag = —0.243 |e|
at z=2.96 A above the surface in the cis case to Ag = 0.054 |e|
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at z =3.29 A in the trans case. Creation of an image charge in
the surface will lead to the creation of a dipole, uct = 2Aq z.
The dominant contribution to the lateral interactions can be
evaluated as a simple dipole-dipole coupling term between two
molecules in the adjacent cells (R = 15.3 A). In the present case,
this amounts to an energetic correction (Ect = —#55<) of the
order of 8 meV and 0.5 meV for the cis and the trans conform-
ers, respectively. This will not affect their relative stability and,
consequently, we will neglect them in the following. Further,
any investigation of the coverage dependence would benefit
from a functional that gives a good account of the amount of
hybridization, which is the aim of this paper.

C. Tautomerisation energetics and geometry

The trans — cis transition on Cu(111) can be either
induced by inelastic electron tunneling!! or by photoexcita-
tion'? at low temperature. The reverse reaction, however, does
not proceed from these principles. Instead, if light or electron
pulses are applied to the adsorbed cis monomers, a double H-
transfer, the cis < cis reaction, takes place. The cis — trans
process is thermally achieved upon heating the surface up
to 30-35 K. These results in all the cis molecules are being
transformed back to the frans conformer. The barrier of this
activated process is determined to be 42.3 + 2.7 meV.!! From
vdW-DFT (see Fig. 3), we obtain the best agreement in this
reverse barrier for vdW-DF(PBE), with 89 meV, whereas the
other functionals largely overestimate it. We observe here that
the functionals do not just affect the equilibrium configurations
energetics but, very importantly, also the transition states.

Interestingly, the barriers for both forward and backward
H-transfer processes are higher than the gas-phase ones, i.e.,
the surface has a stabilising effect on the tautomers such that
no catalysing effect is observed. Intuitively, this makes sense
because the N—H:--N bonds that need to be formed and
broken compete with the breaking of the Cu-imine N bonds
described above. This seems to be the case of vdW-DF(PBE)
and, more clearly, of the optB88-vdW cis — trans process.
Therefore, applying this same argument to the vdW-DF2 case
would lead us to expect similar energetics as in the gas phase.
However, this is not the case, and indeed we observe that the
TS lies ~0.1 eV higher than in the gas phase. This unphysical
behaviour, in addition to the disagreement with the gas-phase
MP2 data,%? further dissuades from using vdW-DF2 in this
system.

The functional choice also affects the molecule atomic
coordinates during H-transfer, as shown in the bottom panels
of Fig. 3. The competition between hybridisation and vdW
interaction results in the buckling of the molecule, as each of
these contributions tends to stabilise the adsorbates at differ-
ent distances from the metal, typically in the ranges of 2.5
and 3.5 A, respectively. The height-dependent potentials of
Fig. 4 reflect this, too. Since the three functionals contain sim-
ilar non-local correlation contributions, they have a similar
attractive character at long ranges (z > 4 A). This is addi-
tionally confirmed by similar V(z) curves calculated using the
exact same geometries (not shown). The decisive contribution
to the binding is made by the exchange part at lower ranges
(z <22 A), where optB88-vdW is the most repulsive, while
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vdW-DF2 becomes equally repulsive already at z ~ 2.7 A. The
vdW-DF(PBE) curve, which lies close to the optB88-vdW one
atlow z, shows that the use of PBE exchange helps suppress the
short-range repulsion.’” For the trans molecule vdW-DF-cx
follows closely that of vdW-DF(PBE), while a slightly differ-
ent behaviour is observed for cis. Finally, note that from the
five functionals shown in Fig. 4, vdW**7 is clearly the most
strongly binding one.

Although the onset of the trans — cis tautomerisation
is observed at a 150 mV bias, a value close to the forward
vdW-DF(PBE) barrier, the results here obtained cannot explain
by themselves the irreversibility of the STM or photoinduced
processes. For that, we should bear in mind the large num-
ber of other factors (non-adiabatic couplings, intramolecular
vibrational energy redistribution, etc.) involved in the reaction
beyond the plain potential energy topography along the reac-
tion path, which are far from the scope of this work. Finally,
in Ref. 11 it is proposed that the Cu(111) surface state elec-
trons enhance the cis yields by manipulation with STM. Under
this assumption, the obtention of reliable adsorption height
values with vdW-DFT becomes increasingly important, as
height variations can dramatically change the scattering of the
bidimensionally localised metal electrons at the adsorbate, as
it has been observed in H,-TPP (x = {0, 1,2}) molecules on
Au(111),? for example.

V. CONCLUSION

We have studied by DFT the adsorption of trans and cis
porphycene on Cu(111) and calculated the energy barrier for
the associated intramolecular H-transfer known as tautomeri-
sation. Experimentally, trans < cis at low temperature can
be irreversibly photo-induced with UV lasers! or electro-
induced using the pulses from a STM tip,'! and the reverse
process is thermally activated. The issues of irreversibility and
other manipulation details are of dynamical nature originating
from non-adiabatic coupling, and they will be the subject of
a future publication. Since the energetics of this type of sys-
tems are extremely sensitive to the balance between dispersion
forces and exchange contributions, the scope of the present
work was to determine the proper choice of functional.

From calculations that use the non-local vdW-DF func-
tional®> coupled with PBE exchange, we find the trans tau-
tomer to be more stable than cis, as it happens in the gas
phase, by E._; = 0.085 eV and a trans — cis barrier of
0.173 eV, in reasonable agreement with the experiments.'!
The barrier is 0.054 eV higher than the gas-phase one, which
reveals the stabilising effect of the Cu substrate. Unlike on
Cu(111), on Cu(110) trans species are reported to be extremely
short-lived'? and only cis < cis transformations, probably
by concerted transfer of both H atoms, are observed.”!%:12
DFT calculations in the literature yield E._, = —0.19 eV for
Cu(110),'9 while only trans tautomers and trans < trans
transitions are observed on the polymeric substrates.”> This
confirms that the substrate plays a fundamental role in tau-
tomerisation reactions in porphycene, both in selectivity and
catalysis.

Porphycene adsorption on Cu(111) is the result of two
contributions: van der Waals forces are responsible for the
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binding of the outer polyaromatic cycle of the molecule to
Cu(111), and the molecule anchors to individual Cu atoms via
the unsaturated N atoms located at the molecule central cavity.
In the electronic structure, this is reflected as a partial hybridi-
sation of the LUMO with the metallic states at the Fermi level,
which produces the characteristic features of each tautomer in
the STM images. In our analysis we attribute these features
to the molecule buckling, which is enhanced for the lower-
lying cis tautomer. After analysing various representatives
of functional families, we find that a correct DFT descrip-
tion of the balance between those two mechanisms requires a
sensible choice of the exchange formulation. On the one hand,
optB88-vdW*! is found to be too attractive because it overesti-
mates LUMO hybridisation and predicts that the cis conformer
is the most stable (E,._; ~ —0.15 eV), in disagreement with the
experiment. On the other hand, the original vdW-DF23° using
rPW86 exchange is too repulsive to cause enough hybridisa-
tion and, consequently, it cannot account for the experimental
STM images.

Based on physical arguments on the exchange density
enhancement factor, we have proposed a combination of vdW-
DF with PBE exchange to find the balance between dispersion
interactions and local hybridisation of the N—Cu bonds. This
intermediate choice makes satisfactory predictions of the ther-
modynamical stability of trans, the cis — trans barrier, and the
main STM features. Furthermore, the use of this functional is
also supported by the good agreement with MP2 literature
results for the gas-phase H-transfer energetics, and it repro-
duces the correct Cu interlayer distance. Thus, we are confident
that these results may be generalised to other polycyclic aro-
matic molecules where intra-molecular H-transfer is feasible
and which have similar binding mechanisms on metals, namely
where stability of the adsorbate is dictated by the number of
undercoodinated atoms that serves as anchoring points to the
metal (N, O, S, or even metal atoms) and by the structure and
number of aromatic cycles in the molecule.
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