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A B S T R A C T   

An important pathway for functionalization of porphyrin-based organic-inorganic structures is the metalation of 
porphyrins. Recently, the porphyrin metalation was demonstrated on different metal oxide surfaces, however, 
the underlying mechanisms regarding the role of the surface morphology, the substituted metal, and ligands are 
still under investigation. Here we address the adsorption and self-metalation of H2TPP on a MgO(001) surface 
with low-coordinated sites. We employ ab initio molecular dynamics simulations around room temperature to 
provide insight into dynamic steric effects. We observe that H2TPP is mobile on the pristine surface as the steric 
hindrance by phenyl rings prevents the physisorption of the macrocycle at a specific site. In contrast, step edges 
or kink sites provide anchor points exposing low-coordinated, reactive oxygen-sites to hydrogens of the mac
rocycle. We report a spontaneous proton transfer at these sites forming an intermediate complex before the 
metalation occurs. The energetics of the self-metalation reaction is modeled.   

1. Introduction 

Porphyrins form a versatile class of molecules [1] for a wide range of 
organic-inorganic hybrid materials [2–9]. Functionalization by substi
tution of ligands [10–13] enables a large variety of self-assembled 
porphyrin structures, including 2D and 3D architectures [14–17]. The 
ligation and the metalation of the porphyrin core [1,18,19] enable to 
tune properties on the molecular level for magnetic, catalytic, and 
sensing applications. 

Metalation of free-base porphyrins at the surface has been achieved 
by the interaction with deposited metal adatoms [1,20]. Self-metalation 
was observed on specific metal surfaces like Cu, Ni, or Fe surfaces and 
involves intermediates, subsequent proton transfer, and release of H2 
[18,21,22]. Regarding metal oxides, the porphyrin-surface interaction 
was investigated at the surface, thin-films, or nanoparticles [11,20, 
23–33]. Self-metalation on metal oxides was recently demonstrated for 
instance for TiO2 [23–26], different cobalt-oxides [30,31], or MgO [11, 
27–29], revealing a broad range of complex phenomena and mecha
nisms. These differ from the case of metal surfaces: (i) the stronger 
metal-oxygen bond affects the release of metal atoms and (ii) the for
mation of hydroxyl groups on the metal oxide is available. Consequently 

also low-coordinated adsorption sites and the morphology may play an 
important role. 

For instance, at the TiO2 (110) surface, besides self-metalation [25, 
26], metalation with Ni [20,23] and additional protonation of the 
porphyrin into the diacid form for a submonolayer coverage [24] was 
reported. Modeling based on density functional theory (DFT) shows that 
the porphyrin center is located on top of an oxygen bridge atom in these 
cases [26]. 

At MgO nanocubes and thick MgO films grown on Ag(001) [11,27, 
28] self-metalation was shown to occur at low-coordinated sites, such as 
corners of nanocubes, step edges, or kink sites but not at the surface 
terraces. Primarily, the reaction is driven by the energy gained from the 
formation of hydroxyl-groups in the exchange of the two protons for the 
metal atom released from the low-coordinated sites, as DFT calculations 
of the initial and final stage of the reaction with the porphyrins in the gas 
phase showed [11]. A distinct situation was recently found on thin MgO 
films on Ag(001) [29]. By tuning the work function of the MgO film on 
Ag(001), porphyrins got charged and underwent self-metalation to an 
extend that could not be explained by the abundance of residual 
low-coordinated sites. Despite the valuable insight provided by 
DFT-based modeling in this and the previous cases, several questions, in 
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particular regarding the reaction, remain open. These concern the 
adsorption at the low-coordinated sites, intermediate stages of the re
action pathway, and the related energetics. The present work provides 
insight into these questions regarding the self-metalation of the 
free-base porphyrin at the MgO (001) surface with a focus on 
low-coordinated sites by performing ab initio molecular dynamics 
simulation within the framework of density functional theory. Further
more we shine light on the level alignment of the prophyrin and the 
metal-oxide substrate. In particular, we address different levels of ab 
initio theory including a semilocal functional, a hybrid functional and 
the GW approach. We demonstrate that the former, computationally 
feasible one for our molecular dynamics simulation provides a qualita
tively correct description. 

The article is organized as follows. In the subsequent theory section, 
we outline the theoretical approach and provide details of the calcula
tion. The results are presented in the result section with three sub
sections. In the first one, we present the analysis of the molecular 
dynamics simulation, and the reaction energetics at the terrace, low- 
coordinated step edges, and kink sites. The simulations show the 
extend of steric effects in the dynamics and the occurrence of a spon
taneous deprotonation reaction at the low-coordinated sites. The 
resulting scenario is shown in Fig. 1. The next section treats the elec
tronic states of the adsorbed porphyrins in comparison with the mole
cules in the gas phase. This shines lights on the level alignment and 
hybridization of molecular and substrate states. We compare results 
obtained from density functional theory using the semilocal functional 
of the molecular dynamic simulations and a hybrid functional, as well as 
the GW approach. Finally, we report characteristic changes in the 
vibrational properties of the porphyrin by the adsorption and metalation 
at the terrace and step edges. 

2. Theory 

2.1. Overview over the general approach 

The self-metalation of H2TPP to MgTPP on the MgO (001) surface is 
investigated in six calculation stages. First, the interaction of H2TPP 
with the pristine MgO (001) terrace, step edge, and kink site is simulated 
at 200 K. At the step edge and kink site, the porphyrin rapidly 

deprotonates and forms a HTPP-hydroxyl complex. The primary focus of 
this work is the reaction energies. The activation barriers depend heavily 
on the sample morphology at such low-coordinated sites [34], and has to 
be approached carefully taking into account the experimental condi
tions. This is beyond the scope of the present work; therefore, the met
alation is simulated by directly exchanging the remaining Hydrogen 
with the Magnesium ion in the intermediate HTPP-hydroxyl complex. 
The MgTPP-hydrogenated defect complexes and MgTPP interacting 
with the pristine MgO (001) terrace are simulated in three separate 
calculations. The details of the calculation models are given below. 

We perform ab initio canonical ensemble molecular dynamics (MD) 
calculations using the VASP simulation package [35] in order to access 
the binding energies. The electronic structure is described within DFT 
[36,37]. Standard density functionals fall short in accommodating 
long-range London dispersion interactions. A variety of different 
correction schemes have been developed that attempt to fix this short
coming [38–40]. Among them, the DFT-D3 method [38] employed 
together with the PBE semilocal exchange-correlation energy functional 
[41] provides an overall good performance. The benchmark set includes 
similar organic molecules. Our results also confirm this for the crystal
line phase of H2TPP [42]. In the following, we refer to this dispersion 
correction term as “VdW”. However, we also performed simulations 
using the local density approximation of the exchange-correlation 
functional (LDA) [43] yielding qualitatively similar results. Further as
pects of the molecular dynamics simulations are given in the next 
subsection. 

In order to investigate the alignment of porphyrin levels with the 
electronic states of the substrate and a possible hybridization with low- 
coordinated site, we analyse the Kohn–Sham states of the PBE-VdW 
calculations for selected configurations of the molecular dynamics 
simulations (cf. below) using the projected density of states of the 
molecule and the substrate. This analysis provides important insight. 
Nevertheless, the semilocal functionals are known for the short comings 
regarding, for instance, the underestimation of HOMO-LUMO gaps [44]. 
These short comings can be improved using hybrid functionals like the 
HSE06 functional [45] or by employing many-body perturbation theory 
within the GW approximation, which are however too demanding to be 
employed in molecular dynamics simulations. Therefore, we also 
investigate the correlation between the Kohn–Sham states and the 

Fig. 1. Scenario of the metalation of H2TPP on the MgO surface via prototypical low-coordinated surface sites. (a) summarizes the six steps of the self-metalation 
pathway. First, H2TPP is physisorbed on the surface where it is mobile. Then the porphyrin migrates to step-edge or kink sites, deprotonates, and finally gets 
metalated. At this point, the energy cost of MgTPP migrating back to the surface and desorption from the surface is low. The reaction energies at each step in the self- 
metalation pathway are presented in (b) for step edge mediated metalation and in (c) for Mg-kink-mediated metalation. 
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Kohn–Sham/quasiparticle levels obtained with PBE-VdW, HSE06, and 
GW level of theory for selected configurations. In the latter approach we 
employ the standard G0W0 for the MgO surface and included self con
sistency for the prophyrin orbitals (GW0). In both cases we use a 
DFT-LDA starting point, as this yields an excellent description of the 
ionization potential and electron affinity for both system [42]. Details of 
the GW-calculations are described in Ref. [42]. We observe that a simple 
scissor operator is sufficient to align the key porphyrine orbitals and 
MgO band edges with G0W0 calculated values. Thus the qualitative 
chemical arguments can be drawn from the molecular dynamics simu
lations. A detailed analysis on the relative level alignments can be found 
in the result section. 

2.2. Molecular dynamics simulations 

In the molecular dynamic simulations, the porphyrin and MgO sub
strate are represented in large supercells. The supercells allow for a large 
distance between periodic images of the molecules, adjacent steps, or 
kink sites, such that they can be considered isolated. The slabs are suf
ficiently thick to decouple the two surfaces or steps and kink sites in the 
respective cases. In the following, the details are given for each 
adsorption scenario. 

The supercell used in the pristine terrace has dimensions (a =

21.195 Å, b = 21.195 Å, c = 27.00 Å, α = β = γ = 90∘) and it contains a 
Mg250O250 slab (5 × 5 × 2.5 MgO conventional cell repetitions). The 
separation between in-plane periodic porphyrin images is initially 10 Å. 
The minimum distance observed throughout the simulation is 9.32 Å. 
The separation between the porphyrin and the lower end of the periodic 
slab image is a minimum of 11 Å. The step-edge supercell has di
mensions (a = 30.81 Å, b = 27.17 Å, c = 20.99 Å, α = β = 90∘, γ =
118.11∘), and the step edge itself is modeled by a Mg350O350 (5x5x2.5) 
slab that is shifted half a cell up at the middle. The initial in-plane 
separation of 10 Å between the porphyrin images is observed to be 
minimum 8.42 Å in the course of the MD run. The minimum distance 
between the porphyrin and the lower end of the periodic slab is 10 Å. 
The Mg kink supercell has dimensions (a = 30.81 Å, b = 27.94 Å, c =
23.41 Å, α = 92.36∘, β = 92.50∘, γ = 124.14∘). The kink is modeled by 
Mg358O358 (5× 5× 2.5) slab. The minimal in-plane distance between 
the porphyrin and its images is 9 Å. The minimal distance between the 
porphyrin and the lower end of the periodic slab is 10 Å. The O-kink at 
the lower end was passivated by hydrogen. 

Molecular dynamics simulations within the adiabatic or Born- 
Oppenheimer approximation was employed as implement in VASP 
[35]. At each timestep, the instantaneous Kohn–Sham electronic ground 
state is obtained using RMM-DIIS iterative scheme [46,47] with a total 
energy convergence criterion of 10− 6 eV. Once the instantaneous elec
tronic ground state is known, the forces are calculated from 
Hellmann-Feynman theorem [48]. The calculated forces are then used to 
integrate the Newtonian equations of motion for the ionic degrees of 
freedom via the Verlet algorithm [49]. 

The canonical ensemble with 200 K simulation temperature is real
ized using the Nosé thermostat [50,51]. In this thermostat, an additional 
degree of freedom is responsible for simulating the heath bath. 

Its dynamics is controlled by a mass parameter Q and should equil
ibrate all vibrations of the system while remaining an external variable 
that does not directly interfere with the dynamics of interest. The MgO 
phonon spectrum [52–55] ranges approximately from 265 cm− 1 to 800 
cm− 1 (corresponding to an oscillation period of 125 fs to 40 fs), whereas 
the infrared absorption spectrum (IR) of H2TPP and MgTPP [56,57] lie 
approximately between 500 cm− 1 and 3400 cm− 1 (corresponding to a 
oscillation period of 10 to 66 fs). We were able to replicate both H2TPP 
and MgTPP vibrational spectrum from the velocity autocorrelation 
function (VAF), using a mass parameter of Q = 3× 10− 29 a.u., a time 
step of 1.25 fs and a runtime of ∼ 10.000 fs. For Q in this range, the 
characteristic period of the temperature fluctuations is approximately 

68 fs. Our reference vibrational spectra have been obtained using 
NWCHEM [58]. We have employed the HSE06 range seperated func
tional together with a maug-cc-pvdz augmented correlation consistent 
polarized valence only double zeta basis set [59] for this purpose. The 
Hessian has been calculated using the forces obtained at the DFT-level 
relaxation. The infrared spectrum shown in Fig. 10 was calculated 
using perturbation theory and the HSE06 functional as implemented in 
NWCHEM [58]. Vibrational spectra of the adsorbed porphyrins at the 
terrace and low-coordinated sites were calculated from the molecular 
dynamics simulations using the VAF. Information on the vibrations of 
the whole porphyrin, its macrocyle and hydrogens was obtained by 
evaluating the VAF for the corresponding degrees of freedom only. 

By analyzing the velocity distribution function (per degree of 
freedom) throughout the run time, we have seen no splitting into sub
systems, and the result closely follows the Maxwell-Boltzmann distri
bution function as shown for selected examples in Fig. 2. Thus both the 
MgO and porphyrin form one common thermalized system with the 
employed parameters. Each molecular dynamics run contains at least 10 
ps of equilibration time, followed by at least 10 ps used in statistical 
averages. 

The calculation of adsorption, binding, and reaction energies in
volves substrates of different sizes. Therefore the calculations are based 
on the following energy differences 

EMgO-site
xTPP = EMgO-site+xTPP

tot −
〈
EMgO-site〉 , (1)  

where EMgO-site+xTPP is the time average energy of the porphyrin at the 
respective surface site as obtained form the molecular dynamics simu
lation and 〈EMgO-site〉 denotes an ensemble average. The latter is calcu
lated from the total energy of the corresponding fully relaxed geometry 
without the porphyrin and by adding the canonical averages for kinetic 
and potential energy in a harmonic approximation. For the geometry 
optimization a convergence criterion of 10− 4 Å/eV on the residual forces 
was applied. As anharmonic effects should essentially arise from the 
dynamics of the porphyrin, we expect that this approximation has little 
effect on the results. 

The metalation energy at the step edge (SE) E SE
met, involves the same 

substrate models and is calculated from 

E SE
met = E MgOSE+defect+MgTPP

tot − E MgOSE+H2TPP
tot (2)  

The metalation at the kink defect was treated analogously. In all cases 
we took dipole-corrections into account where necessary. 

3. Results and discussion 

3.1. Diffusion and metalation of H2TPP 

Our ab initio molecular dynamic simulations not only provides 
thermal averages of adsorption and reaction energies of the H2TPP 
regarding metalation, more importantly, it gives insight into the steric 
interaction of the four phenyl rings and the flexible macrocycle with the 
MgO surface terrace, the step edge, and a kink site. The overview of the 
different simulation scenarios and energetics at the step edge and kink 
site are given in Fig. 1a–c, respectively. Snapshots of the dynamics 
process are shown in Fig. 3. Videos of the respective simulations are 
provided as supplementary material. The simulation temperature is 200 
K (see Section 2.2). 

Our simulations at the MgO terrace show that H2TPP is mobile on 
the surface at the simulation temperature (see Fig. 3a). This seems 
counter-intuitive at first sight. Actually, H2TPP is a large molecule with 
several aromatic rings, and a VdW contribution of 2.58 eV to the 
adsorption energy at the terrace of 2.75 eV (see Fig. 1b), hence strong 
adherence to the surface can be expected. Using the LDA in our simu
lations, we obtain a similar absorption energy of 2.8 eV, although this 
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approximation does not include a proper description of dispersion 
forces. Typically, the phenyl rings strongly prefer to orient out of the 
plane of the macrocycle. This has to be compared to an almost parallel 
orientation often found during the motion of the porphyrin (cf. Fig. 3a). 
In this way, the competition between the macrocycle-surface interaction 
and steric interaction between the phenyl rings and the macrocycle 
creates an oscillating tug-of-war. This, combined with the flexibility of 
H2TPP macrocycle and its rather complex vibrionic landscape result in 
continuous stochastic propulsion. This aspect is clearly shown in the 
videos S1a and b in the supplementary material. While in the simulation 
shown in S1a the porphyrin moves about a Mg site, the video S1b shows 
the motion between different Mg sites. The latter simulation was per
formed using the LDA with different initial conditions. The PBE-VdW 
and LDA feature a quantitative similar description of the interaction in 
this case and hence we think that both simulations feature the properties 
of H2TPP at the terrace. 

Now we turn to the reactive interaction of H2TPP with MgO steps. 
MgO planes with Miller indices higher than (001) facet into steps of 
(100) surfaces [60]. Such extended defects are typically observed on 
carefully prepared MgO(001) surfaces or thick MgO films on Ag(001). In 
our simulations (cf. Fig. 3b and video S2 in the supplementary material), 
we find that the porphyrin complexes with the extended step. The 

complex is by 1.21 eV (see Fig. 1b) is more stable than the physisorbed 
H2TPP at the terrace. When arriving close to the step edge, we observe 
that the porphyrin goes through a fast alignment process (<1 ps). In this 
process, an iminic nitrogen of the macrocycle positions on top of mag
nesium at the step edge. Then one of the aminic nitrogens in the mac
rocycle spontaneously transfers a proton to the nearest O4c step edge 
atom. Almost instantaneously the deprotonated porphyrin, HTPP, forms 
an intermediate complex with the O4c-H hydroxyl. In this complex the 
other iminic nitrogen now alignes and interacts with the hydroxyl while 
the deprotonated nitrogen aligns over the Mg step-edge neighbor of the 
O4c-H group. During the subsequent simulation the residual aminic ni
trogen shifts in a circular motion between the other Mg step-edge 
neighbor and the next O5C neighbor, in part enabled by a favorable 
motion of the phenyl groups. In this motion the macrocyle is strongly 
twisted towards the surface due to the nitrogen-surface interaction. The 
observed spontaneous deprotonation, as well as, the strong N-Mg and 
N-hydroxyl interactions indicate that in the metalation reaction one of 
the Mg-neighbors of the O4c-H group should be exchanged for the 
remaining hydrogen in a concerted motion involving also the phenyl 
rings. This eventually creates a hydroxylated Mg-vacancy at the step 
edge. Unfortunately, we could not observe the described metalation 
reaction directly in our straight forward molecular dynamics 

Fig. 2. Simulated velocity distribution function in comparison for MgTPP in the gas phase, at the terrace and step edge. The comparison with the Maxwell-Boltzman 
distribution verifies that all parts of our system are in equilibrium for the choice of the mass parameter Q. 

Fig. 3. Snapshots of specific dynamic processes from the simulation: (a) 
Mobility of H2TPP at MgO (001) defect-free terrace. Two extremes of the 
tug-of-war oscillation are shown in the top panels. If the molecule moves 
too far off, the phenyl rings orient to favor physisorption (left). When the 
macrocycle gets too close to the surface, the strained phenyl rings push 
the macrocycle back (right). This results in pedesis (bottom). (b) 
Deprotonation and metalation at the step edge defect. From left to right: 
H2TPP aligns itself on top of the step edge. The proton of the aminic 
nitrogen deprotonates to form O4c-H. Iminic nitrogen starts interacting 
with Mg4c near the O4c-H. Metalation of HTPP to MgTPP is energy driven 
and requires transfer of another proton to form a second O4c-H. (c) 
Metalation at an Mg-kink site creates an O3c-kink.   
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simulations. The reaction rate of this process requires longer simulation 
times than we could afford in terms of computational costs with our 
approach. Given the importance of steric effects and the complex ex
change mechanism, we expect a number of equivalent reaction path
ways. Hence, neither a simple saddle point search will provide full 
insight into the complex mechanisms of the remaining exchange 
reaction. 

Instead, we focus on the reaction energetics based on the outlined 
metalation. We transfer the remaining proton from the aminic nitrogen 
to form another O4c-H group and lift the Mg slightly towards the mac
rocycle. Then an MgTPP – double hydrogenated defect complex is ob
tained straightforwardly by a relaxation step. We proceed with the MD 
calculations starting from this complex. In the subsequent simulations, 
the MgTPP re-aligns during MD simulation such that Mg is on top of one 
of the defect hydroxyl groups. The oxygen of this hydroxyl group is 
pulled towards the porphyrin, and it is slightly above the upper (001) 
terrace where the other hydroxyl group lies (see Fig. 3 and video S3 in 
the supplementary material). MgTPP – double hydrogenated defect 
complex formation is favored by 0.71 eV over the HTPP – single hy
drogenated defect complex (cf. Fig. 1b). 

Comparing these energetics with those of MgTPP physisorbed on the 
pristine MgO(001) terrace, and in the gas-phase, we predict that 
migration of this MgTPP back to a terrace will cost a relatively small 
energy of 0.16 eV (cf. Fig. 1b). The metalation at the step edge of H2TPP 
initially adsorbed on the terrace and transferred back to the terrace as 
MgTPP will yield an energy of 2.12 eV. In our simulation of MgTPP on 
the pristine MgO(001) terrace, we have seen that the metalated mac
rocycle adheres more strongly to the surface than H2TPP and the 
desorption of the molecule from the surface after having left the double 
hydrogenated step edge defect costs 3.44 eV (see Fig. 1b). Note that in 
our molecular dynamics simulations of H2TPP and MgTPP (see video 
S1a and S4 in the supplementary material), the two porphyrins move 
with the core, i.e. the center of two hydrogens or the Mg atom, about 
different surface atoms, namely Mg versus O. Due to the location of Mg 
at the center of the macrocyle and of the two hydrogens close to the 
aminic nitrogens, this leads in both cases to an enhanced interaction of 
the corresponding atoms with the surface O atoms while keeping a 
balance with the surface-interaction of the remaing atoms of the 
porphyrin. The observation of an overall better alignment of Mg with the 
surface O and of the four nitrogens with surface Mg during the motion 
indicates the origin of the larger adsorption energy of MgTPP. 

Given the large desorption energy of MgTPP, we expect that a sig
nificant portion of the population of metalated porphyrins prefers to stay 
on the surface rather than to desorb, forming a film or self-assembled 
structures, dissipating the excess energy in thermal dissipation chan
nels of the macrocycle. The overall reaction, converting gas-phase 
H2TPP to gas phase MgTPP is still energy driven by an energy gain of 
1.45 eV (cf. Fig. 1b). 

An important point we want to emphasize is that, when comparing 
the energetics we obtain from pure relaxation with the ensemble aver
ages, there is almost an 0.3 eV difference in the reaction energy of the 
metalated porphyrin. For instance, after the metalation of H2TPP at the 
step edge to MgTPP, the binding energy to the reaction site obtained 
from ensemble average reads 0.16 eV, whereas this energy obtained 
from pure relaxation reads 0.7 eV. This is again a result from the dy
namic tug-of-war effect of the phenyl rings: these prefer to be at an angle 
with the macrocycle, moving the reactive center away from the reaction 
site in competition with the attraction between the center and the defect. 

In the simulation of H2TPP metalation at the Mg-kink, we follow 
similar steps as above. After de-protonation and during the subsequent 
metalation an O3c-kink is formed (cf. Fig. 3c and the videos S5 and S6 in 
the supplementary material). The hydrogens from the macrocycle are 
captured by the adjacent O4c, and O3c such that the formed hydroxyl 
groups point their protons to fill the void left by the exchanged Mg atom 
(cf. Fig. 3, video S6 in the supplementary material). The HTPP-single 
hydrogenated kink defect is favored by 1.88 eV over the porphyrin at 

the surface and a further energy gain of 1.46 eV is yielded by the for
mation of the MgTPP-double hydrogenated kink complex (see Fig. 1c). 
These and the following energtics resulted from static calculations 
guided by the MD simulations, as it was difficult to converge the energy 
averages for the latter step with a reasonable effort. Finally, the disso
ciation from the kink site back to the terrace costs 1.51 eV, while sub
sequent desorption of MgTPP from the surface, leaving a double 
hydrogenated kink behind, will cost 3.44 eV (see Fig. 1c). The energy 
gain by the metalation at the Mg-kink exceeds the porphyrin binding 
energy to the hydroxylated kink site with respect to the terrace, so that 
MgTPP may leave the hydroxylated kink site. The overall reaction 
converting gas-phase H2TPP to gas-phase MgTPP is also energetically 
favorable by a smaller energy gain of 1.17 eV. As already noted by 
Schneider et al. [11] the energy gain in both metalation reactions stems 
from the exothermic exchange of Mg from the step-edge or kink sites for 
the two hydrogens from the porphyrin core. Here this energy gain is by 
∼ 0.1 eV lower for the kink site. 

3.2. Electronic states 

Now, we turn to the alignment of molecular levels with the substrate 
and low-coordinated sites. For the analysis, snapshots are taken from the 
simulations. We calculate and compare the electronic structure obtained 
with the PBE-VdW functional with the results based on the HSE06 
hybrid functional. We also illustrate the effect of many-body perturba
tion theory within the GW approach. The description of the porphyrin 
and MgO-substrate levels by GW or related approaches provides an 
excellent agreement with experiments such as photoemission, e.g. [42, 
44,61]. The discussion shines light on the electronic structure of the 
complex adsorbate systems and demonstrates that a qualitatively correct 
level alignment is achieved despite the known shortcomings of the 
PBE-VdW, thus validating its utilization in the MD simulations. 

In order to see how the levels are typically aligned throughout the 
MD simulation, we have chosen snapshots well after equilibration, and 
relaxed the geometry with the same PBE-VdW functional to obtain an 
appropriate equilibrium point for our analysis. The partial density of 
states due to MgTPP and H2TPP along with a schematic representation 
of the position of surface and bulk states of MgO are presented in 
Figs. 4–6. 

Various photo-physical properties of the porphyrins are predomi
nantly determined by the four frontier orbitals, HOMO-1, HOMO, 
LUMO, and LUMO+1 [62,63], which is often referred to as the Gou
terman 4-orbital model. The rotational freedom of the phenyl rings 
breaks the porphin molecular orbital symmetry and allows mixing [64]. 
Consequently, the LUMO and LUMO+1 assume a slightly different form 
compared to H2P (porphin). We have seen that the Gouterman orbitals 
of H2TPP remain practically identical to vacuum counterparts at the 
surface, even when interacting with the step edge or the kink site (cf. 
Fig. 4). Once metalated, the interaction of MgTPP with the kink site and 
the step edge is more substantial, and the resulting Gouterman-like or
bitals spread over a more expansive energy window, intermixing with 
MgO Oxygen states (cf. Figs. 5 and 6). 

The O3C at kink site and the nearby O4c are both known to be charged 
color centers [65,66]. Before metalation, the iminic nitrogen is attracted 
to the O4C, and after metalation Mg center stays directly on O3C. The 
HOMO-1 of MgTPP extends slightly to O4C directly below the nitrogen. 
The phenyl rings are known to act as electron donors. After metalation, 
we have observed a strongly localized virtual state between the phenyl 
ring and the O4c. 

In Figs. 7 and 8, we compare the level alignment resulting from PBE- 
VdW and the higher-ranked HSE06 functionals. The HSE06 functional 
opens the band gap of MgO while the HOMO-LUMO gap of the 
porphyrin is less affected. Whereas the PBE-VdW functional puts the 
HOMO-1 of H2TPP aligned at the valance band edge of MgO, the HSE06 
predicts all H2TPP Gouterman orbitals as mid-gap states. This difference 
is mainly due to the scissor shift of MgO band edges in HSE06, the energy 
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positions of H2TPP molecular orbitals do not shift as significantly. In 
PBE-VdW, all the Gouterman orbitals of H2TPP are essentially localized 
on the molecule. Thus, for all practical purposes, both HSE06 and PBE- 
VdW yield similar character for the frontier orbitals of the functionalized 

system. The only qualitative difference for MgTPP is the interaction with 
the hydroxylated Mg-vacancy at the step edge. In the description by the 
PBE-VdW, HOMO and HOMO-1 orbitals react with oxygen-related 
defect levels, which is not the case for the HSE06 results. In fact, as 

Fig. 4. Molecular orbitals of H2TPP and their energy alignment with the substrate states for H2TPP adsorbed at the terrace and the step edge using the PBE-VdW 
functional. Left: density of states of the H2TPP in the gas phase – the occupied states are indicated in black and unoccupied ones in blue; the electron density of the 
HOMO-1, HOMO, LUMO, and LUMO+1 that form the four Gouterman orbitals is shown as well. Middle: projected density of molecular orbitals of H2TPP adsorbed 
on the terrace alongside with the electron density of the four Gouterman orbitals; the MgO bulk and surface states are schematically indicated in orange and green. 
Right: same as in the middle panel for H2TPP adsorbed at the step edge; in addition, substrate states with strong localization at the step edge are indicated in blue. In 
all cases energy levels are aligned relative to the vacuum level indicated by the doted line. The four Gouterman orbitals do not interact with the substrate signif
icantly, and appear within the energy gap of the substrate states. 

Fig. 5. Molecular orbitals of MgTPP and their energy alignment with the substrate states for MgTPP adsorbed at the terrace and after the metalation reaction at the 
step edge as obtained with the PBE-VdW functional. Left: density of states of the MgTPP in the gas phase; the electron density of the HOMO-1, HOMO, LUMO, and 
LUMO+1 that form the four Gouterman orbitals is shown as well. Middle: projected density of molecular orbitals of MgTPP adsorbed on the terrace alongside with 
the electron density of the four Gouterman orbitals; the position of MgO bulk and surface states are schematically indicated in orange and green. Right: same as in the 
middle panel for MgTPP after metalation at the step edge; substrate states with strong localization at the step edge as well as states of the hydroxylized Mg-vacancy 
interacting with MgTPP are indicated in blue and yellow respectively. In all cases energy levels are aligned relative to the vacuum level indicated by the doted line. 
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shown in Fig. 8, the defect state (in yellow) are placed closer to the 
valance band edge and alignment with HOMO, HOMO-1, whereas the 
HSE06 shifts them to lower energies, away from the molecular states. 

In Fig. 9, we illustrate how the GW level of theory would affect the 
level alignment. We have shown that the vacuum level provides for 
these systems a robust reference point for comparing calculations with 
different functionals or the separated porphyrin and substrate [42,44, 
61]. Here, we perform separate GW calculations on isolated H2TPP and 
MgO surface as the treatment of the adsorbed H2TPP is computationally 
to expensive. Alongside with an alignment to the common vacuum level, 
the results already give relevant insight into the level alignment of the 
adsorbed porphyrin [44,61]. We compare this level scheme with a 
PBE-VdW calculation of H2TPP on the MgO(001) terrace. The findings 
for the valence, surface, and conduction band edges of the MgO(100) 
surface within GW nicely agree with corresponding experimental values 

[67]. The GW opens the HOMO-LUMO gap of the H2TPP molecule much 
more than the HSE06 calculation, by pushing the unoccupied LUMO up. 
The H2TPP LUMO obtained from the GW calculation is positioned closer 
to the unoccupied surface band as compared both to the HSE06 and 
PBE-VdW results, which are found rather at mid gap. We would like to 
emphasize that, since the GW calculation is performed on the isolated 
H2TPP, the result lacks renormalization due to the adsorption at surface, 
such as image potential effects. This renormalization would naturally be 
included in fully-fledged, yet numerically too expensive GW calculation 
of the adsorbate system. For benzene at MgO(001), the simplest aro
matic adsorbate [68] the level shift amounts to 0.5 eV [68]. Level shifts 
of a porphyrin adsorbed at the terrace, step edge, or Mg-kink were 
estimated [44] to 0.53 eV, 0.86 eV, or 0.76 eV, respectively. 

To sum up, we report that the energy position and appearance of 
Gouterman molecular levels are very similar in the adsorbed state and 

Fig. 6. Projected density of states of the 
porphyrin molecular orbitals and their 
alignment with substrate levels at the 
Mg-kink site before and after metal
ation. Left: H2TPP coordinated with the 
Mg-kink site before the dehydroxilation 
and subsequent metalation reaction. 
Right: MgTPP at the kink-site after 
metalation; the Mg-kink is converted 
into a hydroxylated O-kink. In both 
panels, the position of MgO bulk, sur
face, and step edge related states are 
schematically indicated in orange, 
green, and blue respectively. Note that 
the porphyrin strongly interacts with 
the kink site. For the corresponding 
states, the substrate part is schemati
cally indicated in yellow and their 
electron density is shown. The most 
notable features are a low-lying charge 
transfer state to step-edge oxygen, and 
after metalation, a high lying charge 
trap that lies between the phenyl ring 
and the O4c.   

Fig. 7. Comparison of the level align
ment obtained using the PBE-VdW and 
HSE06 functionals for H2TPP in the gas 
phase (left), at the terrace (middle), and 
at the step edge (right). In all panels the 
projected density of states of H2TPP is 
shown alongside a schematic represen
tation of the position substrate states; 
bulk states are indicated in orange and 
surface states in green (see also Figs. 4 
and 5). Energy levels are aligned to the 
vacuum level as a common reference. 
The comparison is based on the same 
snapshots in both cases.   
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the gas phase in both HS06 and PBE-VdW. The notable exception is the 
complex of MgTPP with the hydroxylated Mg step-edge vacancy, for 
which the PBE-VdW predicts an intermixing of MgTPP HOMO-1 and 
HOMO with substrate states, whereas HSE06 does not. Both HSE06 and 
PBE-VdW lack long-range correlation effects, among which image 

potential effects are the most important. The quasiparticle energies of 
the GW would include such renormalization on the order 0.5–0.9 eV [44, 
68]. However, the renormalization would not alter our conclusions and 
is beyond the scope of the present work, as it would require unaffordable 
numerical effort. 

Fig. 8. Comparison of the level alignment obtained using the PBE-VdW and HSE06 functionals for MgTPP in the gas phase (left), at the terrace (middle), and at the 
step edge (right). In all panels the projected density of states of MgTPP is shown alongside a schematic representation of the substrate states; bulk states are indicated 
in orange and surface states in green (see also Figs. 4 and 5). The comparison is based on the same snapshot in both cases. 

Fig. 9. Comparison of the level alignment obtained from the PBE + VdW, GW0/G0W0 for H2TPP in the gas phase and the MgO(100) terrace. Left and right most 
panels: projected density of states of H2TPP in the gas phase and adsorbed at the terrace (GW0 and PBE-VdW, repesctively). Middle panels: schematic representation 
of the MgO bulk and surface level positions (G0W0 and PBE-VdW) indicated in orange and green, respectively; the type of calculation is as noted. Energy levels are 
aligned to the vacuum level as a common energy reference. Experimental findings taken from Ref. [67] are indicated as well. 
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3.3. Vibrational fingerprints of the metalation 

The molecular dynamics simulation gives access to vibrational 
spectra through the velocity autocorrelation function. Furthermore, the 
velocity autocorrelation function allows selecting a subset of atoms and 
calculating their contribution to vibrational spectra. This is especially 
useful in the case of porphyrins, where a mode-by-mode analysis is 
unyielding due to the flexibility of the macrocycle leading to a band of 
close-lying vibrational modes. We report that the Hydrogen initially 
bound to aminic nitrogen can be used to trace the current state of the 
porphyrin. When H2TPP deprotonates at the step edge, this hydrogen 
mode redshifts. Once the metalation has occurred, the surface hydroxyl 
groups oscillate at a much higher rate, distinct from any macrocycle 
–N–H vibration. The MgO vibrational levels lie at a much higher fre
quency and do not interfere with the picture. 

The fast vibronic excited states of porphyrins are known to strongly 
influence the level alignments and the spectral footprint, resulting in 

effects such as dynamical charge transfer states [64,69,70]. Although 
vibronic coupling is beyond the scope of this work, a brief look how the 
vibronic features shift will provide valuable insight on how the func
tionalization affects the porphyrin 

Three energy ranges can be used for characterizing the continuum of 
porphyrin modes. The highest energy modes are due to Hydrogen 
attached to aminic nitrogen (around 3500 cm− 1). The second range of 
3000–3250 cm− 1 contains two prominent peaks, one due to porphin 
hydrogen modes and one due to phenyl ring hydrogen modes. The lower 
energy range extends from  1600 cm− 1 onwards. When the porphyrin 
interacts with the surface, the high-energy windows virtually remain the 
same. However, the collection of porphin in-plane modes at around 
1209 cm− 1 and 884 cm− 1 get clamped. The relative intensity of 
Hydrogen bending and stretching modes at around  1054 cm− 1 with 
respect to these other two mode collections is enhanced. The rise of  884 
cm− 1 mode when deprotonation occurs is significant since at this energy 

Fig. 10. Density of vibrational modes of H2TPP and MgTPP at various configurations. Panels from the lower panel to the top: H2TTP at gas phase, H2TPP adsorbed 
on the terrace, H2TPP deprotonated (HTPP), MgTPP at step edge, and MgTPP adsorbed on the terrace. The vibrational modes that involve macrocycle atoms are 
indicated in red. Vibrational modes involving Hydrogen initially bound to aminic nitrogen are indicated in green. The intensities of the red and green outlines were 
scaled for better visibility. For comparison, the IR absorption spectrum calculated using perturbation theory together with the HSE06 functional is indicated 
in purple. 
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window in the H2TPP gas phase, the Hydrogen attached to aminic ni
trogen vibrate in a bending mode that would allow the photo
tautomerization effect, and this might be the driving force where the 
second Hydrogen of HTPP will tautomerize and allow the exchange 
reaction. Another prominent sign of deprotonation is the redshift of 
high-energy aminic hydrogen stretching mode. After metalation, the 
Hydrogen previously attached to aminic nitrogen forms hydroxyl groups 
on the surface. The associated vibrational stretching modes are blue- 
shifted with respect to the previous stretching modes (∼ 3600 cm− 1). 
Furthermore, the contribution of porphin to ∼ 1209 cm− 1 modes 
become negligible (predictably, since Mg is now interacting with N), and 
the Hydrogen bending and stretching modes at ∼ 1054 cm− 1 again be
comes the predominant macrocycle feature at the lower energy window. 
The out-of-plane macrocycle modes have much lower energy, around 
112 cm− 1, and will not be discussed in this context. 

4. Conclusion 

In this work, we performed and analyzed ab initio molecular dy
namics simulation of the interaction of H2TPP and MgTPP with MgO 
(001) surface, the (100)-oriented step edge, and an Mg-kink. The por
phyrins remain uncharged when adsorbed at the surface, corresponding 
in experiments to the bulk terminated MgO, MgO nanocubes, and thick 
MgO films on metal substrates. Both porphyrins are found to be mobile 
on MgO(001) terrace. Their motion is driven by a tug-of-war between 
the preference of the phenyl rings to be aligned at an angle with the 
macrocycle and a strong attraction of the flexible macrocycle to the 
surface. Our main focus is on the interaction of the free-base porphyrin 
with low-coordinated sites. Fast deprotonation and subsequent energy- 
driven metalation occur at common step edge and less common kink 
sites. The metalation at low-coordinated surface sites and migration 
back to surface (or even desorption) is energy driven (see Fig. 1). 
Metalated MgTPP is less bound to the reaction site due to the dynamics 
of phenyl rings. Overall, the dynamic effect renormalizes the reaction 
energies by about 1 eV. The state of the porphyrin metalation can be 
observed through aminic nitrogen vibrational levels. The physisorption 
leaves the Gouterman symmetry cascade argument applicable when the 
molecule is on the pristine terrace and before metalation at extended 
defects. 
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