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Abstract

Solar-light driven water splitting is a promising way for sustainable production of molecular hy-
drogen, the latter representing an efficient carrier for energy storage and conversion into common
liquid fuels. In search of novel catalysts for high-performance water splitting devices, Co-pyrphyrin
(CoPy) has been recently synthesized and successfully used as homogeneous water reduction cata-
lyst. We investigate the adsorption of this molecule on rutile TiO2 (110) surface as a possible first
step towards the design of a heterogeneous water reduction system. We find that the adsorption
of the molecule is stabilized by the interaction of the cyano groups with the under-coordinated
Ti centers present at the surface. This interaction induces the rehybridization of the molecular
orbitals localized on the cyano groups and the realignment of the lowest unoccupied molecular
states. Moreover, the highest occupied molecular orbital of CoPy@rutile(110) is localized on CoPy
and the energy gap turns out to be significantly smaller than the gap of pristine rutile(110). This
implies that direct or indirect injections of electrons from CoPy to the rutile (110) surface is in
principle possible upon the absorption of light in the visible range. On the other hand, the elec-
tronic properties of the Co(II) center are not modified by the adsorption, which suggests that CoPy
and its derivatives may be used in water electrolysis for hydrogen production also in the adsorbed

state.
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I. INTRODUCTION

In the quest for renewable energy sources molecular hydrogen is one of the most favoured
candidate as energy carrier. Compared to other means, such as electricity, bio-fuels, or
conventional fuels, hydrogen has the highest specific energy content!, and is also environ-
mentally preferable, because the waste product of its reaction with pure oxygen is simply
water?. However, the large scale production and storage of molecular hydrogen is still an
open issue. Several techniques can be employed for its production, such as water electroly-
sis?, steam and ethanol reforming®®, partial oxidation of hydrocarbons®, dark fermentation”,
and photo-chemical water reduction. The latter is of particular interest, because it emulates

natural processes and needs only solar light as energy source®.

Water reduction in homogeneous environment has been widely studied’. Most of the
working systems are based on the use of expensive metals as catalytic reduction centers'®.

However, it has been shown that also less expensive Co-based catalysts can be employed

1'12

for Hy production with low over-potentials!!. Peters et al.'? investigated catalytic activ-

ity of several cobalt complexes with BFy giglyoxime or propane bridged tetraimine ligands
in acetonitrile. They concluded that with less electron donating ligands reduction of Co-
complexes can be achieved easily, leading to Hy production. Guttentag et al.'? studied the
activity of [Co™™Bry(DO)(DOH)pn] with photo-sensitizer [Re(CO)s(bipy)(py)]* in pure wa-
ter and acidic environment, demonstrating that Hy production is possible without organic
solvents. Macro-cyclic molecules like metal centered porphyrins are also widely studied alter-

native catalysts, thanks to their low cost and wide range of light absorption capability'*1®.

1'16

Solis et al."® modeled cobalt hangman porphyrins in acetonitrile solution and determined

the pathway for proton coupled electron transfer for Hy generation. For recent reviews and

studies on homogeneous water reduction we refer to Refs.!” 20,

In spite of the established achievements in Hy generation in homogeneous environments,
the most important drawback is the rapid recombination of photo-generated products in
solution?'. Therefore, it has been proposed that in heterogeneous environments, where
the catalyst is combined with a supporting material, the fast back electron transfer can
be prevented and the system is stabilized??. Several studies are already available on the

properties of metal centered porphyrins adsorbed on TiO, surfaces?3 2.

Only relatively few studies on the combination of Co-complexes with heterogeneous sys-

Page 2 of 24



Page 3 of 24 Physical Chemistry Chemical Physics

tems have been published. The Co-based complex [Co™(dmgH ), (pyridyl-4-hydrophosphonate)Cl]
adsorbed on a TiO, surface via anchoring groups has been considered as catalyst for pro-
ton reduction®®. Yin et al.?” studied the organic dye eosin Y (EY) and several other Co
complexes also adsorbed on the TiO, surface through different anchoring groups. They
concluded that TiOs is able to harvest electrons from the excited EY molecules, thus gen-
erating long-lived charge-separated states, which eventually lead to the electron transfer
to the Co-catalyst and the reduction process. A similar reductive pathway has also been

observed by Lakadamyali et al.2®

, who studied the co-adsorption of the CoP catalyst and
a ruthenium dye RuP on TiO;. The photo-excitation of RuP induces an electron injection
into the conduction band of TiO,. The photo-electrons are then transferred to CoP, where
the Hy formation occurs. The photo-excitation of Co(I)-porphyrin on TiO in acetonitrile-
pyridine solution has also been studied®”, showing that after the rapid electron injection
from Co to TiOy and the coordination of pyridine to Co, the undesired charge recombination
is significantly slowed down.

Among the heterocyclic molecules, the porphyrin derived tetra-aza macro-cycle, consti-
tuted of four pyridine rings, is named pyrphyrin (Py) but also known as Ogawa porphyrin
like ligand. Pyrphyrin has been introduced first by Ogawa et al.3® in 1984. Later, alkylated
pyrphyrin has also been synthesized and its optical properties have been characterized?!.
More recently, metal-centered pyrphyrins have been studied both experimentally and theo-
retically to determine their UV-visible spectra in solution3*3,

The need for new, promising, and feasible photo-catalysts for water reduction and the
unexplored potential of pyrphyrin adsorbed on TiO, surface are the motivations for the
present work. To the best of our knowledge, this is the first time that pyrphyrin on semi-
conductors is investigated. It is generally accepted that anatase phase of TiO, exhibits
higher photocatalytic activity than rutile TiO2®, which resulted theoretical investigation of
water-TiO, interactions mostly with the anatase phase®®. However, in this study only the

rutile phase is considered, which is easier to obtain as high quality single crystal3”

and, for
this reason, it is going to be employed in upcoming experimental studies of the catalytic
activity of supported-CoPy.

We study the structural and electronic properties of the complex, CoPy adsorbed on rutile
(110) surface, by means of density functional theory (DFT). In the following, we first briefly

describe the applied methodology and the used models for the molecule, the surface and the
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complex. Next, we discuss the possible adsorption configurations of CoPy@rutile(110), and

finally we analyze in detail the electronic structure of the most stable configuration.

II. COMPUTATIONAL METHODOLOGY

Electronic structure calculations are performed at the Kohn-Sham DFT level, employing
the Gaussian and plane wave (GPW) formalism as implemented in the CP2K/QUICKSTEP
package®. Double-zeta valence plus polarization (DZVP) basis sets, optimized on molecular
geometries (Mol-Opt method)®, are employed for all atomic kinds. A cutoff of 600 Ry is
used for the auxiliary plane wave basis set. The interaction between the valence electrons
and the atomic cores is described through norm-conserving Goedecker—Teter—Hutter (GTH)
pseudo potentials?®. The valence shells contain 12, 6, 17, 4, 1, and 5 electrons for Ti, O, Co,
C, H, and N, respectively. Periodic boundary conditions are always applied.

As exchange—correlation functional, the general gradient approximation (GGA) by
Perdew—Burke-Enzerhof (PBE)*! is used. The dispersion interactions are corrected ac-
cording to the Grimme-D3 scheme®? for the optimization of the geometries. This level of
theory has been proved to be sufficiently accurate to describe the structural properties of
the materials involved in this study. Namely, the lattice parameters of bulk rutile turn out
to be in agreement with the experimental values within an error of 1%%3. However, PBE
is known to underestimate the energy gap of TiO, as for other oxides***®. The most com-
monly adopted solution to this deficiency is the use of suitable hybrid functionals that can
reproduce the experimental value®47. For the specific case of TiO,, we find, in agreement
with previous works, that the best accuracy in the energy gap is achieved by applying the
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional®4%49.  All hybrid functional calcula-
tions are performed with the help of the auxiliary density matrix method (ADMM)3%52,
which provides a significant speed up and makes it possible to compute the electronic struc-
ture of several hundreds of atoms of condensed matter systems. The required ADMM basis
sets have been optimized to reproduce the results of full hybrid functional calculations with
very high accuracy. Despite the speed up obtained with ADMM, hybrid functional geom-
etry optimization are still computationally very demanding and do not produce important
changes with respect to the PBE optimization. Therefore, our strategy consists in carrying

out the refinement of the electronic structure of PBE-optimized geometry using the HSE06

4
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hybrid functional.

III. STRUCTURAL MODELS
A. Rutile: Bulk and (110) Surface

The rutile lattice belongs to the P4;/mnm (No. 136) tetragonal space group®®54. In
the bulk, each Ti atom is coordinated by six O atoms, while the O atoms are three-fold
coordinated by Ti. In order to assess our PBE computational set up, the lattice parameters
are optimized for a 3x3x3 supercell (162 atoms). This supercell is sufficiently large to
converge the bulk structural properties, which turn out to be in very good agreement with
previously published data, from both experimental and DFT studies (see Table I). The
corresponding band gap energies, Eg,p,, computed for the PBE and the HSE06 functionals
are reported in Table II and also compared to previous studies. All GGA and LDA result
underestimate the E,,, by more than 1.2 eV, while PBEO overestimates it by about the same
amount. Only the value obtained with HSE06 approximates the experiment with reasonable
accuracy. The slight discrepancies between results obtained with the same functional can

be ascribed to different basis sets and pseudopotentials.

TABLE I: Lattice parameters (a and c) and bulk modulus (B) of bulk TiO,. The values reported for this

work are obtained for the 3x3x3 supercell and the PBE functional.

Method a[A] c[A] B[GPa] ref.

GGA/PBE/GPW 4.606 2.966 219 this work

GGA/PW92/PAW 4.649 2.972 225 %
GGA/PBEsol/PW 4.604 2.947 - 56
LDA/PAW  4.554 2.927 256 o7
Experiment  4.587 2.954 210 o8
Experiment 4.594 2.959 - 53

Figure 1 shows projected density of states (PDOS) for O and Ti atoms in bulk rutile.

The highest occupied states have O-2p character, whereas the lowest unoccupied states are

60,61

Ti-3d, in agreement with previously published calculations®®'. The hybridization between
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TABLE II: Band gap energy (Egap) of bulk TiOs. The values reported for this work are obtained for the

3x3x3 supercell.

Method — Egap [€V]  ref.

GGA/PBE  1.73  this work

GGA/PBE  1.74 59
GGA/PW92  1.80 o7
LDA 1.81 57
HSEO06 3.35  this work
HSE06 3.11 43
PBEO 4.21 43

Experiment 3.0 58

O-2p and Ti-3d states results in covalent bonding®2.

M

6 4 2 0 2 4 6 8
[eV]

PDOS [arb. units]

Energy- E, .\,

FIG. 1: Density of states of bulk rutile: total DOS plotted with brown line, O PDOS in orange,
Ti PDOS in magenta. The distributions are normalized by the number of atoms and the aligned

at zero with the valence band maximum (VBM) energy.

The (110) surface is the most stable surface of rutile, and also the most frequently studied
and used one for applications®®. To model such a surface, a symmetric slab consisting of a
few atomic layers is cut out from the bulk cleaving along the (110) plane. Above the surface,
a sufficiently large amount of vacuum space (20 A) is added to avoid interactions with the
periodic images in the perpendicular direction. The surface unit cell contains two Ti atoms,

which lay on the same plane, and four O atoms, two on the same plane as Ti, one above
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(sticking out O) and one below. One surface Ti atom is still six-fold coordinated, as in the
bulk, while the second is five-fold coordinated. Among the O atoms, three are still three-fold
coordinated, while the sticking out one is two-fold coordinated. This latter dangling O atom
is a particularly active species, which can lead to the formation of vacancies at the surface, or
be saturated. Figure 2 displays the top and side view of a 3x7 slab, containing five atomic
layers. We label the surface three-fold and two-fold coordinated O atoms with Os. and
Ogc, while the bulk oxygens are labeled Oz, . We also distinguish between the bulk Ti
atoms, labeled Tig._pu, and the under-coordinated Ti atoms at the surface, Tis.. In order
to determine the optimal number of layers for the slab model, we tested the convergence of

the surface energy. The surface energy is calculated as

Eslab - N - Ebulk

Esurace = 1
f 2. A (1)

where Fjg,;, is the total energy of the optimized slab model, . is the energy per TiO,
unit in the bulk, NV is the number of units contained in the slab, and A is the area of the
exposed surface.

Slabs from 3 to 9 layers have been considered (see ESI). We conclude that a 5 layer slab
is sufficient to model the rutile (110) surface. The surface energy of the 3x3x5 slab is 0.72
J/m?, in quite good agreement with the values found in the literature®.

The band gap calculated by HSEO6 for the rutile slab of five layers, where both exposed

64 The reduction

surfaces are fully relaxed is 3.18 eV, in agreement with the experiment
of the energy gap at the surface is due to the presence of energy states in the gap, which
are generated by electrostatic shifting of Tis. states towards O, and Os._pur band, also
discussed in Ref.%>. We also computed the electronic properties for slabs of different size,
concluding that the slab of five layers is a good compromise between accuracy and efficiency,

see ESI.

B. Pyrphyrin

Ball and stick sketches of Py and CoPy are shown in Figure 3. Py is characterized by
CN groups binding to the pyridine rings via sp? hybridized bridging carbons. We label the
nitrogen atoms of the cyano groups Ney to distinguish them from the pyridine nitrogens at

the center of the molecule (N,). Two N, are protonated in Py at anti positions®®, while the

7
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FIG. 2: Ball and stick representation of the rutile (110) 3x7x5 slab, where 5 is the number of layers: a)
side view and b) top view. For clarity, only topmost atomic layer is shown in (b). Surface atoms are
labeled as O, Oz, and Tisc, bulk atoms as Osc_puk and Tige_puk. The dashed red box indicates the

surface unit cell. Color code: light gray: Ti, light green: O.

protons are replaced by the Co(II) cation in CoPy. In the gas phase, both molecules are

planar with a vanishing dipole, as discussed in Ref.%. In the center of the molecule, the four

dcn

FIG. 3: Ball and stick representations of a) Py and b) CoPy. The molecular size is described by means of
the two diameters, dony and d¢. Nitrogens in cyano groups and pyridine rings are labeled as Nen and Ny,

respectively. Color code: brown: C, light pink: H, dark blue: Co, blue: N.

N, are symmetrically coordinating Co in CoPy, while the protonated nitrogens in Py are
displaced outwards. Along the axis of the cyano groups, don, the molecule is slightly shorter
for CoPy with respect to Py, due to the interaction between Co(II) and the electronegative
nitrogens. Some structural parameters are reported in Table III.

Table IV shows the energy gaps between the highest occupied molecular orbital (homo)
and the lowest unoccupied molecular orbital (lumo) as computed for Py and CoPy with the
PBE and HSEO06 functionals. The presence of Co(II) slightly reduces the energy gap; the

effect is more pronounced with HSE06, for more discussion see ESI. Calculations with CoPy
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TABLE III: Selected distances calculated for the optimized geometries of Py and CoPy in the gas phase.

Molecule Distances Length [A]

deN 11.96
Np—N; (prot.) 3.98
Py

Np—N,, (not prot.)  3.80
dy 9.45
deN 11.78
Np,—N, 3.77

CoPy
dy 9.57

TABLE IV: Homo-lumo gap (Egap) of Py and CoPy calculated with different density functionals.

Molecule Functional Eg,p, [€V]

Py PBE 1.52
Py HSEO06 2.23
CoPy PBE 1.46
CoPy HSE06 2.03

are always performed with spin polarization. The lowest energy spin state turns out to be a
doublet and the spin density is localized exclusively at the Co center. The homo of CoPy in
the gas phase has major contributions from the cyano groups, the pyridine carbons, and the
N,, but it is also present at Co(II) centers. The lumo, instead, is uniformly distributed over
the pyridine CH groups, the central C atoms, and the N, but it does not have significant
contributions from the cyano groups and the Co(II). The two frontier orbitals of the gas

phase molecule are displayed in Figure 4.

C. CoPy Adsorption on Rutile(110)

In order to find possible adsorption sites of CoPy on rutile, it is necessary to explore
the potential energy surface of the CoPy@rutile complex. We started eleven independent

optimizations, changing the initial coordinates of the gas-phase optimized CoPy on rutile.
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FIG. 4: Homo (a) and lumo (b) of CoPy in the gas phase. The displayed isosurfaces are obtained
at the value of +0.236 e/A3.

The molecule has always been positioned parallel to the surface at a distance a few A apart
from the topmost atoms moving it rigidly by changing the position of Co(II) and the two Ney
with respect to the surface Oy, and Tis. atoms and rotating the molecular axis parallel to
the surface (more details in ESI). The optimization is carried out by relaxing the molecular
geometry and the two top-most layers of the rutile slab. The other three slab layers are kept
fixed at bulk coordinates. From these eleven starting positions, only four distinct stable
configurations have been obtained. These four structures are displayed in Figure 5 and are

named model-a, b, ¢, and d. The adsorption energy (F,qs) is calculated as

Eads = Ecomplex - (Eslab + Emol) (2)

where Ecomplex 1S the total energy of the complex, Eg,p, is the energy of the slab where only
two layers are fully optimized, and E,, is the energy of the molecule optimized in vacuum.
Negative values of F,qs correspond to exothermic adsorption. For each optimized structure,
the amount in dispersion energy is extracted, so that its contribution to the adsorption

energy is calculated as

dis dis dis dis

Eadsp = Econrljplex - (Eslalf + Emo{)) (3)
The dispersion contribution is always attractive. The distortion energy of CoPy (Eg) is,
instead, the increase in molecular energy due to the geometrical changes induced by the

interaction with the surface,

Edist - Emold - Emol (4>

Eloq 18 the energy of the molecule calculated in vacuum, but with the same coordinates

obtained from the complex optimization.

10
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FIG. 5: Four different optimized structures of the CoPy@rutile complex, as obtained from different initial
positions of the molecule. The top view (left) and one side view (right) of each of the four models are

shown. Color code: see previous figures.

IV. RESULTS AND DISCUSSION

The resulting four adsorption configurations of CoPy@rutile are characterized by different
energies and structural parameters. In Table V, the above defined F.q4s, Escilzp, FEg4ist values
are reported together with the average height of the molecule on the Tis. layer (hay), the
difference in height between the lowest and the highest atoms in the molecule (Ah), which is
a measure of the deviation from planarity, the distance between the two Non atoms (de),
and the minimum distance between an atom of the molecule and an atom of the surface
(din)-

As a general observation, the interaction to the surface is relatively weak and the major
contribution is due to the dispersion term, which varies from 60% to almost 100% of the
adsorption energy. The strongest adsorption is obtained for model-a, where the molecule

is bent along the don axes such that both the Ny atoms can sit exactly on top of Tis.

11
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TABLE V: Energies and structural parameters characterizing the four distinct adsorption sites reported in

Figure 5.

Model E,qs [eV] EXP [eV] Egist [eV] hay [A] AR [A] don [A] diin [A]  pair

ads
a -4.18 -2.62 0.57 3.67 2.16 10.86 2.13  Ngn—Tise
b -3.56 -2.34 0.40 3.89 234 11.14 2.22  Ncgn—Tise
c -3.35 -2.89 0.24 3.52 1.66 11.51 2.25  Co(I1)-Og
d -2.49 -2.42 0.09 3.94 095 11.65 2.77 H-O9

centers, while Co(II) coordinates two Oq.. The interaction is further favored by the upwards
displacement of the involved Ti atoms by 0.26 A, thus reducing the N-Ti distance to only
2.13 A. CoPy is bent along both axis, even if the curvature is more pronounced along dex,
reducing the dey distance by about 1 A with respect to the gas phase structure. The
geometrical changes correspond to a distortion energy of 0.57 eV. Subtracting from the
total adsorption energy the distortion energy, we obtain an interaction energy of -4.75 eV, of
which -2.62 eV are attributed to dispersion. The remaining -2.13 eV are mainly due to the
chemical bonding between Ncy and Ti (/-1 eV per Ney), which, as it will be discussed in
the following, is responsible for the rehybridization of the molecular homo with the surface
states.

In model-b, both Ney and Co(II) are sitting on top of Tis. centers, and the don axis is
oriented along the [001] lattice direction, i.e. rotated by about 30 degrees with respect to
model-a. Also in this case, the closest contact between molecule and surface is the N-Ti
interaction, and the involved Ti atoms are displaced upwards by 0.15 A. However, in this
position, some Oy, atoms happen to be in proximity of the pyridine rings, which consequently
bend outwards. Overall, the distance between molecule and surface (h., = 3.89 A) is larger
than in model-a, and, even though the molecular distortion energy is smaller, the adsorption
interaction is weaker. This can be explained in terms of the repulsive electrostatic interaction
between Co(Il) and Ti and the reduced dispersion contribution due to the larger average
distance.

Like in model-a, in model-c Co coordinates the two closest dangling O. The Non are on
top of the surface oxygen giving rise to a repulsive interaction, which causes the upwards

bending along the dcy axis. Since only the cyano groups are displaced, the molecule is less

12
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distorted than in the two previous configurations, as also indicated by its dcn length and the
computed distortion energy. In average, CoPy is closer to the surface and, as a consequence,
the dispersion energy term is larger. By subtracting the distortion energy and the dispersion
energy from the total adsorption energy, the remaining interaction energy amounts to 0.70

eV.

Finally, in model-d, the most active molecular centers, Co(II) and N¢y, are too far from
the under-coordinated atoms at the surface. The molecular structure is only slightly modified
upon adsorption, since the only attractive interaction is attributed to the dispersion forces.
This is a classical example of physisorption, as also confirmed by the almost equal values of
E,4s and E;iéssp. Rather weak physisorption has been already reported for the case of a single

pyridine ring adsorbed on TiO,%".

The standing adsorption of CoPy on rutile(110) surface has also been examined. CoPy
is positioned perpendicular to the (110) surface, with one Non on top of one Tis., since
between these two species the binding is expected to be strongest. After the optimization
of the structure, the distance between Ny and Tis. is 2.09 A. The resulting adsorption
energy F,qs is -1.61 eV, i.e. 2.5 eV lower than for the molecule adsorbed flat. The obvious
reasons for the weaker binding are that only one direct N-Tis. interaction is available and

the significantly smaller contribution of dispersion (-0.65 eV), given the standing geometry.

Pratik et al.®® modeled several different porphyrin-derived molecules adsorbed both hori-
zontally and vertically on anatase nanoparticles. Their calculations show that while horizon-
tal orientation of porphyrin on anatase has E,4s of -2.6 €V, porphyrin—4-NO, has -9.30 eV,
and porphyrin—4-NH, has -4.33 eV, vertical attachment of 1-NMey—porphyrin-1-COOH
results in E,q¢ of -2.80 eV.

In summary, the most effective interactions for the adsorption of CoPy on rutile are those
between Non and the Tis. surface atoms, followed by the Co(II)-Oy. coordination. These
are maximized in model-a, which turns out to be the most stable adsorption site. Therefore,

the following analysis of the electronic properties of the CoPy@rutile is based on this model.

The redistribution of the electronic charge induced by the adsorption is shown in the
electron density difference maps. The electron density difference is calculated by subtracting

from the total density of the complex peomplex(r) the individual electron densities of CoPy

13
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and the slab, at the same coordinates as in the complex

Ap(r) = peomplex(T) = (Pstab(T) + pPmol (1)) (5)

The two isosurfaces of Ap(r) in Figure 6 correspond to +0.317 e/ A3, ie., charge accumu-
lation (top left panel), and -0.317 ¢/A? (top right panel), i.e., charge depletion. We notice
that the electrons on the pyridine rings are partially pushed away from the surface, to reduce
the overlap with dangling orbitals of the Os. atoms. On the other hand, electron accumula-
tion is observed between Non and the closest under-coordinated Tis. atoms, which confirms
the presence of a chemical interaction between these species. The rearrangement leads to
the polarization of the molecule along the perpendicular axis z. In panel ¢ of Figure 6 the

2D-integrated density difference calculated as

Bpy(2) = [ do [yt (6)

is plotted along z. We observe that a finite dipole moment arises along the z axis, which,

estimated as p, = [ pyy(2) - 2dz, amounts to 0.5 D.

a

I PSP Y N S
6 4 2 0 2 4 6

Ap (@) x 10° [e/A]

FIG. 6: Electron density difference Ap(r): isosurfaces taken at 0.317 e/A3 (a) and —0.317 /A3
(b). ¢) 2D integrated density difference Apyy(2) plotted along the slab’s perpendicular axis. Red
sphere indicates the height of the under-coordinated Tis. atoms, the cyan is Noy, the dark blue

Co(II), and the brown spheres are located at the height of two deeper layers.

The total and projected densities of states, TDOS and PDOS, provide further information
on the redistribution of the molecular orbitals upon adsorption and on the nature of the

interaction. Spin polarization has been used for all calculations; however, not negligible

14
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spin density difference is observed only on Co(II) (see ESI). Therefore, we plot the distinct
alpha and beta spin DOS solely for Co(II). We compare the density of states calculated for
the CoPy@rutile complex with those calculated for the optimized molecule in the gas phase
and for the pristine rutile surface. All PDOS plots related to the complex are aligned with
respect to the corresponding VBM and normalized by the number of atoms considered in
the projection. In order to facilitate the comparison, the PDOS of the clean rutile (110)
slab are rigidly shifted to aligning the bulk states, i.e., the projections on the atoms of the
inner layers (third and fourth) to the same states of the CoPy@rutile. These states are not

affected by the adsorption and therefore are easily recognizable.

a
—
=
g
=]
E
= C
©
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()
A

P N TR R }\\\
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Energy - E,, [eV]

FIG. 7: a) TDOS of CoPy@rutile(110). The inset (b) shows a zoom-in of the energy gap region,
which allows to distinguish the molecular states within the rutile energy gap. ¢) DOS projected
on all the atoms of CoPy. Since the number of atoms is much smaller, the normalization factor is

different, which allows to better appreciate the fine structure of the molecular states.

In Figure 7, the TDOS of CoPy@rutile (top panel) is compared to the contribution
obtained from its projection on the CoPy molecule only (bottom panel). The different
normalization factor makes the low intensity features of the molecular states appear with
more evidence in the bottom panel. The homo of the complex is clearly a molecular state
of CoPy. The lumo, on the other hand, is mainly located on the rutile slab. The calculated
energy gap turns out to be 1.06 eV, which is 1.22 eV smaller than the gap of rutile (110).
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The lowest unoccupied states with major contributions on CoPy are about 2.5 eV above the

VBM.

The effects of CoPy adsorption on the DOS of the slab are evaluated by projecting only
on the slab’s atoms and comparing to the PDOS computed for the pristine slab. In Figure 8,
we distinguish between contributions from surface titanium atoms (b), and surface oxygen
atoms (c). The signature of the surface Tis. atoms is the growth in intensity of the left
shoulder of the lowest band of unoccupied states, as compared to PDOS of bulk Ti atoms
(see Figure 1). The center of this band is at about 1.5 eV. Of the 21 Tis. atoms at the surface
in our model slab, only two strongly interact with the molecule via the N¢y linkers and are
responsible for the small difference between the red (CoPy@rutile) and the blue (clean)
curves in panel b. The band of the highest occupied states in rutile is mainly constituted
of O-2p orbitals. The differences between bulk (see Figure 1) and surface are more evident
in this case since the surface oxygen PDOS presents one relatively narrow band at about
-3 eV and lower intensity features at lower energies. This pronounced feature is formed by
the highest occupied surface states. The effects of CoPy adsorption in the Oy, PDOS are

ascribed to the two surface oxygens interacting with Co(II).

The electronic structure rearrangements occurring upon adsorption have their major ef-
fects on the CoPy molecular orbitals. The PDOS on CoPy adsorbed and in the gas phase
are compared in Figure 9. All the plots are aligned with the homo at zero eV. The PDOS
of CoPy@rutile (red curves) shows a general broadening of the bands. The occupied states
on Co(a), N, (b), and C (d) present the same main features as in the gas phase. The low-
est unoccupied states are shifted to higher energies by about 0.5 eV. The projected energy
gap becomes 0.48 eV larger than the homo-lumo gap in the gas phase, if one considers the
lowest unoccupied state with major contributions on the adsorbed molecule, which actually
is at 2.5 eV above the homo. The sharp bands characterizing the PDOS on the N¢y in the
gas phase are most strongly affected by the interaction with the surface. The two localized
molecular states at -3.7 eV and -5.5 eV are replaced by a broad distribution due to the re-
hybridization with the Ti states. Moreover, the interaction has a clear effect on the charge
distribution corresponding to the homo of CoPy. As shown in Figure 10, the orbital extends
in the region between molecule and surface, thus strengthening the chemical bonding. This
electronic rearrangement explains the bending along dcnx and the upwards displacement of

the Ti atoms.
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FIG. 8: PDOS related to surface Ti and O atoms of CoPy@rutile(110) (red) and of the clean
rutile (110) (blue) are compared. While energy states of CoPy@Qrutile are aligned with respect to
its VBM, alignment in pristine rutile is carried out with respect to highest occupied band of
surface O atoms of CoPy@rutile. a) TDOS. b) PDOS on surface under-coordinated Ti centers. c)

PDOS on under-coordinated O centers at the surface.

Finally, we separate the contributions to the DOS ascribed to the two Tis. and the two
Oq. atoms more directly involved in the interaction. The resulting PDOS are plotted in
Figure 11 and compared with the PDOS obtained from all the Tis. and Os. present at
the slab surface. While no significant difference is observed among the occupied states, a
clear effect of the interaction is present for the lowest unoccupied states localized at Tis.. In
particular, we observe the increase in intensity of the first peak and the consequent depletion
at higher energies. This result implies the presence of available empty states on the Ti atoms
that are also involved in the extension of the molecular homo state. On the other hand, the
occupied states localized on the surface O atoms are more than 2 eV lower in energy than

the CoPy homo and are not significantly perturbed by the adsorbate.
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FIG. 9: PDOS on different species of CoPy adsorbed on rutile (red solid line) and optimized in
the gas phase (blue solid line). a) PDOS on Co. Positive values are for the alpha spin channel
and negative values for the beta spin channel. b) PDOS on the central N atoms binding to the
pyridine rings, N,. ¢) PDOS on the external N atoms belonging to the cyano groups, Nen. d)

PDOS on all carbon atoms.

FIG. 10: Representation of the homo of CoPy adsorbed on rutile (110). Top (a) and side (b)

view. The displayed isosurfaces are obtained at +0.236 e/A3.

V. CONCLUSIONS

We have investigated the adsorption of a porphyrin derived heterocyclic molecule, CoPy,

on the rutile (110) surface. This new type of heterocyclic molecules has been experimen-
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FIG. 11: a) PDOS on Tis. atoms. The red line is the same PDOS shown in panel b of Figure 8,
related to the complex. The purple line is related to the only two surface Ti atoms interacting
directly with Non. b) PDOS on Og. atoms. Red line is the same PDOS presented in panel ¢ of

Figure 8. The purple line is obtained by the projection on the two oxygen atoms coordinating the

Co(II) in CoPy@rutile(110).

tally proved to be an active catalyst for hydrogen evolution reactions. However, there are
no extensive studies on its properties and, to our knowledge, this is the first time that the
adsorption of one of these has been considered. We observe electronic structure rearrange-
ments occurring upon adsorption, mainly due to the interaction of the cyano groups of CoPy
with the five-coordinated Ti atoms of rutile(110). The projected densities of states on the
different involved species reveal that the molecular orbitals on the Nony atoms undergo a
rehybridization, the homo is located at the molecule, and the lowest unoccupied states of
CoPy are shifted to higher energies. Effects of the electronic redistribution are also recog-
nized from the Tis. PDOS and the polarization of the electronic density across the molecular
plane. The first band of unoccupied states is mainly on rutile and extends from 1.1 to 2.0
eV, with a maximum at 1.5 eV. The lowest unoccupied states localized on CoPy are instead
beyond 2.5 eV, i.e., at higher energy with respect to the lumo of the gas phase molecule.
Hence, the adsorption produces a significant reduction of the energy gap with respect to

both pristine rutile TiOs and the isolated molecule, which should facilitate absorption of
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light in the visible range. This opens the possibility of achieving electron injection from

CoPy to rutile, with a consequent efficient electron-hole separation.

On the other hand, but for a rigid shift with respect to the homo, we do not observe
strong modifications of the electronic structure at the Co(II) center. From these results we
expect that the catalytic properties of CoPy are preserved upon adsorption. We plan to
extend the study on this system also considering the co-adsorption of water and hydrogen
and possible reaction mechanisms leading to the production of molecular hydrogen. We
expect that by functionalizing pyrphryin with different linkers and replacing Co with other
transition metals, a further tuning of the coupling with the oxide is possible and improved

water splitting performance can be achieved.
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