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Abstract: Ti interstitials are key actors in the reduction/re-oxidation processes of TiO2. The charge
redistribution originated by these point defects is acknowledged to trigger the dissociation of small
molecules at the surface, while the direct involvement of Ti interstitials in reactions with adsorbates is an
open question. From a combined experimental and theoretical investigation, we show how the potential
energy surface for the outdiffusion of Ti interstitials at rutile-TiO2(110) is strongly lowered by adsorbed
porphyrins, independently of their peripheral terminations. The process is activated by a nucleophilic
attack of an iminic N to a surface 6-fold coordinated Ti atom, which is sequestrated by the porphyrin and
replaced by a subsurface interstitial. From comparison with acidic porphyrins, we show that Ti extraction
is specifically driven by the Lewis basicity of iminic N, which opens the pathway to the chemical reaction

of Ti interstitials with a larger class of molecular systems.

Keywords: Titanium Dioxide; Ti interstitial defect; Porphyrin; On-surface molecular reaction; Self-

Metalation; Minimum energy diffusion path.



W N =

|

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31

Abbreviations: TBTPP, tetra-ditert-butyl-phenyl-porphyrin; TPP, tetra-phenyl-porphyrin; OEP, octa-
ethyl-porphyrin; XPS, X-ray photoemission spectroscopy; STM, scanning tunneling microscopy; DFT,
Density functional theory; MEP, minimum energy path; CI-NEB, climbing-image nudged elastic band.

1. Introduction

A large battery of molecules and ligands have been developed for the on-surface synthesis and
modification of 2D molecular arrays, covalent organic frameworks, metal-organic coordination networks.
The corresponding reaction processes are almost exclusively confined to a few metal surfaces,'? which
have the drawback of quenching to a more or less large extent the molecular electronic properties.
Insulating substrates would allow electronic, or even mechanical, decoupling of the molecular assembly,
but suitable synthesis strategies need to be developed. In this regard, titanium dioxide has been
demonstrated to be a suitable playground for the synthesis of graphene nanoribbons,* graphene
precursors,’ as well as for polymerization.®” TiO, owes its unique transport and catalytic properties to the
possibility of injecting electrons into the, otherwise empty, Ti 3d band, which then falls below the Fermi
level giving rise to a characteristic band gap state (BGS) and making the surface conductive and
chemically reactive. Diverse mechanisms of populating the Ti 3d band are possible, from chemical
reduction to doping. In particular, point defects play a crucial role in determining the TiO; surface
electronic properties. Among them, oxygen vacancies (Vo) and titanium interstitials (Ti;) are most
common, and are inevitably formed during the mechanical, thermal and chemical processing of samples.
In the past, the attention has been mainly focused on oxygen vacancies, also because their presence on
the most studied surface, the (110) of the rutile polymorph, is apparent in scanning tunneling microscopy
(STM) images.® Comparably less studied are the more elusive Ti; defects, even though their presence is

unquestionable, as they self-assemble in crystallographic shear planes in the bulk’ and in ordered arrays

in the 1 x 2 surface reconstruction of heavily reduced TiO,.'°

The association of the BGS with Tii'!"!? rather than with Vo'* has been debated for many years.
Experimentally, both types of defects are found to generate the same distribution of charge on r-
TiO2(110),'* which is localized at a few subsurface lattice sites independently of the mechanism of charge
injection.!®!” Theoretically, the BGS in 7-TiO2(110) is described as a polaron, irrespective of the nature
of source defect.'®?* The polaron degree of charge delocalization depends on the level of theory,?! and it

can be spatially decoupled from its source defect via a hopping mechanism.?> As a consequence, the
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transport properties result to be independent of the nature of the defect, whereas chemical reactions with
surface Vo and subsurface Ti; would follow different pathways and may yield different products. The
most studied dissociation of molecular oxygen and water at »-TiO2(110) results either in the annealing of

2324 or in the synthesis of TiOx clusters by outdiffusion of Ti;

oxygen vacancies at room temperature
beyond 400 K.!! The latter process is responsible of the phenomenon of regrowth (or growth from
beneath) when 7-TiO2(110) is exposed to Oz at high temperature.?> The reductive C=C coupling of
benzaldehyde has been also proposed to be catalyzed by Tii,2® where TiOx clusters are finally left as a
byproduct of stilbene desorption upon annealing.?’ In fact, these reactions only exploit the excess of
charge manifested at the surface and do not require a physical involvement of Ti; atoms. These are
normally kept in the »-TiO2(110) subsurface region because their energy is ~0.4 eV lower than at surface
sites,”® whereas oxygen vacancies are energetically more favourable at the surface than in deeper layers.”
Only very recently, a direct involvement of Ti; in the Ullmann's coupling reaction of polymer precursors
has been proposed.” Here, we demonstrate the outdiffusion of Ti; as the mechanism driving the metalation
reaction of porphyrins on -TiO2(110). Metal atoms participating to this reaction can either be provided

30,31

as reactants by e.g. vapor deposition, or can be extracted from the surface upon thermal treatment

(self-metalation reaction).’® The latter process is quite effective on metals,>>>> but has been recently

36,37 38-40
t,

observed also on a few insulators, such as the oxides of magnesium, cobal and titanium (both

4142 and anatase®). Here we find that metal-free porphyrins (2HP) lower the energy barrier for Ti;

rutile
outdiffusion, thus explaining the observed Ti incorporation in the porphyrin macrocycle at temperature

values lower than 100°C.*#

2. Methods

2.1. Experimental

XPS measurements were performed at the Aloisa beamline of the Elettra Synchrotron in Trieste by
means of a hemispherical analyzer in nearly normal emission with the sample at grazing incidence (4.0°),
corresponding to nearly p-polarization. STM images were measured in a different experimental setup at
the CFM (CSIC/UPV-EHU) laboratory. Topographic images were collected at RT with a SPECS
microscope (Aharus 150) equipped with a Colibri sensor tip, but operated in STM mode. Further

experimental details can be found in Reference [42].

Commercially available free-base meso-substituted porphyrins were evaporated in UHV from
homemade boron nitride crucibles, namely: 5,10,15,20-tetrakis(3,5-ditert-butylphenyl)-21H,23H-
3
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porphine (CAS: 89372-90-7, purity >99%), 5,10,15,20-Tetraphenyl-21H,23H-porphine (CAS: 917-23-7,
purity 99.5%) and 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine (CAS: 2683-82-1, purity 99.3%).
We used a rate of deposition in the range of 0.2-05 A/min as checked before and after deposition by quartz
microbalances (both at Aloisa and in the STM setup). The Monolayer coverage was calibrated in advance
from the XPS intensity, upon thermal desorption of a multilayer. The TiO2(110) samples were purchased
from Mateck, glued by silver paste to a Mo spacer, and prepared by Ar" sputtering at 0.8-1.0 kV, followed
by flashes to ~1000 K. The temperature was determined by a thermocouple in direct contact with the Mo

spacer at Aloisa; at the STM, the thermocouple was in contact with the clip locking the sample holder.
2.2. Calculations

Calculations were performed within a plane-wave pseudopotential framework, using the PWSCF
code of the QUANTUM ESPRESSO suite (QE).** Valence orbitals were expanded on a plane-wave basis
set with kinetic energy cutoff of 25 Ry, while the cutoff on the augmentation density was 200 Ry. The
PBE* exchange-correlation functional was adopted, with Hubbard U correction*® to treat Ti d states. A
comparative study of the specific choice of the U correction (2.3 eV) is provided in the Appendix. The
dispersion interactions were included by means of the D2 Grimme method.*” The interaction between ion
cores and valence electrons was modeled by ultrasoft pseudopotentials, whose core include s orbitals for

C, N and O, and 1s-2p orbitals for Ti.

Surfaces were modeled by means of a repeated slab approach with PBE-D2 theoretical lattice

constants of the substrate,*®

already used in Reference [42]. As the peripheral terminations and the
corresponding intermolecular interactions do not experimentally affect the metalation reaction, we have
adopted the unit cell of the 2HTPP ordered phase for a model study of the diffusion of Ti interstitials at

TiO2 (110). Starting from ~0.5 ML, 2HTPP and 4HTPP molecules organize into domains with a

(i _i) oblique supercell,** whose area is equivalent to that of 10 unit cells, i.e. 25% larger than that of

the (2 x 4) supercell adopted in Reference [28]. To our knowledge, this is the smallest unit cell adopted
by TPP films on TiO2(110),* and so it is the most convenient for our purpose. Here, we increase the
number of TiO> layers from four, as used in our previous calculations,*? to six, because we verified that
four-layer slabs are inadequate to describe the properties of subsurface interstitials. In this regard, it should
be pointed out that the excess electrons generated by the Ti interstitial give rise to several polaronic states
whose energies differ by as much as 0.3 eV, and are properly described by slabs thicker than those used
here.?’ The two bottom layers are kept frozen during the geometry optimization runs. The model is made

of 439 atoms (78 2HTPP atoms + 1 Ti interstitial + 120 TiO units). Due to the large size of the surface
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cell, a I'-point integration scheme was used to sample the surface Brillouin zone. Transition states have

been located using the CI-NEB algorithm.>

3. Results and Discussion

Experimentally, the metalation reaction of porphyrins can be monitored by X-ray photoemission
spectroscopy (XPS) of the N 1s core level. The pyrrolic (NH) and iminic (-N=) nitrogen atoms of a free-
base porphyrin yield two distinct N 1s XPS peaks (the pyrrolic component is shifted to higher binding
energy with respect to the iminic one by ~2 eV). Independently of their peripheral functionalization, first
layer porphyrins 2HP adsorbed on -TiO2(110) may spontaneously transform into their acidic counterpart

4HP by capture of residual hydrogen atoms on the surface and in the nearby subsurface layers at RT.>!

Representative N 1s spectra are shown in Figure 1 for three different porphyrin moieties, tetra-
ditert-butyl-phenyl-, tetra-phenyl- and octaethyl-porphyrin (TBTPP, TPP, OEP) in the monolayer range,
where they are mostly in their acidic form. Upon mild annealing (even below 100°C for low coverage*?),
the pristine N components evolve towards a single N 1s peak, at a binding energy slightly higher (~0.5
eV) than the iminic one, corresponding to the coordination of the four N atoms to a central Ti atom. We
have previously found for the case of TPP, that the incorporated Ti atom is further coordinated to two Opr
atoms underneath, forming a TiO,-TPP complex with a Ti* oxidation state. Independently of the initial
amount of acidic molecules (4HTPP), full metalation of the TPP film in the monolayer range is achieved
at 200°C.** Here we show that the same self-metalation reaction path is observed for TBRTPP and OEP in

the same temperature range (see Figure 1), indicating a common reaction mechanism.



DN B~ W

O 0 9 D

10
11
12
13
14
15
16
17
18
19

20

~ 0.8 MLatRT
~ anneal 100°C
_ e 150°C

" 200°C

0644

- 11MLatR
— anneal 11
T
L w195

wmATagermgeset NTi

.

C

C

C

v~
NH

C

0644

XPS N 1s

NS
U,

N

1.1ML at RT
- anneal 100"

w1500
" 2007

i B

C
C

e
S
)

A N

Il
404 402 400 398 396
Binding Energy (eV)

PPy

2

Figure 1. (Color) From top to bottom: the N 1s spectra (hv=500 eV; AE~160 meV) of 2HTBTPP, 2HTPP and 2HOEP
as deposited at RT (filled markers) and after annealing; the film coverage and annealing temperature are indicated in each
graphic; arrows in the central panel (TPP) mark the binding energy of pyrrolic (NH), iminic (-N=) and metalated (NTi)

nitrogen. The chemical structure of the free-base molecules is shown at the right side of the corresponding spectra.

The key configuration for the metalation process was found to be the 2HTPP adsorption on the Oy
rows through anchoring of the pristine pyrrolic nitrogen atoms to the corresponding oxygen atoms
underneath (NHee*Oyp; hydrogen bonds). Upon metalation, the TiO>-TPP species preserve the same
adsorption site, molecular orientation and intermolecular order of 2HTPP and 4HTPP. Remarkably, all of
the three different molecular species (2HTPP, 4HTTP and TiO,-TPP) also display the same
intramolecular shape contrast, thus preventing their discrimination by STM, in full agreement with DFT
simulations.*> Topographic STM images confirm the O rows to be the preferred adsorption site also for
2HTBTPP molecules (see Figure 2). Even in absence of intermolecular lateral correlation, 2HTBTPP
molecules display the same adsorption configuration of 2HTPP and the same critical temperature of
metalation, suggesting a negligible role of the peripheral terminations and molecular ordering on the Ti
incorporation mechanism. Considering the identical spectroscopic fingerprint and temperature behaviour,
2HOERP is also expected to follow the same kind of adsorption and metalation path. We may thus assume
TPP molecules as a representative case of the general behavior of free-base porphyrins on 7-TiO2(110)

and focus our theoretical analysis on this system, whose monolayer phase displays long range order with

4) symmetry.

2
a commensurate ( 1



[a—

O 0 9 N L A WL

10
11
12

13

14
15

16
17

18
19
20
21
22

W

2HTPP at RT 2HTBTPP atRT

Figure 2. (Color) Left: STM images of 2HTPP deposited at RT (60 pA, -1.5 V): no long range ordering is observed at

such a low coverage, whereas a (i _42}

saddle-shape inflection (transverse to the rows) and 2HTPP molecules cannot be discriminated from their acidic counterpart

) long range ordered phase sets in at 0.4-0.5 ML.*? All molecules display a characteristic

4HTPP.*' Ti rows appear as bright stripes at both positive and negative bias, as highlighted in the bottom image. 2HTPP
molecules lie on the dark stripes (Opr rows). Right: STM images of 2HTBTPP deposited at RT (90 pA, +1.3 e¢V); these
molecules do not display the onset of long range order at any coverage; apart from a larger footprint of the peripheral
terminations, 2HTBTPP displays the same in-plane orientation and conformational distortion (saddle-shape) like 2HTPP; as

evidenced in the bottom image, 2HTBTPP molecules also adsorb atop the (dark) Oy, rows.

We start our analysis by discussing the case of simply adsorbed 2HTPP molecules, then we will
examine the case of doubly hydrogenated 4HTPP ones. In our DFT + U calculations of the energetics of

porphyrin self-metalation, we assume that the reaction proceeds through three steps:
1. An outdiffusion step, where a near-surface interstitial Ti; atom converts into a Ti adatom;

2. A sequestration step, where the adatom is captured by the porphyrin core, yielding a

Ti@2HTPP(ads) complex;

3. An H> recombination step, where the pyrrolic hydrogen atoms finally desorb in the gas phase as

a H, molecule.

Here, we neglect the step where a bulk interstitial diffuses to a near-surface interstitial site. In fact,
it has been shown that the migration from the favored second layer site, which is ~0.1 eV more stable,
requires a 0.84 eV barrier.?® Furthermore, as we want to focus on the energetics of the extraction of Ti
interstitials by the TPP film, we limit our study to processes (1) and (2). The energetics of the H»

recombination step (3) will be addressed elsewhere.

7
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With reference to drawings in Figure 3, we consider several positions for the extra Ti atom,
including a sub-surface interstitial site (F) and two adatom sites, A and B. Type A sites are located at the
side of the bridging oxygen (Ovr) rows, in a position corresponding to a displaced short bridge site. In this
way, the Ti adatom is bonded to two Oy and to one three-fold coordinated oxygen atom (Osc). Type B
sites are also located at the side of Oy row, but involve the coordination to one Oy and two O3¢ atoms (see
Figure 3a). The energy barriers for the outdiffusion of Ti interstitials at TiO2(110) were formerly studied
by DFT + U calculations by Mulheran et al.,”® who found that F is the most stable subsurface site,
approximately located below A. Analogous minima are located below the B surface sites. Sites A are
more stable than B ones by 0.34 eV, but are less stable than subsurface F sites by 0.57 eV. Overall, the
picture emerging from former calculations indicates that Ti interstitials are confined in the bulk by
thermodynamics, where the lowest barrier for outdiffusion is 1.40 eV. This involves the conversion of an
interstitial atom in site F into an adatom in site A.?® 4 priori, this energy barrier would exclude a direct

role of interstitial Ti atoms in the self-metalation reaction of porphyrins at temperatures as low as 100°C.%

Figure 3. (Color) (a) Top and (b) side views of the TiO»(110) surface; (c) top view of the oblique supercell used in the
present work, where the adsorbed 2HTPP film is also shown. Relevant sites for Ti are indicated. Ti atoms are blue, O atoms
are red, all the 2HTPP atoms are black. The borders of the 1 x 1 unit cell and of the oblique supercell are marked with green

lines. The gray arrows in (b) show the approximate path of Ti during the self-metalation reaction.

We have thus computed the relative stability of the F, A, and B sites, both in absence and presence
of 2HTPP. In step 1, the molecule is adsorbed at an Oy, short bridge site interacting through its pyrrolic N
atoms with two Oy, atoms.>! We also consider an additional configuration, where Ti is coordinated to the
adsorbed molecule, still holding its pyrrolic H atoms. This corresponds to the intermediate metalated
porphyrin (step 2). We indicate the Ti site for this configuration as P. The relative energies of all the sites

are reported in Table 1, while the optimized structures of selected configurations are depicted in Figure

8
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4. Here and in the following, we take the energy of a slab containing a 2HTPP adsorbate and a sub-surface

interstitial at F as a zero reference.

Table 1. Energies (eV) relative to the sub-surface interstitial site F of relevant Ti adatom sites at the TiO»(110) surface

in absence (Ti0) and in presence of dense (2HTPP/4HTPP-Ti0,), as calculated assuming U =2.3 eV.

site A site B site P
TiO2 0.61 1.25 -
2HTPP-TiO -0.49° - ab -1.23
4HTPP-TiO2 0.23 - 1.33

2 Only A and B sites close to the 2HTPP adsorption site have been considered. ® Not a local minimum.

The energies of the configurations for the clean surface fairly agree with those of Reference [28],
keeping in mind the differences i) in the functional, Perdew-Wang vs. PBE-D2 here, ii) in the Hubbard U

correction, 3.0 eV vs 2.3 eV here (see Appendix for comparative calculations with U = 3.0 eV), and iii)

1 4
while the surface A site is preferred over the B site. Adding the 2HTPP film inverts the relative stability

in the supercells, 2 x 4 vs. ( ) here. Overall, the sub-surface interstitial F site is largely favored,

of the A and F sites, while the A site is in turn unfavoured with respect to the P site by 0.75 eV. Thus, a
robust thermodynamic driving force now exists for both the outdiffusion and the sequestration steps. In

addition, the B site close to the porphyrin center is no longer a local minimum.

It should be emphasized that a self-metalation reaction in absence of Ti interstitials, where a regular
Ti surface ion is simply extracted from the lattice, is strongly unfavorable. In this case, the formation of
an A-type intermediate step for 2HTPP costs 1.3 eV, to be compared with the energy gain of 0.49 eV
when a Ti interstitial is involved (see Table I). Furthermore, no P-type local minimum is predicted. These
findings are clearly in contrast with the low temperature observed for the onset of the self-metalation

reaction.

We now turn to study the energetics of the self-metalation reaction, limiting ourselves to the
outdiffusion and the sequestration steps. As pointed out above, we assume that the outdiffusion step starts
from a subsurface interstitial at site F and ends with an adatom at the A site. In preliminary calculations,
we verified that an additional local minimum T is present along the F — A outdiffusion path, where the
interstitial assumes a pseudo-tetrahedral coordination. We thus subdivide the diffusion step into two
segments, i.e. F — T and T — A, while we schematically indicate the sequestration step as A — P. We

9
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study the minimum energy path (MEP) for these segments with separate climbing-image nudged elastic
band (CI-NEB) calculations. The whole MEP curve for a 2HTPP adsorbate is shown in Figure 4, where

the structures of the relevant local minima and transition states are also sketched.

We start our discussion of the MEP curve by examining the F — T segment. The activation energy
for the forward (backward) step is 0.65 (0.87) eV. The atomic structures of the T state (local minimum)
and of the transition state TS1 (saddle point) show that the mechanism involves the displacement of two
Ti atoms: a subsurface Tiec lattice atom (Ti-1, in blue in Figure 4) outdiffuses and an interstitial Ti atom
(Ti-n, in green in Figure 4) replaces it. The subsurface Ti-1 is first displaced from its bulk-like 6-fold
coordination to a planar 3-fold coordination, whereas Ti-11 is less perturbed and keeps its 6-fold interstitial
coordination unchanged. In the subsequent TS1 — T segment, Ti-1it loses part of its bonds adopting a
pseudo-tetrahedral geometry, while Ti-1 (now, an adatom) increases its coordination number from 3 to 4,

and assumes a pyramidal geometry, forming a bond (d = 2.13 A) with a porphyrin N atom (iminic one).

In the second part of the outdiffusion step (T — A segment) Ti-it moves toward the vacant 6-fold
coordinated surface site, while Ti-1 further moves towards the porphyrin core. The position of Ti-1 in the
A intermediate is quite similar to that predicted for the clean surface, but in this case the Ti-1 adatom is
further stabilized by an extra Ti-N bond (see Figure 4). The formation of this bond provides the driving
force for the outdiffusion process, thus inverting the relative stability of the F and A sites. Another shallow
minimum is actually present between T and A. Overall, because the energy barriers are low (~0.05 eV)

in the forward direction, this segment is kinetically irrelevant, and we do not discuss it further.

Taken as a whole, the Ti outdiffusion step in the presence of 2HTPP involves a 0.65 eV barrier.
This is less than half of the 1.40 eV value computed by DFT + U for the clean surface,® and it is also
definitely lower than the 1.2 eV barrier predicted by DFT in the presence of adsorbed O2.!! Obviously,
the trend of the barriers for inward diffusion of'a Ti adatom to a sub-surface interstitial site is also reversed:
1.14 eV in presence of adsorbed 2HTPP, to be compared with 0.83 eV computed for the clean surface. It
is worth noting that the 0.65 eV barrier for the outdiffusion step is also lower than that required for the
diffusion from a deeper to a sub-surface interstitial site, which has been computed to be 0.75 eV in the

presence of O2,'! and 0.84 eV for the clean surface.?®

10
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Figure 4. (Color) Minimum energy path (MEP) for the self-metalation reaction of 2HTPP adsorbed at TiO»(110).
Sketches of relevant configurations, viewed along [001], are shown in the gray boxes and are connected to the proper MEP
point by arrows. O atoms are red, C atoms are brown, N atoms are purple, H atoms are white. Ti atoms are cyan, those involved
in the diffusion process are blue (Ti-I) and green (Ti-II). Note the slight azimuthal rotation of the adsorbate due to the dense
film packing. The red curve is a spline interpolation while black dots are the CI-NEB computed points.

The energy profile of the Ti sequestration step (A — P) is characterized by an activation energy for
the forward (backward) step of 0.21 (0.96) eV. In this step, Ti-1, which is initially an adatom coordinated
to a single N atom, is finally captured by the porphyrin, and assumes a pseudo-octahedral geometry, due
to the coordination to two Oy 10ns and to the four porphyrin N atoms. Inspection of the geometries in the
starting and transition states, A and TS2 (see Figure 4), reveals that the reaction mechanism proceeds first
through a sort of 6-fold coordinated intermediate, where the Ti adatom interacts with three surface O

atoms and three out of four N atoms.

Overall, the computed energetics is consistent with the observed onset of 2HTPP self-metalation
reaction at temperatures of 100°C. Remarkably, the whole chemical reaction does not significantly alter
the photoemission spectra of the valence band and of the Ti 2p core level.* Since both the porphyrin
incorporated Ti atoms and those in the bulk substrate have the same oxidation state (IV), we may conclude
that the overall concentration of Ti interstitials (as monitored by the low binding energy tail of Ti 2p

spectra) and the excess of charge (as monitored by the BGS intensity) in the layers closer to the surface

11
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(as probed by the short excape depth of photoelectrons in the 100-200 eV range) do not change upon self-
metalation. In fact, the outdiffusion process is driven by the gradient of chemical potential generated by
the porphyrin self-metalation. Topmost Ti interstitials are first sequestrated by porphyrin metalation at
mild temperature (barrier of 0.65 eV), then interstitials by deeper layers may outdiffuse at higher
temperature (barrier of ~0.8 eV across bulk layers). This mechanism might also explain the observed
lower temperature required for self-metalation at 0.2 ML:** at low coverage, molecules are not yet
aggregated in domains and they can freely diffuse, hence reaching more easily the most reactive sites, i.e.

those above the pristine Ti interstitials of the first subsurface layer.

We can now examine the case of doubly hydrogenated porphyrins, 4HTPP. These molecular species
cannot be distinguished by STM topography from their neutral counterpart and they also display the same
qualitative behaviour of 2HTPP in terms of absorption site,’! molecular ordering,*’ phase transitions,*
metalation reaction,*” and final cyclo-dehydrogenation.’? The MEP curve for the self-metalation reaction
of 4HTPP (see Figure 5) is strongly changed with respect to that of the 2HTPP case. In fact, not only the
overall process turns out to be endothermic by ~1.3 eV, but also the energy profile of the outdiffusion
step is qualitatively modified and similar to that of the clean surface. This is because there is no longer an
iminic N atom available for extra-coordination to a Ti adatom. In fact, the Ti adatom undergoes steric
repulsions with the extra hydrogen atom just above it, and it is displaced below the heteroaromatic ring
of the porphyrin macrocycle (see state A in Figure 5). These findings indicate that 4HTPP species,
although able to lower somehow the energy landscape for Ti; outdiffusion with respect to the clean
surface, must release the excess hydrogen atoms prior to attract and sequestrate Ti interstitials. As an
alternative, 4HTPP might release the two extra H atoms when the adatom has been already formed
(intermediate stage A of Fig. 5). In either case, an activation energy for partial dehydrogenation must be
taken into account. While investigating the details of porphyrin dehydrogenation goes beyond the scope
of the present study, we remark that our theoretical results nicely agree with experimental evidence. A
closer look at Figure 1 indicates that the -N= iminic components of the minority 2HP population present
at RT readily disappears at 100°C, while higher temperature annealing is required for full metalation of
the 4HP majority population (NH peak). In fact, Kobl et al. reported a temperature of self-metalation
about 100 K higher for 4HTPP than for 2HTPP,*' which might account for the extra cost of the
dehydrogenation step.
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Figure 5. (Color) Minimum energy path (MEP) for the self-metalation reaction of 4HTPP adsorbed at TiO»(110). Gray

boxes show sketches of relevant configurations viewed along [001]. Colors as in Figure 4.

From the analysis of the 4HTPP MEP curve, we may draw some speculations about MTPP
adsorption and the possibility of metal-exchange (trans-metalation), a phenomenon formerly reported to

take place also on mildly reactive metal substrates,>~*

which has relevant consequences on the hybrid
interfaces for photovoltaic and magnetic applications. If MTPPs adsorb in the same configuration of
2H/4H/Ti0,-TPP, as effectively observed for Zn- and Cu-TPP,>-¢ we might expect that the interaction
with the Opr rows may loosen to some extent the energy barriers and energy cost of creating an adatom
A. In the case of 3d metals more reactive than Zn and Cu, the energetics might get closer to that of 4HTPP.
However, the final step of metal exchange between the Ti adatom and the pristine metal of MTPP would
remain the rate limiting process (whose energy cost has been evaluated in the range of 2 eV for Cu- and

Co-phthalocyanines on copper’’) because there are no free iminic N atoms to facilitate the adatom lifting,

like for 4HTPP.

Going back to the 2HTPP case, an analysis of the MEP curve suggests an improved scheme for the
first steps of the reaction. First of all, the reaction is triggered by a nucleophilic attack of an iminic nitrogen
to the neighboring surface Tiec ion, which in turn is converted into a tetrahedrally coordinated Ti4c ion

leaving a Ti vacancy Vi (see configuration T of Fig. 2):
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Tise —— Tiac(ads) + Vi, (1)

which is readily healed by a Ti interstitial (see configuration A of Fig. 2):

V1i+ Tii > Tiec . (1"

Finally, the Ti4c ion is sequestrated by the porphyrin, restoring its pseudo-octahedral coordination
Tisc(ads) + 2HTPP(ads) — Ti@2HTPP(ads), (2)

as shown in configuration P of Figure 4.

In the present case, none of above steps is rate determining, as all the associated barriers are lower
in comparison to those involved in the interstitial diffusion from the bulk to the sub-surface region.
However, the barrier of process (1”) is negligible, while that of (1) is significantly higher than that of
(2). This means that the Ti sequestration by the macrocycle, though highly exothermic, does not provide
the driving force for the self-metalation reaction; rather, the key process of the self-metalation reaction is
the nucleophilic attack, where Tiec is converted into Tisc. This is confirmed by the fact that when 2HTPP
is replaced by 4HTPP, where all the iminic N atoms are converted into less nucleophilic pyrrolic ones,
the outdiffusion of Tiec is no longer favored. Hence, we infer that the extraction of Ti interstitials at
TiO2(110) can be promoted by other Lewis bases adsorbed at the surface, i.e. that reactions involving

Lewis bases at TiO2(110) can form intermediate complexes with Ti adatoms.

4. Conclusions and Perspectives

In summary, we have shown that the mechanism of Ti self-metalation of porphyrins on the
TiO2(110) surface does not depend on the different peripheral terminations of the molecules and their
mutual interactions, but only on the specific adsorption configuration of the tetrapyrrolic macrocycle atop
the Opr rows. DFT + U calculations reveal that 2HTPP nitrogen atoms strongly modify the potential energy
landscape, so that the outdiffusion of Ti interstitials turns from endo- to exothermic. By comparing the
energetics of the Ti outdiffusion and of the Ti sequestration steps, we find that the former involves a
higher barrier (0.65 eV vs. 0.21 eV), which is however lower than that previously computed for the
diffusion from deeper to sub-surface interstitial sites (0.84 eV). These data are compatible with the
experimental observation of the onset of self-metalation at temperatures below 100°C.*? Slightly higher

heating is necessary to bring closer to the surface the Ti; from deeper layers, thus continuing the metalation
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reaction. The key mechanism for the outdiffusion is the interaction of a reticular Tisc beneath the Op: row
with one of the iminic nitrogen atoms, which loosens the crystalline bonds and allows the outdiffusion of
the Tiec atom and its replacement with a nearby interstitial Ti atom. In fact, when doubly hydrogenated
4HTPP species are rather considered, the adjacent nitrogen atoms are saturated and the residual interaction
with the m-orbitals of the pyrrolic ring is not strong enough to make exothermic the Ti outdiffusion and
sequestration. This explains the higher metalation temperature (~200°C) required by the acidic species.*!
We might expect metal-TPPs adsorbed in the same configuration (like Zn- and Cu-TPP) to follow a
thermodynamical trend similar to that of 4HTPP. A possible trans-metalation reaction with the substrate
would thus require heating beyond 200°C, well above the working temperature of solar panels, even in a
sunny day. In a more general perspective, we provided the first evidence that Ti interstitials can be
extracted from TiO; and incorporated into molecular structures other than oxide complexes, hence

confirming that these defects can play a direct role in chemical reactions at the TiO2 surface.

5. Appendix

Concerning the U parameter, it can be derived from first principles or from the fitting of some
property (e.g. the host band gap) to an experimental or an “exact” theoretical value. Based on electronic
structure features, Ti interstitials in rutile have been studied using values such as 2.5 eV,’* 3 eV,% and 4.2
eV.2" The larger U values better fit the energy location of the gap states,'® however choosing U values in
the 2—3 eV range is more appropriate, when studying redox processes involving Ti02.°° In particular,
Lutfalla et al.%! found U= 2.3 eV to reproduce quite well the experimental value for the reduction energy
of TiO2 to Ti20s. Since in the present case we are also dealing with a change of oxidation state of Ti atoms
(from a nominal Ti*" interstitial to a nominal Ti*" coordinated to porphyrin), we also adopted the U = 2.3
eV value. We additionally run calculations for a few specific configurations with U= 3 eV (see Table 2).
The latter value slightly increases the stability AE of the A and B sites at the clean surface (AE =0.51 and
1.05 eV for A and B, respectively), in better agreement with Reference [28]. Calculations on the
2HTPP/TiO; system are less affected, as the relative stability of the A state is the same, whereas P is
destabilized by 0.2 eV. Hence, the energetics of the system is not qualitatively modified by the choice of
U.
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Table 2. Energies (eV) relative to the sub-surface interstitial site F for Ti adatoms in sites A, B and P (see text) at the
Ti02(110) surface in absence (TiO) and in presence of a dense 2H-TPP film (TiO, + 2H-TPP), as calculated assuming U =
3.0 eV. Only A and B sites close to the 2H-TPP adsorption site have been considered.

System Site

A B P
TiO, 0.51 1.05 -
TiO7? 0.57 0.91 -
TiOz + 2H-TPP -0.49 - [Pl -1.02

2 From Ref. [28] °Not a local minimum.
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