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Ab initio molecular dynamics of solvation effects and
reactivity at the interface between water and ascorbic acid

covered anatase TiO, (101)

Ida Ritacco,*™ Gianluca Gatta,”™ Lucia Caporaso,” and Matteo Farnesi Camellone*!

In this work, we present a detailed study of the interaction
between ascorbic acid (L-asc) and anatase TiO, (101) surface
both in gas phase and in contact with water by using density
functional theory and ab initio molecular dynamics simulations.
In gas phase, L-asc strongly binds the TiO,(101) surface as a
dianion (L-asc®>"), adopting a bridging bidentate coordination
mode (BB), with the two acid protons transferred to two surface
2-fold bridging oxygens (02c). AIMD simulations show that the
interaction between the organic ligand and the anatase surface

Introduction

Industrial products are the main responsible for environmental
pollution by releasing their toxic waste into bodies of water,
land, and air."*

Photocatalysis represents one of the most promising
techniques for removal of environmental pollutants which,
through oxidation-reduction processes, allow the degradation
of the contaminants into less toxic reaction products, such as
water and carbon dioxide.” In particular, heterogeneous photo-
catalysis is an effective and economical method for the
degradation of air and water pollutants®” by using a combined
low-energy UV irradiation and semiconductor photocatalysts.
Among different photocatalysts, TiO, has shown high perform-
ances in the photocatalytic degradation of air and water
contaminants due to its peculiar properties, such as chemical
stability, no toxicity and excellent adsorbent surface
properties.®'? During the degradation processes, following a
proper activation treatment as UV irradiation (photocatalysis),
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is stable and comparable to the vacuum one despite the
possible solvent effects and/or possible structural distortions of
the ligand. In addition, during the AIMD simulations hydrox-
ylation phenomena occur forming transient H;O" ions at the
solid-liquid interface. For the first time, our results provide
insight into the role of the ascorbic acid on the electronic
properties of the TiO, (101), the influence of the water environ-
ment on the ligand-surface interaction and the nature of the
solid-liquid interface.

the electron-hole pairs trapped on metal/oxides surfaces react
with adsorbed acceptors (oxygen) and donors (water) molecules
forming highly reactive oxygen species (ROS), which are directly
involved in the degradation of contaminants adsorbed on the
surface.”’*'¥ In particular, the formation of the hydroxyl radical
(*OH) seems to be favored on anatase TiO, whereas that of the
superoxide anion radical (0,*7) on rutile TiO,."*

However, despite the high performance of TiO,, the photo-
catalytic degradation of some organic pollutants is slow due to
i) the TiO, bandgap (3.2 eV)""® not accessible to the weak UV
radiation, ii) the fast hole-electron recombination and iii) the
low surface coverage of the photocatalyst.

Therefore, in recent years research has attempted to
improve the photocatalytic performance of TiO, by using
different techniques such as the doping of the metal/oxide with
metallic"®*® and non-metallic species,"”'® the construction of
heterojunctions with other oxides® " and the adsorption of
suitable organic chelating ligands, generating, in this last case,
hybrid systems.”*® |n fact, it is known that the use of organic
ligands improves the pollutants adsorption on the surface,”
slows down electronic recombination,"” reduces the TiO,
bandgap™” and stabilizes the ROS formation® thus increasing
the photocatalytic performance of the photocatalyst.

Experimental studies have shown that the photocatalytic
activity of TiO, increases significantly when the coordinating
organic ligand is the natural compound L-ascorbic acid (L-asc)
due to the formation of a Ligand-to-Metal Charge Transfer
(LMCT) complex.®=3 Ascorbic acid, also known as Vitamin C, is
a furan-based lactone of 2-ketogluconic acid containing an
adjacent enediol adjacent to the carbonyl. Although it is
experimentally known that the coordination of L-ascorbic acid
improves the photocatalytic performance of TiO,, a detailed
understanding of the mechanisms leading to such improve-
ments at atomistic level is needed.
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Previous theoretical studies, in which the interaction of
ascorbic acid with TiO, nanoparticles was investigated by
cluster modeling, suggested that the ligand can adsorb on the
nanoparticle in anionic form assuming parallel and/or perpen-
dicular orientations and preferring the surface penta-coordi-
nated titanium atoms as more stable binding sites.?*>% Since
this modeling type has many limitations, we decided to perform
periodic DFT calculations in order to provide more accurate
information on the gas phase interaction between ascorbic acid
and anatase (101) surface. The first aim of our work was to
clarify how L-asc improves the electronic properties of the
photocatalyst. Our results demonstrate that the coordination of
L-asc to ATiO, (101) generates a charge transfer from the ligand
to the surface (LMCT) and a decrease of the bandgap.

Since water is regularly present in ambient reaction
conditions, we also investigated the synergistic interaction of
ascorbic acid, at low and high ligand coverage percentage, and
water with the anatase (101) surface by ab initio molecular
dynamics (AIMD) simulations. In fact, despite in literature
experimental and theoretical studies relative to solid-liquid
interfaces in presence of organic ligand such as carboxylic acids
are available,”’”*? few information on the interaction of the
ascorbic acid with ATiO, (101) surface in water environment are
present.

With our simulations, performed for comparison purposes
at different temperatures and at different L-asc coverage
percentages, we clarify the effects of the water on the organic
ligand-surface interaction and the nature of the solid-liquid
interface interactions, demonstrating the stability of the ligand-
surface bond despite the water presence in the reaction
environment. Therefore, based on these results, we can affirm
for the first time that the ascorbic acid-ATiO, (101) system could
be an excellent candidate for various applications even when
water is present in the reaction environment.

Computational Details

The spin-polarized DFT calculations were performed using CP2K*?!

software package, which adopts a mixed Gaussian and plane-wave
basis set (GPW)."*¥ The exchange-correlation potential was treated
with the generalized gradient approximation parameterized by the
Perdew-Burke-Ernzerhof functional.*” For all atoms, a double ¢
basis set* was employed in combination with the plane wave
basis set with a density cut-off of 500 Ry and Goedecker-Teter-
Hutter (GTH) pseudopotentials.*® Brillouin zone integration was
performed with a reciprocal space mesh consisting of only the I’
point and Van der Waals interactions were explicitly considered
using the nonlocal r'VV10 van der Waals functional "~

Periodic slab of ATiO, (101) was modeled by using a tetragonal
(3x4) supercell with three TiO, layers for a total of 216 atoms.
Between consecutive slabs a vacuum separation of 32 A along z
direction was entered.

In gas phase, the interaction of the L-ascorbic acid and the water
with ATiO, (101) was investigated considering the organic ligand in
all its possible protonated states, Molecular (L-asc, M), Mono-
Anionic (L-asc”, MA) and Di-Anionic (L-asc®”, DA),*® and the water
in its molecular (M) and dissociated (D) form.®" After the interaction
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with L-ascorbic acid and water, the system consists of 236 and 219
total atoms, respectively.

The adsorption energy of L-ascorbic acid and water was computed
using the formula  E.g=Esyp/L-ascz0)— (Esure +ELasciizo),  Where
Esurr/i-asczo) 1S the energy of the combined system (namely the
surface plus L-ascorbic acid(water)), Equ is the energy of the
stoichiometric surface alone (Eprioy101), @and Easz0) is the energy of
the L-ascorbic acid(water) in gas phase.

The charge analysis was performed following the Bader’s theory
since the charge enclosed within the Bader volume can be
considered a good approximation of the total electronic charge of
an atom.®*¥ The differences between the Bader charges of the
coordinated and free L-ascorbic acid (Ag, e”) were calculated
according to the equation Aq=ZXq(SURF/L-asc)—Xq(L-asc), where
Yq(SURF/L-asc) is the sum of the Bader charges of L-ascorbic acid
adsorbed on stoichiometric anatase surface, while Xq(L-asc) is the
sum of the Bader charges of the free L-ascorbic acid.

We employed ab initio molecular dynamics (AIMD) to investigate
the solvent-induced structural effects occurring at the interface
between the L-ascorbic acid adsorbed on the ATIO, (101) surface
(L-asc/ATiO,) and liquid water. The Born-Oppenheimer AIMD
simulations were also performed with CP2K"*? software package by
using the computational protocol adopted for the gas phase
calculations. To create the interface between the L-asc/ATiO, and
water, the space between the slabs was fully filled with 80 H,0O
molecules which, considering the size of the systems, allow a better
description of the solvent phase in reasonable calculation times.
Purely for comparison purposes, the canonical NVT ensemble was
employed with a target temperature of 350 K and 450 K, which
seem to better simulate the structural properties of water at room
temperature,®*” using the “canonical sampling velocity rescaling”
thermostat proposed by Bussi and co-workers.”® An integration
time step of 0.5fs was adopted and the mass of the hydrogen
atoms was replaced by deuterium to allow for a larger time step.
The AIMD simulations were run for a production phase of 20 ps, a
more than enough duration for AIMD of complex systems like ours
which allows for meaningful and satisfying statistics.>*9®"

Results and Discussion
Interaction of ascorbic acid and ATiO, (101) in gas phase

First, we performed a set of DFT calculations in vacuum to
investigate the most stable adsorption structures of L-ascorbic
acid on the stoichiometric anatase TiO, (101) surface. Different
protonation states of the L-ascorbic acid were considered:
Molecular (L-asc, M), Mono-Anionic (L-asc”, MA) and Di-Anionic
(L-asc*, DA) (see Figure 1a, b and c, respectively).®” The
anatase TiO, (101) surface (FigureS1 of the Supporting
Information (SI)) exposes both fully undercoordinated 5-fold
Ti** (Ti5c) and 2-fold bridging oxygens (02c).?*%2%3 Molecular
ligand can interact with the surface in Parallel (M-P) or in
Bridging Bidentate (M-BB) conformations (Figure 1d and e).
Whereas the anionic species bind to the undercoordinated Ti5c
atoms in Mono-Anionic Monodentate (MA-M) and Di-Anionic
Bridging Bidentate (DA-BB) forms (Figure 1f and g). In the
deprotonated structures MA and DA, the acid protons are
transferred from L-asc to O2c atoms close to the ligand
coordination sites, forming OH groups (O2c—Hs).
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a) MOLECULAR (L-asc, M) b) MONO-ANIONIC (L-asc-, MA)

¢) DI-ANIONIC (L-asc, DA)
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Figure 1. Protonation states of the L-ascorbic acid a) Molecular (M), b) Mono-anionic (MA) and c) Di-anionic (DA) and optimized structures of the interaction of

L-ascorbic acid and ATiO, (101) with the ligand in d) Molecular Parallel (M-P),

e) Molecular Bridging Bidentate (M-BB), f) Mono-Anionic Monodentate (MA-M)

and g) Di-Anionic Bridging Bidentate (DA-BB) forms. The corresponding E, are reported in eV. Ti, C, H, and O surface and ligand atoms are represented in ball
and sticks and depicted in gray, black, white, and red, respectively. Bond distances are reported in Angstrom (A).

The optimized geometries together with the corresponding
adsorption energies (E,4) are reported in Figure 1.

In M-P and M-BB structures (Figure 1d and e), L-asc interacts
with ATiO, (101) establishing H-bonds between the hydroxyl
groups adjacent to the alkene moiety of the ligand and the O2c
atoms of the surface. In M-P conformation, where the furan
moiety of ascorbic acid interacts with the stoichiometric anatase
(101) surface, there are two H-bonds of 1.73 and 1.88 A,
respectively (Figure 1d), while in M-BB only one of 2.01 Ais
formed (Figure 1e). The M-BB E,, is —1.38 eV and it turns out to
be slightly better than that reported for M-P (—1.29 eV) of about
0.1 eV most likely due to the interaction of the ligand oxygen
atoms O,, with two 5-fold Ti** of the surface.This interaction
does not occur in M-P in which the ligand interacts with the
surface in a planar manner (compare E,,, for M-P and M-BB
configurations reported in Figure 1d and e, respectively).

In MA-M configuration (Figure 1f), the deprotonated oxygen
atom (Oy,) of the mono-anionic ligand (L-asc™) coordinates to
the penta-coordinated Ti5c atom of the surface in the
monodentate mode, forming a new Ti5c—O,,, bond of 1.88 A.
The adsorption energy (E,4), associated with this structure and
enhanced by the formation of a H-bond between the carbonyl
oxygen of the ligand and one of the two O2c—H groups of the
surface of 1.58 A, turns out to be —1.69 eV. The most stable
structure is the DA-BB one with E,, of —2.73eV. In this
configuration the L-ascorbic acid coordinates to the ATiO, (101)
surface in its doubly deprotonated form (L-asc®”) adopting a
bridging bidentate coordination mode (BB) with the two
deprotonated oxygen atoms (Op,) bonded to two penta-
coordinated Ti5c atoms of the surface. The computed lengths
of the two newly formed Ti5c—O,, bonds are found to be 1.86
and 1.94 A (Figure 1g). Similarly to MA-M conformation, also in
this case the adsorption of the ascorbate on the surface is
strengthened by the formation of the H-bond between the
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carbonyl oxygen of the ligand and one of the two O2c—H
groups of the surface, 1.86 A long (Figure 1g).

Bader charge analysis, computed on the most stable DA-BB
configuration as the difference between the Bader charges (Aq,
e") of the L-asc atoms in ATiO,-bound and free forms, reveals
that the interaction between L-asc*™ and the anatase (101)
surface induces a charge transfer from the organic ligand to
ATIO, of 0.7]e™|, indicative of a Ligand-to-Metal Charge Trans-
fer (LMCT) (see Table S1 of the SI). In addition, the PDOS plots
of the ATiIO, (101) and the DA-BB model, reported in Figure S2
of the SI, show a bandgap of 2.4 and 2.0eV, respectively,
Therefore, our results suggest that the presence of Di-Anionic
ascorbate contributes to reduce the ATiO, surface bandgap.

Generally, in the degradation processes water is regularly
present. For this reason, the adsorption energy of the water
molecule, in its molecular and dissociated form,*" was
computed (E,q in Figure 2a and b, respectively) and compared
with the E,4 obtained for the L-ascorbic acid in its molecular
and mono-anionic form (E,4 in Figure 1e and f, respectively) to
understand if the water adsorption can compete with the
ligand one.

In molecular adsorption, water interacts with the anatase
(101) surface by forming a dative bond between the water
oxygen (0,) and a Ti5c site of 2.25 A and two H-bonds between
the water hydrogens (H,,; and H,;,) and two O2c sites of 2.22
and 2.11 A, respectively, with an E,4 of —1.12 eV (Figure 2a). In
the dissociative adsorption, the O,H,,, group binds covalently a
Ti5c site at 1.84 A, while H,,,; coordinates an O2c site at 0.99 A
with an E,4, of —0.67 eV (Figure 2b).

Our results indicate that the molecular adsorption is more
stable than the dissociative one by 0.45 eV, in line with the
reference 51. In the dissociative adsorption the formation of the
covalent bond between the O,H,, group and the Ti5c site
causes an elongation of the O3c-Ti5c bond by 0.33 A, passing
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a) Molecular (M)

b) Dissociative (D)

E,,=-1.12 eV

E,,=-0.67 eV

Figure 2. a) Molecular (M) and b) Dissociative (D) adsorption of the water molecule. The corresponding E, are reported in eV. Ti, O and H atoms are
represented in ball and sticks and depicted in gray, red and white, respectively. Bond distances are reported in Angstrom (A).

from 1.87 A in the molecular adsorption to 2.20 A when the
water is in its dissociated form (Figure 2a and b), destabilizing
the dissociative adsorption.

In addition, comparing the E,, of the molecular and
dissociative water adsorption (E,4 in Figure 2a and b, respec-
tively) with the E,4 of the L-ascorbic acid adsorption in its
molecular and Mono-Anionic form (E,,, in Figure e and f,
respectively), we can confirm that the organic ligand adsorbs
more strongly than water by about 0.3 and 1.0eV for the
molecular and anionic form, respectively. Therefore, the water
adsorption does not compete with the adsorption of the
L-ascorbic acid.

Since no studies on the stability of the interaction between
L-ascorbic acid and ATiO, (101) surface in water environment
are available, we performed AIMD simulations to the most
stable DA-BB configuration (Figure 1g), considering the adsorp-
tion of one and two Di-anionic ascorbates in order to explore
the “ligand coverage percentage” and the solvent effects on the
interaction of L-asc and water with the anatase. Considering
that the surface Ti atoms are 24, the ligand coverage
percentages are approximately 4% and 8%, respectively.

Interaction of one ascorbic acid with ATiO, (101) in water
environment

We performed AIMD simulations at T=350 and 450 K aimed to
investigate solvent effects on ascorbic acid molecules adsorbed
on ATiO, (101) surfaces in contact with liquid water.

Let us start by considering the DA-BB adsorption mode of
one ascorbic acid on anatase (101) under wet conditions. In DA-
BB mode, the ascorbic acid is Di-Anionic and two O2c—H groups
are present on the ATiO, (101) surface (yellow and green atoms
in Figure3 and 4). Since the O2c—H groups may occupy
different positions on the metal/oxide surface, we considered
two starting configurations for the AIMD simulations: a first one
with the two O2c—H groups close to the adsorbed ascorbate
molecule (I¢) and a second one where the O2c¢—H groups are far
from the ligand (l¢) (Figure S3a and S3b of the Sl).

ChemPhysChem 2024, 25, e202300768 (4 of 11)

To evaluate the interaction between L-asc>™ and the ATiO,
support at the water interface, we monitored the time evolution
of the Ti5c—0p, and O2c—H bond lengths along the AIMD
trajectories (20 ps) for both I. (Figure 3) and I (Figure 4)
systems at 350 and 450 K.

The representative snapshots of the equilibrated interface
structure of I. system resulting from the AIMD simulations at
350 and 450 K are reported in Figure 3a and ¢, respectively. The
average lengths computed for Ti5c—Op, and O2c—H bonds of I¢
system at 350 and 450K (Figure3b and d, respectively),
reported in Table 1, suggest that, within the time scale of our
simulations, the L-asc*™ adsorption is stable even in water
presence. However at 350 K, in the solvated system, one of the
two Ti5¢—Op, bonds undergoes a considerable elongation with
respect to the bond lengths in gas-phase (see caption of
Table 1 and Figure 1g) due to the structural distortion of the
ascorbate which is accentuated in solvent to preserve the H-
bond between the carbonyl oxygen of the ligand and one of
the two surface hydrogens O2c—H (yellow atom in Figure 3a),
already present in vacuum (compare Figure 3a and Figure 1g).
At higher temperatures, this hydrogen bond is not conserved
(compare Figure 3a and ¢ and Figure S4 of the Sl). Therefore,
during the AIMD simulations at 450 K, the ascorbate loses its
initial structural distortion interacting with the anatase surface
via shorter Ti5c—Op, bond distances (see Table 1 and Figure 3c).

The O2c—H bonds are the same at 350 K and 450 K (Table 1),
suggesting that they are not affected by the water environ-
ment.

Table 1. The average lengths computed for Ti5c—Op, and O2c—H bonds of
Ic system at 350 and 450 K reported in Angstrom (A).

Ic system bonds distance (A) *Ti5¢—Opp 02c—H

350K 1.93+£0.06 0.99+0.03
2.26+0.23 0.99+0.03

450 K 1.96 £0.08 0.99+0.03
2.05+0.09 0.99+0.03

* The Ti5c—Op, bonds in gas phase are 1.86 and 1.94 A, respectively.
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Figure 3. Representative snapshots of the equilibrated interface structure of I system resulting from the AIMD simulations at a) 350 K and ¢) 450 K,
respectively. In a) and c) Ti, C, H, and O are represented in licorice and depicted in gray, black, white, and red, respectively. Whereas the H atoms of the O2c—H
groups are in ball and sticks and depicted in green and yellow. Time evolution plots of the Ti5c—Op, and O2c—H bond lengths for I along the AIMD
trajectories (20 ps) at b) 350 K and d) 450 K, respectively. In b) and d) the red and black lines indicate the Ti5c—Op, bonds while the yellow and green lines

indicate the O2c—H bonds.

In Iz system, the O2c—H groups, resulting from the
adsorption and deprotonation of L-asc on the metal/oxide
surface, are locate far from the molecule (Figure 4).

At 350 K, the interaction of ATiO, with the aqueous interface
leads to the partial surface hydroxylation by means of the
barrierless dissociation of an interfacial water molecule (H,0,,).
The analysis of the AIMD trajectory, of which a representative
snapshot is reported in Figure 4a together with a plot of the
time evolution of the bond lengths of all atoms involved in the
process (Figure 4b), shows that the dissociation of the interfacial
water molecule H,0,,,; occurs after about 7 ps by the transfer of
the H,, proton (purple atom in Figure 4a) to the closest water
molecule H,0,, (blue atom in Figure 4a). Simultaneously, the
H., proton (pink atom in Figure 4a) moves from H,0,, to the
closest surface O2c atom (blue atom in Figure 4a), leading to
the formation of an additional surface OH group (02c—H) and
of the solvated hydroxide HO,, (purple and pink lines in
Figure 4b), in agreement with previous theoretical studies on
oxide surfaces.?74%%

At 450 K, the time evolution plot of the O2c—H bond lengths
(Figure 4e) shows that both surface O2c—H groups bond
distances increase significantly after 18 and 19 ps of simulation
time (green and yellow lines in Figure 4e), suggesting that the
two protons adsorbed on the O2c surface diffuse into the
aqueous interface to form transient H;O" ions near the inter-

ChemPhysChem 2024, 25, e202300768 (5 of 11)

face, according to other previous theoretical studies.*>*’" In

particular, during the simulation the two O2c—H protons,
indicated in green and yellow in Figure 4d, interacts with
interfacial water molecules H,0,, and H,0,, (blue atoms in
Figure 4d) respectively, forming the two H;O* ions. Simulta-
neously, the two protons from H;O" ions, indicate in cyan and
orange in Figure 4d, move to the closest surface O2c atoms
(blue atom in Figure 4d), forming two new additional surface
O—H groups (02c—H) and restoring the starting situation (green,
yellow, cyan and orange lines in Figure 4e).

Therefore, when the O2c—H groups are far from the L-asc*™
at 450K the formation of H,O" ions, albeit transitory, is
observed. Most likely in the Ic systems, where the O2c—Hs are
very close to the ligand coordination sites, the H;O* formation
is prevented by the large dimensions of the ligand and by the
structural distortions that L-asc>~ undergoes during the simu-
lations to establish H-bonds with neighboring O2c—Hs.

The average lengths computed for the I; Ti5c—Op, bonds of
at 350 and 450 K (Figure 4c and f, respectively), reported in
Table 2, indicate that at both temperatures the L-asc®”
adsorption is more stable than the Ic systems, with Ti5c—Op,
bond distances almost comparable to those computed in the
gas-phase case (see caption of Table 2 or Figure 1g). In the I;
system, where O2c—Hs are far from the molecule, the stronger
ligand-surface interaction can be traced back to the absence of
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Figure 4. a) and d) Representative snapshots of the equilibrated interface structure of I system resulting from the AIMD simulations at 350 and 450 K,
respectively. Time evolution plots of the O2c—H and Ti5c—O,, bond lengths for I along the AIMD trajectories (20 ps) at b) and c) 350 K and €) and f) 450 K,
respectively. In a) and d) Ti, C, H, and O are represented in licorice and depicted in gray, black, white, and red, respectively. In both snapshots, the H atoms of
the O2c—H groups are in ball and sticks and depicted in green and yellow. In a) the oxygen atoms of the water molecules involved in the hydroxylation
phenomena (O, and O,,), the surface O2c and the H atoms involved in the proton transfer (H,,; and H,,,) are represented in ball and sticks and depicted in
blue, purple and pink, respectively. In d) the oxygen atoms of the water molecules involved in the H;0" formation (O,,; and O,,), the surface O2c, the H atoms
involved in the proton transfer (H,,; and H,,,) and the H atoms of the O2c—H groups are represented in ball and sticks and depicted in blue, cyan, orange,
green and yellow. In b) the purple and pink lines indicate the O,,,—H,,; and H,,,—O2c bonds, respectively. In c) and f) the red and black lines indicate the
Ti5c—0p, bonds. In ¢) the yellow and green lines indicate the O2c—H bonds. In e) the yellow and green lines indicate the O2c—H bonds, while the cyan and

orange lines indicate H,,,—O2cH and H,,,—O2c bonds.

Table 2. The average lengths computed for Ti5c—Op, bonds of I system at
350 and 450 K reported in Angstrom (A).

I system bonds distance (A) *Ti5¢—Opp
350K 1.87£0.06
2.09+0.10
450 K 1.91+£0.06
2.02+0.09

* The Ti5c—Op, bonds in gas phase are 1.86 and 1.94 A, respectively.

ascorbate structural distortions, which instead occur in the Ic
systems due to the presence of H-bond between carbonyl
oxygen atom of the ligand and surface OH groups and to the
lower solvent effects.

In addition, the different behavior of the I systems at 350
and 450 K can be explained in detail by the average Ti5c—Op,
bond lengths (see Figure 5). In fact, at 350 K the formation of a
strong Ti5c—Op, bond (1.87+0.06 A) weakens the surface
Ti5c—02c and 02c-Ti5c bonds close to the ligand coordination
site (1.98+0.11 A and 2.01£0.11 A, respectively) (Figure 5a and
Figure S5 of the SI). This favors the interaction of the O2c atom
with the interfacial water molecule, the dissociation of the latter
and the protonation of the anatase surface.

ChemPhysChem 2024, 25, e202300768 (6 of 11)

At 450K, where the Ti5c—Op, bonds are slightly longer
(1.91+0.06 A), the surface Ti5c—02c and O2c-Ti5c bonds are
stronger (1.88+0.07 A and 1.8940.08 A, respectively) prevent-
ing the protonation of the surface external layer (Figure 5b and
Figure S5 of the Sl).

Figure 6 shows a plot of the planar average profile of the
water density as a function of the distance from the ATiO, (101)
surface for I systems at 350 and 450 K, respectively.

As shown in Figure 6a’ and 6b’, the average water density
profiles show a first peak at ~3.0 A above the ATIO, (101)
surface corresponding to H,O molecules interacting with the
surface Ti5c sites. This peak is slightly more pronounced in the
AIMD simulation at 450 K (Figure 6b’) suggesting an increase of
the solvent density at the interface. The subsequent broader
peaks are indicative of the H-bonds that the H,O molecules
form with the surface O2c atoms.

In I systems at 350 and 450 K the different position of the
O—H groups on the surface does not change the water
structure. Snapshots and the average water density profiles for
I at 350 K and 450 K are reported in Figure S6 of the SI.

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 5. Ti5c—0p, and Ti5c—02c bond distances in I; at a) 350 and b) 450 K. Ti, C, H, and O surface and ligand atoms are represented in ball and sticks and
depicted in gray, black, white, and red, respectively. H and O water atoms are represented in licorice and depicted in white and red. Bond distances are

reported in Angstrom (A).

05 1.0 15 2.0
plglem?)

b”)
b) 18
Sy o 16

0
0 05 1.0 15 2.0
p(g/em?)

Figure 6. a), b) Snapshots and a’), b’) water density profiles for I system resulting from the AIMD simulations at 350 and 450 K. In a) and b) Ti, C, H, O and H
atoms of the O2c—H groups are represented in ball and sticks and depicted in gray, black, white, red, green and yellow, respectively. H and O water atoms are

represented in licorice and depicted in white and red.

Interaction of two ascorbic acid with ATiO, (101) in water
environment

Next, we focused on the adsorption of two ascorbic acid on
anatase (101) under wet conditions. Two structures were
considered as starting point for AIMD simulations at 350 K (see
Figure 7a and 7b). In both structures, the two ascorbic acid
molecules are present on the ATIO, (101) surface in the
preferred DA-BB adsorption mode, discussed before, but in a)
the two molecules are close to each other (2DA-BB_close),
whereas in b) the molecules are faraway (2DA-BB_far).

The AIMD simulations were also carried out at 450 K. In the
latter, the results were no different from those obtained at
350 K and, therefore, they will not be reported in this work.

In 2DA-BB_close (Figure 8a), the breaking of one of the four
O—H bonds present on the surface (ochre atom in Figure 8a)
occurs after about 2 ps of simulation time. The proton deriving
from this breakage moves on the neighboring interfacial water

ChemPhysChem 2024, 25, e202300768 (7 of 11)

molecule H,0,, (blue atom in Figure 8a), forming a H;O" ion
(ochre and light blue lines in Figure 8b). At this point, the H;0*
ion, that is formed at the solid-liquid interface, diffuses into the
aqueous bulk through consecutive transient proton transfers. In
fact, from H;O", H,; (pink atom in Figure 8a) moves on
neighboring water molecule H,0,,, (blue atom in Figure 8a) and
subsequently H,, (orange atom in Figure 8a) on H,O,; (blue
atom in Figure 8a). In 2DA-BB_far (Figure 8d), the formation of
the transient H;O™ ion occurs after 5 ps of simulation time by
the transfer of one of the four protons adsorbed on the surface
(yellow atom in Figure 8d) on the neighboring interfacial water
molecule H,0,, (blue atom in Figure 8d). Simultaneously, the
H,: proton (cyan atom in Figure 8d) moves from H;O* ion to
the closest surface O2c atom (blue atom in Figure 8d), forming
a new additional surface O—H group (02c—H) and restoring the
fourth superficial O2c—H group. Therefore, at 350 K, in both
2DA-BB_close and 2DA-BB_far system, the formation of
transient H;O" ions is observed, as suggested by the time

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 7. Interaction of two L-asc®™ a) close and b) far to each other in Bridging Bidentate (BB) configuration on ATiO, (101) in contact with water in presence
of four O2c—H groups. Ti, C, H, and O surface and ligand atoms are represented in ball and sticks and depicted in gray, black, white, and red, respectively. H
and O water atoms are represented in licorice and depicted in white and red, while the protons deriving from the acid ascorbic dissociation (O2c—H) are
represented in ball and sticks and depicted in green, yellow, ochre and lime, respectively.
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Figure 8. a) and d) Representative snapshots of the equilibrated interface structure of 2DA-BB_close and 2DA-BB_far systems resulting from the AIMD
simulations at 350 K respectively. In 2DA-BB_close the O2c—H proton involves in the H;0" formation is represented in ochre (panel a), whereas in 2DA-BB_far
the O2c—H proton involves in the H;O™" formation is represented in yellow (panel d). In a) and d) Ti, C, H, and O are represented in licorice and depicted in
gray, black, white, and red, respectively. In both snapshots, the H atoms of the O2c—H groups are in ball and sticks and depicted in green, yellow, ochre and
lime, respectively. In a) the oxygen atoms of the water molecules involved in the H;0* formation (O,,;, O,,, and O,3), the surface O2c and the H atoms
involved in the proton transfer (O2cH, H,, and H,;,) are represented in ball and sticks and depicted in blue, ochre, pink and orange, respectively. In d) the
oxygen atoms of the water molecule involved in the H;0* formation (O,,,), the surface O2c, the H atom involved in the proton transfer (H,,;) and the H atoms
of the O2c—H groups are represented in ball and sticks and depicted in cyan and yellow.

evolution plot of the 02c—H bond lengths reported in Figure 8b Time evolution plots of the O2c—H and Ti5c—0Op, bond
and e respectively. lengths for both systems along the AIMD trajectories (20 ps) at
350 K are reported in panels b), c) and e), f), respectively. In b)

ChemPhysChem 2024, 25, €202300768 (8 of 11) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 9. a), b) Snapshots and a’), b’) water density profiles for 2DA-BB_close and 2DA-BB_far systems resulting from the AIMD simulations at 350 K. Ti, C, H,
and O surface and ligand atoms are represented in ball and sticks and depicted in gray, black, white, and red, respectively. H and O water atoms are
represented in licorice and depicted in white and red, while the protons deriving from the acid ascorbic dissociation (O2c—H) are represented in ball and

sticks and depicted in green, yellow, ochre and lime, respectively.

the ochre and light blue lines indicate the breaking of the
02c—H and the formation of the 02cH-0,,; bonds, respectively.
In e) the yellow and cyan lines indicate the breaking of the
02c—H and the formation of the H,,—02c bonds, respectively.
In ¢) and f) the red, black, dark blue and gray lines indicate the
Ti5c—0Op, bonds. In c) the yellow, green and lime lines indicate
the O2c—H bonds, while in f) the ochre and green lines indicate
the O2c—H bonds.

For both systems, the time evolution of the Ti5c—0Op, bond
lengths (Figure 8c and f) was also monitored along the AIMD
trajectories (20 ps) to evaluate the coverage effects on the L-
asc>™ adsorption. The results, reported in Table 3, indicate that
at higher coverage percentages Ti5c—Op, distances are slightly
shorter than those reported at lower percentages (see Table 1
and 2) and comparable to those obtained in gas-phase (see
caption of Table 3 and Figure 1g). Also in this case, the effects
of the solvent are low and the interactions between the ligand
and the surface OH groups are absent as they are involved in
the formation of H;O™" ions.

Table 3. The average lengths computed for Ti5c—Op, bonds of 2DA-BB_
close and 2DA-BB_far systems at 350 K reported in Angstrom (A).

2DA-BB_close system bonds distance (A) *Ti5¢—Opa

350K 1.96+0.08
2.08£0.09
1.91+0.07
2124012

2DA-BB_far system bonds distance (A) *Ti5¢—0Opa

350K 1.91+0.06
2.184+0.17
1.91+0.06
2.0240.09

* The Ti5c—Op, bonds in gas phase are 1.86 and 1.94 A, respectively.

ChemPhysChem 2024, 25, e202300768 (9 of 11)

In fact, unlike low coverage percentage (4 %), at high L-asc*~
coverage percentage (8%) the formation of the H;0™ ions is
always observed. Most likely this occurs because at high
coverage percentage the large dimensions of the ascorbic acid
force the ligand into an almost perfectly perpendicular position
to the surface, reducing the formation of those structural
distortions which instead occur at low coverage percentage
and which could, as already explained in the previous para-
graph, block the formation of H;0* ions.

Therefore, our simulations show that the formation process
of the transient H;O™ ions, involving the transfer of the O2c—H
protons adsorbed on the surface on neighboring interfacial
water molecules, could be affected by the ascorbate coverage
percentages and by the position of the O2c—H groups with
respect to the ligand.

In Figure 9 are reported snapshots and the average water
density profiles for 2DA-BB_close and 2DA-BB_far, respectively.

In both systems, the first broad and asymmetrical peak at
~3.0 A is related to the partial hydration of the anatase external
layer at the interface, while the subsequent broader peaks are
indicative of the H-bonds that the H,0 molecules form with
each other (Figure 9a’ and 9b’).

Conclusions

In this work, we provided a detailed analysis on the stability of
the interaction between ascorbic acid and anatase TiO, (101)
surface both in vacuum and in water environment.

In vacuum, the ascorbic acid presence causes a decrease of
the bandgap and generates Ligand-to-Metal Charge Transfer
(LMCT) phenomena.

Our AIMD simulations (20 ps) demonstrated that the water
environment does not affect the ligand-surface interactions. In
fact, both at low and high L-asc>” coverage percentage (4%

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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and 8%, respectively) and regardless of the simulations temper-
ature, the interaction between ascorbic acid and ATiO, (101) is
stable in the time and even comparable with that obtained in
vacuum, despite the possible solvent effects and the possible
structural distortions of the ligand. The hydration and the
hydroxylation of the external layer of the surface could be
affected by the ascorbate coverage percentages and by the
position of the O2c—H groups with respect to the ligand. In
addition, in presence of two L-asc® is always observed the
formation of H;0" ions at the aqueous interface.

Therefore, the information obtained from our study high-
lights how the ascorbic acid/ATiO, (101) system can be used in
specific applications and in different fields due to its efficiency
in vacuum and its high stability in water environment.
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