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Titanium dioxide (TiO,) is one of the most widely used nanomaterials in many emerging areas of material
science, including solar energy harvesting and biomedical implanting. In this review, we present progress
and recent achievements in the theory and computer simulations of the physicochemical properties of small
TiO; clusters, middle-size nanoparticles, as well as the liquid-solid interface. The historical overview and the
development of empirical force fields for classical molecular dynamics (MD) of various TiOz polymorphs,
such as rutile, anatase, and brookite, are given. The adsorption behavior of solvent molecules, ions, small
organic ligands, and biomacromolecules on TiO; interfaces are examined with the aim of the understanding
of driving forces and mechanisms, which govern binding and recognition between adsorbate and surfaces.
The effects of crystal forms, crystallographic planes, surface defects, and solvent environments on the ad-
sorption process are discussed. Structural details and dynamics of adsorption phenomena, occurring at lig-
uid-solid interfaces, are overviewed starting from early empirical potential models up to recent reactive
ReaxFF MD simulations, capable of capturing dissociative adsorption of water molecules. The performance
of different theoretical methods, ranged from quantum mechanical (QM) calculations (ab initio and the den-
sity functional theory) up to classical force field and hybrid MM/QM simulations, is critically analyzed. In ad-
dition, the recent progress in computational chemistry of light-induced electronic processes, underlying the
structure, dynamics, and functioning of molecular and hybrid materials is discussed with the focus on the
solar energy applications in dye-sensitized solar cells (DSSC), which are currently under development. Be-
sides, dye design principles, the role of anchoring moiety and dye aggregation in the DSSC performance
are crucially analyzed. Finally, we outline the perspectives and challenges for further progress in research
and promising directions in the development of accurate computational tools for modeling interactions be-
tween inorganic materials with not perfect structures and natural biomacromolecules at physiological condi-
tions.

Keywords: titanium dioxide, rutile, anatase, brookite, dye sensitization, nanoparticle, liquid-solid interface,
molecular dynamics simulations, ab initio molecular dynamics.

Introduction

Nanocrystalline titanium dioxide (TiO,) is one of the most widely used nanomaterials because of
its chemical stability and environmental compatibility. In addition to many traditional applications in
pigment chemistry, metallurgy, and catalysis, nano-sized TiO, has become a very appealing material
for novel emerging areas of material science, including solar energy harvesting and hydrogen genera-
tion from water through photochemical reactions [1-2]. The performance of these applications depends
critically upon size, shape, crystallinity, and morphology of TiO, nanomaterials.

TiO, exists in various polymorphs, such as rutile, anatase, brookite, and other rare phases (Fig. 1)
[3]. Rutile and anatase have been widely used in the industry over the last decades [2,4]. Due to its
large dielectric constant and its high reflectivity across the visible spectrum, rutile is commonly used
in electronic devices, such as thin-film capacitors, interference filters, and optical waveguides. Anatase
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is frequently used as a photocatalyst [1] because of its high photoreactivity in homogeneous and het-
erogencous catalysis. Chemical reactions on TiO, surfaces play decisive roles in photocatalysis and
photoconduction reactions.
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Figure 1. Crystallographic structure of anatase, rutile, and brookite TiO,. Visualization and graphics were drawn

with the VESTA program package [5].

One of the advantages of TiO, nanomaterials is their biocompatibility. Engineered TiO, nanostruc-
tures can exist in contact with human body tissue without causing an unacceptable degree of harm to
the body [6]. Due to this unique capability, TiO, has emerged in many biomedical applications, such
as artificial bones, joints and dental implants [7]. Therefore, significant experimental and computa-
tional efforts have been invested in studying phenomena occurring at the liquid-solid interface because
their mechanisms and driving forces can point to new directions for biomaterial design and evaluation
[8]. It has been shown that TiO, contributed to the development of a novel class of composite materi-
als that physically integrates inorganic nanoparticles and biological molecules [9-10]. These hybrid
conjugates can offer new opportunities for diverse applications in biosensing, site-selective recogni-
tion, and may potentially be incorporated into living organisms and biological cells [11]. Therefore,
understanding protein adsorption on biomaterial surfaces is of great importance since, alongside wa-
ter-surface interactions, it can significantly affect the performance of a biomaterial [10].

In this contribution, we discuss recent progress and achievements in the theory and computational
modeling of TiO, nanomaterials and their applications across a wide range of research fields [12-13].
The effects of crystal morphology, crystallographic planes, surface defects, on the adsorption process
are discussed. The role of the environmental effects, such as solvent, pH, and temperature, in the ad-
sorption behavior of small organic ligands and biopolymers, is analyzed in detail. In addition, we
overview the recent progress in classical MD simulations and some advanced MD sampling tech-
niques, such as replica exchange and umbrella sampling, examining the energetics and dynamics of
the interactions of single amino acids, small peptides, and proteins with TiO, surfaces [6]. Some quan-
titative insights into molecular recognition mechanisms between biopolymers and inorganic interfaces,
including structure-function relationships are also considered. Particular focus is given to how MD
simulations have contributed to our current understanding of peptide-surface adsorption at atomic
detail. Finally, the perspectives, challenges, and promising directions in computational modeling inter-
actions between inorganic materials and natural biomacromolecules are outlined.

Modeling of TiO, Surfaces and Aqueous Interfaces

The first empirical force-field (FF) for bulk TiO, was developed by Matsui and Akaogi (MA) [14]
in 1991, in which the non-bonded interaction parameters between Ti and O were determined by repro-
ducing the crystal structure of various polymorphic forms of TiO, (Fig. 1). In the MA force-field, the
energetic interactions in TiO, were assumed to be completely non-covalent. The dispersion and repul-
sion interactions were represented by the Buckingham potential (1) (Table 1) [14]. The electrostatic
contributions were treated with the pairwise additive Coulomb potential.
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The Buckingham potential parameters of the MA force-field were derived to reproduce the ob-
served crystal structures, volume compressibilities, and thermal expansivities of rutile, anatase, and
brookite, respectively. The effective partial charges at O and Ti atoms were assumed to be go=-qri/2,
where go=-1.098 and ¢gr=+2.196, respectively. Since the development, the MA force-field has become
a paradigm for modeling of a broad range of TiO, nanomaterials [15-25].
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Table 1. Parameters of the Buckingham potential suitable for modeling of TiO, polymorphs [14].

ion-ion A; (kcal/mol) B; (A) Cjj (keal-A®mol™)
Ti-Ti 7.177x10° 0.154 1.210x10?
Ti-O 3.911x10° 0.194 2.904x10?
0-0 2.717x10° 0.234 6.969x10?

In succeeding years, the MA force-field has been used as an initial guess for further extension and
the development of more complex computational models, suitable for simulations of TiO, surfaces,
interfaces, nanoparticles and small clusters [26-27]. The first attempt to follow this approach has been
performed by Bandura et al. [28-29] by using periodic density functional theory (DFT) calculations to
derive new empirical FF parameters for modeling the TiO, (110) surface. A primary interest in model-
ing and simulations of TiO, interfaces was focused on studying of adsorption of biological molecules,
especially peptides and proteins [30-31].

Because the most experimental studies were conducted in aqueous solution, it was vital that the ad-
sorption interactions between TiO, and water molecules were adequately described. Since then, nu-
merous MD simulations have been focused on modeling TiO,-water interfaces [32-35].

The adsorption behavior and the interfacial structure of water molecules on the uncharged and
negatively charged rutile (110) surface were studied by classical MD simulations at 298 K and 1 atm.
[32-33]. The original interaction parameters of the MA force-field for TiO, were further adjusted by
ab initio calculations of relaxed structures, and charges of the ideal rutile (110) surface. As a result,
new modified interaction parameters were suggested for interfacial and deeper layers of TiO, atoms.
Water molecules were treated with the SPC/E water model [36]. Therefore, the interactions between
Ti atoms and the oxygen atoms of water molecules (Ti-Op,p) were optimized by ab initio structure
optimization and are described by a Buckingham potential (1). It was found that the positions of water
molecules at the interface were found to be above each terminal titanium atom. A single additional
layer of adsorbed water molecules occupies distinct sites related to the underlying crystal surface
structure [32]. The water structure and mobility quickly decay to the bulk liquid properties beyond the
second water layer. It was concluded that the influence of the interface for all simulated physico-
chemical properties, including spatial orientation and diffusivity of water molecules, is negligible be-
yond distances of about 15 A from the surface [32].

Starting from the interatomic potentials proposed by Bandura and Kubicki [28], Alimohammadi
and Fichthorn [34] have developed a new set of FF parameters for modeling the interaction of water
molecules adsorbed either molecularly or dissociatively onto the TiO, surface. The proposed FF was
validated by computing binding energies and conformations for molecular adsorption of water mole-
cules on the (101) and (112) surfaces of anatase, and the (110) surface of rutile. Moreover, the disso-
ciative adsorption on water molecules onto the bulk-terminated (001) surface of anatase and the (110)
surface of rutile was considered for various water surface coverages. The MD simulation results were
found to be in good agreement with those of first-principles DFT calculations and experimental obser-
vations [34].
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Figure 2. Potential energy surfaces of a water molecule (a) and an ammonia molecule () at various separations
from the TiO, rutile(110) surface: DFT (black diamonds, ¢) and classical MD calculations (red circles, o). The
corresponding structure is displayed in the inset. Adapted with permission from [37]. Copyright © 2011,
American Chemical Society.
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Schneider and Ciacchi have performed a robust computational procedure of the development and
validation of empirical potentials for classical MD simulations of the Ti/TiO,/water interface employ-
ing ab initio MD simulations [37]. The procedure was based on the mapping of the adsorption energy
profile of a single water molecule on the rutile TiO, (110) surface with Coulomb and Lennard-Jones
potentials (Fig. 2). The following LJ parameters were suggested: o(Ti1)=0.07827 nm, 6(0)=0.1615 nm
and &(T1)=1.402557 kJ/mol and €(0)=1.91151 kJ/mol, respectively. The proposed FF was then vali-
dated over a representative series of small organic molecules, such as CH;0H, CH;NH,, HCOOH, as
well as the tripeptide Arg-Gly-Asp (RGD) adsorbed onto the oxidized Ti surface [37].
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Figure 3. Scheme of rutile (110) surface: a) non-hydroxylated surface b) fully hydroxylated surface showing the
bridging and terminal hydroxyl groups, c) the surface partially covered by terminal hydroxyl groups, d) the sur-
face covered completely by terminal hydroxyl groups and partially covered of bridging hydroxyl groups.
Adapted from with permission from [32]. Copyright © 2004, American Chemical Society.

Skelton and Walsh have studied the interactions of liquid water and dissolved Na" and CI” ions with
the non-hydroxylated and hydroxylated rutile (110) surface (Fig. 3) by using a modified TIP3P water
model, which is compatible with the CHARMM FF [38]. Moreover, further extension of the original
MA FF has been released by MD simulations of the adsorption of water molecules onto different sur-
faces of TiO,, such rutile (110, 100, 101, 001) and anatase (101, 001), in which water molecules were
represented with a flexible SPC model. A primary goal of this study was focused on studying the
structure, ordering, and orientation of water molecules located in the first and second interfacial layers
[39-41].
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Figure 4. Occupation of surface adsorption sites: Ti,O un-protonated, Ti,O—H protonated bridging O atoms, Ti
non-hydroxylated, Ti-OH hydroxylated surface Ti atoms. Adapted from [42]. Copyright © 2006 Elsevier B.V.
All rights reserved.
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In 2006, K&ppen and Langel developed a new set of empirical FF parameters, suitable for model-
ing of the interfacial phenomena occurring at the rutile (100) surface in contact with NaCl aqueous
solutions by using a two-particle interaction model with the Morse potential and Coulombic interac-
tions [42]. Their FF model was able to mimic acid-base properties, such as the protonation and hy-
droxylation equilibriums of the TiO, interface, which could be adjusted to specific pH values
(4, 7.4, and 9). Interfacial pH changes were mimicked by varying a ratio of protonated and hydroxy-
lated residues at the interface, according to Fig. 4. The primary focus of their study was on validation
of the Stern model by confirming of a dense layer of counterions on the charged TiO, surface and a
diffuse layer propagated into the bulk water [42].

Conventional MD simulations of the TiO, interface are able to sample statistical mechanical en-
sembles with a fixed surface composition, which are well described by classical non-bonded interac-
tions or fixed valence FF models. In classical MD simulations, an initially assigned protonation state
of the TiO, interfacial atoms can not be altered during the simulation, which imposes some limitations
for modeling the acid-base interfacial phenomena. One of the promising approaches, overcoming these
restrictions, has recently been proposed by the development of a new ReaxFF reactive FF [43], capa-
ble of modeling chemosorption reactions in the Ti—~O—H system [44-46]. The ReaxFF force field pa-
rameters have been fitted to a quantum mechanical (QM) structures and energies related to bond dis-
sociation energies, angle, and dihedral distortions. Fig. 5 shows snapshots of the rutile (110) surface
with layers of water molecules [46]. Moreover, reactions between water and TiO,, as well as experi-
mental crystal structures, heats of formation, and bulk modulus data were also compared. The authors
demonstrated that the results of the ReaxFF calculations match reasonably well with those of DFT
results for water binding energies, surface energies, and H,O dissociation energy barriers [46]. The
agreement between the DFT/MD simulation and ReaxFF simulations of water dissociation levels was
reported to be within a 10% error [44,46].
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Figure 5. ReaxFF MD simulations of the amount of water dissociated on the 3 layers of the rutile (110) surface

taken at the beginning (a) and the end (b) of the sampling. Adapted with permission from [46].
Copyright © 2013, American Chemical Society.

One of fundamental simplification of classical MD simulations of the water-TiO, interfaces is that
a site charge located at each Ti and O atom kept fixed during modeling so that the variations of the
surface dipoles in TiO, induced by water and the dipole moments of water molecules near the TiO,
surfaces are not taken into consideration. Recently, a novel polarizable FF for water/rutile interfaces
was developed [47]. This polarizable model takes into account the effect of the surface polarity in-
duced by liquid—solid interactions explicitly. The model represents some extension of the charge re-
sponse kernel (CRK) method [48-50] for molecules to solid surfaces by introducing the surface CRK
(SCRK) (Fig. 6a-b), in which the CRK parameters were systematically derived by the first-principles
calculations in the TiO, slab with the dipole-correction method.

The proposed polarizable FF was validated for the water/clean rutile TiO,(110) interface (Fig. 6¢).
Good agreement was observed between structures and induced charges of a single water molecule,
adsorbed onto the TiO, surface, obtained by the polarizable FF and those predicted by the first-
principles calculations [50-51]. In addition, MD simulations of the liquid water/TiO, interface were
benchmarked over stable structures of water adsorbed onto the TiO, surface, indicating that the dipole
moments of water and TiO, induced by the water—TiO, interactions have a significant impact on the
structure and dynamics of the water/TiO, interface [47,52].
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Figure 6. (a) Calculation scheme for the SCRK and CRK for the solid surfaces. (b) Schematic representation of
the CRK sites. Ti and O atoms are represented by sky blue and dark red balls, while the CRK sites are repre-
sented by orange circles. (c) A snapshot of the water/clean rutile TiO,(110) interface. Adapted with permission
from [47]. Copyright © 2013, American Chemical Society. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

It should be noted that the numerous studies of the absorption behavior and the structure of water
layers at water/TiO, interfaces have many similar features with computational studies of other lig-
uid/solid interfaces [53]. To identify interface criteria, it would be instructive to apply a concept of the
“10-90 width”, which is defined as the distance from the solid surface over which a specific interfacial
order parameter changes from 10% to 90% of the bulk value [53]. This concept was successfully util-
ized in MD simulations of the basal and prism interfaces formed by ice 1h and water molecules, ap-
proximated with the rigid SPC/E model [54]. The use of this concept by analyzing of the translational
and window average-density order parameters allowed the authors to show that the interfaces consist
of a series of relaxed double layers, which differ in diffusion coefficients and bond arrangement. The
thickness of the interfaces was found to be 0.9-1.1 nm, which was consistent with ellipsometry meas-
urements [54]. Importance of the “10-90 width” concept was recently highlighted for the proper setup
of ab initio/DFT MD simulations of water/ice interfaces, for which a relatively large size of ~1.1 nm
of water interface should be utilized [55].

It has long been recognized that the structure of water molecules confined into nano-sized volumes
differs significantly from that of bulk water. In ref [56], MD simulations of the SPC/E water mole-
cules, confined in TiO,-rutile pores of diameters 1.3, 2.8, and 5.1 nm, were carried out at various water
contents. It has been found that the proximity to the interface affects density and diffusivity of water
molecules within a distance of around 10 A from the walls, beyond which all structural and dynamics
properties tend to converge [56].

To understand the difference between polar TiO, and hydrophobic graphite surfaces, the micro-
structure of water molecules absorbed at the nano-slits of the rutile (110) surfaces with the separation
distance ranging from 0.8 to 2.0 nm were analyzed by using MD simulations [57]. MD simulation
results show that the residence time of water at a TiO, surface is considerably longer than that at the
graphite surface. Besides, the bound water molecules at the TiO, surface and the hydrogen bond net-
work reduce the diffusivity of water through the TiO; slits. These MD simulations show that the sur-
face chemistry is crucial to the diffusion of water inside nanoscale pores as compared to geometric
size effects [57]. To investigate the microstructure and lubrication of water molecules confined in TiO,
nano-slits under shearing, a series of non-equilibrium MD simulations have also been carried out [58].
To shed light on the role of the confined water molecules on lubrication, the effects of varying slit gap
widths (0.8, 1.2, 1.6, and 2.0 nm) and shear velocities (200, 100, 50, and 10 m/s) on the friction coeffi-
cients between TiO, and water molecules (SPC/E) were evaluated. It has been shown that the friction
coefficient decreased as the slit width increased. The detailed analysis of the microstructure of water
layers revealed that water molecules confined in the slits were ordered up to two interfacial
layers [58].

Using MD simulations with the LAMMPS package, the static and dynamic properties of water on
Ti0O, nanotubes (TiO,-NTs) with a diameter of ~1.0 nm (Fig. 7a-b) were studied [59]. The MA force-
field was used for TiO,, whereas the SPC/E model was utilized for water. The MD simulation results
showed that the water molecules outside TiO,-NT conform to the two-layer model for water, which is
typical for water adsorbed onto a planar surface. The difference was that the first water layer was fur-
ther affected by the surface curvature, indicating the more facile water desorption from the surface.
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This layer disappears for water inside TiO,-NT, leaving a water layer with the hydrogen atoms point-
ing to the oxygen atom O, to form hydrogen bonds (Fig. 7¢c-d) [59].

The mechanical behavior of anatase TiO, nanotubes in axial loading was examined by using MD
simulations with the MA force-field [60]. The nanotubes of different radii and lengths were modeled
at 300 K and subjected to both stretching and compression. The MD simulations demonstrated that, as
the radius of the nanotubes increases, their surface was wrinkled axially, which in turn caused their
axial behavior to change dramatically. The threshold radius was observed to be 50 A for a length of
300 A [60].
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Figure 7. (a) Atomic structure of TiO,-NT viewed along the axial direction. (b) Side view of TiO,-NT. (c¢) Snap-
shots of the equilibrium structure of a water—NT system (along the axial direction). (d) Distribution of the angle
of the water molecules’ dipole vectors along the radial direction of NT (point from the tube center to the tube
wall). Adapted with permission from [59]. Copyright © 2016, American Chemical Society.

The phase behavior of the n-octacosane (n-C,g)—water mixture inside TiO, nanopores was consid-
ered with classical MD simulations [61]. Three model systems having different TiO, (101) anatase
pore sizes of 34, 40, and 55 A were examined (Fig. 8a and 8c). TiO, atoms were modeled as Lennard-
Jones spheres with o(Ti)=0.092 nm, o(0)=0.303 nm and ¢&(Ti)=0.17138 kJ/mol and
€(0)=0.5016 kJ/mol as taken from [62]. Water molecules were treated with the SPC/E model, whereas
the united-atom TraPPE (transferable potential for phase equilibria) FF was used for n-C,s. The stan-
dard Lorentz—Berthelot combining rules were used for calculations of nonbonded Lennard-Jones in-
teractions between sites of a different type. It was found that even though phase segregated mixtures
retained their structural properties, as compared to their bulk counterparts, some significant deviations
were observed in the density profiles inside the nanopore (Fig. 85 and 84). Water molecules were or-
ganized into two discrete layers on the TiO, surface so that n-C,g was shielded from the nanopore
walls (Fig. 8d). It was suggested that octacosane’s self-diffusion was influenced only slightly by con-
finement. However, water molecules were severely hindered by the TiO, nanopore surface. Similarly
to other studies, it was found that water diffusivity revealed a strong dependence on the distance from
the nanopore center [61].

Recently, the MA force-field has been utilized as the initial guess for the development of intera-
tomic potentials for modeling the deposition of calcium and phosphate species (calcium phosphate,
Ca;3(PO,),) on the anatase TiO, (101) and (100) surfaces, respectively [63]. The authors have param-
eterized the missing two-body interactions between Ca>*, PO,> and TiO,, and performed classical MD
simulations of the deposition of calcium phosphate on the anatase surface in aqueous solution, which
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were further benchmarked over DFT results. The comparison between the DFT and MD simulations
results have shown the outstanding performance of the new set of FF parameters in describing the
adsorption of Caz(PO,), on the most stable (101) surface of anatase [63].
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Figure 8. Final MD configuration of n-C,3—H,0O mixture taken at 473 K and the corresponding density profile of
water and n-Cyg in the z-direction: (a) x(H,0)=0.20 and (c) ¥(H,0)=0.9655 confined in the TiO, 55 A diameter

pore. Adapted with permission from [61]. Copyright © 2016, American Chemical Society.

New insights on the molecular processes in the initial nucleation of Ca3(PQy), on the rutile TiO,
surfaces were obtained by using classical (MD) simulations [64]. Five kinds of TiO, substrates were
considered: nonhydroxylated and fully hydroxylated perfect TiO, surfaces, and the stepped-, grooved-,
and ridged-structured TiO, surfaces with full surface hydroxylation. The FF parameters for the surface
hydroxyls were obtained from Pfedota’s work [32]. The FF interaction parameters between Ca;(POy),
and TiO, were previously derived from the ab initio calculations [65]. The MD simulation results sug-
gested that the surface hydroxylation and the shape and the structure of the TiO, substrate contributed
significantly to the initial nucleation of calcium phosphate. Surface hydroxyls on TiO, provided active
sites for the aggregation of calcium phosphate. Both Ca® and PO,” ions were able to bind to the hy-
droxylated TiO, surface directly or indirectly via the first water layer (Fig. 9a-b). Surface nano-
topographies (e.g., grooves or ridges) were able to restrict the diffusion of Ca®" and PO,” ions
(Fig. 9¢) [64].

(a) and the hydrated adsorption conformations (b). Adsorption conformation of calcium phosphate ions on the
ridge-structured TiO, surface (c). Adapted with permission from [64]. Copyright © 2018, American Chemical
Society.
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Adsorption of small additives onto TiO,

Crystal growth and morphology of crystalline TiO, are governed by adsorption of small organic
additives. These parameters are also essential for the development of novel functional materials.
Therefore, MD simulations of the binding modes and thermodynamically stable conformations of
small ligands at the surfaces of TiO, crystals have become attractive tools for understanding the
mechanisms underlying additive-surface interactions. As results, numerous computational studied
have been devoted to examining the adsorption behavior of small organic compounds, such as ammo-
nium [66], methane [67], methanol [66], formic acid [67], benzene [66-67], and dimethyl methylphos-
phonate [68], on TiO, surfaces. Adsorption of a rhodamine dye [69] and some biologically-relevant
molecules, such as phospholipids (DOPC, DOPS, and DMTAP) [70], onto TiO, was also examined.

Recently, the use of the electronic continuum correction (ECC) theory, which suggests some ad-
justment of point charges at Ti and O atoms to reproduce the adsorption phenomena occurring at the
TiO,—liquid interface, has received significant attention [32-33,71-75]. MD simulations, augmented by
free energy calculations and supported by ab initio calculations, were used to study the adsorption of
oxalic acid ions (oxalate and hydrogen oxalate) on the rutile (110) surface [76-77]. The predicted ad-
sorption on perfect non-hydroxylated and hydroxylated surfaces (Fig. 3) was found in agreement with
experimental adsorption data and predictions of the charge-distribution multisite ion complexation
model [76]. The most favorable surface species were identified to be outer-sphere complexes because
of the strong hydrogen bonding of oxalic acid ions with surface hydroxyls and adsorbed water mole-
cules [76]. Moreover, MD simulations were performed to identify the thermodynamically stable con-
formations of glycolate (CH,(OH)COO ), lactate, and 2-hydroxybutyrate ions (Fig. 10) at the (001)
and (110) planes of rutile crystals by using the MA force field [78-79]. The MD results suggested that,
for both planes, the conformation and dynamics of the glycolate ion were strongly dominated by a
layered structure of water on the surface. It was found that the glycolate ion was bound to the surface
more stably on the (110) plane than on the (001) plane [78]. Besides, the bound conformation in which
the COO group was oriented toward the rutile surface was found to be the most stable for the lactate
and 2-hydroxybutyrate ions. In contrast, a conformation, in which the COO™ group was oriented to-
ward bulk water, was found to be the most stable for the glycolate ion [79].

glycolate ion lactate ion 2-hydroxybutyrate ion
Figure 10. Minimum-energy structures of the glycolate, lactate, and 2-hydroxybutyrate ions. Adapted with per-
mission from [79]. Copyright © 2019, American Chemical Society.

The adsorption process of a nanodroplet of cysteine molecules onto a perfect and the defective
rutile (110) surface was simulated in the gas phase using classical MD approaches, based on reactive
and nonreactive FF parameterizations [44]. Three molecular forms of cysteine species, namely, one
neutral and two zwitterionic ones, were considered. It has been shown that the adsorption of cysteine
molecules on perfect and defective rutile surfaces indicates that both of the computational approaches
are able to recognize the importance of the sulfur atom in the binding process. However, it was also
pointed out that only through a reactive FF description, the protonation state of cysteine at the inter-
faces produced by environmental effects could be correctly identified [44].

Interaction of biomacromolecules with TiO, surfaces

Understanding the interaction mechanism between metal and metal oxide surfaces and bio-
molecules, such as proteins/peptides/aminoacids, is crucial to the successful usage of hybrid biomate-
rials in complex physiological environments [13,15,80-81]. Therefore, the development of theory and
computational approaches for modeling organic/inorganic interfaces may accelerate the development
of novel biomaterials [10,81-83].
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The MA force-field has attracted essential interest in MD simulations TiO, nanomaterials: how-
ever, its applicability for nano-bio MD simulations remains limited because of its discrepancy with the
standard force fields for biomolecular simulations already available in the literature (e.g., AMBER,
CHARMM, OPLS). So, some long-standing problems of accurate sampling of biomolecules near in-
organic surfaces and calculation of binding free energies of amino acid side chain analogs and a pep-
tide to the TiO, surface require the development of the compatible FF parameters. To accomplish this
goal, Brandt and Lyubartsev [84] developed bonded and non-bonded interaction parameters for classi-
cal MD simulations of TiO, surfaces in contact with aqueous media (including biomatter) (Fig. 11a).

The proposed FF was designed in agreement with the following criteria: (1) compatibility with
standard FFs for biomolecular simulations; (2) transferability of TiO, interactions to a wide variety of
biomolecules: proteins, lipids, and nucleic acids so that Lennard-Jones nonbonded interactions with
new molecules could be estimated by standard combination rules; (3) the force field should reproduce
interactions at biologically relevant conditions, such as room temperature and atmospheric pressure;
(4) the FF parameters were derived in a thermodynamically consistent manner from known experi-
mental data. The modeling was performed by quantum mechanical geometry optimizations of water
on TiO, surfaces using density functional theory using the Perdew—Wang exchange-correlation func-
tional and ultrasoft pseudopotentials (Fig. 115). A bonded TiO,—surface model was developed based
on these optimized geometries [84]. The performance of the proposed bonded TiO, FF was validated
by calculations of adsorption profiles and adsorption free energies for the side chain analogs of the
20 naturally occurring amino acids and a titanium binding peptide on the TiO, (100) surface [85].
Finally, adsorption simulations of a titanium binding RKLPDA-peptide were benchmarked to identify
peptide binding modes on a TiO, (100) surface (Fig. 11c-d) [85].

The adsorption behavior of the four DNA bases (adenine, guanine, thymine, and cytosine) on a
charged partially hydroxylated rutile (110) surface was studied through classical MD simulations [86].
The FF parameters reported by Predota et al. was used for the hydroxylated rutile (110) slab [32]. The
AMBER FF was used for the DNA bases and the modified TIP3P FF for water [87].

To identify the best binding arrangement, and quantify the strength of their interactions with the in-
organic surface, the potential of mean constrained force (PMF) was calculated. The general tendency
was observed so that each DNA base adsorbed onto structured solvent layers, which were in direct
contact with the TiO, substrate. Upon the surface binding, the DNA bases were located to be perpen-
dicular to the slab without adopting a preferential orientation. The DNA base binding to the TiO, sur-
face was rather weak, so that desorption back into the bulk solvent was observed [86].

a)

20

AFus
— SER: —2.3 kJ/mol
10 = TBP: —11.3 kJ/mol

F(z) [kd/mol]

—10

0 4

12 16

8
= =5SD [A]
Figure 11. (@) The coordination number for Ti and O atoms. (b) Interface simulations of a (5x8) TiO, slab were
used for calibration of TiO,—water adsorption enthalpy. (¢) Snapshot of a peptide on the TiO, (100) surface and
an adsorption free energy profile calculated by MD simulations. Adapted with permission from [84-85]. Copy-
right © 2015, American Chemical Society.
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Single amino acids or short peptides have been the first molecules to be computationally studied
[13,80-81,88-89]. Ab initio periodic calculations and classical MD simulations were performed to in-
vestigate the adsorption mode, conformational characteristics, and inter-adsorbate interactions of
alanine and several dipeptides, such as alanine-glutamic acid and alanine-lysine onto the TiO, (110)
rutile surface [30,90].

Among the many possible peptides, the RGD (Arg-Gly-Asp) and RKLPDA sequences of amino ac-
ids are of great interest [6]. After the placement of a Ti implant inside the body, integrin receptors at
the cell membrane will search for specific ligands on the surface for binding. If the ligand is present
and its conformation on the surface is suitable, further interaction between the cell and the implant can
occur. Protein ligands, such as fibronectin, vitronectin, and collagen, are present in the extracellular
matrix (ECM). The cellular response induced by these extracellular matrix proteins, however, is
mainly through the Arg-Gly-Asp (RGD) sequence (Fig. 12a) [91].

The adsorption of RGD-peptide onto the rutile TiO, (110) surface was modeled by using the MA
force-field for TiO, and TIP3P for waters [92-93]. It was found that RGD-peptide was able to adsorb
rapidly on the surfaces by amino groups NH, and NH;", and the carboxyl group COO™ could edge out
the adsorbed water molecules and bond to the surface titanium atom (Fig. 125).

a)

Figure 12. (¢) RGD-peptide (Arg-Gly-Asp). (b) Snapshots of a conformation of RGD-peptide adsorbed on the
perfect TiO, (110) in at 2.0 ns and 4.0 ns, respectively. Adapted with permission from [92-93]. Copyright ©
2010, American Chemical Society.

Since earlier computational studies [93], RGD-peptide has become a benchmark system for the un-
derstanding of the origin and molecular mechanism of the molecular recognition between proteins and
peptides, and the TiO,-aqueous interface [37,65,94-99]. While the physicochemical aspects of the
adsorption of RGD-peptide onto TiO, surfaces were studied in detail, the mechanism by which other
peptides adsorb to titanium surfaces is not yet fully understood [65,100-103].

Two experimentally identified 12-mer peptide sequences referred to as the titania-binding peptides
Ti-1 (QPYLFATDSLIK) and Ti-2 (GHTHYHAVRTQT) [88,100] revealed the unusual adsorption
affinity to for titania that efficiently promote titania mineralization from an aqueous titanium
bisammonium lactatodihydroxide (TiBALDH) solution [104]. Influences of Ca®" ions at the aqueous
TiO, interface on the binding modes of Ti-1 and Ti-2 peptides was investigated using replica exchange
MD simulations combined with solute tempering MD simulations [105]. It was observed that for Ti-1,
Ca” ions enhanced the adsorption of the negatively charged Asp8 residue in this sequence to the nega-
tively charged surface, via Asp—Ca’"—TiO, bridging. However, for Ti-2, fewer residues were predicted
to adsorb directly to the surface in the presence of Ca®", possibly due to competition between the other
peptide residues and Ca®" ions to adsorb to the surface [105]. Recently, a new Ti-binding peptide of 13
amino acids (AMRKLPDAPGMHC) was identified by using a series of multiple 300 ns MD sam-
plings of adsorption dynamics of the peptide at the aqueous interface of a TiO, anatase surface, started
from different peptide orientations with respect to the surface [106]. It was suggested that the peptide
anchoring was mediated by the interfacial water layers by means of the charged groups of the side
chains of the peptide [106].

Bone morphogenetic protein-2 (BMP-2), a dimeric cysteine knot protein, has therapeutic effects for
ectopic bone [107]. Moreover, it plays a crucial role in osteoblast differentiation and proliferation
[107]. Classical MD simulations and a hybrid approach of steered molecular dynamics (SMD) com-
bined with MD simulations were employed to investigate the initial stages of the adsorption of BMP-2
upon approaching hydrophilic surfaces of rutile TiO, [62]. Surface adsorption was evaluated for six
different orientations of the protein, two end-on, and four side-on, in an explicit water environment. It
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was observed that BMP-2 adsorbed only loosely to the hydrophilic TiO, surface. Despite favorable
interaction energy between BMP-2 and the TiO, surface, the rapid formation of a two-layer water
structure prevented the direct interaction between protein and TiO,. It was suggested that the first wa-
ter adlayer had a strong repulsive effect on BMP-2, while the second attracted the protein toward the
surface [62].

Adsorption orientation and conformation of myoglobin on perfect rutile (110) and (001) surfaces
were investigated by combining Monte Carlo and MD simulations [108]. Myoglobin was modeled
with the CHARMM?27 FF, whereas the modified MA force-field [103] re-fitted to the Lennard-Jones
potential, was utilized for rigid TiO, surfaces. It was found that the adsorbed myoglobin conforma-
tions were not influenced by the physicochemical properties of the rutile (110) and (001) surfaces (Fig.
13). These findings were understood in terms of the strong hydrophilicity of both surfaces. The ad-
sorption behavior of myoglobin was governed by two layers of adsorbed water molecules formed on
both rutile surfaces. After 80 ns MD simulation, the heme of myoglobin was found to be close to the
rutile (001) surface and far away from the rutile (110) surface [108].

bS8 000000000M0,

Figure 13. Final representative adsorption configurations of myoglobin (a) on rutile (110); (b) on rutile (001)
after 80 ns MD simulations. The arrows indicate the dipole direction of myoglobin. Adapted from [108].
Copyright © 2013 Elsevier B.V. All rights reserved.

RNA aptamers with unique tertiary structure and high affinity for binding to a specific target with
high affinity and specificity targets are used as therapeutic agents [109]. The adsorption behavior of an
RNA aptamer with (101), (100) and (110) surfaces of TiO, anatase was investigated by using MD
simulations [110]. Analysis of the structural parameters and interaction energies demonstrated that the
(110) surface was energetically more favorable for the adsorption of the RNA aptamer than the (100)
and (101) surfaces, respectively [110].

Collagen is the main structural protein in the extracellular matrix, which plays an important and ir-
replaceable role in biomineralization [111]. Collagen is used to modify biomaterial surfaces so that the
pre-adsorbed collagen on TiO, could improve adhesion. It stimulates cell behaviors mainly through
the amino acid sequence Arg—Gly—Asp interacting with the integrin at the cell membrane in cell adhe-
sion. It is believed that the carboxyl groups in collagen play a key role in hydroxyapatite nucleation
[112]. The adsorption of collagen on the perfect and grooved rutile (110) surface in aqueous solution
was modeled by classical MD simulation [113-114]. Preferable binding modes were examined, includ-
ing direct and indirect binding modes, in which the peptide interacted with the substrate surface di-
rectly or via the first layer water molecules (Fig. 14). The MD simulations suggested that the initial
poses of collagen on the rutile surface could influence the final adsorption conformation of collagen.
The reduced rutile surface provided active sites for collagen adsorption. It was concluded that the di-
rect binding mode was responsible for the stable adsorption of collagen. The indirect binding mode
might also play an important part at the initial adsorption stage, but itself alone could not ‘trap’ the
collagen on the surface stably unless the direct binding mode had already been formed [113]. The non-
specific adsorption of noncollagenous bone matrix proteins (NCPs) onto a titania interface was exam-
ined for the case of the adsorption of the a-1 domain of osteocalcin [115].

Fibronectin (FN) is a major component of the extracellular matrix in tissue, which influences cell
adhesion and migration through interactions with other extracellular components [116]. FN contains
the important cell-binding sequence — arginine—glycine—aspartic acid (RGD), which can serve as a
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primary attachment site for TiO,. To investigate the topographical dependency of FN adsorption, MD
simulations were employed to describe its adsorption behavior on nanostructured rutile (110) surfaces
(Fig. 15) [117]. It was found that the residence time of adsorbed FN was relied on its binding mode
(direct or indirect) with the substrate and the surface interior. In the direct binding mode, FN mole-
cules were found to be ‘trapped’ at the anchoring sites of the rutile surface, or even penetrate deep into
the interior of nanostructures, regardless of the initial configuration on the surface [117].

Figure 14. () MD snapshot of collagen interacted with the rutile surface via the water molecules near the sur-
face. (b) Adsorption conformation of the collagen segment interacted with the rutile surface directly via the hy-
drogen bonds between Lys and the rutile oxygen atom. Inserts show the bridging atoms along the (001) direc-
tions interacted with the Lys residues, respectively. Adapted from [113]. Copyright © 2013 Elsevier B.V.
All rights reserved.

Figure 15. Initial configurations of fibronectin on the rutile (110) surface with a protrusion. Adapted from [117].
Copyright © 2016 Elsevier B.V. All rights reserved.

Interaction of polymers with TiO, surfaces

Passivation of metal and metal oxide nanoparticles by polymer coating is the conventional ap-
proach to improve their colloidal stability and biocompatibility [118-122].

MD simulations of the interface between poly(ethylene oxide) (PEOs,) and TiO, were performed at
423 K using a quantum chemistry-based FF [123]. A representative model system, used for the FF
parameterization, consisted of a PEO monomer (dimethyl ether) complexed with the TiOsHy cluster. It
was found that the PEO density was significantly perturbed by TiO, surfaces so that layers of highly
dense polymer were formed that persisted up to 15 A from the surface. Conformational and structural
relaxations of the interfacial PEO were found to be dramatically slower than those of bulk PEO. It was
suggested that the surface structure and electrostatic interactions between PEO and TiO, governed the
nature of PEO relaxation at the TiO, interface [123]. Adsorption of poly(3-hexylthiophene) on the
nanostructured titania (110) rutile surface in vacuo was studied using MD simulations as a function of
local surface curvature and roughness [124].

Coating of TiO, with polyethylene glycol (PEG) is particularly convenient because it is inexpen-
sive, FDA-approved prevents opsonization from the immune system and therefore increases the in
vivo circulation time [125-127]. In addition, it has been reported that poly(vinylpyrrolidone) (PVP)
and PEG oligomers and may be used as co-adsorbents, which reduce electron recombination by the
effective coverage of vacant sites on TiO, surfaces that improve the performance of dye-sensitized
solar cells [128-129].
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C NMR measurements combined with dispersion-corrected density functional theory (DFT-D2)
calculations [130] and classical MD simulations were performed to determine the operating condition
that guarantee very high grafting densities of PEG on amorphous TiO,-NPs, which are desirable in any
biomedical application [131]. For TiO,, a simplified version of the MA FF model [132] was used,
while as for water, the TIP3P model was utilized. Polyethylene PEG was described with Generalized
Amber Force Field (GAFF). It was shown that classical and popular models of polymer conformation
on surfaces failed in determining the mushroom-to-brush transition point and proved that it takes place
only at a rather high grafting density value (Fig. 16) [131].

Figure 16. Final MD snapshots for the mPEGs,-TiO,-NP systems at different coverages (¢ in chain/nm®) in
water: (a) m=5, 6=0.255, (b) m=10, 0=0.440, (c¢) m=15, 6=0.676, (d) m=20, 6=0.901, (e) m=25, o=1.126,
(f) m=30, 6=1.351, (g) m=50, 6=2.252, respectively. Adapted from [131]. Copyright © 2019 American Chemical
Society.

Modeling of TiO, in Non-Aqueous Environment

Chemisorption of solvent molecules and ligands onto the TiO, surface may strongly affect its elec-
tronic structure [133]. For these reasons, growing interest has been focused on modeling and simula-
tion of TiO, in the non-aqueous environment [134-139].

Acetonitrile is commonly used as a polar organic solvent for Grétzel DSSCs. Schiffmann and co-
workers have studied the structure and dynamics of the anatase(101)-acetonitrile interface by com-
bined ab initio and classical MD simulations [134]. The CP2K simulation package and the Gaussian
plane wave (GPW) approach were employed to derive the empirical FF for the TiO,/acetonitrile inter-
actions. A rigid slab of TiO, was modeled in contact with neat acetonitrile. It has been found that the
strong dipolar interactions between acetonitrile molecules result in pronounced layering of adsorbed
molecules propagated further away from the interface to bulk solvent up to seven distinct solvent lay-
ers (~12 A). Each successive layer was characterized by an alternate orientation of the acetonitrile
dipoles. Such capability of the solvent to make a strong interaction with the TiO, wall rather than with
bulk solvent might have several significant practical effects, which, for instance, could lead to passiva-
tion of the solar cell surface [134].

Singh et al. examined the dynamics of ionic liquids (ILs) inside the nanopores of TiO, and sug-
gested that the pore size plays a crucial role in the determination of the macroscopic electrical resis-
tance of IL-bases DSSCs [135]. The object of their study was the interplay of the rutile wall, contain-
ing nanopores of various shapes, which were confined with 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [EMIM '] [TFMSI]. The previously developed all-atom force field
parameters [140] were used for modeling the cations [EMIM ] and anions [TFMSI ], respectively. The
authors were able to identify major factors, which influence on the interaction TiO,-IL: the IL density
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inside the nanopores, distances of the ions to the pore walls, as well as the effective pore size, pore
shape, surface roughness, and the surface density of electrical charges within the pore walls [135].

Recently, particular interest has been paid to studying the interaction mode between TiO, and vari-
ous ILs at the molecular level [136]. Dai et al. studied the role of interfacial hydrogen bonding be-
tween the TiO, slits of different widths and ethylammoinium nitrate (EAN), determining the orienta-
tion of nanoconfined IL ions on the (100) rutile surface by combining of MD simulations and vibra-
tional spectroscopy [137]. MD simulations were carried out with the NVT ensemble at T=353K by
using the all-atom FF for the EAN IL, developed by Acevedo and Tirado-Rives [141]. It was found
out that NH;" is more likely to adsorb to the TiO, wall than NO5". However, both NH;" and NO;™ tend
to be closer to the surface than CH;" ions, which could be explained by the hydrophilicity of the TiO,
slit. Moreover, the orientation of IL ions was depended on the width of TiO,, which significantly
affects the microstructure of the EAN: the smaller is the TiO, wall, the stronger is hydrogen bonding
of NH;" with the TiO, surface that results in lying down of cations along the TiO, wall. The increase
of the width of the slits leaded to decreasing of the hydrogen bond strength and proportion between IL
and TiO, and, consequently, to the interfacial reorientation of IL ions [137].

Malali and Foroutan have studied the ionic liquid droplets containing 1-butyl-3-methylimidazolium
and fluorophosphate on the rutile (110) surface by MD simulations [142]. Using the OPLS-AA FF
customized for ionic liquids [141], it was found that the closest surrounding of IL to the nanosurface
could be represented by two differently oriented layers of cations. The imidazolium rings are parallel
to the surface in the first layer, and they tend to orient perpendicular to the surface in the second re-
gion. Such orientation creates some vacancies and empty spaces between these two layers, making the
spherical shape gaps, which favors the IL becomes non-wetting at the upper layers of the droplets
[142]. Consequently, such non-wetting behavior depends on the covering with a full layer of cations,
but not on the density on the TiO, surface and this effect of the interaction energy of the substrate on
ionic liquids leads to a circular configuration of ions in the center of the ionic liquid droplet (Fig. 17).

Figure 17. Schematic image of the arrangement of IL ions on the substrate surface: (a) placement of a cation
parallel to the surface; (b) placement of a cation perpendicular to the surface; (c) placement of an anion on the
surface. Color code is as follows: a fluorine atom is shown in orange, phosphorus atoms in green; hydrogen
atoms in white, carbon atoms in /ight gray, nitrogen atoms in dark blue, oxygen atoms in red, and titanium atoms
in light blue. Adapted with permission from [142]. Copyright © 2017 American Chemical Society. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

To investigate the electrostatic potential in the vicinity of the TiO, surface, Mohammadpour et al.
have studied two ILs of the hydrophilic nature, 1-butyl-3-methylimidazolium tetrafluoroborate
([Cymim][BF4]), 1-butyl-3-methylimidazolium chloride ([C;mim][Cl]) and one IL of the hydrophobic
nature, 1-butyl-3-methylimidazolium hexafluorophosphate ([Cymim][PF¢]) (Fig. 18a), in the aqueous
environment confined between of amorphous slit nanopores [143]. The MD simulations have been
performed in an NVT ensemble at 300 K by using the GROMACS package. The modified OPLS-AA
parameters for [Cymim][BF,], [Csmim][Cl] and [Csmim][PF¢] ILs were taken from [141].

The authors have found that the behavior of IL ions inside the nanopores differs significantly from
the adsorption behavior at the TiO, anatase surface so that the extent of an ion-pairing lifetime under
such nanoscale confinement is substantially lower than its value found in the bulk solution. The
asymmetric distribution of confined IL ions inside amorphous walls was attributed to the formation of
ion-pairs (Fig. 18b-f), whereas there is a more homogenous-like distribution of cations and anions
inside anatase pores. It has been suggested that the ion-pairing decreases in dilute aqueous mixtures of
these ILs [143].
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Figure 18. (a) Structures of ILs: [Cymim][BF,], [Cymim][Cl], and [C4mim][PF¢], respectively. Snapshots of the
aqueous mixtures of [C,mim][Cl] with different concentrations confined inside two amorphous TiO, walls with

a 10 nm size pore after 20 ns: () 50, (c) 40, (d) 30, (e) 20 and (f) 10 ion-pairs, respectively. Adapted from [143]
with permission from The Royal Society of Chemistry.
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Considering the fact that a key element of any DSSC devices is the TiO,/electrolyte interface,
Kislenko et al. have studied the influence of different electrolytes (lithium ion (Li"), 1,2dimethyl-3-
propylimidazolium (DMPIM"), tetrabutylammonium (TBA") as a cation and iodide ion (I') as an an-
ion) (Fig. 19) on the formation of the anatase (101) double-layer structure in acetonitrile media [144].
Acetonitrile was described with the model proposed by Nikitin ez al. [145]. The Amber94 FF was used
for the TBA" cations. FF parameters for DMPIM" were taken from the work of Liu et al. [146],
whereas some missing FF parameters were derived by ab initio calculations. Finally, the interaction
potentials between TiO,, acetonitrile, and IL ions were adapted from the earlier works of Schiffmann
etal. [134].

It has been found that the physicochemical properties of such systems differ significantly, because
of different size, symmetry, rigidity, and adsorptive properties of each cation. In the case of Li", which
is prone to adsorption and intercalation, ions in bulk tend to aggregate in pairs, triplets, and larger clus-
ters, representing chains of alternating Li" and I™ ions, which leads further to decrease of their diffu-
sion. In the case of DMPIM", the formation of ion pairs and ion clusters of irregular shapes were ob-
served, while the aggregation of TBA" ions in bulk was not frequently occurred, because of its low
absorptiveness. The acetonitrile molecules form a self-assembled monolayer on the TiO, surface, pre-
venting adsorption/desorption phenomena for electrolytes. However, it has been pointed out that the
adsorbed I anions produce local “defects” in the solvent monolayer, which creates adsorption “chan-
nels” for Li" and DMPIM" cations and results in the formation of the adsorbed ion pairs [144].

anatase (101)
acetonitrile monolayer

Figure 19. Snapshots of the MD simulation boxes with the electrolytes containing different cations:
Li" (a), DMPIM" (b), and TBA" (c). Adapted with permission from [144]. Copyright © 2013 American Chemi-
cal Society.
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MD Simulations of TiO, Nanoparticles

Amorphous TiO, Nanoparticles

Despite many advantages and popularity of the MA force-field of TiO, in material science model-
ing, its functional form has rather limited transferability to conventional biomolecular MD simula-
tions. The majority of popular MD packages, such as GROMACS, ABMER, NAMD, etc., have well-
documented FFs and numerous libraries of interaction parameters customized for describing the van
der Waals interaction between atoms by the modified Lennard-Jones (LJ) potential (2). To overcome
this difficulty, Zhou and co-workers [132] have re-parameterized the MA FF parameters for TiO, by
fitting of the Buckingham potentials for TiO, with the Lennard-Jones one (Fig. 20 and Table 2).
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Figure 20. (a) Refitting of the Buckingham potential by the Lennard-Jones potential (2) for van der Waals mod-
eling in the TiO, solid. (b)-(d) Radial distribution functions g(r) for Ti-Ti (b), Ti-O (c), and O-O (d),
respectively. Adapted from [132]. Copyright © 2015 AIP Publishing LLC.
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Table 2. Parameters of the Lennard-Jones potential (2) suitable for modeling of amorphous TiO, [132].

Interaction & (kJ/mol) i (nm)
Ti-Ti 2.4244 0.220
Ti-O 1.7723 0.272
0-0 1.2958 0.324

The customized FF parameters, adopted to the LJ form, were tested in MD simulating of the bulk
structure of TiO,, water interaction, and the adsorption of the C-terminal (from Metsqg to Glusse) frag-
ment of the human serum albumin (HSA) at a spherical TiO,-NP [132].

Covalently Bound Models of Ti-O Interaction

A bonded FF, based on ab initio potentials, has been developed for interactions of water molecules
with the (110) surface of rutile TiO, surface slabs [32]. This FF was suitable for atomistic MD simula-
tions of the interfacial structure of the uncharged surface in contact with liquid SPC/E water and nega-
tively charged surfaces in contact with dissolved electrolyte ions (Rb", Sr**, Zn*', Na', Ca*, CI)
[32-33,147].
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TiO, Nanoparticles

Recent progress and achievement in MD simulations of physicochemical properties of TiO, nano-
materials have been reviewed elsewhere [6]. Here, we provide the most significant advances and criti-
cal examples in this field.

MD simulations of isolated TiO,-NPs in the three characteristic morphology (anatase, brookite, and
rutile) have been reported, in which FF parameters were developed based on the MA force-field and
fine-tuned with simulated X-ray diffraction data [19]. It has been suggested that the Ti-O bond length
was found to be dependent on the coordination environment of Ti and independent of morphology and
the size of NPs. The equilibrium Ti-O bond length for a titanium ion was assigned to be 0.186 nm for
a four-coordinated ion, 0.192 nm for a five-coordinated ion, and 0.194 nm for an octahedral Ti ion,
respectively [19]. Fig. 21 shows MD snapshots of 3 nm size NPs of quasi-spherical anatase and rutile
NPs, respectively.
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Figure 21. Snapshot of the unrelaxed (leff) and relaxed at 300 K (right) structures of 3 nm anatase and rutile
Ti0,-NPs. Adapted with permission from [19]. Copyright © 2005 American Chemical Society.

To get a better understanding of the size TiO, nanoparticles below which anatase NPs become
more stable than rutile NPs (crossover diameter), MD simulations of TiO, nanoparticles were per-
formed based on the MA potential [22]. Sintering-induced phase transformations between various
polymorphs, such as anatase and rutile, were considered. It was found that phase transformation be-
tween anatase and rutile phases was facilitated by enhanced ionic mobility at temperatures near
1473 K, corresponding to the melting point of the NPs. The final sintering agglomerate transformed to
the rutile phase provided one of the sintering NPs was rutile, while sintering of anatase and amorphous
nanoparticles resulted in a brookite agglomerate. No such phase transformations were observed at
temperatures away from NPs melting temperatures [22].

Alimohammadi and Fichthorn used MD simulations to study the aggregation of various TiO, (ana-
tase) nanocrystals in vacuum [24]. They found that the aggregation occurred during the picosecond
time-scale (Fig. 22). It was not driven by dipole-dipole interactions so that higher-order multipole
moments were suggested as the driving force for the preferential alignment of TiO,-NPs. These high-
order multipole moments originate from under-coordinated O and Ti surface atoms on the edges be-
tween nanocrystal facets, which create localized regions of positive and negative charge [24].

MD simulations of the aggregation behavior of amorphous spherical TiO, of the size 6 nm were
examined at 350 K and 1400 K by using the MA force-field [148]. Some localized atomic rearrange-
ments were found to induce preferential crystallization near the surfaces of the NPs.
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100 ps

160 ps 1000 ps
Figure 22. Snapshots of the aggregation of the large symmetric anatase-NPs taken at different simulation times.
Adapted with permission from [24]. Copyright © 2009 American Chemical Society.

The deposition of amorphous TiO,-NP of the size 3 nm onto a flat rigid TiO,(B) nanocrystal sur-
face was studied by using spatially resolved pulsed laser deposition combined with MD simulations to
gain insight into the binding dynamic and the structural behavior of TiO,-NP [149]. The simulations
were based on the MA potential and carried out at discrete temperatures of 673 K, 873 K, and 1073 K,
respectively. MD simulations revealed that an amorphous TiO,-NP was attached to the surface within
a picosecond time scale, during which some interdiffusion of its atoms into the topmost layer of the
TiO,(B) crystal occurred. Starting from a metastable amorphous nanoparticle with 8% TiOs octahedra,
the TiO,-NP tended to crystallize within the next 2 ns so that the Ti atoms have formed octahedral
oxygen bonds [149].

Quantum-Chemical Calculations of Dye-Sensitized TiO,

Dye-sensitized solar cells (DSSC), which are based on dyes adsorbed (or covalently connected) on
the surface of TiO,, have been intensively studied in recent years [150]. High efficiency of solar en-
ergy conversion, low cost of structural elements, and production of solar cells made them attractive for
researchers. Many organic dyes have been studied as constituent elements of DSSC and the relation-
ship between chemical structure and performance of corresponding solar cells has been intensively
investigated [150]. In the current section, we present a brief description of the operational principle of
DSSC. A more detailed overview can be found elsewhere [151-155].

The main constructive elements of DSSC are an organic dye and a TiO, semiconductor (Fig. 23).
An organic dye (usually m-conjugated system) contains two structural parts connected by a bridge: a
donor and an acceptor. The acceptor moiety is linked to the surface of the semiconductor.
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Figure 23. Schematic representation of a donor-acceptor DSSC system.
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The generation of photocurrent in DSSC can be described in the following way. An organic dye in
the ground state (S) absorbs the solar radiation and generates an electronically excited state (S*).
S+hy =8* 3)
The photoexcited electron is localized at an acceptor part of a dye. After that, the excited state S*
injects the electron into a conduction band of TiO,.
S*—>S" +e, 4)
e +TiO, —» e (TiO,). 5)
The oxidized dye (S™) regenerates the ground state by I~ ion (mediator).
S"+e —S. (6)
The performance of a DSSC element is characterized by several important parameters. First of all,
it is a solar energy-to-electricity conversion yield (7(%))
V. J FF
77(%) _ _oc ISC ,

where V__ is open-circuit voltage of the cell (can be obtained as a difference between the Fermi level

(7

0

of semiconductor and a redox potential of a mediator), J¢.- photocurrent density at short circuit,

FF = (0-1) is a fill factor, and I is the intensity of the incident light.

Another important parameter is IPCE (incident Photon-to-Current conversion efficiency). It is de-
fined as the number of electrons flowing through the external circuit. The IPCE can be calculated in
the next way:

IPCE(A1) = LHE(1)- @, - D, (®)
where LHE (light-harvesting efficiency) can be obtained using oscillator strength (f) directly from
quantum chemistry calculations of electronic spectra. The CDinj and @, are measures of the effi-

ciency of electron injection and collection through a photovoltage cycle.
LHE =1-10"". )
In addition, a lifetime of the excited state (7,) can be an important parameter as soon as long-term

stability may lead to more effective charge transfer.
r,=C/fE’, (10)
where E — the energy of excitation to the target state and C — a constant value.

It is clear that the light conversion efficiency of a DSSC element is heavily influenced by the
chemical structure of a dye. It is why quantum chemical calculations play an important role in the
investigation and development of high-performance DSSC devices.

During the last decade, the complexes “organic dye—TiO,” were intensively studied by using dif-
ferent level quantum chemistry (ab initio) methods. The main problems of such studies are connected,
firstly, with the necessity to consider large and “heavy” systems, and secondly, the study of spectral
characteristics usually requires rather sophisticated methods. In recent years, many works have been
devoted to the study of the electronic structure, geometry, and effects of energy transfer in "organic
system—Ti0O," complexes. In the present review, we consider the essential articles only, in which, be-
sides the actual computational data concerned with specific molecular systems, the general theoretic
methodological aspects were discussed as well.

TiO; is one of the most investigated single-crystalline systems. The geometrical structure and prop-
erties of rutile and anatase surfaces are described in detail in many reviews (see, for instance, [156]).
The results of quantum chemical calculations for TiO, are presented in a series of articles. Among the
most interesting works in this field is the article [157], where the quantum chemical calculations for
cluster models (TiO,), (rutile n=20, and anatase n=92) were performed. Different structural and elec-
tronic properties were obtained by using several quantum chemistry approaches. Among them, the
semiempirical PM6 method, Hartree-Fock (HF), DFT (BLYP, B3LYP, PBE, PBEO, CAM-B3LYP,
and ©B97 functionals) approaches. The LANL2DZ basis set was used. The presented data demon-
strated significant sensitivity of some critical parameters of the electronic structure to the chosen func-
tional. However, the parameters of the electronic structure demonstrated small sensitivity to the geo-
metrical structure optimization method. For instance, the values of the HOMO-LUMO gap (HL) ob-
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tained using the B3LYP functional vary by only 0.08 eV for differently optimized structures (different
DFT functionals were used for optimization). Surprisingly, the HL gap, obtained, for instance, with
B3LYP and CAM-B3LYP, differs by as much as 2.91 eV! Also, the performance of different ex-
change-correlation functionals for calculations of rutile and anatase was compared in ref [158].
Another structural aspect of anatase TiO, NPs was discussed [159]. In this study, the nanospheres

and nanocrystals of various sizes were compared (Fig. 24). The HSE06 functional, which is consid-
ered as the best suited to describe semiconductors, was used. The comparison of HSE06 with the stan-
dard B3LYP functional was also presented. Faceted and spherical nanoparticles have been cut from
the bulk anatase crystal (Fig. 24a-b). The initial geometry of anatase was derived from DFT calcula-
tion. It was shown that the calculated surface energies for NPs higher than for a regular surface. In
general, it was demonstrated that these NPs have essentially different structural and electronic proper-
ties.
BT,
B Ti;,
B i,
B Ti, OH

Ti; OH
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B Ti, (OH),
W Ti, (OH),
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Figure 24. (a) Top: Space-filling representation of the faceted anatase NPs and the corresponding schematic
representation of the Wulff-shape decahedron with its parameters A, B, and H. Botfom: Space-filling representa-
tion of the spherical anatase NPs and the corresponding schematic representation of the sphere with radius RM.
The HSEO06 optimized nanostructures are shown. The surface-to-bulk % ratio and the stoichiometry of each NP
are indicated on the side of the model. (b) The position of the Ti atoms with different coordination spheres
within the various NPs is visually shown by the color-coding indicated on the right side. Adapted with permis-
sion from [159]. Copyright © 2015 American Chemical Society.

The electron and geometrical structure of TiO, nanocrystals with an excess of electrons introduced
by defects were investigated in [160]. The spin-polarized variant of the DFT theory and the exchange-
correlation functional HSE06 were used to characterize the electronic properties of the nanocrystals.
The various oxygen and titanium atom (interstitial) defects were created by removing an O atom (for
oxygen vacancy), and Ti was inserted into interstitial location between oxygen atoms (Ti;, defect).
According to the presented data, the oxygen vacancy demonstrated similar stability at the surface and
sub-surface sites, whereas Ti,, was more stable at sub-surface sites. In general, the result of the study
reveals the possibility of tuning the band structure through defects.

A water-TiO, (anatase) interface was investigated in [161-162]. The calculations were performed
by using a semiempirical variant of the DFT theory. Namely, the tide binding model, as an approxi-
mate DFT method (DFTB), was used for large cluster calculations. The DFTB method is more than a
thousand times faster than the conventional B3LYP approach. Thus, the DFTB method can be used to
calculate large clusters composed of thousands of atoms. The test calculations that were performed in
[161-162] showed a rather good correspondence between the geometric parameters (water molecules
and anatase slab cluster) obtained by the DFTB method and those obtained by the DFT/PBE method.
In general, it proved that the DFTB set of parameters was able to reproduce the main features of the
Ti/(water multilayers) interface with the DFT accuracy. However, it was pointed out that the DFT
level of theory is still required when the electron excitations and electron transfer were under investi-
gation. The benchmark study of DFTB against DFT is given in [163].

The accuracy of quantum chemical calculations of excited states was recently discussed in [164].
The results of the time-dependent DFT theory (TD-DFT) were compared with the equation of motion
coupled-cluster singles and doubles (EOM-CCSD) data for rather small (TiO;), with n varying
from 1 up to 13 clusters, respectively. High-quality basis sets were used, such as def2-SV(P),
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def2-TZVP, and def2-TZVPP, respectively. According to the computational data of the TD-DFT (with
different functionals used) and EOM-CCSD methods demonstrated qualitatively similar results for
excitation energies of TiO, NPs. However, for systems with a significant charge-transfer character, the
standard functionals (e. g. B3LYP) demonstrated a rather poor agreement with the exact EOM-CCSD
approach [164]. Such a situation can be illustrated by the data presented in Table 3.

Table 3. Excitation energies (in eV) for the four lowest states ((Ti0,); cluster, C; symmetry) [164].

Ne def2-TZVP def2-SV(P) def2-TZVPP
State B3LYP CAM- B3LYP BHLYP EOM-CCSD EOM-CCSD

1 333 3.78 429 3.48 3.69

2 3.49 3.91 4.41 3.59 3.80

3 3.56 421 4.57 3.94 4.11

4 3.71 4.33 4.68 4.02 4.20

One can see from Table 3 that the best quantitative agreement between TD-DFT and EOM-CCSD
(with the best basis set def2-TZVPP) was achieved for the CAM-B3LYP functional, while B3LYP
demonstrated the rather poor accuracy [164].

The results of quantum chemical calculations of dye-sensitized TiO, complexes are presented in
numerous publications [165-170]. The range of dyes used for DSSC elements is amazing with its vari-
ety [171-178]. Some selected studied dyes used in solar cells are shown in Fig. 25. Beyond this list,
many dyes are continuously designed as donor-acceptor m-conjugated systems based on coumarin,
polyene, cyanine, thiophene, indoline, xanthene, perylene, porphyrin, and boron dipyrromethenes
(BODIPY), etc. The corresponding reviews of organic dyes used for DSSC can be found elsewhere
[151,155,165,179-180].

Some essential structural and electronic criteria, which required (but not sufficient) for a dye to
generate a photocurrent upon adsorption on a semiconductor surface, have been suggested as follow-
ing [165]:

e The anchoring group should be positioned on the electron-accepting group.

e The HOMO and LUMO of the dye should be energetically above the valence band edge
(VBE) and the conduction band edge (CBE) of the semiconductor, respectively.

e The absorption spectrum should significantly overlap with the solar spectrum.

e The transition involved in the photoconversion phenomenon should have a high intensity.

e The fluorescence lifetime should be sufficiently high (above the nanosecond time scale)
to allow an electronic injection to the semiconductor from the excited state of the dye before
quenching of the excited state by radiative decay.
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Figure 25. Structures of selected dyes: indolines (D131, D102 [181], and D149) [182], eosin-Y [176], pyridin-
ium-based dye P1 [166], N3 (cis-[Ru-(4,4"-COOH-2,2"-bpy),(NCS),]) [175], respectively. Adapted with permis-
sion from [165]. Copyright © 2012 American Chemical Society.
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One of the most interesting works concerned dye-TiO, complex is the article [183]. Herein indi-
cates that even for rather simple n-systems, the interaction with TiO, particles may lead to substantial
changes in their optical properties. The catechol and dopamine molecules (Fig. 26a) in contact with
Ti0,-NPs were studied. Three modes of connection with TiO, were discussed. The bidentate mode
corresponds to the connection of the molecule with two Ti sites via two oxygen atoms (Fig. 26b). The
chelate mode is a connection of a molecule with a single Ti site via two oxygen sites. The monoden-
tate mode corresponds to the connection of a molecule with a single Ti site, which is realized via a
single oxygen site (Fig. 265). The TD-DFT/CAM-B3LYP/6-311+G* approach was used for an ade-
quate description of charge-transfer excitations. It was demonstrated that the interacting systems show
the redshift of the absorption compared to isolated molecules and clusters. The calculation of natural
orbits indicates the significant charge-transfer character of the excitations [183].

Adsorption modes

1.36 1.38
. i - .
TioTi i 1T

catechol dopamine bidentate chelate monodentate
Figure 26. (a) Schematic representation of catechol and dopamine. (b) Possible adsorption modes of catechol.
Adapted with permission from [183]. Copyright © 2016 American Chemical Society.

Based on synthesized polycyclic 9,14-dihydro-4H-dithieno[2',3":2,3;3",2":10,11]-piceno[1,14,13,12-
bedefgh]carbazole (DTPC) the in silico analysis and design for suitable electron withdrawing struc-
tures was performed [184]. The electronic structure calculations have been performed by using the
B3LYP and MPWIK functionals with the 6-311G(d,p) basis set. The molecular structure of investi-
gated systems is typical for a dye used in DSSC elements (Fig. 27). Here the main part of a molecule
is electron donor fragment, while X is an electron acceptor. The carboxylic acid that was attached to
acceptor group X is an anchoring group since this group can provide strong dye-TiO, adsorption
[184]. Geometry and electronic structure of the ground and excited states for systems with different X
(Fig. 27) was predicted by means of the DFT method. The calculated by using functional B3LYP
maximum absorption wavelength for parent dye (Ay. =596 nm) agreed well with known experimental
data (Apax=609 nm) [184].

Figure 27. The molecular structure of the parent dye studied in [184].

The most critical parameters that influence the DSSC device performance were calculated. Among
them, the LHE (light-harvesting efficiency), the number of injected electrons, the electron-injection
lifetime, and the quantum-energy alignment of the adsorbed dye molecule to TiO, components. The
results of work demonstrated that by modifying the acceptor group (X) the optical properties of dyes
and the energy alignment of dye—TiO, structure could be tuned [184].

The effects of electron donor group on electronic and optical properties of arylamine-based dyes
for DSSC were investigated in [185] (Fig. 28). DFTB optimized geometries of a dye and dye-TiO,
conjugates were used for TD-DFT excited states calculations. The following functionals were used:
CAM-B3LYP/3-21G(d), LC-oPBE/6-31+G(d), and mPWDandHPW91/6-31G(d), respectively. The
results show that the functional ®PBE/6-31+G(d) with the damping parameter of 0.175 au™ provides
the best agreement with experimental values. New rigid triarylamine based dyes were designed. Some
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critical parameters, such as (%) and LHE, as well as other characteristics, were calculated. It was
demonstrated that the investigated optical properties of new systems match with the requirement of an
effective sensitizer [185].

DIA3 hv Dhk4

Enhanced D-z-A coplanarity
improves charge-transfer property

TiO, ‘
Semiconductor

Figure 28. Schematic illustration demonstrating that new dye Dhk4 was designed by modifying the rigidity of its
donor moiety via altering the type and position of binding in the donor group. This structure modification leads
to distinct planarity of the dyes, which significantly affects its properties so that Dhk4 dye showed more red-
shifted and broadened absorption spectra owing to the enhanced coplanarity between its donor and n-bridge
moiety, as compared with a parent dye DIA3. Adapted with permission from [185]. Copyright © 2016 American
Chemical Society.

In the ref. [186], the effects of various anchoring groups on the electronic coupling of dye-to-TiO,
were investigated by means of ab initio and molecular dynamics simulations. The set of anchoring
groups includes the following structures: carboxylic acid (-COOH), biscarbodithiolic acid (-CSSH),
phosphonic acid (—-PO(OH),), sulfonic acid (—SOs;H) and hydrixamic acid ((CONHOH), respectively
(Fig. 29a). The TD-DFT/PBE0/6-31G(d,p) with the PCM model for tetrahydrofurane solvent was used
for excited-state calculations. It was shown that different anchoring groups give noticeably different
contributions to LUMO. For instance, the contribution of a CSSH group is more significant than that
of the COOH moiety. Hence, the CSSH group is favorable for electron injection from a dye to TiO..
Also, the effect of anchoring groups on an aggregation of a dye was investigated by MD simulations
(Fig. 29b).
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Figure 29. (a) Sketch structures of investigated dyes and corresponding anchoring groups. (b) A graph of the
adsorption configuration of a head-to-head stacking dimer of the dye with the anchoring moiety COOH onto the
TiO,(101) surface, indicating two possible routes for electron transfer: (i) electron injection from a dye to TiO,
and (ii) dye-to-dye electron migration, respectively. Adapted with permission from [186]. Copyright © 2017
American Chemical Society.
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In addition, the role of anchoring modes in adsorption of retinoic acid (RA) Fig. 30a on TiO, was
studied by DFT calculations [187]. Three anchoring modes of RA, which contains a carboxylic acid
group, were considered, as shown in Fig. 305.

Surface of TiO,

Figure 30. (a) Structure of retinoic acid (RA). (b-d) Three anchoring modes of a carboxylic acid group of RA on
the surface of TiO,: (b) the carboxylic acid group loses a proton and forms two coordination bonds with two
surface Ti atoms of TiO,; (¢) the carboxylic acid group loses a proton and forms one coordination bond with one
surface Ti atom of TiO, and one hydrogen bond (H-bond) with a Ti—OH group on the surface of TiO,; (d) the
carboxylic acid group does not lose a proton and forms one coordination bond with one surface Ti atom of TiO,
and one H-bond due to the interaction between the OH group of the carboxylic acid group and the bridging oxy-
gen atom on the surface of TiO,. Optimized structures of RA adsorbed onto a (Ti0,)¢ cluster by various anchor-
ing modes: (e) anchoring mode b, (f) anchoring mode ¢, and (g) anchoring mode d, respectively. Adapted with
permission from [187]. Copyright © 2019 American Chemical Society.

The analysis of the B3LYP/6-31G(d) optimized structures revealed (Fig. 30b) that among the three
anchoring modes, the mode ¢ involving surface Ti—OH groups was suggested to have the highest driv-
ing force for photo-induced electron transfer. In this bound geometry, the mixing between the RA’s
LUMO and the conduction band states of TiO, was also the highest. The calculated results were sup-
ported by EPR measurements, which showed enhanced light-driven charge separation upon increasing
the density of the Ti—OH groups on the surface of TiO,. It was found that the anchoring modes af-
fected the bond length, degree of conjugation, energies of the HOMO and LUMO, and the mixing of
the dye’s excited states with the conduction band states of a semiconductor (Fig. 30e-g).

The influence of the chemical environment at the electrolyte/dye/TiO, interface on the adsorption
geometries and electronic properties of a dye adsorbed on TiO, was considered by first-principles
calculations [188]. Various adsorption modes of a series of organic dyes (Fig. 31a-b) on the (101)
surface of anatase TiO, were examined in the absence and the presence of explicitly coadsorbed sol-
vent (water or acetonitrile) molecules. Periodic DFT calculations were carried out within the general-
ized gradient approximation (GGA) using the PBE exchange-correlation functional [188]. It was
found that coadsorbed solvent molecules introduced important modifications on the dye adsorption
geometry with respect to the geometry calculated in vacuo (Fig. 31¢-f). In particular, the bonding dis-
tance of the dye from the Ti anchoring atoms increased, whereas the adsorption energy decreased.
Moreover, the adsorbed solvent induces the deprotonation of the dye due to the changing the acid/base
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properties of the system. Analysis of the electronic properties for the dye-sensitized TiO, structures in
the presence of coadsorbed solvent molecules revealed an upward shift in the TiO, conduction band
from 0.5 up to 0.8 eV in acetonitrile [188]. It should also be noticed that a similar shift of the TiO,
conduction band was estimated for a solvent monolayer on unsensitized TiOs.
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Figure 31. (a) Chemical formulae of the investigated molecules: benzoic acid [BA], 2-cyano-3-phenyl-acrylic

acid ([CA]), and 4-(diphenylamino)phenylcyanoacrylic acid [LO]. (b) Schematic representation of the considered

adsorption modes of [LO] on a TiO, anatase (101) surface. (c-f) DFT optimized adsorption structures of [LO]:

bidentate (c); molecular monodentate (d-f). Adapted with permission from [188]. Copyright © 2012, American
Chemical Society.
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Figure 32. (a) Molecular structures of coumarin-based dyes. (b) Isodensity surfaces (0.02 e/bohr’) of the HOMO
and LUMO orbitals of the dyes adsorbed on the TiO, nanocluster (Ti,4Os0Hy4) calculated with the B3LYP func-
tional and a combined basis DZVP/LANL2DZ and modeled in PCM-water. Adapted from [169].
Copyright © 2013 MDPI (Basel, Switzerland).

A joint experimental and computational study of the optical and charge transfer properties of D102
dye in the presence of Li-TFSI and EMIM-TFSI additives, as well as at the dye-sensitized TiO2 inter-
face, was reported [181]. Experimental UV adsorption spectra showed that the spectral shifts of D102
are negligible for the dye in solution. However, upon moving to the TiO, film these additives resulted
in some slight red-shifts in spectra, accompanied with the appearance of a lower-energy shoulder in
the absorption spectrum. B3LYP/6-311G** and PBE0/6-311G** calculations showed the formation of
weak dye/additive complexes in solution and also predicted spectral red-shifts. Moreover, the strong
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effect of these additives on the electronic coupling between the dye's LUMO and the TiO, conduction
band states, approximated by (TiO,)s (101) two-layer anatase slab [181].

The systematical theoretical study of seven D—A—n—A-based indoline (IND) dyes (Fig. 33a) was
comprehensively investigated via quantitative-structure—property relationships to evaluate their pros-
pect of application in DSSCs [195].
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Figure 33. (@) Chemical structures of seven IND dye-sensitizers with D—A—n—A framework. Colored boxes are

indicating constituents of the framework. Blue (D), green (A or internal acceptor), red (A or cyanoacrylic acid),
and the fragment in between red and green box is the n-spacer, (b-c) Fully relaxed optimized geometry of the
model TiO, cluster (Ti;s034Hy4) and the IND2/TiO,-cluster with bridged bidentate mode, (d) Energy alignment of
the IND dyes with respect to TiO, along with the CDD of the dyes/TiO,-cluster complex and CB of TiO..
Adapted with permission from [195]. Copyright © 2019 American Chemical Society. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Optoelectronic properties of the isolated dye and dyes adsorbed on a TiO, cluster were explored by
DFT (B3LYP and CAM-B3LYP with a combined 6-31G(d,p)/LANL2DZ basis set) and TD-DFT
methods (Fig. 33b-c¢). Light absorption spectra, vertical dipole moment, shift of the conduction band of
the semiconductor, excited-state lifetime, a driving force of electron injection, the photostability of the
excited state, and exciton binding energy were computed. The authors showed that the presence of an
internal acceptor such as pyrido[3,4-b]pyrazine would influence greater the open-circuit voltage (Voc),
compared to the benzothiadiazole moiety (Fig. 33d). Considering the balance between the Voc and Jsc
(short circuit current), the IND3, INDS, and IND10 dyes were suggested as the most suited to be util-
ized as potential candidates for DSSC [195].

Different mechanisms for electron injection in DSSC are discussed in ref. [196]. The aim of work
was to investigate structural aspects of a dye, which lead to specific electron injection to TiO, mecha-
nism. The classification of sensitizers was proposed. Type I of sensitizers corresponds to the indirect
mechanism. For these systems, the orbitals involved in excitations mainly localized in the molecule.
Type Il is characterized by virtual orbitals mostly localized on a dye that appears well into the conduc-
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tion band of the semiconductor. These orbitals are formed via the interaction of d,; orbitals of Ti atom
and p-orbitals of the oxygen atom of the dye [196].

A series of Ru(Il)-based dyes, labeled as N dyes, such as N3 (Fig. 25), N719, N749, etc. have be-
come prototypical benchmark systems for ab initio calculations sensitizing effect to TiO, [197-199].
Earlier computational investigations of the absorption spectrum and the alignment of the ground and
excited state energies for an N719 dye, adsorbed on an extended TiO, anatase slab exposing the major-
ity (101) surface, were carried out by DFT/TDDFT calculations (Fig. 34a) [198]. The geometry of the
dye-TiO, conjugate was optimized by using the PBE exchange-correlation functional together with a
plane wave basis set and ultrasoft pseudopotentials [199]. TDDFT calculations were performed on the
optimized geometries, employing the hybrid B3LYP functional with a 3-21G* basis set. A polarizable
continuum model of solvation (C-PCM) was employed to treat the effect of the surrounding water
solvent. It was found that the calculated and experimental absorption spectra for the dye-TiO, conju-
gate were in excellent agreement with an absorption maximum deviation below 0.1 eV (Fig. 34b). The
lowest optically active excited state was found to lie ca. 0.3 eV above the lowest TiO, state. The latter
was characterized with a sizable contribution from the dye n* orbitals, strongly mixed with unoccu-
pied TiO, states (Fig. 34c). Therefore, an ultrafast electron injection component was predicted on the
basis of the strong coupling and of the matching of the visible absorption spectrum and density of TiO,
unoccupied states (Fig. 344d).
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Figure 34. (a) Optimized structure of the N719 dye with two protons and no counterions adsorbed on the
(TiOy,)s, slab. The position of the two protons is denoted by the dotted circles. (b) Comparison between the ex-
perimental (red) and calculated (blue) absorption spectra of N719 on TiO,. For clarity, the experimental spec-
trum intensity has been normalized to the calculated absorption maxima. Blue vertical lines represent unbroad-
ened transition wavelengths and oscillator strengths. (¢) Isodensity plots of the HOMO and LUMO+11 of the
N719-TiO, conjugate. Bottom: Charge density difference between the ground state (Sy) and the S excited state.
A blue (yellow) color signifies and increases (decrease) of charge density upon electron excitation.
(d) Left: alignment of the ground and excited-state energy levels for the N719-TiO, conjugate. Right: the calcu-
lated density of unoccupied TiO, states, aligned to the energy of the lowest TiO, state in the conjugate. Adapted
with permission from [198]. Copyright © 2011 American Chemical Society. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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Successes, failures, and challenges of quantum chemical calculations of excited states and align-
ment of energy levels in dye-sensitized solar cells were critically analyzed in the context of the poten-
tial and limitations of current DFT and TDDFT computational methods to model DSCs [197]. Pastore,
Fantacci, and De Angelis considered the ground and excited-state properties of both isolated and TiO,-
adsorbed metallorganic and fully organic dyes, relevant to modeling the dye—semiconductor electron
injection process. By reviewing previous data from their laboratory, combined with new calculations
(Fig. 35a-b), they suggested that ruthenium dyes are typically accurately described by standard DFT
approaches [165,197-198]. However, in the case of highly conjugated organic dyes, which are often
characterized by strong charge-transfer excited states, some specifically tailored exchange-correlation
functionals, such as CAM-B3LYP, are required. It was shown that for donor—acceptor organic dyes, a
simple picture based on the dye lowest unoccupied molecular orbital (LUMO) broadening accounts
for the different interfacial electronic coupling exhibited by dyes with different anchoring groups. It
was also concluded that the explored DFT/TDDFT functionals, such as B3LYP, MPWIK, and
CAM-B3LYP, estimate a balanced description of the dye-TiO, excited states and of the alignment of
the dye excited states with the semiconductor manifold of unoccupied states with different accuracy
(Fig. 35¢) [197].
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Figure 35. (¢) Molecular structures of a JK2 dye, containing a triphenylamine(TPA)-like donor
(N,N-bis(9,9-dimethylfluorene-2-yl)phenyl) with a cyanoacrylic acid as an anchoring unit, and a D102 dye, con-
taining indoline and rhodanine-3-acetic acid as electron donor and acceptor groups. (b) Optimized geometries of
JK2-(TiO,);3 and D102-(TiO,)s5. (¢) Scheme of the energy levels of the D102-TiO, system calculated by the
B3LYP, MPWIK, and CAM-B3LYP functionals in the PCM water solution. The dye’s LUMO is represented
through the dye’s projected density of states (PDOS). Adapted with permission from [197]. Copyright © 2013
American Chemical Society.
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A fully atomistic computational approach was suggested to capture the differences between direct
(type-I) and indirect (type-I1) photoinjection mechanisms by a time-dependent density functional tight-
binding (TD-DFTB) approach [200-203]. The type-I photoinjection involves two steps (Fig. 36a):
(7) an excitation from the ground state to the excited state of the dye, which is produced by the absorp-
tion of a photon, (ii) an electron transfer to the conduction band of the semiconductor nanoparticle
(NP). Whereas the type-II photoinjection is referred to as the one-step electron injection from the
ground state of the dye to the conduction band of the semiconductor upon photoabsorption. It should
be noted that, in the type-II mechanism, a new charge-transfer band appears, which characterizes the
direct electron excitation into the conduction band and can be observed in the UV—vis absorption
spectrum. On the opposite, in the type-I mechanism, no new bands are expected in the UV—vis spectra.
A model anatase TiO, NP (a 270 atom (90 TiO, units)) functionalized with different dyes, such as
alizarin, coumarin C343 (C343), catechol, cresol, [Ti(Ph-tetra-#-Bu)(catechol-CO,H)], aniline deriva-
tive, and naphthalenediol, was considered. The equilibrium structure of the anatase TiO, NP was taken
from an equilibrated MD simulation at 300 K by using the MA FF parameters [200-201,203]. It was
shown that the nature of the photoabsorption process in the dye-TiO, NP can be understood in terms of
orbital population dynamics occurring during photoabsorption (Fig. 36b) [200]. Fig. 36¢-d shows that
alizarin and coumarin C343 exhibited an indirect (type-I) mechanism for electron injection because no
new absorption band was observed in the visible region upon adsorbing the dye onto the TiO, NP. The
lowest-energy band suffers a redshift for the alizarin—NP, while coumarin C343 shows a slight shift to
higher energies. The lack of energy shift in the case of C343 might be understood in terms of the weak
electronic coupling between the excited states of the dye and the anatase NP [200].

Electrolyte
e
CB
g =10 9]
° iy g
o e 3
= &
3 hv h ivoltage | o
E I 3
3 I el &
5 Y 7
] e T &
- I71,
D
a) | |
= g
T T T T T T
o on k
C 1
- N o ) ‘_t'—
. = ;{ 4
%) / %)
= ’ =
S /15
: — Alizarin K :
£ -- Alizarin+NP  / £ [y )
@ . 5 © " /
-~ | n ; - ™ 1! /s
@ i / A s 1 R
e ) e
© o 1@ — G343 R
[ -- GC343+NP
- 1
i B 7
I 1
' \
/f \\ P
z == . . S . L
1.5 2 2.5 3.5 4 1.5 2 2.5 3.5 4

E/ e:‘?/ E/ e?/
Figure 36. (a) Electron injection mechanisms type-I and type-II in a DSSC, where CB is a conduction band of
the semiconductor and D is a dye. (b) A plot of the HOMO (red) and the LUMO (blue) of the alizarin—TiO,
conjugate superimposed on the respective atomic structures. (c-d) Superposition of the optical spectra of the free
dyes (black lines) and dyes anchored to the TiO, NP (red lines): alizarin (c), coumarin C343 (C343) (d). Adapted
with permission from [200]. Copyright © 2012 American Chemical Society. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

The proton transfer at a dopamine-functionalized TiO, interface was investigated by using disper-
sion-corrected hybrid DFT calculations and DFT tight-binding (DFTB) MD simulations [204]. The
adsorption modes, patterns of growth, and configurations of dopamine on the anatase (101) TiO, sur-
face were considered with reference to the binding archetype of catechol. It was found that at low cov-
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erage, the isolated dopamine molecule prefers to bend toward the surface, coordinating the NH, group
to a Tis. ion. Whereas, at high coverage, the packed molecules were succeeded in bending toward the
surface only in some monolayer configurations so that a proton transfer from the surface to the ethyl-
amino group occurred. It was suggested that improving the probability of dopamine molecules being
free to bend toward the surface through thermodynamic versus kinetic growth conditions should lead
to the formation of a monolayer of fully protonated dopamine molecules [204].

Self-assembly of organic molecules on semiconductor surfaces is of crucial importance in the per-
formance of DSSC devices. Several computational works were focused on a strong tendency of or-
ganic dyes to form molecular aggregates on the TiO, surface [204-206].

The optical and electronic properties of dye aggregates of p-methyl red on a TiO, anatase (101)
surface were considered as a function of aggregation order varying from a monomer up to pentameric
dyes (Fig. 37) by using dispersion-corrected DFT calculations (PBE functional and ultrasoft pseudo-
potentials) [205]. A progressive red-shifting accompanied by the intensity increase toward the visible
region in UV—vis absorption spectra were observed from monomeric-to-tetrameric dyes. The calcu-
lated density of states (DOS) and partial DOS spectra reveal similar dye---TiO, nanocomposite con-
duction band characteristics; however, different valence band features were revealed. Associated mo-
lecular orbital distributions demonstrated dye-to-TiO, interfacial charge transfer in all studied aggre-
gates.
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Figure 37. Optimized structural geometries of different adsorbed dye aggregates. Adapted with permission from

[205]. Copyright © 2014 American Chemical Society.
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Adsorption modes, dynamics, self-aggregation, and optical properties of an indoline D102 dye ad-
sorbed on TiO, anatase (101) substrates were studied by reactive MD (ReaxFF) simulations combined
with TD-DFT calculations [206]. The morphology and electronic properties of dye-sensitized hetero-
geneous interfaces were examined at an atomistic level. Extensive MD simulations of the adsorption
of D102 dyes on medium/large size TiO, anatase slabs allowed to monitor a variety of dye binding
modes. It was suggested that the main driving forces toward the formation of ordered surface aggre-
gates of D102 dyes are « stacking and T-shaped interactions between the aromatic rings of the donor
moiety of the dyes, as well as the tendency to maximize the anchoring points with the surface. The dye
aggregates were found to be organized in domains, which are characterized by a different orientation
of the packing units with a certain degree of short-to-medium range order [206].

Finally, at the end of this section, we suggest a few methodological conclusions from the results
described above:

1) The results of the electronic structure calculations are insensitive to the geometry optimization
method. The tight-binding DFT approach (DFTB) can be a realistic low-cost alternative to
regular DFT geometry optimization.

2) The results of calculations are insensitive to the choice of basis set. Probably most of medium
size contemporary basis sets (valence double-, triple {) can lead to similar results.

3) The results of electronic property calculations are sensitive to the choice of the DFT func-
tional.

4) The TDDFT excited states calculations by using standard exchange-correlation functional
(B3LYP) perform well only for local excitations. However, for the excitations with a signifi-
cant charge-transfer character the CAM-B3LYP (or M06-2X, etc.) is preferable.
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Ab initio MD Investigations

In the current section, we are briefly discussing the most interesting papers where ab initio MD
simulation methods were predominately used for the theoretical investigation of the pristine TiO,
fragments or TiO,-based functional materials in the last two decades.

Ab initio (quantum or first principles) MD is the most powerful molecular modeling method for in-
vestigating the structure and dynamics of many-body systems in the framework of the condensed mat-
ter physics and computation quantum chemistry. The main idea underlying in any first principle MD
method is to compute the true forces acting on the nuclei from proper electronic structure calculations
that are performed “on the fly” as the MD trajectory is generated [207]. The three basic techniques are
traditionally distinguished among an ab initio MD simulations: The first one is the conventional MD
of nuclei using the quantum chemistry predicted Born-Oppenheimer (BO) potential energy surface
(BOMD method). In the second MD technique, that was proposed by Car and Parrinello (CP), instead
of solving the electronic structure problem at each new nuclear configuration, the so-called fictitious
dynamics for the electronic orbitals (wave functions) is introduced that, as before, allows adiabatic
motion of the nuclei (CPMD method) [208-209]. Both mentioned approaches deal with the ground
state of an electronic sub-system. The third specific ab initio MD technique was designed for the solu-
tion of the more complicated non-adiabatic (NA) problems, such as electronic excitation and relaxa-
tion or particle collision and scattering (NA or Ehrenfest MD method) [210].

Earlier investigations of the photoinduced electron transfer from a molecular donor to the TiO,
semiconductor acceptor, using the NAMD simulation method, were carried out in a series of works by
Stier and Prezhdo [211-213]. The small systems under study are typically composed of dye-sensitized
semiconductor nanomaterials, used in solar cells, photocatalysis, and photoelectrolysis. The electronic
structure of a dye-semiconductor system and the adiabatic dynamics were simulated using BOMD,
while the NA effects were incorporated by the quantum-classical mean-field approach that neglects
the quantum effects of the ionic motion, in particular, the zero-point energy and decoherence effects.
A novel procedure separating the NA and adiabatic electron transfer pathways (Fig. 38) was also de-
veloped. The simulation provided a detailed picture of the ET process.

Energy

Reaction Coordinate

Figure 38. Adiabatic and NA pathways of electron transfer. In adiabatic electron transfer (solid bold line) the
electron remains in the same adiabatic state throughout the reaction proceeding from the reactant state to the
product state through the transition state. In NA electron transfer, the electron proceeds from the reactant state to
the product state via a direct transition (bold dotted and dashed lines). Adapted from [211]. Copyright © 2002
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

It was initially assumed that ground and excited state ion dynamics are similar. So, the change in
the quantum force due to the electronic photoexcitation could be neglected and the following analysis
might be greatly simplified. An important result was that thermally driven adiabatic transfer is the
dominant electron transfer mechanism. Compared to the earlier simulation at 50 K, the rate of NA
transfer at 350 K remained almost unchanged, whereas the rate of adiabatic electron transfer increased
substantially [211].

In the next two publications, the ultrafast dynamics of the photoinduced electron transfer process
occurring between a model organic sensitizer molecule (isonicotinic acid) and a TiO, semiconductor
surface was simulated and discussed in details (Fig. 39). The model used in simulation exhibited the
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key features of the larger real systems studied before experimentally while providing a detailed simu-
lation picture of the electron transfer mechanism [212-213].

Finally, the authors indicated that the NA electron transfer entirely dominated at short times and
could occur due to the presence of the strong localized avoided crossing region, as well as the ex-
tended region of weaker NA coupling. Although the adiabatic electron transfer contribution accumu-
lated more slowly, it approached that of the NA transfer pathway asymptotically. As a result, the simu-
lation predicted a complex non-single-exponential time dependence of the electron transfer process
[213].
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Figure 39. The Kohn—Sham orbital energies of the TiO, surface, the isolated dye, and the combined system. The
longer gray line indicates the Fermi energy. The HOMO-LUMO gap of the dye equals 3.2 eV and is close to the
34 eV energy of the first excited state calculated by the TD-DFT calculations. Adapted from [213].
Copyright © 2003 Elsevier B.V. All rights reserved.

An interesting theoretical investigation in the field of phase transformation mechanisms from ana-
tase to the TiO, nanosheets was carried out by Alvarez-Ramirez and Ruiz-Morales [214]. Several
ab initio MD simulations with the non-self-consistent Harris functional (so-called non-self-consistent
BOMD) including (7) the [-point approximation and (i7) the k-points were performed [214]. The three
different size wire models of anatase with the periodic conditions along the (0, 1, 0) direction were
used and also several different environmental conditions were investigated.

It was found the titanate-type structures are energetically favorable. The transformation (Fig. 40)
was followed by monitoring the formation of four-coordinated oxygen atoms, which constituted the
characteristic sequence of edge-sharing TiOg octahedrons of titanates. In addition, it was shown that
the titanate-type structure could be transformed to anatase in a reversed mechanism. An essential fac-
tor in the transformation of the anatase-type sections to the TiOg octahedrons was the interaction of the
(0, 0, £1) surfaces of the anatase with positive counter ions, which stressed the surface, deforming it
and promoting the transformation [214].

Outstanding NAMD investigation of the so-called “wet-electrons” on the TiO, surface was carried
out by Prezhdo and coworkers [215]. Simulations directly mimicked real time-resolved experiments
and revealed the nature of electron transfer in the “wet-electron” system. Earlier, the experimental and
theoretical studies were done on the TiO,(110)/H,O interface have shown a short-lived state around
2.4 eV above the Fermi level. The electron in this state was localized on the surface and was partially
hydrated (Fig. 41). Therefore, it was named the “wet-electron”. The time-resolved studies of the “wet-
electrons” provide a fundamental understanding of the solvent role in the DSSC processes. The “wet-
electron” state is higher in energy than the excited states of the majority of chromophores used in
DSSC devices. Therefore, pristine “wet-electron” states are not directly involved in the photovoltaic
processes [215].
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Figure 40. Schematic representation of the different stages in the mechanism of the phase transformation of
anatase-to-lepidocrocite-type titanate. Panels a and b are initial configurations, where the initial atomic shifts and
oxygen atom twisting are indicated. Panel b is a slightly rotated view of crystal shown in Panel a. (c) This panel
shows the structure shifted and twisted, where the formation of tetra coordinated (7},) oxygen atoms is indicated.
(d) The crystal structure shown after the formation of the 7, oxygen atoms is distorted. Panel e is the same as
Panel d, where the internal bonds were deleted to show that lepidocrocite-type titanate layers are formed. Panels
fand g correspond to side views of the initial anatase structure and the final lepidocrocite structure, respectively.
The internal layer dislocation can be observed In Panel g. Adapted with permission from [214]. Copyright ©
2007, American Chemical Society.

It was shown that thermal phonon motions induced a large fluctuation of the “wet-electron” state
energy, generated frequent crossings of the donor and acceptor states, and drove the adiabatic mecha-
nism. The rapid phonon-assisted NA tunneling from the “wet-electron” state to the TiO, surface was
facilitated by the strong water-TiO, electronic interaction. Besides, it was demonstrated that the mo-
tions of H,O molecules had a greater effect on the electron transfer dynamics than the hydroxyl vibra-

tions [215].
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Figure 41. Charge densities for the “wet-electron” state (/eff), the surface state (mzddle) and the bulk state
(right) of the “wet-electron” system. The charge is transferred sequentially from the “wet-electron” state through
the surface state to the bulk state. The large delocalization of charge around the water molecules in the “wet-
electron” state is shown, which is due to the dangling hydrogen atoms that help stabilize the electron. Adapted
with permission from [215]. Copyright © 2009, American Chemical Society

In order to better understand the electron-hole relaxation of nano-scale TiO, structures, it was im-
portant to start with an understanding of TiO, synthesis building blocks. Such investigation was car-
ried out by Vogel and Kilin [216], in which the Ti(OH)s complex with tetrahedral coordination was
examined. To simulate the electronic properties of the Ti'" ion in solution, the model was surrounded
with explicit 27 H,O molecules (Fig. 42). The model was explored by means of standard DFT BOMD
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followed by NA electron dynamics computed with a reduced density matrix approach combined with
“on-the-fly coupling” [216].
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Figure 42. The optimized geometry of the studied Ti(OH), model placed in a periodic box of water molecules.
The model consists of three elements represented by colored spheres: titanium (large and gray), hydrogens
(small and white), and oxygens (small and dark). The black dotted lines represent the occurrence of hydrogen
bonds. Adopted from [216]. Copyright ©: Materials Research Society 2014. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

According to the MD simulation results [216], the titanium ion is affected by coordination to hy-
droxyl groups and an explicitly modeled water environment in three ways: First, the crystal field envi-
ronment stabilizes the oxidation state. Second, the crystal field provides splitting of the titanium ion d-
orbitals, which is responsible for the density of states in the conduction band range of energies. Third,
thermal motion of near hydroxyl ligands and water coordination sphere are responsible for the non-
radiative relaxation mechanisms: a photoexcitation in the solvated titanium ion is followed by the en-
ergy dissipation from electronic degrees of freedom to thermal motion. Thus, it was found that elec-
trons dissipate energy slower than holes [216].

Chemical and physical adsorption of water on small-sized wet TiO, nanoparticles was investigated
by ab initio MD simulations [217]. The wetting behavior of (TiO,),4 nH,O (n=0, 1, 3, 8, 15, 30) was
studied as a function of water content, ranging from dry nanoparticles to wet nanoparticles with
monolayer coverage of water. The simulations were performed with the mixed Gaussian and plane-
wave (GPW) method, as implemented in the CP2K code. It was found that the surface reactivity was
shown to be a concave function of water content and driven by surface defects [217]. It was suggested
that the local coordination number at the defect of TiO, NPs was identified as the key factor in decid-
ing whether water adsorption proceeds through dissociation or physisorption on the surface.

Hybrid QM-MD Simulations

In the last decade, hydride QM-MM calculations utilizing the DFTB approximation have become
an attractive alternative to conventional non-empirical first principle ab initio MD simulations. Several
examples of such studied are summarized below.

Small TiO, NPs (anatase, rutile, brookite) have been studied by ab initio MD simulations to eluci-
date chemical and physical adsorption of water molecules on the TiO,—water interface, ranging from
dry NPs up to monolayer solvated NPs [217]. QM-MM simulations have been used to model the ad-
sorption of insulin on TiO, (100) surfaces [218]. Recently, a multistep and multiscale investigation
based on hybrid DFT, DFT tight-binding (DFTB), and QM-MM calculations have been applied to
consider solvation behavior of curved TiO,-NPs, ranging from vacuum, multilayered solvation and up
to the bulk water environment, resulting in an overall stoichiometry of (TiO;)x3-8958H,0 (Fig. 43)
[219].

Recently, DFT-based BOMD was carried out by Byrne and English to investigate the effect with
which the choice of exchange-correlational functional has on the structural properties of a
[BMIM]'[NTF,]” RTIL solvating an N719 sensitizing dye, adsorbed onto the anatase TiO,(101) sur-
face [220]. The systematic study of an N719 dye, non-solvated and solvated by RTILs, was performed
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by comparing the widely used BLYP and PBE functionals, which were utilized with and without D3
dispersion corrections by Grimme [220].
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Figure 43. (a) A snapshot of the water multilayer on TiO,-NP, as obtained from the DFTB MD simulation.
(b) Representation of TiO,-NP solvated with a DFTB water multilayer (in blue) enclosed in a water droplet
flexible (SPC/Fw model) (in gray). Adapted with permission from [219]. Copyright © 2018 American Chemical
Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web ver-
sion of this article.)

The above results show that neither the addition of dispersion corrections nor solvation by the
strongly ionic solvent has any noticeable effect on the anatase surface structure. The structure of the
surface was stable throughout the MD simulations, as is the carbon backbone of an N719 dye with
neither group showing any real differences in their structure upon change of the DFT functional. How-
ever, the pair distribution functions (PDFs) for some of the carboxylate oxygens showed that the re-
sults obtained with the PBE functional led to some structural peaks shifts by 0.01 nm closer than their
position derived by the BLYP functional [220]. The metal complex at the center of the dye was also
largely unaffected by utilization of the dispersion correction, variations in the functionals or the pres-
ence of the solvent. The structure of the dye was found to be essentially unaffected by solvation with
the bipyridine rings and anchoring groups retained their rigid geometry. A comparison of the PDFs,
derived from the BLYP and PBE functionals, showed the structure of the anions and cations to be
quite similar. On the other hand, some deviation was found between the results of the BLYP-D3 and
the PBE-D3 so that the cations and anions are seen to be slightly closer to each other in the case of the
PBE-D3 calculation by about 0.02 nm. Moreover, it was suggested that the dispersion corrections also
introduced the pronounced effect of an orientational alignment in the liquid, the phenomenon which
would be expected for a real liquid [220].

Stable structures and photoexcitation character of adsorption of an N749 dye to TiO, anatase (101)
interface, solvated by explicit acetonitrile (ACN) molecules were considered by DFT-MD simulations
[221]. It was found that the adsorption of an N749 dye via its deprotonated carboxylate two anchors
(type d2) was the most stable at the interface (Fig. 44a). However, the adsorption mode with the one
protonated carboxyl anchor (type pl) was observed to be at the average energy only slightly higher
than that of type d2 (Fig. 44b).

Other possible anchoring modes, shown schematically in Fig. 44c-e were all higher in energy as
compared to those of pl and d2, respectively. It was suggested that, under equilibrium, the mode pl
might still coexist with the mode d2 [221]. These findings were in contrast with the high stability cal-
culated for the mode pl in vacuo. It was proposed that some stabilization of the mode d2 could be
caused by inhomogeneous charge distribution and anchor fluctuation enhanced by ACN solution (Fig.
44f-g). The calculated projected densities of states and the photoabsorption spectra supported the con-
clusions that the mode d2 has the larger driving force of the electron injection from an N749 dye into
the TiO,, whereas the characteristic sensitizer photoabsorption in the wavelength region over 800 nm,
was mainly attributed to the mode p/ even in the bulk ACN solution. It was concluded that the better
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performance of a N749 dye in DSSC devices can be regionalized in terms of the co-sensitizer frame-
work of the adsorption modes d2 and p/, respectively [197-198,221].

a) p1 D) d2

F :
Figure 44. Representative snapshots of the equilibrium trajectories of adsorption of a N749 dye to TiO, anatase
(101)/acetonitrile (ACN) interfaces: (a) adsorption with one protonated carboxyl anchor (—COOH), labeled as
pl, (b) adsorption with two deprotonated (—COQO") anchors, labeled as d2, (¢) adsorption with two protonated
anchors (label p2), (d) adsorption with one protonated and one deprotonated anchors (label p/di), and (e) the
desorbed state, assigned as D. Each trajectory was obtained with DFT-MD simulation with different initial con-
figuration of the dye, which was optimized on the vacuum surface, in advance. (f~g) Average structures and
distances (in angstroms) of the characteristic atoms near the interface in (f) the p/ equilibrium state and (g) the
d2 state, respectively. Adapted with permission from [221]. Copyright © 2014, American Chemical Society.

Small TiO, NPs, functionalized with a supramolecular complex consisting of an entirely organic
naphthalene-diimide (NDI) dye covalently bound to a mononuclear Ru-based water oxidation catalyst
(Fig. 45a) were studied by ab initio MD simulations to elucidate the mechanistic insight and micro-
scopic details of water oxidation at the photoanode induced by visible light absorption [222]. The MD
nuclear trajectory was calculated through ab initio MD by using the Car—Parrinello MD (CPMD)
code. The orthorhombic cell, containing a two-layer anatase slab (TiO,);, functionalized with the
NDI1 chromophore, was used together with periodic boundary conditions to model the TiO, surface.
The fast photoinduced electron injection from the NDI into the semiconductor was observed, which
provided the driving force for the activation of the Ru catalyst (Fig. 45b). The explicit description of
the water environment was utilized to elucidate the sub-picosecond time-scale and the nature of the
proton-coupled electron transfer of the catalytic reaction path. It was suggested that the explicit water
treatment was essential to determine the proton diffusion channel and the free energy change along
with the reaction [222].

The above photochemical reaction simulations are a promising example for the computational de-
sign and DSSC device optimization with an aim to explore the effect of different anchoring groups,
which allow tuning the driving force for the subsequent steps of the catalytic water photo-oxidation
cycle and reducing the charge recombination rate [223-225].
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Figure 45. (a) Schematic representation of the studied photoanode (NDI) composed of the acceptor semiconduc-
tor (TiO,), the molecular chromophore NDI, and the Ru-based water oxidation catalyst; (NDI;) chromophore-
semiconductor subsystem employed for the photoinduced electron injection MD simulation. (b) Electron injec-
tion profile obtained through the time-dependent population analysis of the wavepacket projected only over the
dye-TiO, conjugate (solid line). The insets show the distribution of the total wavepacket after initialization (),
and along with the time evolution of the MD trajectory (ii and iii). Adapted with permission from [222].
Copyright © 2016, American Chemical Society.

Conclusions and Outlook

The review describes recent advances in theoretical studies of TiO, nanomaterials. Particular atten-
tion is focused on the MD simulation approaches that are essential for the modeling of bulk TiO,, its
interfaces with aqueous and non-aqueous environments, as well as large-scale nanoparticles and their
aggregates. Starting from the earlier FF model by Matsui and Akaogi (MA) [14], rapid progress in
computational modeling of TiO, nanomaterials resulted in the development of well-validated FFs for a
broad range of TiO, nanomaterials, ranging from small perfect clusters and up to water/TiO, inter-
faces. The applicability of MD simulation tools has currently extended up to about 100 nm size and
microseconds, and can further be scaled up by coarse-grain and finite element models to the range of
micrometers. However, the critical overview of recent computational models suggested for modeling
partially hydroxylated TiO, surfaces reveals that the existing MA approach still requires further im-
provements and validation. The main limitation of the MA force-field, developed originally for bulk
TiO,, is that it utilizes only two types of atoms, such as Ti and O. However, in realistic TiO, nanos-
tructures, these atoms are characterized by different coordination numbers so that they can be classi-
fied into inner-bulk and outer-surface-exposed atoms. The latter can be further divided into subgroups
of corner, edge, or side atoms. Recent ab initio MD studies demonstrated that indeed these atoms bear
different partial charges and, hence, they should be represented by different atom types in an empirical
force field [217]. The different atoms types for Ti and O have already been implemented in some MD
simulation studies of TiO, nanostructures [19,32,84]. Moreover, the development of computational
models for some realistic systems with the simultaneous presence of several crystalline facets
(100, 110, 111) or different phases, such as rutile and anatase, will enable modeling the adsorption
phenomena that may take place at the grain boundary and at their common interface with the outer
environment [226].

The understanding of the mechanisms that govern the interaction of biological systems with inor-
ganic materials remains a challenge for both fundamental and applied material science [227-228]. The
protein adsorption modulates the formation of biofilms onto surfaces, which is essential for medical
implants and dental technologies. The interaction of TiO, nanomaterials with biomacromolecules is
crucial to further response of cells to foreign inorganic materials, such as engineered implants or acci-
dentally entrapped inorganic nanoparticles. Therefore, detailed knowledge of the TiO,/biological inter-
faces is required for the design of new biocompatible materials. MD simulations of conformation equi-
libria of biomolecules at perfect, defect-free, and curved interfaces have provided insight into the
mechanism, specific recognition, and sequence-relation suggestions to understand their adsorption,
binding, and assembly. However, due to the complexity of the configuration space, it remains chal-
lenging to explore because of the large number of possible conformations of biomacromolecules.
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Therefore, the critical review of MD studies in this field reveals that free, unbiased MD sampling of
protein binding and adsorption onto TiO, may not guarantee finding of proper binding modes so that
the development of some innovative sampling techniques is required. Some recent studies report new
promising approaches in this direction, such as the potential mean-force calculations, free-energy um-
brella sampling, and replica-exchange MD simulations [229].

In the last decade, significant progress has been achieved in quantum chemical calculations of the
structural, electronic, and optical properties of TiO, materials in the context of their use as components
of dye-sensitized solar cells (DSSC). Successes, failures, and challenges of quantum chemical, DFT,
and TDDFT computational methods of dye-TiO, conjugates have been critically analyzed elsewhere
[1,197,230]. To summarize, we found that the electronic structure calculations are little sensitive to the
basis set and DFT functionals used for geometry optimization. Moreover, the tight-binding DFT ap-
proach (DFTB) can provide a low-cost alternative to regular CPU-expensive DFT geometry optimiza-
tion. However, it was found that the results of electronic property calculations are crucially sensitive to
the choice of the DFT functional [165,197]. The presented DFT/TDDFT computational models, em-
ploying conventional hybrid (B3LYP) and range-separated functional and based on the use of large
TiO, clusters, PCM-continuum solvation models, allows one to reproduce to a reasonable degree of
accuracy the electronic and optical properties of dye-TiO, systems. However, for highly conjugated
organic dyes, which are often characterized by a high degree of charge-transfer excited states, specifi-
cally tailored exchange-correlation functionals, such as CAM-B3LYP or M06-2X, are required [197].
Some efforts have already devoted to solving the shortcomings of current TDDFT methodologies for
dye-TiO, systems [231].

Finally, our review sheds light on the progress and development of modern computational tools,
combining classical FF modeling and high-level ab initio MD simulations, which may assist the mo-
lecular engineering and rational design of more efficient dye sensitizers and deeper understanding of
the electron transfer dynamics in dye-sensitized solar cells.
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M.M. BnaxuHckasat, A.B. Kupuuenkot, O.C. CtenaHiokt, A.H. KopcyHt, C.H. Koeanenkot, B.B. /BaHoBT,
d.-A. Mbsiet, A. Ngpuceunt, O.H. KanyrmHit. HoBble JOCTMXEHUSA B TEOPETMYECKOM MCCNEAOBaHNM HaHOMaTe-
puanoB Ha ocHOBe anokcuaa TutaHa. O63op.

T XapbKOBCKMIA HaLMOHanbHbIA yHUBEpCUTET MMeHn B.H. KapasuHa, xumudeckun dakynbTeT, nn. Ceoboasl, 4,
XapbkoB, 61022, YkpanHa
IYHMBepcmeT Jlunna UMR8516, 59655, BunbHés-a'Ack, CeHaekc, dpaHuus.

Ouokenp TutaHa (TiO2) SIBNsSieTCs OAHUM U3 HauGoree LUMPOKO MCMONb3yeMblX HaHOMaTepuarnoB BO MHOIUX
HOBbIX 06MacTAX MaTepuanoBeAeHu s, BKIoYash KOHBEPCUIO COSNTHEYHOM SHEPruM 1 BUOMEAULIMHCKYIO UMMnaHTa-
umio. HacTosimin 0630p NOCBSILLEH PACCMOTPEHUIO 1 aHanuay nporpecca U nocrnefHUx OOCTMKEHW B o6nacTy
TEOPUM N KOMMBIOTEPHOTO MOAENUPOBaHUA (DU3UKO-XUMUYECKMX CBOMCTB Hebonblwmx knacTepoB TiOz, HaHoYa-
CTWL, cpedHero pasMepa, a Takke rpaHuUbl pasgena XuakocTb-TBepaoe BelwecTBo. [JaH uctopuyeckuii o63op u
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pa3paboTka 3MNMPUYECKMX CUMOBBLIX NOMEN ANA KNacCM4eckon MonekynspHown guHamukn (MIO) pasnuyHbix no-
numopdoB TiO,, Taknx Kak pyTun, aHaTtas un 6pykuT. ViccnegosaHo aacopOUMOHHOE NoBeAeHWe MOonekyn pac-
TBOPUTENS, MOHOB, MasblX OpraHNYecKMX NuraHaoB 1 Guomakpomonekyn Ha nosepxHocth TiOz ¢ Lenblo NoHUMa-
HUS OBWDKYLLMX CUI U MEXAHW3MOB, KOTOPbIE YNPaBrsioT CBA3bIBAHWEM W pacrno3HaBaHNEM Mexay apcopbatom un
nosepxHocTAMM. OBCyAeHO BNusHME KpucTannmnyeckmx dopm, Kpuctannorpaduyecknx nnockocTemn, NoBepxHo-
CTHbIX AedeKTOB 1 cpef pacTBOpUTeENnen Ha npoLecc agcopbumnn. PaccmoTpeHbl CTPYKTYpHbIE AeTanu U AnHaMu-
Ka aacopOLMOHHbIX SIBIEHUIA, NPOUCXOOSALLUMX Ha rpaHuLax pasgena XuakocTb-TBepAoe Teno, HauMHas ¢ paHHUX
3MMNMpUYECKUX MoAEemNen noteHuvana no HepasHero peakTuHoro ReaxFF M mopenupoBaHusi, cnocoGHoro
ynaenveaTtb AMCCOLMATUBHYIO aacopbumio Mmonekyn Boabl. APHEKTUBHOCTb Pa3NMYHbIX TEOPETUYECKNX METOAOB
BapbupoBanacb OT KBaHTOBO-MexaHudeckunx (QM) pacyetoB (ab initio u Teopun yHKUMOHaNa NNOTHOCTU) A0
KIaccuyecKoro cUroBoro nons u rmbpugHoro mopenvposaHus MM/QM. Kpome Toro, obecyxaeH HegaBHWUIA Npo-
rPecc B BbIYNCIINTENBHOW XUMUW UHAYLMPOBAHHBIX CBETOM 3MIEKTPOHHbIX MPOLECCOB, NeXallumx B OCHOBE CTPYK-
TYpbl, AMHAMUKN U (PYHKLMOHMPOBaHMUSA MOMEKYNSAPHBLIX U TMOPMAHBIX MaTepuanos, C 0COBbIM BHUMaHWEM K Mpu-
MEHEHUIO COMNTHEYHOW 3HEPTNM B CEHCUBNMM3NPOBAaHHbLIX KpacuTenem conHeyHblx anemeHTax (DSSC), koTopble B
HacToslee BpeMs HaxoaaTcs B CTaguu paspaboTtku. Kpome Toro, npoaHanvanpoBaHbl MPUHLMMNBI KOHCTPYMPO-
BaHUS KpacuTenew, pornb 3akpenneHus pparmeHTa u arperaumm kpacutens B xapakrepuctukax DSSC. HakoHel,
o4yepyeHbl NepcnekTvBbl M Npobrnembl ganbHenLwero nporpecca B UCcrneaoBaHnsax n mHoroobellaoLwme Hanpas-
neHns B pa3paboTke TOYHbIX BbIYMCIUTENbHBLIX MHCTPYMEHTOB AN MOAENWPOBaHWS B3avMOLEWCTBUN Mexay
HeopraHn4YeckumMn matepuanamm ¢ HemgeanbHbIMU CTPYKTYpamMy M NPUPOAHbIMM BruomakpomMonekynamu B du-
3MOMOrMYeCKNX YCroBUsX.

KnioueBble crnoBa: OMOKCUA TWUTaHa, pPyTWN, aHaTas, BpykuT, ceHcMbunmsaums Kpacutenem, HaHodacTvua,
rpaHuUa pasfena XUaKoCcTb-TBEpPAOe BEeLeCcTBO, MONeKynsapHo-anHaMmyeckoe MoaenvposaHue, ab initio mone-
KynsipHas AMHaMuka.
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®.-0. M’HHei, A. Iupicci"t, O.M. KanyriHT. HOBITHI 4OCAMHEHHS y TEOpeTUYHOMY OOCHiAXEHHI HaHOMaTepianis Ha
OCHOBI giokeugy Tutany. Ornag,.

f XapkiBcbkuii HauioHanbHUi yHiBepcuTeT imeHi B.H. KapasiHa, ximiyHui cakynbteT, margaH Csoboaw, 4,
XapkiB, 61022, YkpaiHa
IYHiBepcheT Jlinna UMR8516, 59655, BinbHboB-a'Ack, CeHaekc, ®paHuis

Hiokcung Ttany (TiO2) € ogHUM 3 HanBINbLL LIMPOKO BUKOPUCTOBYBaHWX HaHOMaTepianis B 6aratbox HOBMX 06-
nacTsx maTtepiano3HaBCcTBa, BKIOYa4M KOHBEPCIK COHAYHOI eHeprii i 6iomeanyHy imnnaHTauito. Ornsg npuces-
YEHO NPOrpecy i 0OCTaHHIM JOCATHEHHsIM B ob6nacTi Teopii i KOMN'toTEPHOro MoAentoBaHHsA (i3nKo-XiMiYHMX Bnac-
TMBOCTEeN HeBenukux knactepiB TiOp, HAHOYACTUHOK CepedHbOro Po3Mipy, a TakoX KOpPAOHY po3diny pianHa-
TBEpaa pe4vosuHa. MNoaaHo icTopmyHUi ornsag i po3pobka emMnipudHNX CUNOBUX NONMIB ANSA KIAcUYHOI MONeKynsp-
Hoi gmHamikn (ML) pisHnx nonimopdis TiO,, Takmx sk pyTun, aHaTas i 6pykiT. JocnigxeHo agcopbuinHy nosegiH-
Ky MOIeKyn po34YMHHUKA, iOHIB, Manux opraHiyHux niraHgis i 6iomakpomonekyn Ha nosepxHi TiO2 gocnigxyeTbca
3 METOK PO3YMIHHS PYLUIMHUX CUI | MeXaHi3MiB, SiKi KepyloTb 3B'A3yBaHHSIM i po3ri3HaBaHHAM MK aacopbaTom i
nosepxHsMu. OBroBoOpeHO BMAMB KPUCTamMiyHUX ¢popM, KpuctanorpadiyHnX MiOLWUH, NOBEPXHEBUX AEQEKTIB i
cepefioBuLL PO34YMHHMKIB Ha npouec aacopbuii. Po3rnsaHyTi CTpyKTYpHi AeTani i AMHamika agcopOuiiHnX sBuL,
Lo BiAOyBalTbCA HA KOPAOHAX PO3Ainy piavMHa-TBEpAE TiNo, MOYMHAKYM 3 PaHHIX EMMIPUYHUX MOAENeln NoTeH-
uiany oo HegaBHbOro peaktueHoro ReaxFF M MmoaentoBaHHsi, 30aTHOro BOBMOBaTK AucoliaTuBHy agcopbuito
Mornekyn Boan. EdpekTnBHICTb pi3HMX TeopeTUYHNX MeTOoAiB BapitoBanacs Bif KBaHTOBO-MeXaHiyHuX (QM) pospa-
XyHKiB (ab initio i Teopii dyHKUiOHana ryctmHM) JO KNACMYHOrO CUMOBOrO MONs i ribpnaHoro moaerntoBaHHS
MM/QM. Kpim Toro, po3rnsHyTo HefaBHin nporpec B obuncnoBanbHii Ximii iHQYKOBaAHUX CBiTIIOM €NEeKTPOHHMX
NnpoLeciB, WO NexaTb B OCHOBI CTPYKTYPW, AMHAMIKM | (OYHKUIOHYBAHHST MONEKYNSAPHUX i ribpuaHnx matepianis 3
0COoOMMBOK yBarok [0 3aCTOCYBaHHI COHAYHOI eHeprii B CeHcMbinizoBaHNX GapBHWKOM COHAYHUX erieMeHTax
(DSSC), aki B 4aHui Yac 3HaxoasATbesl B ctagii po3pobku. Kpim Toro, 6ynu npoaHanisoBaHi NPUHLMNN KOHCTPYHO-
BaHHSA GapBHUKIB, pornb 3akpinneHHs dparmeHTa i arperauii 6apBHuMka B xapakTepuctukax DSSC. Hapewri,
OKpecrieHi nepcrnekTuem i npobnemu noganbLIOro Nporpecy B AOCNIMKEHHSX | 6araToobiustodi HanpsiMkn B po3-
pobui TouHUX oBuMCnIoBanNbHUX IHCTPYMEHTIB ANs MOAENIOBaHHSA B3aEMOAIN MK HeopraHiYHMMK maTepianamu 3
He0CKOHanMMmn CTpyKTypamu i npupogHnMm Giomakpomonekyn B gidionoriyHmx ymoBax.

KnroyoBi cnoBa: giokcug TutaHy, pytun, aHartas, bpykiT, ceHcubinisauis 6apBHUKOM, HaHOYACTUHKA, Mexa Mno-
Ainy pignHa-TBepaa peyvoBuHa, MONekynsapHo-gnHamiyHe MmoaentoBaHHs, ab initio monekynapHa guHamika.
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