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Abstract: The covalent attachment of photosensitizing dyes to TiO, using silane coupling agents
(SCAs) is a promising strategy for enhancing the photocatalytic activity of TiO,-based photocatalysts
and the photovoltaic conversion of dye-sensitized solar cells (DSSCs). This approach can control the
geometry and orientation of the photosensitizing dye on the TiO, surface. In this study, a density
functional theory (DFT) and time-dependent DFT (TD-DFT) investigation was carried out on cresyl
violet (CV) covalently attached to SCAs with a terminal oxirane group (OTES-Cn) to reveal the
influence of OTES-Cn on the geometry of the photosensitizing dyes. The potential of CV covalently
attached to OTES-Cn (CV-OTES-Cn) to act as a photosensitizing dye was also analyzed. The hydroxyl
group formed by the epoxy-opening reaction between CV and OTES—Cn strongly influenced the
geometry of CV-OTES-Cn, which was attributed to a CH-O interaction. Additionally, TD-DFT,
frontier molecular orbital and molecular electrostatic potential calculations revealed that CV-OTES-Cn
has excellent optical properties and electron injection ability. In particular, the characteristics of the
unbent conformation of CV-OTES—Cn are expected to contribute significantly to the photocurrent in
TiO,-based photocatalysts and DSSCs. These findings enhance the understanding of the covalent
attachment strategy using SCAs and contribute to improving TiO,-based photocatalysts and DSSCs.

Keywords: cresyl violet; silane coupling agents; titanium dioxide; photocatalysts; dye-sensitized
solar cell; DFT and TD-TDF calculation

1. Introduction

Photoredox catalysts play an essential role in various fields, including environmental remediation,
solar energy conversion and organic photochemistry [1-3]. Titanium dioxide (TiO;) is a typical
photoredox catalyst with strong oxidation and reduction abilities [4]. Generally, TiO, exhibits
photocatalytic behavior under UV light with a photon energy corresponding to the bandgap between
its conduction band (CB) and valence band levels. Hence, modification is required to enhance its
photocatalytic activity and absorb visible light, as the UV region represents only ~4% of the solar
spectrum [5,6].

Surface and interface modifications are useful strategies for fabricating visible-light-responsive
TiO;. In particular, the chemical adsorption of organic dyes onto the surface of TiO; is a simple method
to impart it with a visible light response; the photosensitization occurs via electron injection from the
adsorbed organic dyes into the CB of TiO,. Using this strategy, dye-sensitized solar cells (DSSCs),
which are one of the main applications of TiO,, with a photovoltaic conversion efficiency (PCE) of
14.3% have been achieved [2].

Nanomaterials 2020, 10, 1958; d0i:10.3390/nan010101958 www.mdpi.com/journal/nanomaterials


http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
http://www.mdpi.com/2079-4991/10/10/1958?type=check_update&version=1
http://dx.doi.org/10.3390/nano10101958
http://www.mdpi.com/journal/nanomaterials

Nanomaterials 2020, 10, 1958 2of 16

In addition to the photosensitizing dye’s visible light response, the dye’s geometry on the TiO,
surface also strongly affects the electron injection efficiency. Improving the photosensitizing dye
orientation can reduce unwanted electron transfer between dye molecules, which occurs due to
aggregation of the dye and back-electron transfer between the oxidized dye and the electrons injected
into TiO, [7,8].

In the design and synthesis of photosensitizing dyes, most investigations of methods to improve
the dye’s orientation on the TiO, surface have focused on attaching anchor groups to the dye [7-9].
However, most photosensitizing dyes have complex molecular structures designed to improve their
optical properties (extended 7-conjugation, push—pull structures, etc.) [2,10-12]. Adding anchor groups
to these dyes to improve their orientation requires multiple synthetic steps and can be expensive.

Silane coupling agents (SCAs) consist of an alkyl alkoxysilane moiety and two or more different
functional groups that enable the SCAs to covalently attach to both inorganic and organic materials [13,14].
Because SCAs can anchor photosensitizing dyes to the TiO, surface, they represent an easy and low-cost
covalent-attachment strategy that can be used to enhance TiO,-based photocatalysis and the PCEs of
DSSCs [1,6,15]. Recently, Lu et al. reported improvement of the visible photocatalytic activity of TiOp
using glycidoxypropyltrimethoxy silane and zinc (II) tetra-[x-(p-amino)benzyloxyl]phthalocyanine [1].
This strategy has also been applied to DSSCs [16,17]. Zamborini et al. reported that the stability of a DSSC
was improved by using 3-aminopropyltriethoxysilane [16].

In addition to covalently linking inorganic and organic materials, SCAs can also form self-assembled
monolayers (SAMs), attributed to the formation of a siloxane network [13,14]. The aligned orientation
of these SAMs could be exploited to control a photosensitizing dye’s geometry and orientation on a
TiO; surface. Thus, understanding the geometry and characteristics of photosensitizing dyes covalently
attached to SCAs is essential to enhance further the photocatalytic activity of TiO,-based photocatalysts
and the PCEs of DSSCs.

This article reports a density functional theory (DFT) and time-dependent DFT (TD-DFT) study
of cresyl violet (CV, Figure 1) covalently attached to SCAs with a terminal oxirane group (OTES—Cn,
Figure S1; Cn denotes the number of carbons in the alkyl chain, n = 2, 4 or 8). DFT and TD-DFT are
powerful tools for understanding the geometry and characteristics of molecules. CV was chosen as the
photosensitizing dye in this study based on its excellent optical properties. It contains an amino group
that can form a covalent bond with an oxirane via an epoxy-ring-opening reaction between the amino
and epoxy groups. Additionally, phenoxazine-based dyes are known to show high performance in
DSSCs [18-20]. To the best of the author’s knowledge, this is the first investigation of the combination
of CV and OTES—Cn. This investigation will reveal both the influence of OTES—Cn on the geometry of
photosensitizing dyes and CV’s potential to attach to OTES—Cn covalently (CV-OTES—-Cn) and act as a
photosensitizing dye.
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Figure 1. Chemical structures of cresyl violet (9-iminobenzo[a]phenoxazin-5-amine; CV) and CV—
OTES—Cn. For the chemical structures of OTES—Cn, see Figure S1.

2. Computational Methods

Geometry optimization, frontier molecular orbital (FMO), UV-visible absorption spectrum
simulation, frequency analysis and molecular electrostatic potential (MEP) calculations were carried
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out using the Gaussian 09W package (Gaussian, Inc., Wallingford, CT, USA). The density of state
(DOS) spectra were obtained using GaussSum (3.0.2) [21]. The geometries of all dyes were optimized
in the gas-phase without symmetry constraints. The B3LYP level of theory with the 6-31G* basis set
(B3LYP/6-31G* level) was employed for geometry optimizations, FMO calculations, frequency analyses
and MEP calculations, except in the case of protonated CV (CV*, see below). In calculations involving
TiO,, the LanL2DZ basis set was assigned to the titanium atoms [22]. TD-DFT calculations (UV-visible
absorption spectrum simulations) were performed at the B3LYP/6-31+G* level of theory. Geometry
optimization and simulation of the UV-visible absorption spectra of CV* were carried out using the
B3LYP/6-31+G** and SVWN/6-31+G** levels of theory. For the MEP calculation, the van der Waals
radius of the titanium atoms was specified as 2.2 A [23,24]. The conductor-like polarized continuum
model (CPCM) using ethanol (EtOH) was employed for all calculations determining the solvent effect,
except the geometry optimizations.

3. Results and Discussion

3.1. Characteristics of CV

CV is a basic dye and coexists with counterions such as acetate and perchlorate. Hence,
CV has multiple chemical structures. In this study, neutral CV (9-iminobenzo[a]phenoxazin-5-amine),
its isomer (5-iminobenzo[a]phenoxazin-9-amine) and protonated CV are denoted as CVj, CVjg, and
CV*, respectively. The optimized structures of CV, CVjs, and CV™ in the gas phase are illustrated in
Figure S2. For CV™, structures with the positive charge at various locations (NH,*, O* and N*) can be
considered. However, these structures are not distinguished in the present work because this charge
is delocalized over the entire molecule in DFT calculations [25]. Therefore, CV* was optimized as a
structure with two amino groups and a positive charge distributed over the entire molecule.

Next, the UV-visible absorption spectra of CV in the gas phase were simulated (Figure 2A,
black and red lines), as the photosensitizing dye’s optical properties are among the most important
factors in determining the photocatalytic activity of TiO,-based photocatalysts and the PCEs of
DSSCs [12]. The maximum absorption peaks (Amax) of CVy and CVjg, were observed at 491 and
432 nm, respectively (Table 1) [26]. In addition, the oscillator strengths (f) at Amax were calculated to be
0.513 and 0.5968, respectively. Good light-harvesting efficiency (LHE) is important for obtaining high
photocurrent in TiO,-based photocatalysts and DSSCs; this parameter can be calculated from the f
values using the following equation [10,11,27]:

LHE=1-107 1)

The LHEs of CVj and CVjg, were calculated to be 0.69 and 0.75, respectively, using Equation
(1). It was expected that the solvent effect would result in a shift in the UV-visible absorption spectra
and changes in the LHE values. The simulated UV-visible absorption spectra of CVy and CVijg, using
CPCM in EtOH showed a red-shift, and their LHE values increased (Figure 2A, blue and green lines).
These results suggested that CV( and CVjs, have excellent optical properties as photosensitizing dyes.

Like CV( and CVi4,, the UV-visible absorption spectrum of CV* was simulated using CPCM in
EtOH (Figure 2B). The Amax of CV* was observed at 510 nm when the B3LYP/6-31+G** level of theory
was used. High concentrations of CV* in aqueous solutions have been reported to exhibit a dimeric
band at ~550 nm, which is attributed to H-aggregated species [28]. Additionally, the absorption peak
of CV* on a Langmuir-Blodgett film is observed at ~525 nm [29]. On the other hand, the monomeric
band of CV* is known to have a Amax of ~585 nm [25,28-30]. This band means that the energy of the
charge-transfer state of CV* was overestimated in the TD-DFT calculation at the B3LYP/6-31+G** level
of theory. Thus, other calculation methods were investigated, and the SVWN method was found to
show relatively good agreement (Amax = 541 nm).
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Figure 2. (A) Simulated UV-visible absorption spectra of CV( and CVjg, in the gas phase and/or
using CPCM in EtOH, calculated at the TD-B3LYP/6-31+G* level of theory; (B) simulated UV-visible
absorption spectra of CV* using CPCM in EtOH, calculated at the TD-B3LYP/6-31+G** (black line)
and TD-SVWN/6-31+G** (red line) levels of theory, respectively. Vertical lines indicate the calculated
oscillator strengths.

In addition to the UV-visible absorption spectra, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels of photosensitizing dyes play important roles
in TiO,-based photocatalysts and DSSCs [12]. Electron injection from the LUMO of the photoexcited
dye to the CB of TiO; is the first process in TiO,-based photocatalysis and DSSCs. The HOMO level is
related to the reduction of the oxidized dye formed by electron injection. Therefore, FMO calculations
of CV using CPCM in EtOH were performed. The FMOs and energy diagrams of CV are shown in
Figures S3 and S4.
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Table 1. Calculated maximum absorption peaks (Amax), molar absorption coefficients (¢), energies of
singlet excited states (Eg;), oscillator strengths (f) and light-harvesting efficiencies (LHE) of CVy,

CVjso and CVT,
Dyes Conditions Amax mm) e(10*M-1em-1)  Eg (eV) f LHE
CVy, gas phase 491 2.09 2.52 0.513 0.69
in EtOH 518 3.10 2.39 0.7643 0.83
cv. gas phase 432 2.44 2.87 0.5968 0.75
150 in EtOH 467 3.25 2.66 0.8008 0.84
cvt in EtOH 510 3.51 2.43 0.8641 0.86
cvta in EtOH 541 2.76 2.29 0.6637 0.78

a: calculation method was using SVWN/6-31+G** level.

According to the TD-DFT calculations, the UV-visible absorption spectra of CV are dominated
by the transition from the ground state to the singlet excited state attributed to the HOMO-LUMO
transition. The HOMO and LUMO of CV are distributed over the whole molecule due to its extended
m-conjugation. In the cases of CVjy and CVjg,, the LUMOEs, in particular, are delocalized around the
aromatic rings with the imino moiety. This result suggests electron transfer from the aromatic ring with
the amino group to the region near the imino moiety, i.e., the amino group acts as a donor. The LUMO
levels of CV and CVjs, were calculated to be —2.55 eV and —2.42 eV, respectively. These values are
much higher than the CB level of TiO; (-4.0 eV) [10-12,27], which indicates the possibility of electron
injection from the LUMO of CVj and/or CVjs, to the CB of TiO,. Additionally, the HOMO levels of
CVj and CVj,, were calculated to be —5.14 eV and —5.33 eV, respectively. These values are lower than
the redox potential of the iodide ion/triiodide ion (I7/I3~, —4.8 eV), which is a common redox couple
in the electrolyte solution in DSSCs [10-12,27]. This result indicates that the oxidized CV( and CVijg,
formed by electron injection can be regenerated in the electrolyte. In conclusion, CV was confirmed to
act as a photosensitizing dye in TiO,-based photocatalysts and DSSCs.

The CV™ results calculated at the B3LYP/6-31+G** level (HOMO and LUMO levels of —6.23 eV and
—3.67 eV, respectively) suggested the possibility of electron injection and regeneration in the electrolyte.
However, the LUMO level calculated at the SVWN/6-31+G** level of theory was lower than the CB
level of TiO,. These results suggested that the accuracy of both the optical properties and FMO levels
of CV* could not be guaranteed. Therefore, CV* was excluded from further study, and only the details
of CVy and CVjg, were investigated.

3.2. Geometry Structures and Characteristics of CV-OTES-C2

Subsequently, geometry optimization of CVy and/or CVj4, attached to OTES—C2 in the gas phase
was performed (Figure 3). These dyes are denoted as CV(—OTES-C2 and CVs,—~OTES-C2, respectively.
Here, it must be assumed that the alkyl alkoxysilane moieties exist in multiple conformations due to
C-C bond rotation of the alkyl chain. In this study, the straight alkyl chain configuration was chosen
as the starting geometry because the SCAs form a SAMs, attributed to the formation of the siloxane
network [13,14].

The hydroxyl group and secondary amine moieties on the alkyl chain resulted from the
epoxy-ring-opening reaction between CV( and/or CVjg, and OTES-C2. An apparent CH-O interaction
between the hydroxyl group of the alkyl chain and the hydrogen atom of the aromatic ring of CV)
and/or CVj,, can be observed in CVy—OTES-C2 and CV;s,—OTES-C2. The calculated distances between
the oxygen and hydrogen atoms were in the range 2.35-2.39 A, which is shorter than the sum of the
van der Waals radii of the oxygen and hydrogen atoms (2.72 A) [31]. This result further supported the
occurrence of the CH-O interaction.
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Figure 3. Optimized structures of CVy—OTES-C2 and CVs,—~OTES-C2 in the gas phase, calculated at
the B3LYP/6-31G* level of theory. The geometries of CVyj—~OTES-C2 and CVs,—OTES-C2 are labeled as
Al and A2 and B1 and B2, respectively. The distance of the CH-O interaction, C~-C-N-C dihedral angle
and energy difference (AE) are shown in red, blue and black, respectively (see the text for further details).

The CH-O interaction was expected to affect the geometry of CV-OTES-C2. In particular,
a dihedral angle distortion was expected due to the steric hindrance of the condensed aromatic ring.
To confirm this, geometry optimizations of CV(—OTES-C2 and CVj5,~OTES-C2 were performed with
different torsional angles for the secondary amine moieties and the dihedral angles of the secondary
amine moieties (C—-C-N-C dihedral angle, see Figure 3) were examined. The optimized structures
of CVy—OTES-C2 and CV;3,—OTES—-C2 were labeled as A1/A2 and B1/B2, respectively. As expected,
the C-C-N-C dihedral angle of CV(—~OTES—C2 (conformation A1) was 152.5°, which represented
a remarkable distortion compared to that in the other conformations. Since this distortion of the
dihedral angle may result in energy differences (sum of electronic and thermal energy; AE) between
the different geometries, frequency analysis was then performed. The AE between the different
optimized geometries of CV(—OTES—-C2 (conformations Al and A2) was 13.2 k]/mol, with a bias toward
A2. On the other hand, the two conformations of CVs,—OTES-C2 (conformation Bl and B2) were
competitive, as AE was 1.4 kJ/mol. The AE between the conformations of CV-OTES-C2 was clearly
due to the condensed aromatic rings of CV and the CH-O interaction. Based on the above results,
it was concluded that the CH-O interaction influences the conformation of CV-OTES-C2.

Figure 4 and Table 2 show the simulated UV-visible absorption spectra and calculated optical
properties of CV(—OTES—C2 and CVj3,—OTES-C2 using CPCM in EtOH. The Anax of CV-OTES-C2
was red-shifted by 12-22 nm compared with that of isolated CV. Additionally, the LHE increased
slightly. These results indicated that CV-OTES-C2 was more promising as a photosensitizing dye than
isolated CV.
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Figure 4. Simulated UV-visible absorption spectra of CVy—-OTES-C2 and CV;y,—~OTES-C2 using
conductor-like polarized continuum model (CPCM) in ethanol (EtOH). Calculations were carried out

at the TD-B3LYP/6-31+G* level of theory. Vertical lines indicate the calculated oscillator strengths.

Table 2. Calculated maximum absorption peaks (Amax), molar absorption coefficients (¢), energies
of singlet excited states (Eg;), oscillator strengths (f) and light-harvesting efficiencies (LHE) of

CV-OTES-C2 and CV;,—OTES-C2.

Dyes Amax (nm) e (10* M1 em™1) Egq (eV) f LHE
CVy—-OTES-C2 (A1) 530 3.24 2.34 0.7979 0.84
CV(—-OTES-C2 (A2) 530 3.37 2.34 0.8317 0.85
CV;,,~OTES-C2 (B1) 488 3.89 253 0.9614 0.89
CV,.,~OTES-C2 (B2) 489 3.52 2.54 08688  0.86

FMO calculations of CV-OTES-C2 (Figure 5) were performed, and energy diagrams were
constructed (Figure 6). The HOMOs of CV-OTES-C2 are distributed even near the secondary
amine moieties; the red-shift of Amax Was attributed to this result. The LUMOs of CV-OTES-C2 are
delocalized around the aromatic ring with the imino moiety, similar to isolated CV. The LUMO levels
of CV-OTES-C2 were in the range of —2.36 eV to —2.61 eV, which are higher than the CB level of
TiO, (—4.0 eV). Additionally, the calculated HOMO levels (—4.99 eV to —5.17 eV) of CV-OTES-C2 are
lower than the redox potential of I" /I3~ (—4.8 eV) in an electrolyte solution. These results confirm that
CV-OTES-C2 could act as a photosensitizing dye in TiO,-based photocatalysts and DSSCs. However,
the distribution of the LUMOs around the aromatic ring with the imino moiety may be unfavorable in
terms of electron injection, because the LUMOs are located relatively distant from the TiO, surface.
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Figure 5. Highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO:s) of CVy—OTES-C2 and CV;g,—OTES-C2 using CPCM in EtOH. Calculations were carried out
at the B3LYP/6-31G* level of theory. Surface isovalue: 0.02 e/bohr?.
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Figure 6. Calculated energy levels of the HOMOs (blue lines) and LUMOs (red lines) for CVy—OTES-C2
and CVj,—OTES-C2 using CPCM in EtOH.

3.3. Effect of the Alkyl Chain Length of OTES—Cn

To determine the effect of the alkyl chain length of OTES—Cn, the UV-visible absorption spectra
and FMOs of CV(—OTES-C4, CV(-OTES-C8, CVis,—OTES-C4 and CVis,—OTES-C8 were investigated.
The geometries of these molecules are illustrated in Figure S5. According to frequency analysis,
the bent molecular configuration (A2) was dominant for CV(—~OTES-C2; however, CVy—-OTES-C2
adsorbed on the TiO, surface may adopt the unbent molecular configuration (A1) due to the large steric
hindrance between adjacent CV moieties and/or between the SAM surface and CV moieties (see below
for further details). Therefore, the details of the unbent molecular configurations of CV(-OTES-Cn and
CViso—OTES—Cn (A1l and B1) were investigated. The simulated UV-visible absorption spectra of the
dyes did not exhibit significant differences. The alkyl chain length of OTES-Cn did not affect the optical
properties of CV-OTES-Cn (Figure S6). It should be noted that the gas-phase spectra were compared
because the TD-DFT calculation for CV-OTES-C8 using CPCM in EtOH was very expensive. As would
be expected from this result, the distributions of the FMOs and the energy levels of the HOMOs and
LUMOs of CV-OTES—Cn were also in good agreement (Figures S7 and S8). Consequently, the alkyl
chain length of OTES-Cn was not confirmed to significantly affect the UV-visible absorption spectra
and FMOs of CV-OTES—Cn. In other words, if the photocurrent of actual TiO,-based photocatalysts
and DSSCs is enhanced by the alkyl chain length of OTES—Cn, it may be due to the controlled molecular
orientation of CV due to the formation of the SAMs.

3.4. Configuration of CV-OTES-C2 Adsorbed on a TiO; Cluster

To understand the structure of CV-OTES-C2 adsorbed on the TiO, surface, geometry optimization
of a TiO; cluster and CVy—-OTES-C2 or CVjs,—~OTES-C2 adsorbed on the TiO; cluster were performed.
For the geometry optimization of the TiO; cluster, the anatase TiO; (101) surface model was selected
because anatase is known to exhibit higher photocatalytic activity than rutile and the (101) surface has
the lowest surface energy [32]. A cluster size of TigO15Hg was employed, and the cluster optimized at
the B3LYP/6-31G*/LanL2DZ level of theory to compromise between computational costs and accuracy
(Figure 59).
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Figure 7 illustrates CV-OTES-C2 adsorbed conformations on the TiO; cluster (tridentate bridging
model, calculated in the gas phase). The calculated bond lengths between the alkoxysilane oxygen
atoms and connected titanium atoms were ~1.86 A, comparable to the Ti-O bond lengths in the TigO15Hg
cluster (1.80-1.84 A). These bond lengths indicated strong chemical adsorption of CV-OTES—C2 onto
the TiO, (101) surface.
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Figure 7. Optimized structures of CV-OTES—-C2 adsorbed on the TiO, cluster in the gas phase,
calculated using the B3LYP/6-31G*/LanL2DZ level of theory. The conformations of CVy-OTES-C2 and
CViso—OTES-C2 are labeled as Al and A2 and B1 and B2, respectively.

The molecular length provided information related to the conformation of CV-OTES-C2 adsorbed
on the TiO, surface. The long axes (distance between the silane atom on the alkoxysilane moiety
and the nitrogen atom on the imino moiety) of CVy—~OTES-C2 and CV;;,—~OTES-C2 in the unbent
conformations (A1 and B1) were 15.9 A (Figure 510). In comparison, those of the bent conformations
(A2 and B2) were 12.1 A and 12.3 A, respectively, and had shorter contact distances between the
CV moiety and the TiO, surface compared to geometries Al and Bl. Additionally, the short axes
(the distance between the nitrogen atoms on the imino moieties and those on the secondary amine
moieties) of the bent conformations were 9.5 A and 9.6 A, respectively. If a SAMs based on OTES-Cn
was present on the TiO, surface, the bent molecular geometry would be unlikely due to the steric
hindrance between adjacent CV moieties and/or between the SAMs surface and CV moieties. Therefore,
it was expected that the unbent conformation of CV-OTES-C2 would predominate on the TiO, surface.

3.5. FMO, DOS Spectra and MEP of CV-OTES-C2 Adsorbed on the TiO, Cluster

Subsequently, the FMOs and DOS spectra of CV-OTES—C2 in the unbent conformations (Al and
B1) adsorbed on the TiO; cluster were calculated to investigate the electron injection from CV-OTES-C2
to TiO, (Figures 8 and 9). As in the case of isolated CV-OTES—C2, the HOMOs of CV-OTES-C2
adsorbed on the TiO, cluster were distributed around the CV and secondary amine moieties. At the
same time, the LUMOs were located around the titanium atoms connected to the alkoxysilane oxygens.
This result indicates that electron injection would occur from CV-OTES-C2 to TiO,. However, it should
be noted that the CB level of TigO15H4 was estimated to be —2.72 eV by the FMO calculation using
CPCM in EtOH.
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Figure 8. HOMOs and LUMOs of CV(,—OTES-C2 or CVs,—~OTES-C2 adsorbed on the TiO, cluster using
CPCM in EtOH, calculated at the B3LYP/6-31G*/LanL.2DZ level of theory. Surface isovalue: 0.02 e/bohr?.
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Figure 9. Density of state (DOS) spectra of (A) CVy—~OTES-C2 and (B) CV;3,—~OTES-C2 adsorbed on
the TiO, cluster using CPCM in EtOH. Black, red and blue lines correspond to the TiO, cluster, isolated
CV-OTES-C2 and CV-OTES-C2 adsorbed on the TiO; cluster. Blue and red bars indicate the HOMO

and LUMO.



Nanomaterials 2020, 10, 1958 12 of 16

According to the DOS spectra, the HOMO and LUMO levels of CV-OTES-C2 were downshifted
by adsorption onto TiO,. In particular, the downshift of the LUMO level was remarkable and suggested
degeneracy between the CB level of TiO, and the LUMO level of CV-OTES-C2. This bandgap reduction
may induce efficient visible light absorption and electron injection.

The MEPs of isolated CV-OTES-C2 and CV-OTES-C2 adsorbed on the TiO, cluster were
calculated to complement the FMO calculations and DOS spectra (Figure 10). The MEP identifies the
nucleophilic reaction sites and electrophilic reaction sites [27]. In all dyes, the imino moiety exhibited
the highest nucleophilic potential. In isolated CV-OTES-C2, the hydrogen atom of the hydroxyl
group and the secondary amine moiety on the alkyl chain exhibited electrophilic potentials. On the
other hand, for CV-OTES-C2 to be adsorbed on the TiO, cluster, the titanium atoms connected to
the alkoxysilane oxygens needed to have the greatest electrophilic potential. This indicates that the
electron injection to TiO, occurs via the alkoxysilane moiety, i.e., these results support those of the
FMO calculations and DOS spectra.

CV,-OTES-C2 CV,,,-OTES-C2
A
— ng /3 9
- - 12 - 2 b 9 ‘
Ja,i,o‘,}‘i" ? 2 e,2° Q"lf' Ji ‘.“
)‘».)J‘J,a o I, JJ’J,J.JtJJ 7,\% i;
> JJ(“J a“""u‘
9 9
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W, '{ S
2 I @ ey S -
G o ﬁ? °,9,0 2
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2 .9 : P 53 > j"
& f 9 S a1y “
\ 9
on TiO, on TiO, g

Figure 10. Molecular electrostatic potential (MEP) of isolated CV-OTES-C2 and CV;s,—OTES-C2
adsorbed on the TiO, cluster using CPCM in EtOH. Red and blue indicate electron-rich (negative
charge) and electron-deficient regions (positive charge), respectively; the electrostatic potential increases
in the order red < orange < yellow < green < cyan < blue. Color code of the MEP maps of the isolated
CV-OTES—C2 and the CV-OTES—C2 adsorbed on the TiO, cluster ranged from —0.078 a.u. to 0.078 a.u.
and from —0.11 a.u. to 0.11 a.u., respectively.

3.6. Simulated Short-Circuit Current Density
The PCE of DSSC is calculated using the following equation [10,27]:

PCE = (Jsc X Vo X FF)/Ig ()

Here, Jsc, Voo, FF and Ij are the short-circuit current density, open-circuit voltage, fill factor and
incident light flux, respectively. s and V. are important factors in the enhancement of the PCE. . is
defined by the following equation [10,11,27]:

Jsc = f (LHE(A) X @inject X Ncollect) dA ®

where LHE(A), @jpject and 1coltect are the LHE at a given wavelength, the electron injection efficiency
and the charge collection efficiency, respectively. It was assumed that all the components of the DSSC
were constant except for the photosensitizing dye. Hence, fcoliect can be assumed to be constant.
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Dinject is related to the injection driving force (AGipject) of the electrons injected from the excited dyes
to the TiO,. AGipject can be estimated using the following equation [10,11,27]:

AGipject = EV®" — Ecp = (E%® - Eg1) — Ecs 4)

Edye", Edye, Ecp and Eg; are the oxidation potential of the photosensitizing dye in the excited state,
the redox potential of the photosensitizing dye in the ground state, the reduction potential of the CB
level of TiO, (4.0 eV) and the energy of the singlet excited state. E9Y¢ can be estimated as the negative
of the HOMO level [11]. Eg; is the vertical transition energy associated with the Amax value obtained
from the UV-visible absorption spectra and is listed in Tables 1 and 2. The Edye Edve" and AGinject
values of isolated CV-OTES-C2 are listed in Table 3.

Table 3. Redox potential in the ground state (E9ye), oxidation potential in the excited state (E9y¢") and
injection driving force (AGipject) of isolated CV-OTES-C2.

Dyes EYe (eV) EY (eV) AGinject (€V)
CV,-OTES-C2 (A1) 5.17 2.83 -1.17
CV-OTES-C2 (A2) 499 2.65 ~1.35
CVi,-OTES-C2 (B1) 5.17 2.64 ~1.36
CV,,,—OTES-C2 (B2) 5.16 2.62 -1.38

The AGinject values for the A1, A2, Bl and B2 conformations were —1.17 eV, —1.35 eV, —1.36 eV
and —1.38 eV; these values were more negative than that of Ecp. This result indicates that the excited
state of CV-OTES—C2 lies above the CB edge of TiO,, i.e., that electron injection should occur from the
excited CV-OTES-C2 to the CB of TiO,.

The AGipject of CVo—OTES-C2 (A1) is the lowest, suggesting that conformation A1 would exhibit
slower electron injection and a lower Jsc than the other geometries. However, the bent molecular
conformations of CV-OTES-C2 (A2 and B2) may not form on the TiO; surface (see above for further
details). The UV-visible absorption spectrum of conformation A1 also has a broader absorption band
than geometry B1 (Figure 4). The LHE depends not only on absorbance but also on the width and tails
of the absorption band. Photosensitizing dyes with wider absorption bands in the visible/IR region can
achieve much higher LHEs [11]. Therefore, it is expected that the characteristics of CV(-OTES-C2 (Al)
would contribute significantly to enhancing the photocurrent in TiO,-based photocatalysts and DSSCs.

4. Conclusions

This article reported a DFT and TD-DFT study of CV-OTES-Cn to determine the influence
of OTES—Cn on photosensitizing dyes’ geometry. The potential of CV-OTES—Cn to act as a
photosensitizing dye was also evaluated. The hydroxyl group formed by the epoxy-opening reaction
resulted in a CH-O interaction between CV and the covalently attached OTES—Cn. This CH-O
interaction significantly influenced the conformation of CV-OTES-Cn and distorted the C—-C-N-C
dihedral angle due to the steric hindrance of the condensed aromatic ring of CV. According to TD-DFT
calculations (simulated UV-visible absorption spectra), CV-OTES-Cn has excellent optical properties
and should act as a promising photosensitizer for TiO,-based photocatalysts and DSSCs. Additionally,
the results of FMO calculations, DOS spectra and MEP calculations indicated that electron injection
proceeds from CV-OTES—Cn to TiO,. In particular, the characteristics of the unbent molecular geometry
of CV-OTES-Cn (conformation Al) should contribute significantly to enhancing photocurrent in
TiO,-based photocatalysts and DSSCs. Overall, the following conclusions were drawn: (i) SAMs
based on the OTES—Cn on the TiO, surface can control CV conformation covalently attached to the
terminal functional group of OTES-Cn (CV-OTES—Cn); (ii) CV-OTES-Cn has potential as a promising
photosensitizer for TiO,-based photocatalysts and DSSCs. This article’s findings should enhance
covalent attachment strategies between photosensitizing dyes and TiO, and improve TiO,-based
photocatalysts and DSSCs.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/1958/s1,
Figure S1: Chemical structures of 4-(triethoxysilyl)butane-1,2-epoxide (OTES-C2), 4-oxiran-2-ylbutyl-triethoxysilane
(OTES—C4) and 8-oxiran-2-yloctyltriethoxysilane (OTES—C8); Figure S2: Optimized structures of CV, CVjso and CV*
in the gas phase. Geometry optimization was performed at the B3LYP/6-31G* and SVWN/6-31+G** levels of theory.
(See Sections 2 and 3 for further details); Figure S3: HOMO and LUMO of CV using CPCM in EtOH. In the cases of
CVj and CVjg,, the B3LYP/6-31G* level of theory was employed for the FMO calculations. The HOMO and LUMO of

CV* were calculated using the B3LYP/6-31+G** and SVWN/6-31+G** levels of theory. Surface isovalue: 0.02 e/bohr>;
Figure S4: Calculated energy levels of the HOMOs (blue lines) and the LUMOs (red lines) of CV, CVjg, and
CV™ using CPCM in EtOH; Figure S5: Optimized structures of CV(—-OTES-C4, CV(,—OTES-C8, CV;;,—OTES-C4
and CVi,,—~OTES-C8 in the gas phase, calculated at the B3LYP/6-31G* level of theory; Figure S6: Simulated
UV-visible absorption spectra of (A) CVy—OTES-Cn and (B) CV;3,—OTES—Cn in the gas phase, calculated using the
TD-B3LYP/6-31+G* level of theory. Vertical lines indicate the calculated oscillator strength; Figure S7: HOMOs and
LUMOs of CV-OTES—C4 and CV-OTES-C8 using CPCM in EtOH, calculated using the B3LYP/6-31G* level of theory.

Surface isovalue: 0.02 e/bohr3; Figure S8: Calculated energy levels of the HOMO:s (blue lines) and LUMO:s (red lines)
for CV-OTES—-Cn using CPCM in EtOH; Figure S9: Optimized structure of a TigO15Hg cluster modeling the anatase
(101) surface, calculated using the B3LYP/6-31G*/LanL2DZ level of theory. Gray, red and white atoms correspond to
Ti, O and H, respectively, Figure S10: Molecular length of CV-OTES-C2 adsorbed on the TiO, cluster.
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