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Abstract

Keywords: DSCs, dye, Ru(ll)-dye, Os(Il)-dye, TiO,, electron injection, optical

electron transfer, electronic coupling

Chapter I: Theoretical Study of N749 Dyes Anchoring on the (TiO,),s

Surface in DSCs and Their Electronic Absorption Properties

In chapter I, we have performed calculations on the panchromatic N749 dyes adsorbed

on the (TiO,),s surface. N749 is a prototypical form of Ru(ll) complexes for dye

sensitized solar cells (DSCs), which possesses a terpyridine tridentate ligand bearing

four different protonation states (0, 1, 2, or 3 carboxylic protons). Depending on the

type of proton bonding interaction (protonated and deprotonated), seven N749/(TiO,)s

surface models (N749-0H/(TiO3)23, N749-1H-P/(TiO2)2s, N749-1H-DP/(TiO2)2s,

N749-2H-P/(TiO,),s, N749-2H-DP/(TiO,),s, N749-3H-P/(TiO,)2s, and

N749-3H-DP/(TiO;),s) have been applied in this study for the geometry optimization,

frontier molecular orbital level diagrams, and calculated absorption spectra. The

moderate surface area of (TiO,).s cluster is suitable for N749 dyes adsorbing behaviors

so that all calculations can be performed using the Gaussian 09 program package. We

have carefully examined these seven N749/(TiO,),s assemblies that could influence the

DSCs device performance. The calculated absorption spectra of these seven various

N749/(TiO,),s models are in good agreement with the experimental results by Hagfeldt



et al. [J. Phys. Chem. B, 2002, 106, 12693-12704] with onset ranging from visible to

near-IR region. The combination of the adsorption energy onto TiO, and calculated

absorption spectra (c.f. the experimental results) concludes that the deprotonated dyes

constitute the most favorable and dominant structure in the DSCs devices. The frontier

molecular orbital graphs indicate that the electron charge distribution of all HOMOs are

located at the N749 dyes while LUMOs are localized at the (TiO,),s surface or

delocalized at the interfacial regions of N749/(TiO,)2s. The corresponding transitions

are thus more like a type of optical electron transfer, injecting the electron to the

interfacial TiO..

Chapter I1: Tridentate Terpyridine Os(I1)- and Ru(ll)-Based Dyes

Anchoring on the (TiO;)3s Surface in DSCs — A Theoretical Study

In Chapter II, in the past decade, Os(l1)-based panchromatic dye sensitized solar cells

(DSCs) are an alternatively accessible choice to replacing the traditional heavy metal

Ru(ll)-based dyes. In 2012, we reported two synthesized Os(ll)-based dyes with

photo-current conversion efficiency reaching 8.85% in our experimental research. In

this theoretical study, we performed the simulation regarding two Os(Il)— (TF-51-Os

and TF-52-Os) and two Ru(ll)-based (TF-51-Ru and TF-52-Ru) dyes anchoring onto

the anatase (101) (TiO,)ss surface. In total, we simulated four dye/(TiO,)ss surface

models. Based on the same structures (TF-51-Os vs. TF-51-Ru and TF-52-Os vs.
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TF-52-Ru), we could make a comparative study relating the Os(11)- and Ru(ll)—based

dyes in DSCs. By the way, we also quantitatively estimated the electronic coupling

between the dye and (TiO,)ss interfacial interaction using the Generalized

Mulliken—Hush (GMH) theory with configuration—interaction singles (CIS) method.

This article is the first report theoretically studying about the Os(11)-based dye in DSCs,

and we believe that it could open a new doorway in the heavy metal based dye/TiO,

research field.
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Chapter I: Theoretical Study of N749 Dyes Anchoring on the (TiO,)s

Surface in DSCs and Their Electronic Absorption Properties

Optical
Electron
Transfer

a
i

N749-1H-DP/(TiO,),
So—> S, at A .= 610.2 nm,
HOMO — LUMO+6

When N749 dye is anchoring onto TiO, surface in DSCs, the electron of the dye is
injected into the TiO, cluster via ultrafast interfacial charge trasnsfer. Left: Frontier
molecular orbitals of HOMO and LUMO+6 in N749-1H-DP/(TiO;),s during optical
absorption photoexcitation. Right: Charge density difference between the ground state
So and the excited state S,. Pink mesh indicates decrease of charge density, while green

mesh indicates the increase of charge density upon photoexcitation.



1.1 Abstract

We have performed calculations on the panchromatic N749 dyes adsorbed on the

(TiO3),s surface. N749 is a prototypical form of Ru(ll) complexes for dye sensitized

solar cells (DSCs), which possesses a terpyridine tridentate ligand bearing four different

protonation states (0, 1, 2, or 3 carboxylic protons). Depending on the type of proton

bonding interaction (protonated and deprotonated), seven N749/(TiO,),g surface models

(N749-0H/(TiO5)28, N749-1H-P/(TiO5) 25, N749-1H-DP/(TiO5) 25, N749-2H-P/(TiO5)2s,

N749-2H-DP/(TiO5)2s, N749-3H-P/(TiO5)2s, and N749-3H-DP/(TiO,)2s) have been

applied in this study for the geometry optimization, frontier molecular orbital level

diagrams, and calculated absorption spectra. The moderate surface area of (TiO;)2g

cluster is suitable for N749 dyes adsorbing behaviors so that all calculations can be

performed using the Gaussian 09 program package. We have carefully examined these

seven N749/(TiO,),s assemblies that could influence the DSCs device performance.

The calculated absorption spectra of these seven various N749/(TiO;),s models are in

good agreement with the experimental results by Hagfeldt et al. [J. Phys. Chem. B, 2002,

106, 12693-12704] with onset ranging from visible to near-IR region. The combination

of the adsorption energy onto TiO, and calculated absorption spectra (c.f. the

experimental results) concludes that the deprotonated dyes constitute the most favorable

and dominant structure in the DSCs devices. The frontier molecular orbital graphs
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indicate that the electron charge distribution of all HOMOs are located at the N749 dyes
while LUMOs are localized at the (TiO;),g surface or delocalized at the interfacial
regions of N749/(TiO;),s. The corresponding transitions are thus more like a type of

optical electron transfer, injecting the electron to the interfacial TiO,.



1.2 Introduction

Dye-sensitized solar cells (DSCs) have been considered as a practical and accessible
alternative to the conventional amorphous silicon solar cells due to their cost-effective
and highly efficient conversion of photovoltaic energy.’™ The DSCs devices are
composed of a nanocrystalline TiO, anatase (101) film adsorbed by organic or inorganic
dyes as the sensitizer, the latter of which are mainly based on  Ru(ll)-based transition
metal complexes. When the dye molecule is excited by the absorption of sunlight, an
electron is readily injected into the conduction band of TiO,. The electron is then
transported to the external circuit and the dye molecule is regenerated by redox reaction
coupled to e.g. the I"/13™ ion pair in electrolyte. The mechanism of the electron injection
into TiO, from the dye incorporates an ultrafast interfacial electron transfer process and
is a key step in DSCs. The presence of an ultrafast electron injection suggests that the
energy of LUMO of the dye should lie well above the conduction band edge of TiO;
(-4.00 eV vs. vacuum).? Additionally, the HOMO energy level of the dye should be
lower than the redox potential of I”/13~ (-4.90 eV vs. vacuum),” leading to a fast dye
regeneration and avoiding the recombination of the ejected electrons back into the
oxidized dye molecules. From the theoretical aspect, the dye/TiO,/electrolyte
interaction is complicated in practice. Interested readers can refer three recent review

articles regarding theoretical approaches in dye/TiO, surface systems.>”
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Ru(ll)-based coordination complexes are effective sensitizers for DSCs due to their
lower metal-to-ligand charge transfer (MLCT) energy gap. Some DSCs incorporating
Ru(ll)-based sensitizers have shown incident photon-to-current conversion efficiency
(IPCE) under the red and near-infrared region of the solar spectrum.® During the past
decade, three prototypical Ru(ll) dyes, N3, N719, and N749 (black dye) have been the
core of Ru(ll)-based dyes developed in DSCs.® Simulations on N3/Ti0,** and
N719/TiO,"™ systems have been studied by several groups. On the other hand,
computational approach on the N749/TiO, model is obscure until 2012, a letter was
published regarding the calculation of N749-3H/(TiO,)es." The calculation in this letter
is focused on N749-3H (with three carboxylic protons) with various protonated forms
and anchoring modes of N749-3H/(TiO;)es.™

The N749 dye is an anionic complex named {(C4Hg)sN}3[Ru(Htctpy)(NCS)3] (tctpy
= 4,4’ 4"-tricarboxy-2,2":6',2"-terpyridine), also known as the black dye.** The
carboxylic groups act as anchors, which are adsorbed onto the TiO, surface. The best
conversion efficiency is ~11% for DSCs with N749 as sensitizer.’® This is mainly
attributed to the property of the N749 dye that absorbs the full visible spectrum and
some of the near-IR region (up to 920 nm).'” The best IPCE achieved was reported to be
80%."’

From chemistry point of view, these terpyridine ligand anchored Ru(ll) dyes latently

5



possess superior stability suited for practical applications. Despite three carboxylic
groups being capable of anchoring on the TiO, surface, the N749 dye is keen on
adsorbing on the TiO, surface by a bidentate and bridging coordination mode according
to the experimental results, where two O atoms, each from a different carboxylate
groups, attach monodentately to the Ti atoms on the TiO, surface.®?° In other words,
two carboxylate groups are enough to create a stable adsorption site on the TiO, surface,
and the third carboxylic group is dangling above the TiO, surface.”*?®* The form of
“bidentate carboxylate anchoring on the Ti atoms of TiO, surface” has been examined
experimentally and theoretically in Ru(ll) dyes carrying bipyridine ligands with

142225 in attempts to understand both the improved conversion

dicarboxylate groups,
efficiency and stability.

Research regarding terpyridine Ru(Il)-based dyes in DSCs has boomed fast in recent
years. An increased number of relevant dyes were reported to have great DSCs
performance.?***! Recently, a series of panchromatic terpyridine Os(l1)—based dyes in
DSCs show high conversion efficiency reaching 8.85%.% Owing to the prosperity of
relevant terpyridine Ru(ll) dyes in DSCs, it is timely to perform the computational
approach of these dyes on the TiO, surface. The unit cell of TiO, anatase (101) is

(TiO,)4 and its space group is no. 141 [I 41/a m d :2]. In the TiO, anatase (101) surface

nanocluster, each O atom is nearly binding with two Ti atoms. The smallest possible
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reasonable TiO, anatase (101) nanocluster is (TiO,).*> The next larger reasonable
ones are (TiO2)s, (TiO2)ss, and (TiO2)4s.>* In this chapter (Chapter I), we adopt the
(TiO2)2s surface cluster as our simulation model. The surface area of the (TiO;)2s IS
suitable for the bidentate carboxylate groups of N749 dye to anchor onto. In particular,
various deprotonated forms of model compound N749 will be carefully examined.

Detail of results and discussion is elaborated in the following sections.



1.3 Models and Computational Methods

All the calculations are performed with the Gaussian 09 program package.® The
ground state geometry of pure (TiO,),s surface cluster and each single N749 dye are
optimized first, and then each ground state geometry of N749/(TiO,),s assembly is fully
optimized. The ground state geometry optimizations are all performed with density
functional theory (DFT) at PBE1IPBE/LANL2DZ (Ru, Ti) and PBE1PBE/6-31G* (H, C,
N, O, S) level. The functional PBE1PBE is weighted at 25% exchange and 75%
correlation.®* PBE had been found effective in simulating ground state geometry
optimizations and absorption spectra in inorganic sensitizers and metal oxides.**"*%’
The optimized structures of N749/(TiO,).s models are then used to calculate the 60
lowest singlet electronic transitions using time dependent density functional theory
(TD-DFT) method. The lowest triplet excited state energy of each model is also
calculated. We adopt acetonitrile as the solvent, which is commonly used in DSCs. The
solvation effect is based on the conductor-like polarizable continuum model (C-PCM),
which is implemented in the Gaussian 09 program.

In the N749/(Ti0O;),s surface models, we have performed calculation with the N749
dyes carrying 0, 1, 2, or 3 carboxylic protons. The different numbers of carboxylic

protons simulated are according to the condition reported in experimental’’ and

theoretical® (in gas phase) N749 literatures. The N749 dye carrying zero carboxylic

8



proton is defined as “N749-0H”, which has a charge of “—4”. Likewise, N749 dyes
carrying one, two, and three carboxylic protons are dubbed as “N749-1H” (-3),
“N749-2H” (-2), and “N749-3H” (-1), respectively (see Figure 1.1 for their structures).
Because N749-1H has the best conversion efficiency in DSCs among these four
protonation types of N749 dyes'’ and the experimental absorption spectra and FT-IR
data of N749-0H/TiO,, N749-1H/TiO,, and N749-3H/TiO, are similar’®, we only adopt
N749-1H in our experimental absorption spectrum of N749/TiO, (vide infra). The
model of N749-1H/(TiO;),s composite includes two forms: the protonated form
“N749-1H-P/(TiO,)28” and the deprotonated form “N749-1H-DP/(TiO;),3”. The
protonated form N749-1H-P/(TiO;),g has retained its carboxylic proton on the third
unanchored carboxylic group. The deprotonated form N749-1H-DP/(TiO,).s has
transferred its carboxylic proton of the N749-1H dye onto the (TiO;),g surface. The
N749-2H/(Ti0;),3 composite also includes two protonation models: the protonated
form “N749-2H-P/(Ti0;),s” and the deprotonated form “N749-2H-DP/(TiO;),s”. The
protonated N749-2H-P/(TiO;),s has retained one carboxylic proton on the third
unanchored carboxylic group and transferred the other one onto the (TiO,).s surface.
The deprotonated N749-2H-DP/(TiO;).s has transferred two carboxylic protons of the
N749-2H dye onto the (TiO;),s surface. The N749-3H/(TiO;),s composite also

includes two protonation models: the protonated form “N749-3H-P/(TiO;),g” and the
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deprotonated form “N749-3H-DP/(TiO;),5”. The protonated N749-3H-P/(TiO,).¢ has
retained one carboxylic proton on the third unanchored carboxylic group of the dye
N749-3H and transferred the other two onto the (TiO;),g surface. The deprotonated
N749-3H-DP/(TiO)2s has transferred all the three carboxylic protons of the N749-3H
dye onto the (TiO;),g surface. In short, as shown in Figure 1.2, there are totally seven
surface  models of N749/(TiO,),s to be simulated: “N749-0H/(TiO;).8”,
“N749-1H-P/(TiO2) ", “N749-1H-DP/(TiO5)2”, “N749-2H-P/(TiO5) 2",
“N749-2H-DP/(TiO3)28”, “N749-3H-P/(TiO2)25”, and “N749-3H-DP/(TiO,),s”. Note
that in this approach we do not consider those N749/(TiO;),g models in basic solution,
in which the proton is dissociated without anchoring onto TiO,. It has been reported that

the DSCs performance is inferior in basic solution.?

10



1.4 Results and Discussion
1.4.1 (TiO,),s Surface and Associated Behaviors of the N749/(TiO;)2s Models

We use the (TiO;),g cluster as our simulation model, for which the full geometry
optimized structure is depicted in Figure 1.2. The (TiO3),s cluster possesses a nearly
planar structure and its surface area is suitable for N749 with the bidentate
bicarboxylate (of the tridentate tricarboxylate) to anchor onto. The HOMO and LUMO
energy levels of the (TiO;),g surface in acetonitrile are calculated to be —7.35 and -3.45
eV, respectively, deducing a HOMO-LUMO band gap of 3.90 eV. The S — S; optical
gap is calculated to be 3.25 eV, which is only slightly larger than the experimental band
gap of ~3.20 eV for the nano-sized (15~20 nm) TiO,,? supporting the validity of current
theoretical approach based on the (TiO),g cluster. We then focus on the adsorption
energies for the N749 dyes onto (TiO,)s. The optimized geometries, calculated
adsorption energies, and O-Ti (between carboxylate O atom and Ti atom) distances of
these seven N749/(TiO;),s models are shown in Figure 1.2. The adsorption energy, Eags,
is defined as Eags = Eayer(rioz)2s — [Edye + E(rio2)28] Where Eqye/tioz)2s, Edye and Erioz)zs
denote the optimized energy of the dye/(TiO;),g assembly, isolated dye, and (TiO;)zs,
respectively. The adsorption is expected to be exothermic, which is a prerequisite for the
formation of dye/(TiO;),g due to the negative entropic change of the adsorption process.

Evidently, as shown in Figure 1.2, the calculated adsorption energies of all seven
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N749/(TiO,),s surface models are negative; thus each N749/(TiO;).s assembly is
thermodynamically stable. In particular, the deprotonated form N749-1H-DP/(TiO2)2g
(-2.98 eV) is more stable than the protonated form N749-1H-P/(TiO;),s (-2.88 eV).
Similar results are obtained for the two- and three-proton systems, in which
N749-2H-DP/(TiO3),s (-2.50 eV) and N749-3H-DP/(TiO;)2s (-1.95 eV) are more
stable than N749-2H-P/(Ti0;),s (-2.35 eV) and N749-3H-P/(TiO;)2s (-1.86 eV),
respectively. The deprotonated form is a dissociative adsorption, thus it has a larger
adsorption energy than the protonated form. In addition, the O-Ti distances between the
carboxylate O atoms and Ti atoms of these seven N749/(TiO;),g cluster models are
calculated to be within 1.89 to 1.97 A (see Figure 1.2), which are in good agreement
with the reported experimental value ranging from 1.92 to 1.97 A.*® We then calculate
the electronic properties for each model elaborated as follows, in which N749/(TiO;)2s
with various protonated and deprotonated forms will be discussed in detail.
1.4.2 Frontier Molecular Orbitals and Absorption Spectra

The electron density distributions in HOMOs and LUMOs of these seven
N749/(TiO,),s models show no obvious differences. The HOMOs are only located at
the N749 dyes, while the LUMOs are localized at the (TiO;),g surface or delocalized at
the N749/(TiO,),s interfaces, and the LUMOs form a nearly continuous state (see

Figures 1.3 to 1.10). Furthermore, the electron distributions in HOMO and HOMO-1
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are both localized at the section between Ru(ll) center and NCS ligands. From the
energetics point of view, all HOMOs (oxidation potential) are calculated to be
within -5.18 to -5.33 eV, and LUMOs are within —2.58 to -3.29 eV (see Figure 1.3).
The So — S optical gaps of these seven N749/(TiO,).s models are also calculated, the
values of which are within 1.98 eV (627.3 nm) and 1.69 eV (731.7 nm). Thus,
alternatively, the LUMO energy can be estimated by adding So — S; gaps to their
corresponding HOMO. The resulting LUMO energy levels are within —3.20 to —3.64 eV,
which are then closer to the experimental energy level of TiO, conduction band (-4.0
eV). Nevertheless, despite which method being applied for estimating LUMO, for these
seven N749/(TiO;),s models all LUMOSs are higher in energy than the experimental
energy level of TiO, conduction band. Meanwhile, all HOMOs are lower than the
experimental redox potential of 1713~ (4.9 eV). Accordingly, these seven
N749/(TiO,).s models are predicted to operate well in the N749 based DSCs, in good
agreement with the experimental report.” The optical transitions of these seven
N749/(TiO;)2s models are mainly transferring from HOMO or HOMO-1 to LUMOs,
and are ascribed as an interfacial charge transfer process (see Tables 1.1, 1.2, 1.3, 1.4,
1.5, 1.6, and 1.7). The peak of the experimental N749-1H/TiO, absorption spectrum is
at 599 nm (2.07 eV). The maxima of the calculated absorption spectra over 560 nm of

these seven models (N749-0H/(TiO3)2g, N749-1H-P/(TiO;)28, N749-1H-DP/(TiO3) s,
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N749-2H-P/(TiO,) s, N749-2H-DP/(TiO;)s, N749-3H-P/(TiO;) s, and

N749-3H-DP/(TiO;),g) are at 582.8 nm (2.13 eV), 617 nm (2.010 eV), 610.2 nm (2.03

eV), 618.3 nm (2.005 eV), 615.7 nm (2.014 eV), 638.7 nm (1.94 eV), and 598 nm (2.07

eV), respectively (see Figures 1.11, 1.12, Tables 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, and 1.7). The

oscillator strengths of these peaks are all larger than 0.04. This, together with the

HOMO (and HOMO-1) and LUMOs being assigned to N749 and (TiO;).s, respectively,

indicates a type of optical electron transfer process. In other words, through the complex

formation between N749 and TiO, in the N749/(TiO;),g systems, the coupling constant

of the matrix elements must be large (>> KT) so that the interfacial transition, in part,

becomes optically allowed.

The discrepancies in absorption peak frequency between the experimental and these

seven calculated spectra are within 0.13 eV. In particular, the calculated maxima of the

four N749-DP/(T|02)28 models (for N749-0H/(T|02)28, N749-1H-DP/(T|02)28,

N749-2H-DP/(TiO;),s, and N749-3H-DP/(TiO;),g) are in better agreement with the

experimental result, as evidenced by the fact that differences between the experimental

and the calculated peaks of the four N749-DP/(TiO,),s are only within 0.06 eV (see

Figures 1.11, 1.12, Tables 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, and 1.7).

The calculated absorption maximum of N749-1H-DP/(TiO,).g is at 617 nm (Sg — S»

transition) with an oscillator strength of 0.06, which comprises three components;
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namely: 1) HOMO — LUMO, 2) HOMO — LUMO+1, and 3) HOMO — LUMO+6
(see Table S1.3). Figure 1.13 depicts the combination of HOMO and LUMO+6 to
illustrate the transition properties. LUMO+6 is picked due to its largest delocalization of
electron density in both N749-1H-DP and (TiO;)2s. Along this line, photoexcitation
from HOMO (N749-1H-DP) to LUMO+6, in which electron densities are distributed
around the interface of N749-1H-DP/(TiO;),s (see Figure 1.13), exhibits an
electron-hole charge transfer transition with a substantially strong oscillator strength.
The net result can be equivalently described as processing an instantaneously interfacial
electron injection fitted to a well established “direct injection” mechanism.”** Similar
transition patterns at the absorption maxima are obtained for the rest six N749/(TiO;)2g
models and the corresponding molecular orbital illustrations are depicted in Figures
1.14,1.15,1.16,1.17, 1.18, and 1.19.

Further careful examination on Figure 1.3 indicates that the HOMO-LUMO band
gaps and the first singlet excited state energies (So — Si) do not have the same trend of
correlation among the seven N749/(TiO;),s models studied. For clarity, a fair
comparison is made by classifying the titled nanocomposites into three subgroups. First,
in section 1.4.2.1 we discuss the N749-DP/(TiO,).s model for cases of 0-, 1-, 2- and
3-H (vide supra). We then present the N749-P/(TiO,),s models for 1-, 2- and 3-H in

section 1.4.2.2. Lastly, under the restriction that one proton has to reside at the
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carboxylic site, comparative study has been carried out between the rest protons on the
carboxylic groups and on the (TiO,).g sites. In other words, focus on section 1.4.2.3
will be for 1H-P vs. 1H-DP, 2H-P vs. 2H-DP and 3H-P vs. 3H-DP (for detailed
definition, see section 1.3).
1.42.1 N749-0H/(TiO,)2s, N749-1H-DP/(TiO,)zs N749-2H-DP/(TiO,)2s, V.
N749-3H-DP/(TiO5)2s

The orbital energy levels of HOMOs and LUMOs of these four N749-DP/(TiO,) s
models (see Figure 1.3) show a notable correlation with the number of protons. They are
related in that the increase of proton number associates with a decrease of both HOMOs
and LUMOs, and the energy gap between HOMO and LUMO is decreased as well. This
results can be rationalized by the fact that adding more protons on the (TiO;),g surface
leads to the progressively build-up of the positive charge. The greater potential gradient
is then formed between the negatively charged N749 dyes and the positively charged
(TiO,).s surface, resulting in the decrease of both HOMOs and LUMOs energy levels.®
It should also be noted that the decrease of HOMO energy is not as significant as the
decrease of LUMO energy. As a result, the individual HOMO-LUMO energy gap En-
exhibits a sequential red-shift with increasing number of protons, the result of which is
in agreement with the theoretical study of N749 in gas phase.” All these four

N749-DP/(TiO;),s models carry none of carboxylic proton in the N749 dyes. Evidently,
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LUMOs reside on (TiO3),g and thus are much more affected by the transferred protons.
On the other hand, the HOMOs residing only at the main framework of the N749 dye
are less affected by the protons on the (TiO,)2s cluster. Similarly, upon increasing
number of protons, the corresponding So — S; energy gaps are red shifted in the order
of 627.3 nm (0), 651.3 nm (1), 659.6 nm (2), and 731.7 nm (3) (see Figure 1.3, Tables
1.1,1.3,15,and 1.7).
1.4.2.2 N749-1H-P/(TiO,) 25, N749-2H-P/(TiO5) s, vs. N749-3H-P/(TiO3) s

With the increase of the proton number, these three protonated N749-P/(TiO;).s
models have the same trends as the four N749-DP/(TiO,),s models (see Figure 1.3),
that is the decrease of the energy levels of HOMOs and LUMOs results in decrease of
both HOMO-LUMO band gap and So—S; energy gap. Note that all these three
N749-P/(TiO),s models carry one carboxylic proton on the N749 dye, while the rest
protons reside on (TiO;).s. Since both HOMOs and LUMOs energy levels are greatly
affected by the potential gradient built between N749 (negatively charged) and (TiO2)2s
(positively charged),®® similar trend in energetic relationship for N749-1H-P/(TiO5)2s
(no proton on TiO,), N749-2H-P/(TiO;),s (one proton) and N749-3H-P/(TiO;),g (two
protons) is expected and can be rationalized by the same reasons given for the four
N749-DP/(TiO,),s models discussed above (see section 1.4.2.1).

1.4.2.3 N749-nH-P/(TiO5) 25 vs. N749-nH-DP/(TiO5)2s (n = 1, 2, 3)
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The energy level of LUMO of N749-1H-DP/(TiO;),s (-2.84 eV) is lower than
N749-1H-P/(TiO3)2s (-2.70 eV), while the energy level of HOMO of
N749-1H-DP/(TiO3),s (-5.23 eV) is higher than N749-1H-P/(TiO,).s (-5.33 eV) (see
Figure 1.3). In comparison to the protonated form N749-1H-P/(TiO;),s, the
deprotonated form N749-1H-DP/(TiO,),s leads to a downshift of LUMO and up-shift
of HOMO. The downshift of LUMO is mainly due to the fact that the (TiO,).g cluster
in N749-1H-DP/(TiO;),s carries more positive charge than that of (TiO;),g in
N749-1H-P/(TiO;),5. Conversely, N749-1H-DP in N749-1H-DP/(TiO;),g carries more
negative charge than that of N749-1H-P in N749-1H-P/(TiO;).g, resulting in an up-shift
of HOMO. As a result, N749-1H-DP/(TiO;),g has a smaller HOMO-LUMO band gap
than that of N749-1H-P/(TiO,)2g. Similarly, N749-1H-DP/(TiO;),g has a smaller So-S;
energy gap than N749-1H-P/(TiO;),s (see Figure 1.3, Tables 1.2, and 1.3). The trends of
both HOMO-LUMO and So-S; gaps are in good agreement with the theoretical
approach using N719/(TiO,)3s as a model.* For the two- and three-proton systems, as
shown in Figure 1.3, both N749-2H-P/(TiO;),s vs. N749-2H-DP/(TiO,),s and
N749-3H-P/(TiO3)25 vs. N749-3H-DP/(TiO;),s follow the same trend regarding
HOMO-LUMO band gap and So—S; energy gap, which can be well explained by the
same reasons given for N749-1H-P/(TiO3)2g vs. N749-1H-DP/(TiO;).s.

1.4.3 Theoretical vs. Experimental Approach
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We then make a fair comparison between theoretical and experimental approaches.

As for one-proton models, Figure 1.20 displays the absorption spectrum of

N749-1H/TiO, together with the calculated spectra of N749-1H-P/(TiO;),s and

N749-1H-DP/(TiO3),s. The calculated lowest singlet excitation peak wavelength Asp.s1

of N749-1H-DP/(TiO,)2s (651.3 nm; also see Table 1.3) is red shifted relative to that

(647.5 nm) of N749-1H-P/(TiO;).s (see Table 1.2). In particular, N749-1H-P/(TiO;) s

has another prominent absorption peak at 534.1 nm (So — Ss) with strong oscillator

strength of 0.05. As a result, the calculated spectrum of the deprotonated form

N749-1H-DP/(TiO;),s matches the experimental spectrum (with oscillator strengths

distributed) better than that of the protonated form N749-1H-P/(TiO;),g in the range of

450 nm to 950 nm (see Figure 1.20).

Similar results are also found for two- and three-proton models, in which the

calculated absorption spectral maxima of the four deprotonated N749-DP/(TiO;)s

models are better in overlapping with the experimental absorption spectrum than those

three protonated N749-P/(TiO;),s models (see Figures 1.4 and 1.5). Also, the calculated

absorption spectra of N749-2H-P/(TiO,),s and N749-3H-P/(TiO;),g reveal additional

lower lying peak at 549.4 and 537.3 nm with oscillator strength of 0.046 and 0.02,

respectively, resulting in an inferior overlap (with oscillator strengths distributed) with

respect to the experimental spectrum. For clarity, Figures 1.21 and 1.22 show a fair
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comparison among relevant spectra for the two- and three-proton models, respectively.
The above results seems contradictory to the most recent calculation using
N749-3H/(TiO,)es as a model.® Applying CPMD (geometry optimization) and
Gaussian 09 (TD-DFT for excitation) for the N749-3H/(TiO,)9s model, Sodeyama et
al.’ calculated the protonated form of N749-3H/(TiO,)gs to be more stable than the
deprotonated form, with its corresponding spectrum being closer to the experimental
absorption spectra. In the current study, applying Gaussian 09 for full geometry
optimization and excitation simulation, several remarks extracted from our results lead
us to cast the alternative viewpoint that the N749 deprotonated forms should be the
dominant species upon anchoring onto TiO, nanocluster. Our viewpoint stems from the
combination of aforementioned adsorption energies, resemblance of absorption onset
and maxima as well as spectral feature in terms of oscillator strengths with respect to
the experimental observation.?> Moreover, all of the frontier molecular orbital graphs of
HOMOs and LUMOs of the seven N749/(TiO;),s models have been displayed, in
which the electron charge distributions of all HOMOs are located at the N749 dyes, and
LUMOs are localized at the (TiO,),g surface or delocalized at the interfacial regions of
N749/(TiO,)zs. This is consistent with the calculated results of N719/(TiO5)s,. > We
thus conclude that the N749 deprotonated forms should be the dominant species upon

anchoring onto the (TiO;),g cluster, and simultaneously the protons are co-adsorbed on
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the TiO, surface adjacent to the carboxylate group. This comprises a composite
framework in mimicking the DSCs configuration. The result is also in agreement with
the conclusion drawn according to the experimental progress. Experimentally, both
UV-Vis and FT-IR absorption spectra of N749-0H/TiO,, N749-1H/TiO, and
N749-3H/TiO, resemble each other, indicating that the N749 deprotonated form should
be the prevailing species, and the dissociated carboxylic protons are coadsorbed onto
the TiO, surface.?

Last but not least, the above delineation is mainly in the singlet manifold. As for the
Ru(ll)-based dyes in DSCs, due to the heavy atom enhanced spin—orbit coupling and
hence the facilitation of rate of intersystem crossing, the lowest triplet state (T1) may be
populated, which may also play a role for the electron injection processes.* We have
thus calculated the So—T; energies of the seven N749/(TiO,),s models and the results
are shown in Figure 1.3. Evidently, the onsets of the calculated transition for the seven
models are all in the near IR, ranging from 794.2 nm to 951 nm, accounting for the tail

of spectral onset for N749 adsorbed onto TiO,.
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1.5 Conclusion

In summary, we provide a compact but efficient model incorporating (TiO3),s

assembly for accessing the adsorption of the N749 dyes with terpyridine anchoring

group. Seven distinctive N749/(TiO;),s surface models are investigated with the

Gaussian 09 software package. Various properties of the N749/(Ti0O;).s models, such as

optimized structures, O-Ti distances, adsorption energies, frontier molecular orbitals,

and TD-DFT UV-VIS excitation spectra have been calculated and a fair comparison

with the experimental results have been made. Among these seven N749/(TiO;).g

models, the combination of the adsorption energy onto TiO, and experimental and

calculated absorption spectra concludes that the deprotonated dyes constitute the most

favorable and dominant structure in the DSCs devices. The frontier molecular orbital

graphs indicate that the electron charge distribution of all HOMOs are located at the

N749 dyes and LUMOs are localized at the (TiO;),s surface or delocalized at the

interfacial regions of N749/(TiO,).s. The corresponding transitions are thus more like a

type of optical electron transfer, injecting the electron to the interfacial TiO,. The

interfacial charge transfer processes of the seven N749/(TiO,),g models are also shown.

We also have comprehensively discussed the energy level positions of HOMOs and

LUMOs of these seven N749/(TiO;),g models, accounting for their relationships with
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the number of protons. Accordingly, we have demonstrated that the selection of suitable

(TiO2)2s assembly can be used to simulate real-life experimental data with good

reliability. Due to the readily accessible in computation capability for most of

laboratories, new and more efficient Ru(ll) sensitizers may be strategically designed via

simulation prior to the execution of synthetic work, saving the redundant synthetic

efforts and suited for the demand of vast evaluation of the DSCs sensitizers.

23



"00C
(a) N749-0H (b) N749-1H

— HOOC 2- HOOC -

NCS
\ N
HOOC / N——RuU—NCS

‘oocC | HOOC
(c) N749-2H (d) N749-3H

Figure 1.1 Molecular structures of various N749 dyes: (a) N749-0H, (b) N749-1H, (c)

N749-2H, and (d) N749-3H.
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N749-0H/(TiO2) s
O-Ti=1.95and 1.94 A

N749-1H-P/(TiO,)
O-Ti=1.97and 1.95 A

N749-1H-DP/(TiO;) 2
O-Ti=1.94and 1.92 A

N749-2H-P/(TiO5) 2
O-Ti=1.94and 1.93 A

N749-2H-DP/(TiO5) 2
O-Ti=197and 1.91 A

N749-3H-P/(TiO3) s
O-Ti=192and 1.93 A

N749-3H-DP/(TiO,) s
O-Ti=1.96and 1.89 A

Figure 1.2 Optimized geometries, O-Ti distances (left and right side), and adsorption

energies of the (TiO;),g cluster and seven N749/(TiO,),s models. Note: The carboxylic

protons and protons on the (Ti0O,),g surface are indicated by circle symbol.
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Figure 1.3 Molecular orbital energy level (eV) diagram from HOMO-10 to LUMO+30
of the seven N749/(TiO,),s surface models. (a) N749-0H/(TiO3).s, (b)
N749-1H-P/(TiO,)2s, (C) N749-1H-DP/(TiO,)zs, (d) N749-2H-P/(TiO,)zs, (€)
N749-2H-DP/(TiO3) 2, (f) N749-3H-P/(TiO,)2, and (g) N749-3H-DP/(TiO;)2. CB =
conduction band, H=HOMO, L = LUMO, and AE is HOMO-LUMO band gap. S; and

T, stand for the calculated first singlet and the lowest triplet excited state energies in nm,

respectively.
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LUMO+6 (-2.22 eV)

LUMO+7 (-2.15 eV)

LUMO+8 (-2.13 eV)

Figure 1.4.1 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-0H/(TiO;)2s. The isovalue for the contours is 0.02.
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LUMO+10 (-2.07 eV)
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LUMO+21 (-1.76 eV)

LUMO+22 (-1.73 eV)

LUMO+23 (-1.70 eV)

Figure 1.4.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-0H/(TiO,).g. The isovalue for the contours is 0.02.
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Table 1.1 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.003 for
N749-0H/(TiO3)s. f is oscillator strength.

State Jal (NM)|  f Assignments
HOMO-1—LUMO+3(24%) HOMO-1—LUMO+1(18%)

1 627.3 0.0142 HOMO-1—-LUMO+5(16%) HOMO-1—-LUMO+6(14%)
HOMO-1—LUMO(6%)

HOMO—LUMO+1(25%) HOMO—LUMO-+3(20%)

2 582.8 0.0935 HOMO—LUMO(13%) HOMO—LUMO+5(10%)
HOMO—LUMO-+6(10%)

, c001 | 0005, HOMO-L—LUMO+1(42%) HOMO—LUMO+2(18%)
HOMO—LUMO+3(6%) HOMO—LUMO-+1(6%)
HOMO—LUMO+2(43%) HOMO-1—LUMO+1(31%)

8 506.3 0.0083
HOMO-1—LUMO+3(6%)

HOMO—LUMO+2(31%) HOMO—LUMO-+18(21%)

9 4949 | 0.0177 HOMO—LUMO+17(10%) HOMO—LUMO+19(7%)
HOMO—LUMO+3(5%)

10 490.4 0.0061 HOMO-1—-LUMO+2(76%)

HOMO-1—LUMO+4(62%) HOMO-1—LUMO-+18(8%)

15 472.3 0.0114
HOMO-1—LUMO+2(5%)

HOMO-1—-LUMO+18(24%) HOMO-1—-LUMO+4(19%)

17 468 0.021 [HOMO-1-LUMO+17(10%) HOMO-1—-LUMO+6(9%)
HOMO-1—LUMO+5(8%) HOMO-1—LUMO+19(8%)

21 458.4 0.0055 HOMO—LUMO+8(59%) HOMO—LUMO+7(26%)

26 446.4 | 0.0056 HOMO—LUMO+10(82%) HOMO—LUMO+8(8%)

30 4356 | 0.0048 HOMO-1—LUMO-+10(82%) HOMO-1—LUMO+8(10%)
HOMO—LUMO+20(63%) HOMO—LUMO+21(6%)

48 407.7 0.005
HOMO—LUMO+22(5%)

HOMO-1—LUMO+20(61%) HOMO-1—LUMO+22(9%)

57 398.6 0.0044
HOMO-1—LUMO+21(7%)

58 3068 | 0.004 HOMO-1->LUMO+19(41%) HOMO-1—LUMO+22(39%)
HOMO-4—LUMO+1(20%) HOMO-4—LUMO(17%)

59 395.5 0.0059 HOMO-4—LUMO+3(10%) HOMO—LUMO+23(7%)
HOMO-4—LUMO+5(5%)

60 395 0.0039 HOMO-1—-LUMO+19(27%) HOMO-1—-LUMO+18(24%)
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LUMO+4 (-2.29 eV)

LUMO+5 (-2.28 eV)

LUMO+6 (-2.23 eV)

Figure 1.5.1 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-1H-P/(TiO;),s. The isovalue for the contours is 0.02.
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LUMO+24 (-1.68 eV)

Figure 1.5.2 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for N749-1H-P/(TiO;),s. The isovalue for the contours is 0.02
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Table 1.2 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.005 for

N749-1H-P/(TiO5) .

State Jal (NM)|  f Assignments

. 6475 | 0.0367 HOMO-1—-LUMO+1(49%) HOMO—LUMO+1(14%)

' ' HOMO-1—-LUMO+3(13%) HOMO-1—LUMO+2(9%)

) 617 0.042 HOMO—LUMO+1(46%) HOMO-1—-LUMO+1(16%)

' HOMO—LUMO+3(11%) HOMO—LUMO+2(8%)

4 547.7 | 0.0109 |[HOMO—LUMO(87%)

HOMO—LUMO+6(24%) HOMO—LUMO+11(22%)

5 534.1 | 0.0513 |[HOMO—LUMO+7(16%) HOMO—LUMO+3(9%)
HOMO—LUMO(9%) HOMO—LUMO+1(9%)
HOMO—LUMO+1(19%) HOMO-1—-LUMO+6(15%)

7 501.2 | 0.0136 HOMO—LUMO+3(15%) HOMO-1—LUMO+3(14%)
HOMO-1-LUMO+11(13%) HOMO-1—-LUMO+7(10%)

9 491.4 | 0.0102 [HOMO—LUMO+3(50%) HOMO—LUMO+2(31%)

14 463.3 | 0.0133 [HOMO—LUMO+4(65%) HOMO—LUMO+5(23%)

16 4495 | 0.0145 [HOMO-1-LUMO+4(65%) HOMO-1—-LUMO+5(23%)
HOMO—LUMO+7(36%) HOMO—LUMO+11(33%)

19 439.8 | 0.0108
HOMO—LUMO+22(6%) HOMO—LUMO+24(6%)
HOMO—LUMO+10(43%) HOMO—LUMO+24(12%)

25 429.4 | 0.0131
HOMO—LUMO+9(11%) HOMO—LUMO+22(7%)
HOMO—LUMO+10(46%) HOMO—LUMO+11(12%)

26 427.6 | 0.0102
HOMO—LUMO+24(8%) HOMO—LUMO+22(6%)

27 425.7 | 0.0104 HOMO-1—-LUMO+11(29%) HOMO-1—-LUMO+7(27%)
HOMO-1-LUMO+10(28%) HOMO-1—LUMO+9(17%)

31 416.9 | 0.0204 [HOMO-3—LUMO+1(16%) HOMO-1—-LUMO+24(9%)
HOMO-1-LUMO+22(6%)

HOMO-3—-LUMO+1(39%) HOMO-1—-LUMO+10(37%)

32 415.8 | 0.0206
HOMO-3—-LUMO+3(7%) HOMO-3—-LUMO+2(6%)
HOMO-1-LUMO+10(19%) HOMO-2—LUMO+4(13%)

35 414 0.0176 |[HOMO-3—LUMO+1(10%) HOMO-1—-LUMO+11(9%)
HOMO-1—-LUMO+24(9%) HOMO-1—-LUMO+22(7%)
HOMO—LUMO+18(31%) HOMO-5—LUMO+1(16%)

43 402.1 | 0.0059

HOMO—LUMO+16(12%) HOMO—LUMO+15(11%)
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LUMO+3 (-2.60 eV)

LUMO+6 (-2.42 eV)
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Figure 1.6.1 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-1H-DP/(TiO;),s. The isovalue for the contours is 0.02.
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LUMO+24 (-1.89 eV)

LUMO+25 (-1.85 eV)

Figure 1.6.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-1H-DP/(TiO;),g. The isovalue for the contours is 0.02.
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Table 1.3 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.001 for
N749-1H-DP/(TiO;)2s.

State Jal (NM)|  f Assignments
HOMO-1—LUMO+6(15%) HOMO-1—LUMO+1(15%)
1 651.3 0.0115 HOMO-1—-LUMO+7(13%) HOMO-1—-LUMO(11%)
HOMO-1—LUMO+10(8%) HOMO-1—LUMO+5(5%)
HOMO—LUMO(37%) HOMO—LUMO+1(31%)
2 610.2 0.0611
HOMO—LUMO+6(25%)
3 593.4 0.0013 HOMO—LUMO(55%) HOMO—LUMO+1(38%)
HOMO-1-LUMO+1(25%) HOMO-1—-LUMO(8%)
6 568.2 0.0156 HOMO—LUMO+1(8%) HOMO—LUMO+6(7%)
HOMO—LUMO+7(6%)
HOMO-1—LUMO+1(43%) HOMO—LUMO-+1(10%)
7 563.2 0.0299
HOMO—LUMO+6(8%) HOMO—LUMO-+7(7%)
10 529.3 0.0062 |[HOMO-1-LUMO+2(67%) HOMO-1—-LUMO+3(22%)
14 5109 | 0.0033 HOMO—LUMO+5(69%) HOMO—LUMO-+6(6%)
HOMO—LUMO+24(30%) HOMO-1—-LUMO+5(18%)
17 499.1 | 0.0183 HOMO—LUMO+25(10%) HOMO—LUMO+5(6%)
HOMO—LUMO+23(5%)
18 496.8 0.0045 HOMO-1—-LUMO+5(64%) HOMO—LUMO+24(9%)
HOMO-1—LUMO+8(47%) HOMO-1—LUMO+10(16%)
25 477 0.0099
HOMO-1—LUMO-+6(11%)
HOMO-1—LUMO+7(21%) HOMO—LUMO+11(18%)
27 4733 | 0.0184 HOMO-1—LUMO+24(13%) HOMO—LUMO-+10(10%)
HOMO-1—-LUMO+8(7%) HOMO-2—-LUMO+3(5%)
HOMO—LUMO+11(48%) HOMO—LUMO+13(10%)
28 473.2 0.0025
HOMO-1—LUMO+7(9%)
HOMO-1—LUMO+10(33%) HOMO-1—LUMO+24(17%)
29 470.5 0.0134
HOMO-1—-LUMO+7(16%) HOMO-1—-LUMO+25(6%)
HOMO-1—LUMO+11(63%) HOMO-1—LUMO+13(16%)
34 460.9 0.0039
HOMO-1—LUMO+10(9%)
37 455.3 0.0031 HOMO-1—-LUMO+13(45%) HOMO-1—-LUMO+11(29%)
50 430.4 0.0021 HOMO-1—-LUMO+16(85%) HOMO-1—-LUMO+19(6%)
59 420.2 0.0082 HOMO-4—LUMO(54%) HOMO-4—LUMO+1(36%)
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LUMO+11 (-2.22 eV)

Figure 1.7.1 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-2H-P/(TiO;),s. The isovalue for the contours is 0.02.
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LUMO+17 (-2.06 eV)
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Figure 1.7.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-2H-P/(TiO;),s. The isovalue for the contours is 0.02.
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Table 1.4 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.003 for

N749-2H-P/(TiO5) .

State

%al (nm)

Assignments

656.1

0.0373

HOMO-1—-LUMO+3(32%) HOMO-1—LUMO-+1(23%)
HOMO-1—-LUMO+2(13%) HOMO—LUMO+3(7%)

618.3

0.0451

HOMO—LUMO+3(29%) HOMO—LUMO+1(24%)
HOMO—LUMO+2(11%) HOMO-1—LUMO+1(8%)
HOMO-1—LUMO-+3(6%)

549.4

0.0458

HOMO—LUMO+1(31%) HOMO—LUMO+12(16%)
HOMO—LUMO+13(9%) HOMO—LUMO+6(7%)
HOMO—LUMO+11(7%)

525.5

0.0111

HOMO—LUMO+1(28%) HOMO—LUMO+2(21%)
HOMO—LUMO+12(8%) HOMO—LUMO+13(5%)

515.5

0.0129

HOMO—LUMO+2(45%) HOMO-1—LUMO-+1(23%)
HOMO—LUMO+3(8%) HOMO-1—LUMO+2(8%)
HOMO-1—LUMO+3(5%)

12

495

0.0152

HOMO—LUMO+4(51%) HOMO-1-LUMO+3(10%)
HOMO-1—-LUMO+12(5%)

29

4442

0.0154

HOMO—LUMO+12(25%) HOMO—LUMO+14(22%)
HOMO—LUMO+11(20%) HOMO—LUMO+13(7%)
HOMO-1—LUMO-+9(5%)

34

434.4

0.0144

HOMO—LUMO+32(14%) HOMO—LUMO+14(14%)
HOMO—LUMO+17(9%) HOMO—LUMO+12(7%)
HOMO—LUMO+16(6%) HOMO—LUMO+30(6%)
HOMO—LUMO+18(6%)

35

432.1

0.0165

HOMO-1—-LUMO+10(24%) HOMO-1—-LUMO+14(23%)
HOMO-1—-LUMO+13(16%) HOMO—LUMO+15(5%)

44

421.2

0.036

HOMO-3—LUMO+1(29%) HOMO-3—LUMO+3(27%)
HOMO-3—LUMO-+2(10%)

45

419.6

0.0145

HOMO-1—-LUMO+15(16%) HOMO-1—LUMO+16(12%)
HOMO-1—-LUMO+17(9%) HOMO-1—LUMO+12(9%)
HOMO-1—-LUMO+14(8%) HOMO-3—LUMO+1(7%)

46

419.1

0.0037

HOMO-1-LUMO+15(63%) HOMO-1-LUMO+18(5%)

49

415.7

0.0072

HOMO-1—LUMO+17(65%) HOMO-1—LUMO+14(8%)
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LUMO+7 (-2.49 eV)

LUMO+8 (-2.47 eV)

LUMO+9 (-2.42 eV)

Figure 1.8.1 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-2H-DP/(TiO;),s. The isovalue for the contours is 0.02.
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LUMO+13 (-2.34 eV)

LUMO+26 (-1.99 eV)

LUMO+28 (-1.96 eV)

Figure 1.8.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-2H-DP/(TiO;),g. The isovalue for the contours is 0.02.
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Table 1.5 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.001 for
N749-2H-DP/(TiO;)s.

State Jal (NM)|  f Assignments
HOMO-1-LUMO+9(22%) HOMO-1—-LUMO+7(13%)
1 659.6 | 0.0117 |HOMO-1—-LUMO+4(11%) HOMO-1—-LUMO+1(11%)
HOMO-1-LUMO(5%) HOMO-1-LUMO+12(5%)
HOMO—LUMO+1(41%) HOMO—LUMO(32%)
2 615.7 | 0.0487
HOMO—LUMO+7(20%)
600.5 | 0.0016 [HOMO—LUMO(63%) HOMO—LUMO+1(34%)
581.6 | 0.0016 [HOMO-1—LUMO(89%)
HOMO-1—-LUMO+1(25%) HOMO—LUMO+1(12%)
6 579.8 | 0.0285 HOMO—LUMO+9(10%) HOMO—LUMO-+4(10%)
HOMO—LUMO+7(6%)
HOMO-1-LUMO+1(60%) HOMO—LUMO+1(8%)
7 574.9 | 0.0269
HOMO—LUMO+4(7%) HOMO—LUMO+9(6%)
10 534.9 | 0.0041 |HOMO-1—LUMO+2(88%)
HOMO—LUMO+6(31%) HOMO-1-LUMO+4(28%)
16 511.7 | 0.0032 |HOMO-1-LUMO+3(8%) HOMO—LUMO+7(7%)
HOMO—LUMO+28(6%)
17 5105 0.003 HOMO—LUMO+6(41%) HOMO-1—-LUMO+4(32%)
' ' HOMO-1—-LUMO+3(6%) HOMO-1—-LUMO+7(6%)
HOMO—LUMO+8(33%) HOMO—LUMO+28(25%)
19 503.3 | 0.0101
HOMO—LUMO+6(11%) HOMO—LUMO+10(5%)
HOMO—LUMO+8(28%) HOMO—LUMO+7(27%)
20 500.4 | 0.0063
HOMO—LUMO+28(21%) HOMO—LUMO+9(8%)
HOMO—LUMO+8(28%) HOMO—LUMO+7(22%)
21 499.2 | 0.0032
HOMO—LUMO+9(21%) HOMO—LUMO+28(6%)
HOMO—LUMO+13(35%) HOMO—LUMO+9(31%)
28 480.4 | 0.0084
HOMO—LUMO+12(15%) HOMO-1-LUMO+28(5%)
HOMO-1-LUMO+10(71%) HOMO-1—-LUMO+28(6%)
29 478.3 | 0.0073
HOMO-1—-LUMO+8(6%)
20 476 0.0287 HOMO-1—-LUMO+28(44%) HOMO-1—-LUMO+10(18%)
' HOMO—LUMO+28(6%) HOMO-1—-LUMO+26(5%)
34 467.4 0.003 [HOMO-1-LUMO+13(38%) HOMO-1—LUMO+9(27%)
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Figure 1.9.1 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for N749-3H-P/(TiO;),s. The isovalue for the contours is 0.02.
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Figure 1.9.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-3H-P/(TiO;),s. The isovalue for the contours is 0.02.
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Table 1.6 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.004 for
N749-3H-P/(TiO3) .

State Jal (NM)|  f Assignments

HOMO-1—LUMO+5(38%) HOMO-1—LUMO(9%)
1 6715 | 0.0371 |HOMO-1—-LUMO+1(9%) HOMO-1—LUMO+7(8%)
HOMO-1—LUMO+6(7%)

HOMO—LUMO(27%) HOMO—LUMO+5(24%)

2 638.7 | 0.0463
HOMO—LUMO+1(16%)
HOMO—LUMO+1(65%) HOMO-1—LUMO(7%)
5 589.3 | 0.0065
HOMO—LUMO+5(7%)

580.6 0.0047 HOMO-1—-LUMO(78%) HOMO-1—-LUMO+1(7%)

553.6 0.0095 HOMO—LUMO+2(82%)

HOMO—LUMO+3(50%) HOMO—LUMO+4(12%)

9 547.4 | 0.0142
HOMO—LUMO+17(10%)
HOMO—LUMO+3(42%) HOMO—LUMO+17(12%)
10 537.3 | 0.0207
HOMO—LUMO+5(11%)
14 522.6 | 0.0069 [HOMO-1—LUMO+3(77%) HOMO—LUMO-+4(9%)

HOMO-1—LUMO+4(58%) HOMO—LUMO-+6(7%)
HOMO-1—LUMO+6(7%)

17 508.1 0.0094

HOMO-1—-LUMO+4(21%) HOMO—LUMO+6(21%)

18 503.2 | 0.0093 [HOMO-1—LUMO+5(10%) HOMO-1—LUMO+17(9%)
HOMO—LUMO+7(6%)
HOMO—LUMO+8(25%) HOMO—LUMO+9(23%)
21 495 | 0.0089 |HOMO-1—LUMO+6(19%) HOMO-1—LUMO+5(6%)

HOMO-1—LUMO-+17(6%)

HOMO—LUMO+19(40%) HOMO—LUMO+20(20%)
HOMO—LUMO+18(16%)

49 435.5 0.0148

52 429.9 | 0.0077 HOMO—LUMO+20(64%) HOMO—LUMO-+19(11%)

HOMO—LUMO+19(19%) HOMO—LUMO+39(14%)
53 428.4 | 0.0155 HOMO—LUMO+22(14%) HOMO—LUMO+37(7%)
HOMO—LUMO+18(6%) HOMO—LUMO+21(6%)

56 425.9 0.0106 HOMO-3—LUMO+1(45%) HOMO-3—LUMO(34%)

HOMO-1—LUMO+19(43%) HOMO-1—LUMO+20(15%)
HOMO-1—LUMO+18(7%) HOMO-1—LUMO-+39(5%)

59 422.9 0.0142
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LUMO (-3.29 eV)
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LUMO+7 (-2.78 eV)

Figure 1.10.1 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-3H-DP/(TiO;),s. The isovalue for the contours is 0.02.
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LUMO+24 (-2.32 eV) LUMO+37 (-2.01 eV)

Figure 1.10.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for N749-3H-DP/(TiO;),s. The isovalue for the contours is 0.02.
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Table 1.7 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.002 for
N749-3H-DP/(TiO;)2s.

State Jal (NM)|  f Assignments
731.7 0.0001 HOMO—LUMO(100%)
703.5 0.0002 HOMO-1—LUMO(99%)
672.6 0.0022 HOMO—LUMO+1(84%)
HOMO—LUMO+1(15%) HOMO-1—-LUMO+13(14%)
4 669.9 0.0079 HOMO-1—-LUMO+2(12%) HOMO-1—-LUMO+3(7%)
HOMO-1—LUMO+18(6%)
HOMO—LUMO+2(54%) HOMO-1—-LUMO+1(28%)
5 649.1 0.0192
HOMO—LUMO+3(10%)
646.6 | 0.0082 |HOMO-1—LUMO+1(68%) HOMO—LUMO+2(19%)
629.7 | 0.0047 HOMO—LUMO+3(76%) HOMO—LUMO-+2(19%)
11 603.8 | 0.0023 |HOMO-1—LUMO-+3(75%)
HOMO—LUMO+4(20%) HOMO—LUMO+13(13%)
12 598 0.0613 HOMO—LUMO+6(12%) HOMO—LUMO+7(11%)
HOMO-1—-LUMO+3(8%) HOMO—LUMO+3(6%)
13 589.1 0.0074 HOMO—LUMO+5(75%) HOMO—LUMO+4(14%)
17 567.3 0.0037 HOMO-1—-LUMO+4(50%) HOMO-1—-LUMO+5(39%)
L9 5552 | 0.006 HOMO—LUMO+7(45%) HOMO—LUMO+11(15%)
' ' HOMO—LUMO+13(10%) HOMO—LUMO+6(6%)
23 547 | 0.0033 [HOMO—LUMO+9(57%) HOMO-1—LUMO+6(28%)
HOMO—LUMO+15(33%) HOMO—LUMO+35(19%)
36 507.7 | 0.0091 HOMO—LUMO+13(9%) HOMO—LUMO+14(7%)
HOMO—LUMO+12(6%)
HOMO—LUMO+15(47%) HOMO—LUMO+35(24%)
37 503.1 0.0098
HOMO—LUMO+37(7%)
HOMO-1—»>LUMO+35(32%) HOMO—LUMO+18(16%)
52 480.7 0.0296
HOMO-1—LUMO+37(9%)
HOMO—LUMO+21(25%) HOMO—LUMO+20(24%)
54 476.7 0.007
HOMO—LUMO+18(10%) HOMO-1—LUMO+35(8%)
HOMO-1-LUMO+19(42%) HOMO-1—-LUMO+17(14%)
56 473.5 0.0039

HOMO—LUMO+20(13%) HOMO—LUMO+21(7%)
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1.0+

—— N749-1H/TiO, Experimental
—— N749-0H/(TiO,),g Calculated
—— N749-1H-DP/(TiO,),g Calculated
—— N749-2H-DP/(TiO,),4 Calculated
—— N749-3H-DP/(TiO,),4 Calculated
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Figure 1.11 The experimental N749-1H/TiO, and calculated absorption spectra of the
four N749-DP/(TiO,).s surface models in acetonitrile. The calculated spectra are
obtained by a Gaussian convolution with ¢ = 0.19 eV. Their intensities have been
rescaled to match their absorption maxima over 560 nm. The blue, red, green, and pink

vertical lines at the bottom of the graph represent the relative oscillator strengths.
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1.0+

—— N749-1H/TiO, Experimental

—— N749-1H-P/(TiO,),4 Calculated
—— N749-2H-P/(TiO,),4 Calculated
—— N749-3H-P/(TiO,),¢ Calculated
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Figure 1.12 The experimental N749-1H/TiO, and calculated absorption spectra of the
three N749-P/(TiO,),s surface models in acetonitrile. The calculated spectra are
obtained by a Gaussian convolution with ¢ = 0.19 eV. Their intensities have been
rescaled to match their absorption maxima over 560 nm. The violet, orange, and dark

yellow vertical lines at the bottom of the graph represent the relative oscillator strengths.
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Optical
Electron
Transfer

So—=>S,at A, =610.2 nm,
HOMO — LUMO+6

Figure 1.13 Left: Frontier molecular orbitals of HOMO and LUMO+6 in
N749-1H-DP/(TiO;),g during optical absorption photoexcitation. Right: Charge density
difference between the ground state Sy and the excited state S,. Pink mesh indicates
decrease of charge density, while green mesh indicates the increase of charge density

upon photoexcitation. The isovalue for the contours is 0.02.
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Optical
Electron
Transfer

Sp— S, at A . = 582.8 nm,
HOMO — LUMO+3

Figure 1.14 Left: Frontier molecular orbitals of HOMO and LUMO+3 in
N749-0H/(TiO,) s during optical absorption photoexcitation. LUMO+3 is picked due to
its largest delocalization of electron density in both N749-OH and (TiO,),s Right:
Charge density difference between the ground state Sy and the excited state S,. Pink
mesh indicates decrease of charge density, while green mesh indicates the increase of

charge density upon photoexcitation. The isovalue for the contours is 0.02.
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Optical
Electron
Transfer

Sy— S,at A, =617 nm,
HOMO — LUMO+1

Figure 1.15 Left: Frontier molecular orbitals of HOMO and LUMO+1

N749-1H-P/(TiO,),g during optical absorption photoexcitation. LUMO+1 is picked due

to its largest delocalization of electron density in both N749-1H-P and (TiO;),s. Right:

Charge density difference between the ground state Sy and the excited state S,. Pink

mesh indicates decrease of charge density, while green mesh indicates the increase of

charge density upon photoexcitation. The isovalue for the contours is 0.02.
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Optical
Electron
Transfer

So—> S, at A .= 618.3 nm,
HOMO — LUMO+3

Figure 1.16 Left: Frontier molecular orbitals of HOMO and LUMO+3

N749-2H-P/(TiO,),g during optical absorption photoexcitation. LUMO+3 is picked due

to its largest delocalization of electron density in both N749-2H-P and (TiO;),s. Right:

Charge density difference between the ground state Sy and the excited state S,. Pink

mesh indicates decrease of charge density, while green mesh indicates the increase of

charge density upon photoexcitation. The isovalue for the contours is 0.02.
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Electron ‘“.\ 4

Transfer

Sp—> S, at A, =615.7 nm,
HOMO — LUMO+7

Figure 1.17 Left: Frontier molecular orbitals of HOMO and LUMO+7 in

N749-2H-DP/(TiO;),g during optical absorption photoexcitation. LUMO+7 is picked

due to its largest delocalization of electron density in both N749-2H-DP and (TiO3)s,

Right: Charge density difference between the ground state Sy and the excited state S,.

Pink mesh indicates decrease of charge density, while green mesh indicates the increase

of charge density upon photoexcitation. The isovalue for the contours is 0.02.
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Optical
Electron
Transfer

LUMO+5

So—=>S,at A .= 638.7nm,
HOMO — LUMO+5

Figure 1.18 Left: Frontier molecular orbitals of HOMO and LUMO+5 in

N749-3H-P/(TiO,),g during optical absorption photoexcitation. LUMO+5 is picked due

to its largest delocalization of electron density in both N749-3H-P and (TiO;),s. Right:

Charge density difference between the ground state So and the excited state S,. Pink

mesh indicates decrease of charge density, while green mesh indicates the increase of

charge density upon photoexcitation. The isovalue for the contours is 0.02.
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Optical
Electron
Transfer

LUMO+13

=598 nm,

Sp—> Sp,at A

max

HOMO — LUMO+13

Figure 1.19 Left: Frontier molecular orbitals of HOMO and LUMO+13 in

N749-3H-DP/(TiO;),g during optical absorption photoexcitation. LUMO+13 is picked

due to its largest delocalization of electron density in both N749-3H-DP and (TiO3)s,

Right: Charge density difference between the ground state Sp and the excited state Sis.

Pink mesh indicates decrease of charge density, while green mesh indicates the increase

of charge density upon photoexcitation. The isovalue for the contours is 0.02.
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1.0

—— N749-1H/TiO, Experimental
—— N749-1H-P/(TiO,),q Calculated
—— N749-1H-DP/(TiO,),g Calculated
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Figure 1.20 The experimental N749-1H/TiO, and calculated absorption spectra of
N749-1H-P/(TiO,),s and N749-1H-DP/(TiO,),s surface models in acetonitrile. The
calculated spectra are obtained by a Gaussian convolution with ¢ = 0.19 eV. Their
intensities have been rescaled to match their absorption maxima over 560 nm. The
violet and red vertical lines at the bottom of the graph represent the relative oscillator

strengths.
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1.0

—— N749-1H/TiO, Experimental

——— N749-2HP/(TiO,),; Calculated

N\ N749-2H-DP/(TIO,), 4 Calculated
\
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Figure 1.21 The experimental N749-1H/TiO, and calculated absorption spectra of
N749-2H-P/(TiO;),s and N749-2H-DP/(TiO,),s surface models in acetonitrile. The
calculated spectra are obtained by a Gaussian convolution with ¢ = 0.19 eV. Their
intensities have been rescaled to match their absorption maxima over 560 nm. The
orange and green vertical lines at the bottom of the graph represent the relative

oscillator strengths.
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— N749-1H/TiO, Experimental
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Figure 1.22 The experimental N749-1H/TiO, and calculated absorption spectra of
N749-3H-P/(TiO,),s and N749-3H-DP/(TiO,),g surface models in acetonitrile. The
calculated spectra are obtained by a Gaussian convolution with ¢ = 0.19 eV. Their
intensities have been rescaled to match their absorption maxima over 560 nm. The dark
yellow and pink vertical lines at the bottom of the graph represent the relative oscillator

strengths.
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Chapter I1: Tridentate Terpyridine Os(l1)- and Ru(ll)-Based Dyes

Anchoring on the (TiO,)3g Surface in DSCs — A Theoretical Study
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In the panchromatic Os(lI1)-based TF-52-Os/(Ti0;)3g surface in DSCs with the isovalue
equal 0.002, the electron density distribution of HOMO is mainly localized at TF-52-Os
and a little at the (TiO;)3g surface. At the same time, the electron density distribution of
LUMO is mainly delocalized at the (TiO;)3g surface and few at TF-52-Os. Therefore,
the lowest singlet optical transition (So — S;) process from HOMO— LUMO in an

adiabatic electron transfer with high electronic coupling.
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2.1 Abstract

In the past decade, Os(I1)-based panchromatic dye sensitized solar cells (DSCs) were

an alternatively accessible choice to replacing the traditional heavy metal Ru(Il)-based

dyes. In 2012, we reported two synthesized Os(ll)-based dyes with photo-current

conversion efficiency reaching 8.85% in our experimental research. In this theoretical

study, we performed the simulation regarding two Os(I)- (TF-51-Os and TF-52-Os)

and two Ru(ll)-based (TF-51-Ru and TF-52-Ru) dyes anchoring onto the anatase (101)

(TiO,)3g surface. In total, we simulated four dye/(TiO;)3g surface models. Based on the

same structures (TF-51-Os vs. TF-51-Ru and TF-52-Os vs. TF-52-Ru), we could make a

comparative study relating the Os(I1)- and Ru(ll)-based dyes in DSCs. By the way, we

also quantitatively estimated the electronic coupling between the dye and (TiO3)sg

interfacial interaction using the Generalized Mulliken—Hush (GMH) theory with

configuration—interaction singles (CIS) method. This article is the first report

theoretically studying about the Os(I1)-based dye in DSCs, and we believe that it could

open a new doorway in the heavy metal based dye/TiO; research field.
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2.2 Introduction

Dye-sensitized solar cells (DSCs) have been considered as a practical and accessible
alternative to the conventional amorphous silicon solar cells due to their
cost-effectiveness and highly efficient conversion of photovoltaic energy."™ In 2011,
Gréatzel and his coworkers operated the DSCs using zinc porphyrin dye (YD2-0-C8)
reaching 12.3%.> The DSCs devices are composed of a nanocrystalline TiO, anatase
(101) film adsorbed by organic or inorganic dyes as the sensitizer, the latter of which are
mainly based on a heavy metal Ru(ll)-based transition metal complexes. When the dye
molecule is excited by the absorption of sunlight, an excited electron of the dye is then
injected into the conduction band of TiO,. The electron is then transported to the
external circuit and the dye molecule is regenerated by redox reaction coupled to e.g.
the I"/153™ ion pair in electrolyte. The mechanism of the electron injection into TiO, from
the dye incorporates an ultrafast interfacial electron transfer process (~100 fs) and is a
key procedure in DSCs®. The presence of an ultrafast electron injection suggests that the
energy of LUMO of the dye should lie well above the conduction band edge of TiO;
(-4.00 eV vs. vacuum).? Additionally, the HOMO energy level of the dye should be
lower than the redox potential of /15~ (=4.90 eV vs. vacuum),” leading to a fast dye
regeneration and avoiding the recombination of the ejected electrons back into the

oxidized dye molecules. From the theoretical view point, the dye/TiO,/electrolyte
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interaction is still a complicated system in practice. Interested readers can refer eight
recent review articles regarding theoretical approaches in dye/TiO, surface system.*™*
The traditional heavy metal Ru(ll)-based coordination complexes are effective
sensitizers for DSCs due to their lower metal-to-ligand charge transfer (MLCT) energy
gap. Some DSCs incorporating Ru(ll)-based sensitizers have shown incident
photon-to-current conversion efficiency (IPCE) under the red and near-infrared region
of the solar spectrum.® The Ru(ll)-based dyes in DSCs are panchromatic. During the
past decade, three prototypical Ru(ll) dyes, N3, N719, and N749 (black dye) have been
the core of Ru(ll)-based dyes developed in DSCs.® Simulations on N3/TiO* ™
N719/TiO,** %, and N749/Ti0,***" models have been studied by several groups,
including our previous study concerning N749/(TiO,),s with different protonation
forms.? There were other theoretical study relating the Ru(ll)-based dye anchoring
onto the TiO, surface, such as Ru'(tpy). %, N1044%, C101%, C106*, and z907%.
In the past several years, the Os(Il)-based dyes applying in the DSCs were an
alternative choice replacing the traditional Ru(ll)-based dyes.**™* In order to harvest
lower energy photons, Os(l1)-based dyes seem to be an excellent option for expanding
the spectral response well in the near infrared (NIR) region. Os(l11)-based polypyridine
complexes show lower energy metal-to-ligand charge-transfer (MLCT) transition, as a

consequence of the lower oxidation potential and higher z orbital energy compared to
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their Ru(ll)-based counterparts.*** In addition, larger spin-orbital coupling for the
heavier Os(11) cation, in theory, induces nontrivial absorption of the *MLCT states
extended to even lower energy. Thus, appropriately designed Os(Il) sensitizers should
display a much broader absorption profile and faster electron injection from both
nonthermalized "MLCT and thermalized *MLCT excited states.*** Interested readers
can refer our four review articles regarding the heavy metal based polypyridine
complexes (including Os(l) and Ru(ll) complexes).**™* The Os(Il)-based dyes in
DSCs are also panchromatic as well as the Ru(ll)-based dyes. In 2012, we reported two
synthesized Os(Il)-based dyes (TF-51 and TF-52) in DSCs with the photo-current
conversion efficiency reaching 8.85%.3" There was also another Ru(ll)-based dye
named TF-5 in our previous experimental research.*® TF-51 and TF-5 have the same
structure just with the different central heavy metal. In this theoretical study, we
simulate TF-51, TF-52, and TF-5 anchoring onto the TiO, surface. Due to a better
comparative distinguishing between the Os(Il)- (TF-51 and TF-52) and Ru(ll)-based
(TF-5) dyes, we rename TF-51, TF-52, and TF-5 replacing a new name TF-51-Os,
TF-52-Os, and TF-51-Ru, respectively. For a comprehensive comparison, we also
perform an imaginary Ru(ll)-based dye named TF-52-Ru. TF-52-Os and TF-52-Ru
have the same framework just with the different central heavy metal. The name of

TF-51-0Os, TF-51-Ru, TF-52-0s, and TF-52-Ru is Os(tcetpy)(pybtz), Ru(tcetpy)(pybtz),
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Os(tcetpy)(thpybtz), and Ru(tcetpy)(thpybtz), respectively. The tcetpy is

4,4’ 4 -tricarboxy-2,2°:6,2’-terpyridine; pybtz IS

2,6-bis(3-trifluoromethyl-1H-1,2,4-triazol-5-yl)pyridine; thpybtz IS

4-(5-dodecylthiophen-2-yl)-2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine.

In a word, we simulate four dye/TiO, surface models in this study. To our best

knowledge, the theoretical simulation in the Os(Il)-based dye anchoring onto the TiO,

surface is not yet reported. It is the first time to perform the Os(Il)-based dye on the

Ti0, surface in this study.

TF-51-Os, TF-51-Ru, TF-52-Os, and TF-52-Ru all have the tridentate terpyridine

carboxylic group. From chemistry point of view, these terpyridine anchoring dyes

latently possess superior stability suited for practical application. Despite three

carboxylic groups being capable of anchoring on the TiO, surface, these four dyes are

keen on adsorbing on the TiO, surface by a bidentate and bridging coordination mode

|44—45 |25—27

according to the experimenta and theoretica results, where two O atoms, each
from a different carboxylate groups, attaching monodentately to the Ti atoms on the
TiO, surface. In other words, two carboxylate groups are enough to create a stable
adsorption site on the TiO, surface, and the third carboxylic group is dangling above the

Ti0O, surface. The form of “bidentate carboxylate anchoring on the Ti atoms of TiO,

surface” has been examined theoretically using the terpyridine Ru(ll)-based dye such as
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N749 in attempts to understand both the improved conversion efficiency and
stability.?%

The unit cell of TiO, anatase (101) is (TiO3)4 and its space group is no. 141 [l 41/a m
d :2]. In the TiO, anatase (101) surface nanocluster, each O atom is nearly binding with
two Ti atoms physically. The smallest possible reasonable TiO, anatase (101)
nanocluster is (Ti02)16.46 The next larger reasonable ones are (TiO3).g, (TiO3)3g, OF
(Ti02)46.47 In Chapter I, we used the (TiO;),g surface as our simulation model. In this
chapter (Chapter 1), we make a further progress using the (TiO,)ss surface as our
simulation model. The surface area of the (TiO;)sg is suitable for the bidentate
carboxylate groups of the four dyes to anchor onto.

By the way, we try to estimate the electronic coupling in the dye/(TiO,)3s models
quantitatively. We use the generalized Mulliken—Hush (GMH) theory**~>? developed by
Cave and Newton® in the electronic coupling calculation with configuration—interaction

singles (CIS)>® method. The details of results and discussion are elaborated in the

following sections.
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2.3 Models and Computational Methods

All the calculations are performed with the Gaussian 09 program package.>® The
ground state geometry of pure (TiO;)sg surface cluster and each single dye are
optimized first, and then each ground state geometry of dye/(TiO,)3s composite is fully
optimized. The geometry optimizations of the ground states are all performed with
density functional theory (DFT) at B3LYP/LANL2DZ (Os, Ru, Ti) and B3LYP/6-31G*
(H, C, N, O, F, S) level. By the way, the optimized lowest singlet (S;) structures of the
dye/(TiO3)3s model are simulated at CIS/LANL2DZ (Os, Ru, Ti) and CIS/6-31G* (H, C,
N, O, F, S) level. The optimized structures of dye/(TiO,)3s models are then used to
calculate the 50 lowest singlet electronic transitions using time dependent density
functional theory (TD-DFT) method. The lowest triplet excited state energy of each
model is also calculated. We use n,n-Dimethylformamide (DMF) as the solvent, which
is used as well as in our previous experimental research. The solvation effect is based on
the conductor-like polarizable continuum model (C-PCM), which is implemented in the
Gaussian 09 program.

In this study, we take four dyes including two Os(Il)- (TF-51-Os and TF-52-Os) and
two Ru(I)- (TF-51-Ru and TF-52-Ru) dyes (see Figure 2.1 for their structures). We
perform four tridentate terpyridine carboxylic dyes anchoring onto the (TiO;)sg surface

including  TF-51-Os/(TiO3)3s,  TF-51-Ru/(TiO,)3s, TF-52-0s/(TiO;)3s, and
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TF-52-Ru/(TiO;)3s. We take the deprotonated form in the dye/(TiO,)sg models (which
means all the three carboxylic protons transferred onto the (TiO;)sg surface), because
the deprotonated form is more thermodynamically stable than the protonated form
(which means two of the carboxylic protons transferred onto the (TiO;)3g surface and
the third carboxylic proton stay in the dangling carboxylic group) according to the

theoretical literatures.2°-222-27
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2.4 Results and Discussion
2.4.1 (TiO;)3g Surface and Associated Behaviors of the four dye/(TiO,)ss Models
We adopt the (TiO,)sg surface cluster as our simulation model, for which the full
geometry optimized structure is depicted in Figure 2.2. The (TiO;)3g cluster possesses a
nearly planar structure and its surface area is suitable for the four dyes with the
bidentate bicarboxylate (of the tridentate tricarboxylate) to anchor onto. The estimation
of LUMO in this study is originated from “HOMO add the lowest singlet So — S;
excitation energy” and this procedure is experimentally nature. The HOMO and LUMO
energy levels of the (TiO;)sg surface in DMF are calculated to be —7.21 and —3.98 eV,
respectively. The So — S; optical gap is calculated to be 3.23 eV, which is only slightly
larger than the experimental band gap of ~3.20 eV for the nano-sized TiO,,? supporting
the validity of current theoretical approach based on the (TiO)sg surface cluster. We
then focus on the thermodynamics and the adsorption energies for the four dyes onto
(TiO2)3s. The optimized geometries, calculated adsorption energies, and O-Ti (between
carboxylate O atom and Ti atom) distances of these four dye/(TiO;)3s models are shown
in Figure 2.2. The adsorption energy, Eags, is defined as Eass = Eagye(rioz)ss — [Eaye +
E(riozzs] where Egyerriozzs, Eaye and E(rioz)ss denote the optimized energy of the
dye/(TiO,)3s assembly, isolated dye, and (TiO;)ss, respectively. The adsorption is

expected to be exothermic, which is a prerequisite for the formation of dye/(TiO;)3g due
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to the negative entropic change of the adsorption process. Evidently, as shown in Figure
2.2, the calculated adsorption energies of all the four dye/(TiO;)ss surface models are
negative (~ —80kcal/mol); thus each dye/(TiO;)3s assembly is thermodynamically stable.
In addition, the O-Ti distances between the carboxylate O atoms and Ti atoms of these
four dye/(TiO,),g cluster models are calculated to be within 1.94 to 1.97 A (see Figure
2.2), which are in good agreement with the reported experimental value of N749/TiO,
ranging from 1.92 to 1.97 A.** However, although we do not measure the actual O—Ti
distances of the four dye/TiO, experimentally, we believe that the O-Ti distances
should close to the N749/TiO,. We then illustrate the electronic properties for each
dye/(TiO,)3s model elaborated as follows.
2.4.2 Frontier Molecular Orbitals and Absorption Spectra

The electron density distributions in HOMOs and LUMOs of these four dye/(TiO;)3s
models show no obvious differences. The HOMOs are only located at the Os(Il)— or
Ru(ll)-based dyes, while the LUMOs are localized at the (TiO;)ss surface or
delocalized at the dye/(TiO,)sg interfaces, and the LUMOs form a nearly continuous
state (with an isovalue = 0.02, default value in GaussView 5.0) (see Figure 2.3, 2.4, 2.5,
2.6, 2.7 and 2.8). Furthermore, the electron distributions in HOMO, HOMO-1, and
HOMO-2 are all localized at the section between Os(Il) or Ru(ll) center and their

terpyridine ligands. The LUMO of each dye/(TiO;)sg is gained from “HOMO plus the
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lowest S — S; excitation energy”. The calculated HOMO of TF51-Os/(TiO;)ss,

TF51-RU/(TiO) 38, TF52-0s/(TiO2)ss, and TF52-Ru/(TiO5)ss is —5.31, =5.36, —5.29,

and -5.38 eV, respectively, and the LUMO is -3.91, -3.73, -3.89, and -3.74 eV,

respectively (see Figure 3). The calculated lowest singlet excitation energy (So — S1) of

each dye/(TiO3)sg is assigned HOMO — LUMO (see Table 2.1, 2.2, 2.3, and 2.4). The

calculated lowest singlet optical excitation energy (So — S;) of TF51-Os/(TiO3)ss,

TF51-RU/(TiO2)ss, TF52-0s/(TiO5)ss, and TF52-Ru/(TiO,)ss is 1.40, 1.63, 1.40, and

1.64 eV, respectively. The calculated lowest triplet excitation wavelength (So — T;) of

TF51-OS/(Ti02)3g, TF51-RU/(Ti02)3g, TF52-OS/(Ti02)3g, and TF52-RU/(T|02)38 is

887.4, 760.2, 885.5, and 756.1 nm, respectively, which is located in the near infrared

(NIR) region (see Table 2.1, 2.2, 2.3, and 2.4). All LUMOs are higher than the

experimental energy level of the TiO, conduction band (-4.0eV), and all HOMOs are

lower than the experimental redox potential of I/13™ (4.9 eV). Accordingly, these four

dye/(TiO,)3s models are predicted to operate well in the DSCs. In addition, the HOMO

and So — S; excitation energy of Os(Il) dye/(TiO;)ss are lower and than the

corresponding  Ru(ll)—dye/(TiO;)3s model, such as TF51-0Os/(TiO3)3s VS.

TF51-Ru/(TiO3)3s and TF52-0Os/(Ti03)3s vs. TF52-Ru/(TiO3)3g. This result indicates

that Os(Il)-dye/(TiO,)sg can harvest lower energy photon (red shift) than

Ru(I)—dye/(TiO;)3g, which is in good agreement according to our four review
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articles.”>* The optical transitions of these four dye/(TiO,)ss models are mainly
transferring from HOMO, HOMO-1 or HOMO-2 to LUMOs, and are ascribed as an
interfacial charge transfer process (see Tables 2.1, 2.2, 2.3, and 2.4). The distribution of
the calculated oscillator strengths of TF51-Os/(TiO,)ss, TF51-Ru/(TiO;)ss, and
TF52-0s/(TiO3)3s are in good trend in comparison with their corresponding
experimental spectrum (see Figure 2.9 (a), (b), and (c)). Because TF-52-Ru is not
synthesized yet, we do not have the experimental spectrum of TF52-Ru/(TiO;)3s. We
only depict the calculated oscillator strengths distribution (see Figure 2.9 (d)). Because
the experimental and calculated spectral of TF51-Os/TiO, and TF52-Os/(TiO;)3g are
similar, we could conclude that the experimental and calculated spectral of
TF51-Ru/TiO, and TF52-Ru/(TiO;)3g are similar.

Based on the illustration in Figure 3 (isovalue = 0.02, default value in GaussView
5.0), the electron density distribution of HOMO and LUMO in each dye/(TiO;)3s model
is at the dye and the (TiO;)sg surface, respectively. In a result, the electron density
distribution of HOMO and LUMO in the default isovalue scale of GaussView are not
overlap. Therefore, the calculated lowest singlet optical transition (So — S1) is seemed
to ascribed as a “photo-induced electron transfer process”. However, in the actually
experimental DSCs, the electron injection process from the excited state of the dye into

3,27

the TiO, surface is within the ultrafast timescale (~100 fs),”" and it should be supposed
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a small adiabatic electronic coupling process in the dye/TiO, interaction and ascribed an
“slightly optical electron transfer process”. But in many theoretical researches relating
about the Ru(ll)-dye/TiO, models®®?*%?" including our previous study regarding
N749/(TiO)2s,%> we do not see the comparison between “the photo-induced electron
transfer process” and “the slightly optical electron transfer process” in the So — S;
(HOMO — LUMO) transition. If we set the isovalue = 0.002 for the contours (which is
equivalent to amplify the electron density distribution vision scale) of HOMO and
LUMO in each dye/(TiO;)3s model (see Figure 2.10), we then discovery that the
electron density distribution of HOMO of each dye/(TiO;)3s model has little
delocalization in (TiO,)3s and the LUMO has few electron density in the carboxylic
groups of each dye. This LUMO delocalization in the carboxylic groups in a smaller
isovalue (which is equivalent to enlarge the electron density vision scale) is in good
agreement with the N3/TiO, report.™'® We then combine the electron density
distribution of HOMO and LUMO of each dye/(TiO;)3s model together in the isovalue
scale = 0.002 (see Figure 2.11), and we observe that the HOMO and LUMO are overlap
resulting a moderate electronic coupling at the dye/(TiO;)ss interfacial region.
Furthermore, we list the electron contribution of every molecular fragment and
molecular orbital in each dye/(TiO;)ss model (see Table 2.5, 2.6, 2.7, 2.8 and 2.9), We

see that the heavy metal Os(I1) or Ru(ll), terpyridine, and the two anchored carboxylic
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groups have little delocalization in LUMO and the (TiO;)3g has few: distribution in
HOMO in each dye/(TiO;)ss model. The six F atoms have zero distribution in all
LUMOs in each dye/(TiO;)sg model. The three anchored carboxylic protons in each
dye/(TiO,)3s only are localized at the (TiO;)3g surface and have no more than 0.37%
contrition. By the way, TF-52-0Os/(TiO;)3s and TF-52-Ru/(TiO;)3g both have the long
alkyl chain —C1,Hys, and the moiety —C1,Hos has no electron density disbribution in all
molecular orbital exception of HOMO-1 (1.06% and 0.24%, respectively) (see Table 2.8,
2.9, Figure 2.12, and 2.13). In Figure 2.12 and 2.13, we see that the butyl part
of —C1,Hy5 nearly conneting the thiophene moiety has little electron density distribution
in HOMO-1 of TF-52-0s/(TiO3)3s (1.06%) and TF-52-Ru/(TiO,)3g (0.24%). Therefore,
in the dye/TiO, simulation with carrying long alkyl chain, it is not a good idea to reduce
the long alkyl chain to the methyl group. In the following section, we will use a
theoretical method to quantitatively estimate the electronic coupling value in the
dye/(TiO,)sg interface.
2.4.3 Electronic Coupling Estimation

The experimental time scale in the electron injection process of dye/TiO; is within
~100 fs,*?" and this ultrafast electron transfer process is supposed a slightly adiabatic
donor(D)/acceptor(A) coupling process and assumed a moderate D/A interaction. In the

experimental ultrafast electron injection process, the lowest singlet optical transition (So
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— S;) is believed as the slowest transition among the process from ground to highly
excited states. Therefore, we only consider the So — S; excitation process to estimate
the electronic coupling. According to the time-dependent perturbation theory in
quantum mechanism, the full Hamiltonian in a system is H = H,+V(t), where
\7(‘[) = - E,cos(awt) . \7(t) is the time-dependent perturbation, £ is the dipole
moment operator, and E, cos(wt) is the external electrical field varying with the time.

Dirac and Fermi have developed the famous Fermi’s golden rule to describe the electron
transfer rate constant as kg, =27”| H, " 6(E,-E,—hw) where |H,| is the
electronic coupling matrix element between state a and b and S(E, —E, —%w) is the
density of state (DOS) between state a and b, respectively.™ In the traditional D/A
electron transfer, Marcus theory is used to describe the nonadiabatically electronic
coupling process.”® Because the electron injection process in the dye/TiO, interface is
an adiabatic coupling process experimentally, thus, Marcus theory is not suitable for
applying here. We have to search for other theoretical methods to estimate the adiabatic
electronic coupling in the dye/TiO, interface. Unforturally, there is not an effectively
universal formula determining the electronic coupling yet.50 From the physical and
chemical view point, the most convenient way is taking the two-level system concept.

Because the time-dependent perturbation in the system Hamiltonian is composed by the

dipole moment operator, we would like to adopt the generalized Mulliken—Hush (GMH)
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theory*®>2 developed by Cave and Newton®® as our theoretical foundation. The GMH

theory & brmulated &

mabAEab

Hab =
\/(A:Uab)2 + 4(mab)2

1)

where mgy, is the transition electronic dipole moment connecting the two diabatic states
a and b, AEy, is the difference in energy between the two diabatic states a and b, and
Augp 1S the difference in dipole moment between the two diabatic states a and b. This
GMH formula is established the dipole moment operator which is according to the
chemical intuition.*®>? Interested readers can refer the derivation of the GMH formula
in reference 50 and 51. Recently, both the GMH formula and Marcus theory were used
in a theoretical analysis estimating the electronic coupling in the catechol and the
sandwich single-walled TiO, nanotube (STNT) heterogeneous interface.>” We need two
diabatic states to represent the initial and final states of the adiabatic electron transfer
process in the dye/TiO, interface. However, the exactly diabatic states do not usually
exist.””*® We can get information about the diabatic states in reference 49-52, “the
diabatic states are the linear combination of the adiabatic states that maximize the dipole
moment difference between the pair of states” which is equivalent to “the diabatic states
are the linear combination of the adiabatic states have the greatest charge separation

between the initial and final states”.**>! “Crudely, we are taking combinations of the
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adiabatic states to get the two most localized (diabatic) states”.**>? But, the critical key
point is “how to accurately find two diabatic states in the adiabatic coupling process of
the dye/TiO, interface?” It is not a easy task to select the two diabatic states in the
adiabatic coupling process of the dye/TiO, interface. We use the CIS method to
determine the two diabatic states.”® According to the display in Figure 2.10, 2.11 and
Table 2.1, the electron density distribution in HOMO and LUMO is few delocalized in
(TiO,)3s and dye, respectively, indicating the HOMO and LUMO overlap indeedly
during the Sy — S; transition. Therefore, the S; — S; transition should have a
moderate electron coupling. In this study, we only pay attention to the singlet-singlet
transition, and the singlet-triplet intersystem crossing (ISC) is not considered here.
Therefore, the electron injection process in the dye/TiO, only competes with the
internal conversion (IC) process. However, the time scale in the electron injection
process (~100 fs) is much faster than the IC process (~10 ns).® Based on our
experimentally and theoretically chemical intuition, we approximately adopt the
Frank-Condon excited S* and the excited geometry optimized medium state S; as the
initial (donated a) and final (donated b) diabatic states, respectively (see Figure 2.14).
The electronic coupling of TF-51-Ru/(TiO,)3s and TF-52-Ru/(Ti0O;)sg is 2004.15 and
2540.48 cm™, respectively, (>> 200 cm™ at room temperature kT), just roughly in the

electron transfer time scale < 100 fs (see Table 2.10, 2.11, and 2.12). Therefore, the Sg
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— S transition (HOMO — LUMO) is theoretically a slightly optical electron transfer
process indeed.

In a word, we can set the isovalue = 0.002 (which is equivalent to enlarge the electron
density distribution vision scale ) in HOMO and LUMO graphically and use the GMH
formula to understand the So — S; transition (HOMO — LUMO) quantitatively being

an optical electron transfer process in the dye/TiO, interface.
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2.5 Conclusion

In summary, we provide a compact model incorporating (TiO;)ss assembly for

accessing the adsorption of the Os(ll)- and Ru(ll)-based dyes with tridentate

terpyridine anchoring group. Four distinctive dye/(TiO;)3s surface models are

investigated with the Gaussian 09 software package. Various properties such as

optimized structures, O-Ti distances, adsorption energies, frontier molecular orbitals,

and TD-DFT UV-VIS excitation spectra have been calculated and a fair comparison

with the experimental results have been made. The lowest singlet optical transition (Sg

— S;) of the two Os(Il) dye/(TiO3)ss (TF-51-Os/(TiO3)3s and TF-52-0s/(TiO3)3s)

models are more red shift than the corresponding two Ru(ll) dye/(TiO;)ss

(TF-51-Ru/(TiO3)3s and TF-52-Ru/(TiO;)33) models. We also set the isovalue = 0.002

(which is equivalent to enlarge the electron density distribution vision scale) in HOMO

and LUMO and use the GMH formula to estimate the electron transfer electron

coupling in the So — S; optical transition (HOMO — LUMO) theoretically, and it is an

optical electron transfer process in the dye/TiO, interface which is according to the

experimental spectroscopic study. Accordingly, we have demonstrated that the suitable

(TiO3)3g assembly can be used to simulate real-life experimental data with good
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reliability. Due to the readily accessible in computation capability for most of
laboratories, new and more efficient Os(lI1) sensitizers may be strategically designed via
simulation prior to the execution of synthetic work, saving the redundant synthetic

efforts and suited for the demand of vast evaluation of the DSCs sensitizers.
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(c) TF-52-Os (d) TF-52-Ru

Figure 2.1 Molecular structures of compound (a) TF51-Os, (b) TF51-Ru, (c) TF52-Os,

and (d) TF52-Ru.
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(a) TF51-OS/(TiOg)38
O-Ti=1.96and 1.94 A
E.qs =—-82.09 kcal/mol

(b) TF51-RU/(TiOz)3g
O-Ti=1.95and 1.94 A
E.gs = —83.94 kcal/mol
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(d) TF52-RU/(T|02)38
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(e) (TiO2)3s

Figure 2.2 Optimized geometries, O—Ti distances (left and right side), and adsorption

energies of (a) TF51-0s/(Ti0O3)ss, (b) TF51-Ru/(Ti0O3)ss, () TF52-0s/(TiO3)ss, (d)

TF52-Ru/(TiO3)3g, and () (TiO,)3g models. The carboxylic protons on the (TiO3)3g

surface are indicated by a circle symbol.
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Figure 2.3 Molecular orbital energy level (eV) diagram from HOMO-10 to LUMO+40
of (@) TF-51-0Os/(TiO,)ss, (b) TF-51-Ru/(TiO;)ss, (c) TF-52-Os/(TiO;)ss, and (d)
TF-52-Ru/(TiO3)3s. CB = conduction band, H = HOMO, L = LUMO, S,-S; stands for

the calculated first singlet excited state energy.
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Figure 2.4 HOMO and LUMO of (a) TF-51-0s/(TiO3)ss, (b) TF-51-Ru/(TiO3)3s, (C)

TF-52-0s/(Ti03)3s, and (d) TF-52-Ru/(TiO;)3s models. The isovalue for the contours is

0.02 (default value in Gaussview 5.0).
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Table 2.1 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.0004 for
TF-51-Os/(Ti03)3s. The lowest triplet transition (So — T3) is also listed.

State Acal (NM) f Assignments

T, 887.4 0 |[HOMO—LUMO(100%)

S; 887 0.0003 [HOMO—LUMO(100%)

S 769.4 | 0.0102 HOMO—LUMO+1(90%)

S3 727.8 | 0.0035 HOMO—LUMO+2(72%) HOMO—LUMO+3(6%)

Sy 711 0.0025 HOMO—LUMO+3(61%) HOMO—LUMO+2(26%)

S7 661.6 | 0.0026 HOMO—LUMO+3(86%)

So 624.4 | 0.0015 HOMO—LUMO+5(94%)

Su 611.1 0.0017 HOMO—LUMO+6(94%)

Si4 584.7 0.0043 [HOMO-2—LUMO+1(73%) HOMO—LUMO+8(21%)

Sis 583.8 | 0.0021 HOMO—LUMO+8(65%) HOMO-2—LUMO+1(23%)

S0 560.4 | 0.0024 HOMO-2—»LUMO+2(44%) HOMO-1—-LUMO+2(44%)

Sa 559.3 0.0019 HOMO-1—-LUMO+2(44%) HOMO-2—LUMO+2(44%)
HOMO—LUMO+15(26%) HOMO—LUMO+40(12%)

S 543.6 | 0.0016 HOMO—LUMO+14(12%) HOMO—LUMO+16(9%)
HOMO—LUMO+12(7%)

Sos 536.4 0.01 HOMO—LUMO+15(59%) HOMO—LUMO+40(14%)
HOMO—LUMO+19(31%) HOMO—LUMO+17(26%)

Sa0 527.6 | 0.0013
HOMO—LUMO+15(20%) HOMO—LUMO+20(6%)

Sa2 524.9 0.0038 HOMO-2—LUMO+3(44%) HOMO-1—-LUMO+3(42%)

Sa3 523.9 0.003 [HOMO-1—-LUMO+3(49%) HOMO-2—LUMO+3(39%)

Sas 519.7 0.0006 [HOMO—LUMO+18(82%) HOMO—LUMO+20(8%)

Sss 5154 | 0.0022 HOMO-1—-LUMO+4(50%) HOMO-2—LUMO+4(36%)
HOMO-1-LUMO+4(32%) HOMO—LUMO+19(19%)

S36 514.6 | 0.0038 [HOMO—LUMO+20(14%) HOMO—LUMO+21(11%)
HOMO—LUMO+18(8%) HOMO-2—LUMO+4(7%)
HOMO-2—LUMO+4(53%) HOMO-1—-LUMO+4(15%)

S37 514.1 0.0004 HOMO—LUMO+19(8%) HOMO—LUMO+20(8%)
HOMO—LUMO+21(5%)

Sus 470.6 | 0.0113 [HOMO—LUMO+40(65%) HOMO—LUMO+15(32%)
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LUMO+3 (-3.19 eV) LUMO+4 (-3.15eV)
Figure 2.5.1 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-51-Os/(TiO3)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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Figure 2.5.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for TF-51-Os/(TiO;)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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LUMO+21 (-2.61 V)

LUMO+40 (-2.30 eV)
Figure. 2.5.3 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-51-0s/(TiO;)3g. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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Table 2.2 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.0008 for
TF-51-Ru/(TiO;)3s. The lowest triplet transition (S — T1) is also listed.

State Jal (NM)|  f Assignments
T, 760.2 0 HOMO—LUMO(100%)
S 760 0.0003 HOMO—LUMO(100%)
S, 751.2 0.0001 HOMO—LUMO+1(52%) HOMO—LUMO(46%)
S3 714.8 0.0016 HOMO—LUMO+2(51%) HOMO—LUMO+3(40%)
Sy 660.5 0.0102 |[HOMO—LUMO+2(96%)
S5 647.7 0.0009 |[HOMO—LUMO+4(92%)
S 621.4 0.003 [HOMO-1—-LUMO+1(90%)
HOMO—LUMO+22(27%) HOMO-2—LUMO(14%)
S 619.9 | 0.0083 HOMO-2—LUMO+1(8%) HOMO—LUMO-+28(5%)
HOMO—LUMO+29(5%)
HOMO-2—LUMO+18(40%) HOMO-2—LUMO+2(34%)
Sq 618.6 0.0041
HOMO-2—LUMO(10%)
S10 612.7 0.0019 HOMO-2—LUMO+1(48%) HOMO-2—LUMO(48%)
S 603.6 0.0094 HOMO—LUMO+22(38%) HOMO—LUMO+30(32%)
Si6 588 0.0024 HOMO-1—LUMO+2(96%)
Sop 566.2 0.0031 |[HOMO-2—LUMO+2(97%)
Sos 550.2 0.0009 HOMO—LUMO+12(86%) HOMO—LUMO+11(6%)
Sog 541.9 0.0107 |[HOMO-2—LUMO+22(97%)
HOMO—LUMO+18(50%) HOMO—LUMO+13(30%)
Sa31 537.5 0.001
HOMO—LUMO+15(10%)
HOMO—LUMO+16(53%) HOMO—LUMO-+22(19%)
S35 528.5 0.0008
HOMO—LUMO+14(10%) HOMO—LUMO-+18(9%)
HOMO—LUMO+18(55%) HOMO—LUMO+22(31%)
Si7 523.5 0.0021
HOMO—LUMO+17(5%)
HOMO—LUMO+28(73%) HOMO—LUMO+29(13%)
S40 519.6 0.0035
HOMO—LUMO+18(6%)
Sa 496.6 0.0043 HOMO—LUMO+30(55%) HOMO-2—LUMO+28(35%)
Su3 485.8 0.013 [HOMO—LUMO+35(80%) HOMO—LUMO+39(16%)
Sus 482.3 0.0013 HOMO—LUMO+37(60%) HOMO—LUMO+38(31%)
Sis | 4803 |0.0143 HOMO—LUMO+39(75%) HOMO—LUMO+38(18%)
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Figure 2.6.1 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-51-Ru/(TiO;)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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Figure 2.6.2 Frontier molecular orbitals pertinent to the singlet optical transitions in

selected states for TF-51-Ru/(TiO;)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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LUMO+38 (-2.45 eV)

LUMO+39 (-2.44 V)

Figure 2.6.3 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-51-Ru/(TiO;)3s. The isovalue for the contours is 0.02 (default

value in GaussView 5.0).



Table 2.3 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.0005 for
TF-52-0s/(Ti03)3s. The lowest triplet transition (So — T3) is also listed.

State Za (NM)|  f Assignments
T, 885.5 0 HOMO—LUMO(100%)
S 885.3 0.0003 HOMO—LUMO(100%)
S, 850.1 0.0006 HOMO—LUMO+1(95%)

HOMO-2—LUMO+4(80%) HOMO-2—LUMO+2(7%)
S3 803.2 0.0094

HOMO—LUMO+2(6%)
Sy 763.9 0.0005 HOMO—LUMO+2(60%) HOMO—LUMO+3(36%)
S5 750.1 0.0034 HOMO-1—-LUMO+4(77%) HOMO-2—LUMO(20%)
s, 7009 | 0.0006 HOMO—LUMO+7(83%) HOMO-2—LUMO+7(8%)

HOMO—LUMO+8(40%) HOMO—LUMO-+12(30%)
Sg 678.4 0.0022

HOMO—LUMO+16(12%)

HOMO—LUMO+9(62%) HOMO—LUMO-+20(30%)
Sq 663.1 0.0041

HOMO—LUMO+21(6%)
Su 6442 | 0.0067 HOMO—LUMO+12(64%) HOMO—LUMO+22(25%)

HOMO—LUMO+15(70%) HOMO—LUMO-9(18%)
Si3 613.1 0.0082

HOMO—LUMO+8(9%)
S 599 0.0043 HOMO-2—LUMO+9(68%) HOMO—LUMO+8(14%)
Sis 580.1 0.0094 HOMO—LUMO+15(84%) HOMO-2—LUMO+8(10%)
Sog 552.1 0.0044 HOMO—LUMO+15(63%) HOMO—LUMO+26(21%)

HOMO—LUMO+34(67%) HOMO—LUMO+37(6%)
So3 536.9 0.0109

HOMO—LUMO+36(5%) HOMO—LUMO+17(5%)
Su 5259 | 0.0016 HOMO—LUMO+32(44%) HOMO—LUMO+35(39%)
S,e | 5194 |0.0009 HOMO—LUMO+17(59%) HOMO—LUMO+16(26%)

HOMO—LUMO+36(42%) HOMO—LUMO-+35(20%)
Sog 516.1 0.0036

HOMO—LUMO+37(18%) HOMO—LUMO-+20(15%)

HOMO—LUMO+26(78%) HOMO—LUMO-+21(6%)
S3g 514.8 0.0008

HOMO—LUMO+12(6%) HOMO—LUMO-+17(5%)
Ss | 499.1 | 0.0051 HOMO-1—LUMO+36(75%) HOMO—LUMO+34(20%)
Sag 472.4 0.0133 HOMO—LUMO+37(82%) HOMO—LUMO+36(15%)
S40 468.9 0.0009 HOMO—LUMO+21(54%) HOMO—LUMO+20(39%)
Sis | 4436 |0.0033 HOMO—LUMO+37(44%) HOMO—LUMO+35(28%)
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Figure 2.7.1 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-52-Os/(TiO;)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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Table 2.4 The wavelengths, transition probabilities and charge transfer characters of the
singlet optical transitions in selected states with oscillator strength > 0.0004 for
TF-52-Ru/(TiO;)3s. The lowest triplet transition (S — T1) is also listed.

State Jal (NM)|  f Assignments
T, 756.1 0 HOMO—LUMO(100%)
S 755.9 0.0003 HOMO—LUMO (100%)
S, 722.9 0.0011 HOMO—LUMO+3(65%) HOMO—LUMO+1 (30%)
S3 669.9 0.0094 HOMO—LUMO+3(99%)
S, 625 0.0013 HOMO—LUMO+4(84%)
S | 6082 |0.0067 HOMO-1->LUMO+3(66%) HOMO—LUMO+7(31%)
Siy 606 | 0.0029 |HOMO-2—LUMO+3(74%) HOMO—LUMO-+8(20%)
Siz | 5958 | 0.0018 |HOMO-2—LUMO(98%)
Siu | 5882 |0.0049 HOMO—LUMO+15(73%) HOMO—LUMO+16(13%)
S,e 559 0.0025 HOMO—LUMO+20 (62%) HOMO—LUMO+22(13%)
HOMO—LUMO+25(11%) HOMO—LUMO+26(6%)
Sy 551.6 0.0105 HOMO—LUMO+29(38%) HOMO—LUMO+28(36%)
So3 550.8 0.0007 HOMO—LUMO+3(51%) HOMO—LUMO+2(46%)
Sog 540 0.0032 HOMO—LUMO+11(66%) HOMO—LUMO+10(28%)
Sa; 532 0.0008 HOMO—LUMO+22 (55%) HOMO—LUMO+16(43%)
Sz 530.9 0.0004 HOMO—LUMO+17 (46%) HOMO—LUMO+18(25%)
HOMO—LUMO+29 (64%) HOMO—LUMO+35(15%)
Sz 527.4 0.0034
HOMO—LUMO+36 (6%) HOMO—LUMO+39(5%)
Sis | 5258 |0.0007 HOMO—LUMO+21 (68%) HOMO—LUMO+23(31%)
Sy | 5204 |0.0014 HOMO-2—LUMO+29 (61%) HOMO—LUMO+28(31%)
S | 5103 | 0.0004 HOMO—LUMO+30 (46%) HOMO—LUMO+31(25%)
S0 505.1 0.0045 HOMO—LUMO+33 (59%) HOMO—LUMO+39(38%)
Su 500 0.0005 HOMO—LUMO+30 (59%) HOMO—LUMO+37(25%)
HOMO-2—LUMO+33 (77%) HOMO—LUMO+29(6%)
Su3 497.2 0.0087
HOMO-1—LUMO+28 (6%) HOMO—LUMO+22(5%)
Sus 488.8 0.0025 HOMO—LUMO+29 (69%) HOMO—LUMO-+36(18%)
HOMO—LUMO+33 (74%) HOMO—LUMO+29(10%)
Sus 484.1 0.0125
HOMO—LUMO+15 (6%) HOMO—LUMO+25(5%)
S 479.3 0.0005 HOMO—LUMO+31 (93%) HOMO—LUMO+24(5%)
Sy | 4682 |0.0007 HOMO—LUMO+32 (80%) HOMO—LUMO+28(17%)
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Figure 2.8.1 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-52-Ru/(TiO;)3s. The isovalue for the contours is 0.02 (default

value in GaussView 5.0).



LUMO+18 (-2.79 eV) LUMO+20 (-2.76 eV)
Figure 2.8.2 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-52-Ru/(TiO2)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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LUMO+28 (-2.60 eV) LUMO+29 (-2.59 eV)
Figure 2.8.3 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-52-Ru/(TiO;)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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Figure 2.8.4 Frontier molecular orbitals pertinent to the singlet optical transitions in
selected states for TF-52-Ru/(TiO;)3s. The isovalue for the contours is 0.02 (default
value in GaussView 5.0).
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Figure 2.9 The experimental spectra and calculated oscillator strengths of (a)

TF-51-OS/(Ti02)38,

(b) TF-Sl-RU/(TiOz)gg,

(c) TF-52-Os/(TiO;)3g, and

(d)

TF-52-Ru/(TiO2)3s in DMF. The red vertical lines at the bottom of the graphs represent

the relative oscillator strengths.
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Figure 2.10 HOMO and LUMO of (a) TF-51-0s/(TiO;)3g, (b) TF-51-Ru/(TiO3)3g, (C)

TF-52-0s/(Ti03)3s, and (d) TF-52-Ru/(TiO;)3s models. The isovalue for the contours is

0.002.
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(a-1) HOMO — LUMO (S¢ — S1) (a-2) HOMO — LUMO (S¢ — S1)
(isovalue = 0.02) of TF-51-0s/(TiO3)3s  (isovalue = 0.002) of TF-51-Os/(TiO2)3g

(b-1) HOMO — LUMO (Sq — S1) (b-2) HOMO — LUMO (Sq — S1)
(isovalue = 0.02) of TF-51-Ru/(TiO3)3s (isovalue = 0.002) of TF-51-Ru/(TiO3)3s

Figure 2.11.1 The lowest singlet optical transition of (a) TF-51-0s/(TiO;)3g and (b)
TF-51-Ru/(TiO2)3s models. Pink mesh indicates the decrease of charge density, while
green mesh indicates the increase of charge density upon photoexcitation. The isovalue

for the contours is 0.02 (left column) and 0.002 (right column), respectively.
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(c-1) HOMO — LUMO (S¢ — S1) (c-2) HOMO — LUMO (Sg — S1)
(isovalue = 0.02) of TF-52-0s/(TiO3)3s  (isovalue = 0.002) of TF-52-Os/(TiO2)3g

(d-1) HOMO — LUMO (So — S1) (d-2) HOMO — LUMO (Sq — S1)
(isovalue = 0.02) of TF-52-Ru/(TiO2)3s (isovalue = 0.002) of TF-52-Ru/(TiO3)3s

Figure 2.11.2 The lowest singlet optical transition of (c) TF-52-0s/(TiO3)3g and (d)
TF-52-Ru/(TiO2)3s models. Pink mesh indicates the decrease of charge density, while
green mesh indicates the increase of charge density upon photoexcitation. The isovalue

for the contours is 0.02 (left column) and 0.002 (right column), respectively.
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Table 2.5 Electron contributions (%) in molecular fragments and molecular orbitals of

the four dye/(TiO3)3s models.

TF-51-Os
Os terpyridine 2 anchored COO 6F thiophene  (TiO,)3s 3 anchored H*
/(TiO2) 33
HOMO 52.86 13.42 0.58 0.64 - 0.25 0
LUMO 0.01 0.04 0.19 0 - 99.67 0.05
TF-51-Ru
Ru terpyridine 2 anchored COO" 6F thiophene  (TiO,)ss 3 anchored H*
/(TiO2) 38
HOMO 58.76 10.19 0.39 0.61 - 0.03 0
LUMO 0.01 0.02 0.06 0 - 99.83 0.05
TF-52-0s
Os terpyridine 2 anchored COO 6F thiophene  (TiO,)3s 3 anchored H*
/(TiO2) 38
HOMO 54.32 14.73 0.59 0.59 0.17 0.04 0
LUMO 0.02 0.02 0.1 0 0 99.57 0.06
TF-52-Ru
Ru terpyridine 2 anchored COO 6F thiophene  (TiO,)ss 3 anchored H*
/(TiO2) 38
HOMO 59.41 10.63 0.43 0.59 0.08 0.05 0
LUMO 0.01 0.02 0.07 0 0 99.81 0.05
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Table 2.6 Electron contributions (%) in molecular fragments and molecular orbitals

relavent to the singlet optical transitions in Table 2.1 for TF-51-Os/(TiO3)z3s.

Molecular L . i 3 anchored
] Os | terpyridine | 2 anchored COO™ | 6 F | (TiOy)sg 1|
Orbital H
HOMO-2 | 62.99 26.62 1.99 0.1 0.23 0
HOMO-1 | 65.93 8.33 0.04 0.02 0.02 0
HOMO 52.86 13.42 0.58 0.64 0.25 0
LUMO 0.01 0.04 0.19 0 99.67 0.05
LUMO+1 | 0.09 0.41 1.18 0 98.24 0.03
LUMO+2 0 0 0 0 99.51 0.37
LUMO+3 | 0.11 0.39 0.5 0 98.95 0.01
LUMO+4 | 0.04 0.15 0.16 0 99.62 0.02
LUMO+5 | 0.06 0.27 0.48 0 99.1 0.08
LUMO+6 | 0.03 0.43 1.07 0 98.45 0.02
LUMO+8 | 0.43 2.23 0.9 0 96.37 0.01
LUMO+12 | 1.05 6.11 1.27 0 91.36 0
LUMO+14 | 1.09 6.47 1.2 0 91 0.02
LUMO+15 | 2.19 13.49 2.15 0 81.68 0.07
LUMO+16 | 0.13 0.89 1.18 0 97.78 0
LUMO+17 | 0.01 0.23 0.34 0 99.37 0
LUMO+18 0 0 0 0 99.98 0.02
LUMO+19 | 1.25 9.91 1.59 0 87 0.03
LUMO+20 | 1.13 7.2 0.68 0 90.83 0.02
LUMO+21 | 0.54 3.29 0.48 0 95.6 0.02
LUMO+40 | 0.72 16.07 0.93 0 81.9 0.04
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Table 2.7 Electron contributions (%) of molecular fragments and molecular orbitals

relavent to the singlet optical transitions in Table 2.2 for TF-51-Ru/(TiO3)3s.

Molecular L . i 3 anchored
] Ru | terpyridine | 2 anchored COO™ | 6 F | (TiO3)sg 1|
Orbital H
HOMO-2 | 70.11 19.66 1.37 0.08 0.14 0
HOMO-1 | 70.63 9.75 0.11 0.02 0.02 0
HOMO 58.76 10.19 0.39 0.61 0.03 0
LUMO 0.01 0.02 0.06 0 99.83 0.05
LUMO+1 0 0 0 0 99.6 0.34
LUMO+2 | 0.03 0.16 0.65 0 99.1 0.04
LUMO+3 | 0.01 0.03 0.09 0 99.78 0.01
LUMO+4 | 0.06 0.24 0.5 0 99.13 0.01
LUMO+11 | 0.02 0.12 0.17 0 99.67 0.02
LUMO+12 0 0 0.02 0 99.96 0.01
LUMO+13 0 0 0.04 0 99.91 0.05
LUMO+14 | 0.14 0.9 0.55 0 98.35 0.01
LUMO+15 | 0.05 0.33 0.17 0 99.41 0.02
LUMO+16 | 0.14 0.93 0.41 0 98.46 0.01
LUMO+17 | 0.02 0.15 0.17 0 99.65 0
LUMO+18 | 0.16 1.01 0.77 0 98.05 0.01
LUMO+22 | 1.01 7.71 2.5 0 88.53 0.07
LUMO+28 | 0.56 4.81 1.03 0 93.42 0.03
LUMO+29 | 0.28 2.32 0.43 0 96.99 0.01
LUMO+30 | 0.92 9.01 1.93 0 87.93 0.02
LUMO+35 | 1.06 9.89 1.02 0 87.82 0
LUMO+37 | 0.22 1.96 0.3 0 97.42 0.06
LUMO+38 | 0.35 3.15 0.4 0 96.05 0
LUMO+39 | 1.1 10.32 1.13 0 87.18 0.03
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Table 2.8 Electron contribution (%) of molecular fragments and molecular orbitals
relavent to the singlet optical transitions in Table 2.3 for TF-52-Os/(TiO3)z3s.

Molecular 2 anchored 3 anchored
orbital Os | terpyridine OO 6 F | thiophene | —CiyHas | (TiO3)sg £
HOMO-2 61.6 28.06 2.09 0.1 0 0 0.17 0
HOMO-1 | 53.96 6.76 0.02 0.02 19.31 1.06 0.08 0
HOMO 54.32 14.73 0.59 0.59 0.17 0 0.04 0
LUMO 0.02 0.02 0.1 0 0 0 99.57 0.06
LUMO+1 0.09 0.28 0.36 0 0 0 93.2 0.31
LUMO+2 0.26 0.84 0.95 0 0 0 97.78 0.11
LUMO+3 0.07 0.32 0.45 0 0 0 99.15 0.01
LUMO+4 0.19 1.05 2.22 0 0 0 96.16 0.01
LUMO+7 0.03 0.11 0.18 0 0 0 97.5 0
LUMO+8 2.34 11.87 2.98 0 0 0 82.34 0
LUMO+9 2.89 15.17 3.08 0 0 0 78.45 0.01
LUMO+12 0.89 5.47 0.84 0 0 0 92.8 0
LUMO+15 2.97 16.92 2.16 0 0 0 76.99 0.02
LUMO+16 | 0.37 2.38 0.44 0 0 0 94.72 0.04
LUMO+17 | 0.48 2.87 0.28 0 0 0 93.54 0.01
LUMO+20 | 0.55 3.42 0.38 0 0 0 95.45 0.03
LUMO+21 | 0.33 2.49 0.23 0 0 0 86.45 0.01
LUMO+26 0.16 18 0.58 0 0 0 97.41 0.05
LUMO+34 151 32.17 1.62 0 0.02 0 64.28 0.03
LUMO+35 0.28 5.81 0.3 0 0 0 89.18 0.04
LUMO+36 1.14 24.82 0.5 0 0.02 0 72.64 0
LUMO+37 0.27 7.8 0.25 0 0.02 0 88.39 0.1
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Table 2.9 Electron contribution (%) of molecular fragments and molecular orbitals

relavent to the singlet optical transitions in Table 2.4 for TF-52-Ru/(TiO3)3s.

Molecular 2 anchored 3 anchored
orbital Ru | terpyridine . 6F thiophene | —CoHys | (TiO3)3s o
HOMO-2 69.26 20.75 1.48 0.09 0.14 0 0.16 0
HOMO-1 50.71 5.9 0.02 0 18.43 0.24 0.01 0
HOMO 59.41 10.63 0.43 0.59 0.08 0 0.05 0
LUMO 0.01 0.02 0.07 0 0 0 99.81 0.05
LUMO+1 0 0 0.01 0 0 0 99.56 0.35
LUMO+2 0.01 0.03 0.07 0 0 0 99.83 0.01
LUMO+3 0.11 0.5 1.02 0 0 0 98.29 0.01
LUMO+7 0.02 0.22 0.7 0 0 0 99.05 0.01
LUMO+8 0.06 0.39 0.33 0 0 0 99.22 0
LUMO+10 | 0.01 0.04 0.07 0 0 0 99.86 0.01
LUMO+15 0.55 3.6 1.36 0 0 0 94.42 0
LUMO+16 | 0.37 2.49 0.88 0 0 0 96.1 0.03
LUMO+17 0.17 1.02 0.49 0 0 0 98.3 0.02
LUMO+18 | 0.02 0.29 0.39 0 0 0 99.22 0.04
LUMO+20 | 0.64 4.18 1.25 0 0 0 93.76 0.02
LUMO+21 | 0.13 1.04 0.3 0 0 0 98.52 0.01
LUMO+22 0.7 5.54 1.3 0 0 0 92.28 0.06
LUMO+23 0.11 0.74 0.22 0 0 0 98.86 0.01
LUMO+24 | 0.03 0.16 0.1 0 0 0 99.63 0.01
LUMO+25 0.33 2.94 0.82 0 0 0 95.81 0.07
LUMO+26 0.07 0.61 0.77 0 0 0 98.54 0.01
LUMO+28 0.5 4.24 0.61 0 0 0 94.59 0.01
LUMO+29 1.52 14.02 231 0 0 0 81.81 0.04
LUMO+30 0.12 0.84 0.29 0 0 0 98.71 0.04
LUMO+31 0 0.01 0.08 0 0 0 99.89 0.02
LUMO+33 1.77 14.13 181 0 0 0 81.96 0
LUMO+35 0.3 2.61 0.31 0 0 0 96.7 0.02
LUMO+36 0.35 3.21 0.27 0 0 0 96.16 0
LUMO+37 | 0.11 1.19 0.16 0 0 0 98.38 0.1
LUMO+39 0.47 4.03 0.58 0 0 0 94.81 0
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Figure 2.12 The HOMO-1 of TF-52-Os/(TiO3)3s. The isovalue for the contour is 0.02

(left) and 0.002 (right), respectively.
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Figure 2.13 The HOMO-1 of TF-52-Ru/(TiO)3gs. The isovalue for the contour is 0.02

(left) and 0.002 (right), respectively.
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Figure 2.14 Schematic illustration of the ground state Sy, Frank—Condon excited state
S*, and the nuclear geometry optimized medium state S; during the photoexcitation in
TF-52-0Os/(TiO3)3s. Pink mesh indicates the decrease of charge density, while green
mesh indicates the increase of charge density unop photoexcitation. The isovalue for the
contours is 0.02. FC and IC stands for Frank-Condon and internal conversion,

respectively.
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Table 2.10 The electronic coupling (Hap) in cm™ of (a) TF-51-Ru/(TiO,)3s and (b)

TF-52-RU/(TiOz)38.

Hab (Debye) Map (Debye) AEab (eV) Hab (Cm-l)
(a) TF-51-Ru/(TiO,)3g 11.7340 0.0428 0.497 2004.15
(b) TF-52-Ru/(TiO5)3s 9.1702 0.1282 0.63 2540.48

119




Table 2.11 The calculated dipole moment in S* and S; of (a) TF-51-Ru/(TiO3)3s and (b)
TF-52-RU/(TiOz)38.

(8) TF-5L-RU(TIOz)ss | 1 (Debye) sy (Debye)  us (Debye) |u| (Debye)

S* -55.5146 12.4775 -13.4902 58.4769

S; -44.1734 9.6946 -14.6384 47.5348
(b) TF-52-Ru/(TiO,)3s | ux (Debye) uy (Debye) 1z (Debye) lu| (Debye)

S* 43.2549 26.4012 -27.3323 57.5766

S1 36.3687 21.5909 -23.7290 48.4965
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Table 2.12 The calculated transition dipole moment in S* and S; of (a)
TF-51-Ru/(TiO3)ss and (b) TF-52-Ru/(TiO;)s.

(@) TF-51-Ru/(TiO3)3s | my (Debye) my (Debye) m, (Debye) |[m| (Debye)
S* 0.0034 -0.002 0.0017 0.0043
S; -0.0185 0.0323 -0.0115 0.039

(b) TF-52-Ru/(TiO,)3s | my (Debye) my (Debye) m; (Debye) |[m| (Debye)
S* -0.0459 -0.0225 0.0417 0.0660
S1 0.0348 -0.0262 -0.0579 0.0725
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