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The interaction and electron injection processes of the LD14 dye on TiO; cluster (anatase phase) in dye-
sensitized solar cells (DSSCs) have been studied through calculations based on density functional theory
(DFT) at the B3LYP, PBE and TPSS levels along with dispersion effects. The interaction of the LD14 dye
with the TiO, clusters was quantified using the DFT-D3 levels. The TDDFT calculations with the B3LYP-
D3 in phase solvent (THF) in the LD14 and LD14-TiO, models are the most suitable for describing the
observed absorption energy bands. The free energy changes for electron injection support the better per-
formance of LD14 on the TiO, clusters.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since several decades scientific studies have been focused on
the energy problems that human activity is confronting.
Nowadays, energy consumption is about 15 TW, and it is expected
that it will increase by a factor of two in the coming decades [1].
Development of renewable, low cost, environmental friendly and
sustainable energy is one of the major energy issues of the current
era. From the different energy alternatives that have been explored
and developed, the solar energy is one of the most promising since
it is an important sustainable energy source in the present and the
near future; even though a variety of energy sources have to be
explore yet, at least until the new techniques of solar-energy cap-
turing devices are mature enough to replace the older energy
sources [2]. As a matter of fact only 0.02% of the solar radiation
requires to be captured to satisfy future energy needs. Many differ-
ent principles have been proposed for constructing efficient solar-
energy capturing devices. Thus, in the last two decades, dye-
sensitized solar cells (DSSCs) have attracted much attention, and
attempts are being made so far to get these new devices to replace
commercial solar cells made with silicon [3,4]. Nevertheless, they
have high production and maintenance costs, leading to a
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continuous search for replacements. DSSCs were proposed for the
first time by Gratzel et al. [5,6].

The chemical and physical processes of the Gratzel cells are now
largely known, while the details at the molecular level are less elu-
cidated. So, to improve the efficiency of the dye-sensitized solar
cells it is necessary to find a suitable molecular called “dye” for
the light capturing process. The most important Gratzel’s DSSCs
are based on the adsorption of metallic complexes (e.g. ruthenium
and zinc) on nanocrystalline titanium dioxide films [4,7-10].
Among the studied compounds, ruthenium(Il)bipyridyl (N3, N719
and N749) complexes have proved to be the more efficient TiO,
sensitizers [7-14]. This efficiency is measured by the power con-
version index (#) and Grdtzel cells based on the sensitization of
TiO, by molecular dyes have a # among 7-11%. This efficiency
makes applications feasible; however, ruthenium is an expensive
metal, thus novel dyes are desirable for highly efficient DSSCs
[4]. Recently, it is possible to identify in the literature other inor-
ganic solar cells that are alternative to ruthenium complexes such
as large m-7 aromatic molecules zinc porphyrins (ZnP) [15-21].
These highly efficient DSSCs have good properties of photostability,
light-harvesting capabilities, and low-cost. The central metal is
zinc and # is about 6-7%. Among the most efficient Zn systems it
is possible to find YD2, YD2-0-C8, ZnPBAT, LD13 and LD14 [22,23].

We focus our attention on solar cells based on ZnP. All zinc por-
phyrin based sensitizers with antenna molecules as the ones
described above have been designed and applied to DSSC. These
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Fig. 1. LD14 dye sensitizer model.

systems show metallo-supramolecular interactions, enhancing
their light-harvesting efficiency. Optimization of the devices per-
formance for the push-pull zinc macrocycles have high power con-
version efficiency. Among the different systems studied
experimentally, it is possible to find the dye assigned as LD14.
The LD14 system has a #=10%, opening a new field using
porphyrin-based DSSC [24]. The high performance of LD14 is due
to the introduction of ortho-alkoxylated phenyl aromatic groups
in the meso-position of the porphyrin ring. In general, these groups
are donor-acceptor (D-A) substituents with promising photo-
voltaic properties [25-28].

In this context, previous systems have shown an arrangement
in a single supramolecular assembly able to absorb a large portion
of the solar spectrum in the region between the visible and the
near-IR. In several studies it has been mentioned that the use of
supramolecular interactions in solar cells is scarce [25-28]. Solar
energy conversion efficiency (1) in photoelectrochemical cells is
a function of several factors such as: the collection of electrons
by the external circuit, the electron injection quantum yield (i.e.,
the ratio of injected electrons to absorbed photons), and the absor-
bance (the ratio of absorbed photons to incident photons) [10,11].
Dyes that support efficient intramolecular energy transfer (i.e., the
antenna effect) can be designed to display broader absorption
bands and/or absorption bands with high extinction molar coeffi-
cients [15-21]. Electron injection quantum yields, on the other
hand, depend on the dye’s excited state and the relative position
of the conduction band edge of titanium dioxide. The properties
of the excited state can be modulated by the appropriate selection
of ligands and/or peripheral substituents, while the conduction
band edge of titanium dioxide can be selected by the acid-base pre-
treatment of the TiO, films or through the addition of potential
determining cations to the external bath.

An important aspect regarding DSSCs corresponds to the inter-
action between the dye sensitizer and the TiO,. Usually the sensi-
tizer molecules have a carboxyl group that interacts with the solid

LD14-TiO, Anatase (101)

Fig. 2. LD14 on TiO, dye model.

electrode. It is of fundamental importance the determination of the
geometric structure of the adsorbed dye state and the electronic
coupling with the Ti(3d) conduction band. Over the past five years
a number of theoretical studies at the quantum chemical (density
functional theory) and molecular dynamics levels of solar cells
with ruthenium complexes have been published [12-15,29-34].
These studies have modeled the interaction of the ruthenium sen-
sitizers with the (101) plane of TiO, (anatase) or nanocluster of
TiO,. The theoretical results show that the dye is attached via car-
boxylate groups.

The aim of this work is to extend the idea to supramolecular
systems using the well-known coordination preference of the
LD14 dye. The design of supramolecular interactions using solar
cells is still insufficient. In nature, it is possible to find supramolec-
ular antenna complexes that harvest light [24]. The chemical bond-
ing between the TiO, surface and the dye needs to be completely
understood. We propose here to carry out a theoretical study to
find out which anchor groups would produce improved conjuga-
tion within these macrocycle rings. The largest molecular systems
that can be tackled with high reliability using state of the art quan-
tum chemistry methods are about the same size as the light-
receptor system of the Grdtzel cells [25-28]. The model systems
considered in the calculations consist of a dye attached to a TiO,
cluster representing the TiO, surface [29-34]. Theoretical models
including optimizations of the molecular structures can be used
to identify and characterize suitable light-capturing molecules.
Ground-state calculations show how the dye binds to TiO,.
Single-point quantum chemical calculations of the excited-states
provide excitation energies, information about the vertical excita-
tion processes, and properties of the exciton as well. The light-
absorption process in dye-sensitized solar cells will be studied
using time-dependent density functional theory (TDDFT).
Determining the kind of interaction between LD14 and TiO, will
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allow for a better understanding of the complete mechanism
involved in solar cells and of in the design of future systems.

many models of various shapes and sizes from Tis to Tigo [8,9].
Small scale theoretical models of TiO, that have been used to study

the interaction of different dyes (N749, N3, C101, J3, etc.) giving
reasonable results [41,42]. In the present work the [TigO,1H1s]
model was cut from crystal structures of anatase to simulate the
surface of TiO,. Hydrogen atoms were used to saturate the covalent
bonds of the O atoms.

The excitation energies were obtained at the DFT level by
means of the time-dependent perturbation theory approach (TD-
DFT) [43-45]. The excitation spectrum was simulated from the
optimized geometry of the theoretical model. The TD-DFT calcula-
tions do not evaluate the spin-orbit coupling, and the values are
averaged. Moreover, we have used the AOFORCE module [46]
implemented in Turbomole [47] to estimate the vibration fre-
quency of the —COOH group in LD14 free and —COO~ group
attached to TiO,. The polarizable continuum model (PCM) was
used to simulate the THF solvent effects from the COSMOS pro-
gram [48]. In addition, the counterpoise correction for the basis-
set superposition error (BSSE) was used for the calculated interac-
tion energies between LD14 and TiO,.

The calculations were done using the Turbomole package (ver-
sion 6.5) [47]. For Zn and Ti, the 10 valence-electron (VE) pseudo-
potential (PP) of Andrae et al. [49] was employed. We used two d-
type polarization functions on Zn and Ti [50]. Also, the C, N and O
were treated through PPs, using double-zeta basis sets with the
addition of one d-type polarization function [51]. For the H atom,
a double-zeta basis set plus one p-type polarization function was
used [52]. The basis sets were taken as Zn (6s5p3d|8s7p6d), Ti
(6s5p3d|8s7p6d), O (2s2pld|4s4pld), C (2s2pld|4s4pld), N
(2s2p1d|4s4p1d), and H (2s1p|4sip). All geometry calculations
were obtained using the efficient resolution of identity (RI) [53].

2. Models and computational details

The LD14 model used in this study is depicted in Fig. 1. C; sym-
metry was adopted for the protonated dye. The geometry of LD14
in the ground state was fully optimized at the B3LYP, PBE and TPSS
levels in gas and solvent (THF: tetrahydrofuran) phases. This was
carried out because we are interested in studying the formation
of supramolecular systems, where the coordination interactions
are important. Grimme’s dispersion correction was used for those
functionals whenever available, and their use is indicated by
appending “DFT-D3” to the acronym of the density functional
[35,36].

The fully relaxed structure of the LD14 dye adsorbed on the TiO,
surface obtained is shown in (Fig. 2). The structure of TiO, is kept
fixed. For the LD14-TiO, interaction model (C; symmetry) we used
two approaches. The first considered the dye molecule without a
proton in the —COOH group; this effect is consistent with experi-
mental and theoretical studies with different porphyrins when car-
boxylic acid is bound to the TiO, surface by means of mono- and
bidentate bridging modes. Depending on the dye it is possible to
find mono- or bidentate coordination [37-40]. With respect to
the COO™ group, it is experimentally established that the IR spectra
exhibit a significant increase of the symmetric carboxylate band at
around 1400 cm~! [23]. The disappearance of the C=0 frequency
confirms that the proton is detached from the carboxylic acid
group during porphyrin adsorption on TiO,. This situation has been
studied and tested using theoretical models. The second approach
is the choice of the TiO, surface model. In the literature there are

Table 1

Main geometric parameters of the LD14 ligand with different methods including gas and solvent effect (solv). Distances in pm and angles in degrees.
Method Zn—N N—C c—C1 ZnNCC1° c2—C3 NCC1C2° C5—01 C5—02 02C501°
B3LYP 204.6 137.8 141.1 4.0 121.8 178.1 1235 138.5 121.0
TPSS 204.9 138.9 141.9 4.1 122.8 178.0 124.5 139.8 121.0
PBE 205.2 138.5 141.8 3.2 123.0 178.4 124.4 139.4 121.1
B3LYP-D3 204.3 137.6 140.6 2.7 121.5 178.2 123.2 138.1 121.0
TPSS-D3 204.9 138.4 141.6 2.8 122.5 178.9 1241 139.3 121.0
PBE-D3 204.9 138.2 141.1 2.8 122.5 178.9 123.9 139.3 121.1
B3LYP (solv) 204.8 138.0 141.3 41 121.8 178.6 123.6 1384 121.2
TPSS (solv) 205.1 139.1 142.0 44 122.7 178.5 124.6 139.5 121.1
PBE (solv) 205.3 138.7 141.9 33 123.2 178.7 124.8 139.5 1214
B3LYP-D3 (solv) 204.9 137.5 141.0 2.5 121.6 178.5 123.8 137.1 120.5
TPSS-D3 (solv) 205.0 138.1 141.1 2.8 122.1 178.2 124.5 139.3 121.1
PBE-D3 (solv) 205.2 138.3 141.5 29 123.4 178.3 124.5 137.8 121.2

Table 2

Main geometric parameters of the LD14-[TiO,] with different methods including gas and solvent effect (solv). Distances in pm and angles in degrees.
Method Zn—N N—C ZnNCC2° NCC1C2° Ti1—01 Ti2—02 C5—02 C5—01 02C501° Ti1l01C5°
B3LYP 204.6 138.5 1.5° 178.1° 208.3 243.6 130.9 127.5 129.1° 136.6°
TPSS 204.9 139.3 1.7° 177.7° 209.1 234.4 128.7 131.7 129.9° 136.0°
PBE 206.5 1374 1.4° 178.2° 209.6 240.8 1284 1315 129.7° 135.9°
B3LYP-D3 204.5 1384 1.2° 178.9° 207.9 243.2 1303 1274 130.1° 136.7°
TPSS-D3 204.9 139.3 0.6° 178.6° 208.6 233.2 128.8 131.6 132.2° 136.1°
PBE-D3 204.9 139.0 2.6° 177.4° 209.4 2389 128.5 131.5 129.8° 136.0°
B3LYP (solv) 204.7 138.7 2.3° 179.1° 208.1 254.8 127.7 1315 127.5° 137.1°
TPSS (solv) 205.1 139.5 1.5° 178.1° 209.0 236.3 127.8 132.5 128.5° 136.5°
PBE (solv) 206.3 137.6 1.3° 178.6° 209.3 245.5 127.9 132.1 128.3° 136.3°
B3LYP-D3 (solv) 204.6 138.5 2.0° 179.0° 208.0 245.5 127.5 131.1 127.4° 136.9°
TPSS-D3 (solv) 204.7 139.3 0.6° 178.6° 208.6 233.2 128.8 131.6 132.2° 136.1°
PBE-D3 (solv) 205.8 137.5 1.1° 178.2° 208.8 242.3 127.2 131.8 127.6° 136.2°
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3. Results and discussion
3.1. Geometric structures and YD2-TiO, coordination energy

The optimized geometry of LD14 at the different levels is shown
in Fig. 1. LD14 is composed of different functional groups: ortho-
alkoxylated phenyl aromatic groups in the meso-position of the
porphyrin ring acting as an electron donor, the phenylethynyl
group as part of the bridge, the carboxylic acid moiety as an accep-
tor, and the porphyrin chromophore as the n-bridge in this partic-
ular donor m-conjugate-bridge acceptor (D-m-A) structure. The
selected geometrical parameters are listed in Table 1. The bond
lengths, bond angles and dihedrals are very similar at the different
levels and phases (gas and solvent). The inclusion of the dispersion
term at the D3 did not produce major changes.

We linked LD14 with the TiO, model (see Fig. 2) through the
carboxylate moiety on the Ti atoms of the (101) plane. The LD14
was then fully optimized in its ground state, and the main param-
eters are shown in Table 2. It can be seen that the structural param-
eters change from free LD14 to LD14-TiO,. When LD14 is
coordinated with TiO,, LD14 does not suffer major changes. The
most relevant changes in the geometry remain on the carboxylate
group which acts as a bidentate ligand with TiO,. According to our
calculations, the O1 and Til bonds are between 208 and 209 pm
depending on the method and the medium used. In general, there
is not a very large variation of this Ti—O distance. The second dis-
tance, Ti2—02, is longer (between 234 and 255 pm) and keeps a
lightly bidentate character. The Ti—O distances are slightly shorter
when the dispersion effects (D3) and a solvent medium are used in
the calculations. The C5—02 and C5—01 distances and the 02C501
angle adopt a more relaxed geometry than when LD14 is free.

Also, we have estimated the vibrational frequencies for the
LD14 dye when it is free and coordinated with the TiO, clusters.
These results have been obtained at the B3LYP-D3 level in the
gas phase. In particular, we focus on the vibration frequency of
the —COO~ group. For the free dye a vibration frequency of
1665 cm™! is obtained, which is closer to the reported experimen-
tal value of 1700 cm~' [23]. On the other hand, when LD14 is
linked with TiO,, the vibration frequency decreases to
1345 cm™!, which is again closer to the experimental reported
value of 1400 cm™'. This is a clear evidence of the coordination
effects of the —COO~ group on the TiO, electrode via the 21
COO~ orbitals. These results are very close to the reported LD14-
TiO, system.

We have estimated the LD14-TiO, intermolecular interaction
energies for the proposed model with and without counterpoise

Table 3
Intermolecular interaction energies, AEiy (kcal mol~!) between TiO, ([TigO21H1s])
and LD14 with and without counterpoise correction (CP).

Method AEjn AEmtb
B3LYP —42.7 —58.7
TPSS -41.9 —55.7
PBE -39.5 -54.0
B3LYP-D3 -51.6 —-67.3
TPSS-D3 —49.2 —62.7
PBE-D3 —45.1 -59.6
B3LYP (solv) -39.8 —42.7
TPSS (solv) -41.5 —41.8
PBE (solv) —40.1 —40.4
B3LYP-D3 (solv) —43.1 —45.4
TPSS-D3 (solv) —48.3 —48.8
PBE-D3 (solv) -45.4 —45.3

correction (CP) for the basis-set superposition error (BSSE), and
the results are shown in Table 3. The model produces a coordinated
bond at all levels. When the results between DFT and DFT-D3 with
CP are compared, it can be noticed that the interaction energy is
stabilized between 8.0 and 5.0 kcal mol~!. However, the interac-
tion energies without CP are strongly overestimated at all levels.
When solvent effects are introduced, it is seen that the interaction
energy decreases slightly with CP. However, with CP and the sol-
vent effects the interaction energy is not overestimated. Clearly,
at this level there are error compensation effects. The magnitudes
reported here are in the same range as those for similar systems

Table 4

Natural Population Analysis (NPA) charge for the —CO; group in LD14 attached to
TiO,, with both systems free in the gas and solvent phases (all results at the B3LYP-D3
level).

System Phase Zn c5 01 02 Til Ti2
LD14-TiO,  Gas 1576 0843 -0.700 -0.663 1510 1.526
Solv 1595 0846 -0.717 -0.698 1494 1.508
LD14 Gas 1.578 0.801 -0.708 —0.600
Solv 1598 0818 -0.717 —0.643
TiO, Gas 1544 1.605
Solv 1.662  1.587
CB
-2.38eV (LUMO)
-2.80eV (LUMO)
fsolar light
3.28eV

—H— -4.78eV (HOMO)

[6.07eV (HOMO

VB

[Ti6021H18] LD14
Fig. 3. Schematic energy level diagram of the absorption of solar light by LD14 and
electron injection on TiO, cluster.

Table 5
Principal electronic transitions in LD14 and LD14-TiO,. B and Q bands maxima (Amax)
in nm.

Method B Q

LD14 (B3LYP-D3) 417 597
LD14 (B3LYP-D3 (solv)) 429 638
LD14 (PBE-D3) 457 824
LD14 (PBE-D3 (solv)) 466 890
LD14-TiO, (B3LYP-D3)* 478 577
LD14-TiO, (B3LYP-D3 (solv))* 416 614
LD14 Exp® [24] 459 667
LD14-TiO, Exp" [24] 464 663

2 With CP.
> Without CP.

2 [TigO21H;g] cluster of TiO,.
> THF.
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such as TPP-Zn(Il)-TiO,, which are between 56.0 and
47.0 kcal mol~! [38].

On the other hand, we carried out a Natural Population Analysis
(NPA) at the B3LYP-D3 level with the LD14, TiO, and LD14-TiO,
models in the gas and solvent phases. The results are summarized
in Table 4 for some selected atoms. In general, a charge transfer of
0.113e and 0.247e in the gas and solvent phases may be noticed,
respectively, from the LD14 to the surface of TiO,. This is notice-
able from the values in Table 4, which show that the charge on
the oxygen atoms for LD14 decreases when the molecule is
anchored to the TiO,. Therefore, the charge on the Ti atoms in
TiO, increases when the LD14 is adsorbed. The carbon atom in
the anchor group is more positive and the Zn atom in the porphyrin
does not substantially change its charge.

3.2. Time-dependent (TD) DFT calculations for YD2 and YD2-TiO,

As mentioned in Models and Computational Details section, we
used the B3LYP, PBE and TPSS functionals with dispersion

LD14 (B3LYP-D3)

2251 |
2,001 |
1751 |
1501/
1.25
1.00
0.75
0.50

® |
0.25 “I \ m /
. A T A N
00 450 S00 55

4 600 650 700
nm

Oscillator strength

@

750

Fig. 4. Calculated B3LYP-D3 electronic spectra of LD14 in solvent.

LD14 (B3LYP-D3)

301a

304a (LUMO)

305a

121

correction (D3); but finally we adopted the B3LYP functional in
the electronic absorption process because it is the only functional
able to correctly describe the process of injection of charge from
the LD14 to TiO,, as shown in Fig. 3.

TD-DFT has proved to be an important tool for studying the
optical properties of LD14 in DSSCs. The LD14-TiO, electronic cou-
pling determines the electron injection rate, and therefore the con-
version index (7), which involves properties that are directly
related to the excited states. Thus, it is necessary to describe the
properties of the excited states of the LD14 and LD14-TiO,. For
porphyrins, the UV-Vis absorption spectrum in the visible region
usually shows a Q band, a weak T band, and a B (or Soret) band
at higher energy. The calculated absorption excitation energies
for LD14 and LD14-TiO, are reported in Table 5 for the Q and B
bands. The studied system shows the Q band in the region between
890 nm and 577 nm, and the B band at around 460 nm. In the PBE-
D3 method, the Q band is overestimated for both LD14 and LD14-

[TiO2]-LD14 (B3LYP-D3)

/\\

275 {1/
250{ |
2.25
2,00
1.75
1.50
1.25
1.00
0.75 -
0.50
0.25

Oscillator strength

Fig. 6. Most important active molecular orbitals in the electronic transitions of
LD14 models at the B3LYP-D3 level in solvent.

302a

306a

Fig. 5. Calculated B3LYP-D3 electronic spectra of LD14-TiO; in solvent.
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TiO, models. The data indicate that the most accurate functional
for the B and Q bands is B3LYP-D3 when we compare these
obtained values against their experimental UV-Vis absorption
spectra [24]. So the B3LYP-D3 functional is used to describe the
excited states of the LD14 and LD14-TiO, models described below.

Oscillator strengths different from zero were considered as
allowed transitions. The allowed transitions obtained at the
B3LYP-D3 level are shown in Figs. 4 and 5 for LD14 and LD14-
TiO, in the solvent phase (THF), respectively. The active molecular
orbitals in the electronic transitions are shown in Figs. 6 and 7 for
LD14 and LD14-TiO,, respectively. We do notice that the experi-
mental spectra show a small shoulder between 550 and 600 nm
[24]. This is in agreement with the weak T band described in the
theoretical spectra (Figs. 4 and 6).

[TiO,]-LD14 (B3LYP-D3)

¢ =
412a (LUMO+1)

F. Mendizabal et al./ Computational and Theoretical Chemistry 1070 (2015) 117-125

3.2.1.LD14

The electronic structure of this model is described with the
three absorption peaks which were mentioned above. The elec-
tronic transitions are assigned to individual states as ligand-to-
ligand, metal-ligand-to-ligand and ligand-to-ligand-metal charge
transfer (LLCT, MLLCT and LLMCT), respectively. The theoretical
calculations are described in Table 6 showing good agreement with
the experimental results [24]. The bands are a mixture of excita-
tions. Band Q is formed by the transition at 638 nm. This transition
is mainly composed of 303a — 304a (' —» ') (HOMO-LUMO).
This band corresponds to LLCT. The frontier MOs are shown in
Fig. 5. The 303a (HOMO) has a porphyrin 7" character, while the
arrival orbital 304a (LUMO) shows a main composition centered
on the porphyrin and phenylethynyl carboxylic acid. Both orbitals
have a 7" character while the Zn atom shows a small contribution.

409a

(l
’
-.iﬁo_
D
£

413a

410a (HOMO)

—

Fig. 7. Most important active molecular orbitals in the electronic transitions of LD14-TiO, models at the B3LYP-D3 level in solvent.

Table 6
TD-DFT/B3LYP-D3 singlet-excitation calculations for LD14 and LD14-TiO; in solvent.
System Acale hexp f Contribution” Transition type
LD14 638 (Q) 667 0.564 303a — 304a (83%) LLCT (' > 1)
529 (T) 0.052 303a — 305a (39%) LLMCT (" — 7+ dy,)
302a — 305a (26%) MLLMCT (dy/dyy + 70— T+ dyy)
429 (B) 459 0.832 303a — 306a (48%) LLMCT (n" - =t +dy,)
301a — 304a (40%) LLCT (n' > )
422 (B) 0.845 301a — 305a (60%) LLMCT (1" — 7t + dy,)
302a — 306a (38%) MLLCT (dyx/dpy + T — 1)
LD14-TiO, 614 (Q) 663 0.625 410a - 412a (65%) MLLCT (dy/d,y + T — 1)
409a — 413a (15%) LLCT (' > 1)
517 (T) 0.053 409a — 412a (23%) LLCT (' > 1)
409a — 413a (23%) LLCT (1’ » 1)
408a — 412a (13%) MLCT (dg; — )
416 (B) 464 1.433 409a — 413a (25%) LLCT (1’ > 1)
409a — 412a (22%) LLCT (n' > )
408a — 412a (17%) MLCT (dy — @)
410a — 413a (13%) MLLCT (dyx/dpy + T — 1)

¢ Oscillator strength.
b Values are |coeff.|* x 100.
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The T band is formed by a transition at 529 nm, and it shows a
principal component 303a — 305a (" — ") of the LLMCT type. We
must point out that the 303a orbital corresponds to a " orbital of
the porphyrin ring. Thus, in the transition involved this orbital goes
to the 305a orbital, which is centered mainly on the porphyrin and
a small contribution from the dy, orbital of Zn. The experimental
spectra show a small shoulder between 550 and 600 nm [24],
which is comparable with the theoretical bandwidth.

Finally, the B band is formed by two transitions, the one at
429 nm is composed mainly of 303a - 306a (1" — @ +dy,) of the
LLMCT type. The 303a (HOMO) has been described above, while
the 306a MO (LUMO + 2) contains a principal contribution of phe-
nylethynyl carboxylic acid with porphyrin and a small contribution
from the dy, orbital of Zn. The second transition at 422 nm has a
principal 301a - 305a (n" — 7" +d,,) excitation which is associ-
ated with LLMCT.

3.2.2. YD2-TiO,

When the LD14-TiO, model was used, a shift of the excited
bands compared with free LD14 is observed (see Table 6). This shift
also occurs at an experimental level when going from the dye in
solution to the one deposited on TiO,. There is good agreement
with the experimental results and the change of the spectrum once
LD14 is attached to TiO, (Fig. 6). The principal bands of the LD14
dye on TiO, are maintained. The Q band (614 nm) is built by a main
transition between HOMO and LUMO + 2 of LD14: 410a — 412a
(dyx/d,y + T — 1) associated with MLLCT. The 410a (HOMO) has
a porphyrin ©° character, Zn orbitals, and contribution of pheny-
lethynyl carboxylic acid, while the arrival orbitals 412a (LUMO
+1) show a main composition centered on the porphyrin and phe-
nylethynyl carboxylic acid. The frontier MOs are shown in Fig. 7.

The very weak T band (547 nm) is composed of several transi-
tions, which are described in Table 6. Finally, the last band (B) at
416 nm is formed by several transitions. There are two main tran-
sitions: 409a — 413a (" —» m') transition of the LLCT type. Both
orbitals have a 7" orbital of the porphyrin ring. The second transi-
tion is among 409a — 412a (" — 1°) excitation which is associated
with LLCT.

3.3. Absorption properties

The photo-induced electron injection in DSSCs can be viewed as
a charge transfer (CT) process [41,42,54]. Using the Marcus theory
for electron transfer [55], the CT can be associated with the free
energy change for electron injection (AG™e) [56]. AG™et js a
measure of the electron injection rate and therefore the short-
circuit current density (Jsc) and open-circuit (V) in DSSCs. In gen-
eral, the greater the AG™, the greater the electron-injection effi-
ciency (@™, It can be calculated as AG™et = EY'_E5 [57]. Ecg
is the reduction potential of the conduction band of the TiO,, which
has an experimental value of —4.00 eV (widely used) [58]. E¥¢" is
the excited state oxidation potential of the dye, and it is deter-
mined by the redox potential of the ground state of the dye
(E%e), and the vertical transition energy (Amax): E%Y¢ = E%— oy
The E%¢ is calculated by two approaches: a first level, applying
molecular orbitals eigenvalues on the basis of Koopmans’ theorem
as IP ~ —Eyomo [59]. This is accepted in the literature within the
framework of the Conceptual Density Functional Theory (CDFT)
[60,61]. A second level, the energy of the orbital that generates
the transition in the band. The calculated E%¢" and AG™e* of the
Q and B bands for LD14 dye in solvent phase are listed in Table 7.

The calculated E%¥®" of the Q and B bands used the energy of the
orbital generate from transition in the band and HOMO energy are
same. This is because it is the same orbital involved in the calcula-
tion. On the other hand, when the experimental value of Ecp
(—4.0 eV) was used, the values of AG™e of the LD14 are negative,

Table 7

The calculated excited state oxidized potential (E%Y*'/eV) and free energy change for
electron injection (AG™e/eV) of the Q and B absorption bands for LD14 in solvent
phase at the B3LYP-D3 level. Ecg is used with an experimental value of —4.00 eV; the
value in parentheses is taken from the LUMO value of the TiO, cluster.

Phase Edve” AGMect
Q B Q B
Solvent® 2.7 1.89 -13 -21
(~0.09) (0.1)
Solvent” 2.7 1.89 -13 -2.1
(~0.09) 0.1)

3 EY is the energy of the orbital that generates the transition in the band.
b Edve s the absolute value of the HOMO energy.

which means that the LD14 excited state with effective charge
transfer excitation character lies above the TiO, conduction band
edge. The large absolute value of the free energy for electron injec-
tion is favourable for fast electron injection and it is directly pro-
portional to the experimental values of Jsc and Voc. However, if a
theoretical value of the Ecg as LUMO of the TiO, cluster is used,
only some values of AG'™* are negative by Q band. This shows
that the proposed cluster model is only an approximation and it
is necessary to build larger systems.

4. Conclusions

The present study of the electronic structures and spectroscopic
properties of the dye LD14 free and adsorbed on TiO, clusters pro-
vide further support to the idea that the DSSCs is a supramolecular
structure strengthened by ligand anchoring to the electrode. The
calculated geometric parameters are very similar and in very good
agreement despite the different methods used in both gas and sol-
vent phases. The coordination energy between the —COO~ anchor
group and TiO, lies between 45 and 50 kcal mol~! depending on
the calculation level, showing the importance of incorporating dis-
persion effects. The charge transfer analysis shows that LD14
injects electrons to the TiO, cluster. Such a transfer is more pro-
nounced in the solvent phase. The obtained spectra at the B3LYP-
D3 TD-DFT level demonstrate that this is the most suitable func-
tional for describing the Q and B bands of porphyrins in the LD14
free and LD14-TiO, models. The absorption energy is centered on
the LD14. The LUMO of the dye is delocalized in the region of the
TiO, cluster conduction band. MO analysis supports the idea that
the diarylamino groups are major ligands for electronic charge
and act as electron donors in photon-induced electron injection
in DSSCs. Using the Marcus theory for electron transfer, the CT
can be associated with the free energy change for electron injection
(AG™ety: je, LD14 and LD14-TiO, models show a large absolute
value.
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