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Abstract The interaction of the dye YD2 with a cluster of
(anatase-phase) TiO, (which is utilized in dye-sensitized solar
cells, DSSCs) and electron injection by the dye into the cluster
were studied by performing density functional theory (DFT)
calculations at the B3LYP, PBE, and TPSS levels of theory,
including dispersion effects. We studied and quantified the
interaction of the metallomacrocycle with the TiO, cluster
and the electronic spectrum of the complex. TDDFT calcula-
tions using the B3LYP functional were found to be the most
suitable for describing the observed absorption energy bands
of YD2 and YD2-TiO,. Our calculations show that the
diarylamino groups act as electron donors in the photon-
induced injection that occurs in DSSCs. The free-energy
changes that take place during electron injection support the
good performance of YD2 on TiO, clusters.
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Introduction

Supramolecular systems can be designed to have specific
functionalities and properties (e.g., light conversion or nonlin-
ear optics, or to act as molecular wires, self-assembling mo-
lecular channels, or chemical sensors) [1]. The noncovalent
interactions associated with these properties are hydrogen
bonding, 7t stacking, charge transfer, metal coordination,
and electrostatic, metallophilic, and hydrophobic interactions
[2—4]. Within this broad field, we are interested in evaluating
the effects of complexes of transition metals such as
metalloporphyrins (MPs), since they are important compo-
nents in supramolecular organization due to their ability to
generate potential interactions and direct structural organiza-
tion [5—7]. These complexes have unique structural properties,
leading to novel functions and applications; for instance, they
can act as sensitizers when deposited on semiconductor elec-
trodes (for example TiO,) in solar energy harvesting and con-
version devices [8, 9].

Solar energy will be an important sustainable energy source
in the future, even though a variety of energy sources will
need to be explored until solar energy harvesting and conver-
sion technology is mature enough to replace more established
energy sources [10, 11]. Only 0.02 % of the solar radiation
incident on the Earth’s surface has to be captured to satisfy
future energy needs. Many different principles have been pro-
posed for constructing efficient devices for capturing solar
energy. In the last two decades, dye-sensitized solar cells
(DSSCs) have attracted much attention, and attempts are
now being made to replace commercial solar cells made with
silicon [9]—which have high production and maintenance
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costs, leading to a continuous search for replacements—with
DSSCs. DSSCs were first proposed by Grétzel [8]. The chem-
ical and physical processes of Gritzel cells are widely known,
but the details of what happens in these cells at the atomic
level are still rather vague.

Gritzel’s DSSCs are based on the adsorption of metallic
complexes (e.g., ruthenium and zinc), which are usually
termed “dyes” in this context, on nanocrystalline titanium di-
oxide films [9, 12-19]. Among the dye compounds studied,
ruthenium(II) bipyridyl complexes have proven to be the most
efficient TiO, sensitizers [13—17]. The efficiency of a solar
cell is measured by its power conversion index (7). Grétzel
cells based on the sensitization of TiO, by molecular dyes
have 7 values of 7-11 %. This level of efficiency makes ap-
plications feasible. However, ruthenium is an expensive met-
al, so novel dyes are desirable for the development of novel
highly efficient DSSCs [9]. Recently, alternative dyes to ru-
thenium complexes have been reported in the literature. These
dyes contain large m—7t aromatic molecules such as
metalloporphyrins (MPs), and they constitute an important
class of sensitizers on TiO, [20-26]. The central metal in the
dye is zinc. The resulting highly efficient DSSCs have good
photostability and light-harvesting capabilities, with 7 values
of about 6-10 %, close to those of DSSCs with dyes based on
ruthenium complexes [13]. Among the most efficient of these
Zn-based dyes are YD2, YD2-0-C8, ZnPBAT, and LD14 [27,
28].

Our research has focused on solar cells that utilize Zn—
porphyrin (ZnP)-based dyes. All of the ZnP-based sensitizers
with antenna molecules described above were designed and
applied in DSSCs. The resulting systems show
metallosupramolecular interactions, enhancing the light-
harvesting efficiency of the DSSC. Performance optimization
of devices that use push-pull zinc macrocycles leads to high
power-conversion efficiency. For example, the YD2 system
yields n=11 %, and has opened up a new field in porphyrin-
based DSSC research [21]. The high performance of YD2 is
due to the introduction of diarylamino groups at the meso
position on the porphyrin ring. Different research groups have
designed macrocycles containing different functional groups
(e.g., phenyl, dodecaxyl, pyrene) at various positions on the
ring. In general, these groups are donor—acceptor (D-A) sub-
stituents with promising photovoltaic properties [29-32]. Al-
so, some of the previously studied systems have been struc-
tured into a single supramolecular assembly that is able to
absorb a large portion of the solar spectrum in the region
between the visible and the near-IR. However, it has been
mentioned in several studies that supramolecular interactions
are only rarely used in solar cells.

One important aspect of DSSCs is the interaction between
the dye sensitizer and the TiO,. The sensitizer molecules usu-
ally have a carboxyl group that interacts with the solid elec-
trode. This is a fundamental influence on the geometric
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structure of the adsorbed dye state and the electronic coupling
with the Ti(3d) conduction band. Over the past 5 years, a
number of theoretical studies of solar cells utilizing ruthenium
complexes that were performed at the quantum chemical (den-
sity functional theory) level and the molecular dynamics level
have been published [18-20, 33-39]. Those studies modeled
the interaction of the ruthenium sensitizer with the (101) plane
of (anatase) TiO, or a nanocluster of TiO,. The theoretical
results obtained indicated that the dye is attached via carbox-
ylate groups.

The aim of the work reported in the present paper was to
extend this idea to supramolecular systems, using the well-
known coordination preference of the dye YD2. We used
YD?2 instead of other dyes such as YD2-0-C8, ZnPBAT, and
LD14 because the molecular structure of YD2 forms the basis
for other, more complex, dyes. The design of supramolecular
interactions in solar cells is currently inadequate. It is worth
noting that there are natural supramolecular antenna com-
plexes which harvest light. A better understanding of the
chemical bonding between the TiO, surface and the dye is
required. Thus, we performed a theoretical study to find out
which anchor groups improve the conjugation with the
macrocycle rings. The model systems considered in the cal-
culations consisted of a dye attached to a TiO, cluster
representing the TiO, surface [34—39]. Theoretical models
including optimized molecular structures were used to identify
and characterize suitable light-capturing molecules. Ground-
state calculations showed how the dye binds to TiO,. Single-
point quantum-chemical calculations of the excited states pro-
vided excitation energies and information about the vertical
excitation processes. The light-absorption process in dye-
sensitized solar cells was studied using time-dependent densi-
ty functional theory (TDDFT). Determining the nature of the
interaction between YD2 and TiO, should lead to a better
understanding of the rest of the mechanism that occurs in these
solar cells and aid the design of new and improved systems.

Models and computational details

The YD2 model used in this study is depicted in Fig. 1. C,
symmetry was adopted for the dye. The geometry of YD2 in
the ground state was fully optimized at the scalar quasi-
relativistic B3LYP, PBE, and TPSS levels in the gas and sol-
vent (acetronitrile) phases. Moreover, we were interested in
studying the formation of supramolecular systems, where
weak and coordination interactions are important. Grimme’s
dispersion correction was used for those functionals for which
they are available, and its use is indicated below by appending
“DFT-D3” to the acronym of the density functional [40, 41].

The fully relaxed structure of the dye YD2 adsorbed on the
TiO, surface was obtained (see Fig. 2). The structure of TiO,
was kept fixed. We used two approaches for the YD2-TiO,
interaction model (C; symmetry). The first considered a dye
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Fig. 1 YD2 dye sensitizer model

molecule without a proton in the -COOH group; this effect is
consistent with the results of experimental and theoretical
studies of different porphyrins where carboxylic acid is bound
to the TiO, surface by means of mono- and bidentate bridging
modes. Depending on the dye, mono- or bidentate coordina-
tion is observed [42—45]. With respect to the -COO  group, it
is well known that the experimental IR spectrum exhibits a
significant increase in the symmetric carboxylate band at
around 1400 cm ' [28]. The disappearance of this C=O fre-
quency confirms that a proton detaches from the carboxylic
acid group during porphyrin adsorption on TiO,. This situa-
tion was studied and theoretical models were tested. The sec-
ond approach utilized a TiO, surface model. In the literature
there are many such models of various shapes and sizes, rang-
ing from Tis to Tigo [14, 15]. Small-scale theoretical models of
TiO, have been used to study the interactions of different dyes
(N749, N3, C101, J3, etc.) and were found to give reasonable
results [46, 47]. In the present work, a [TigO,;H;g] model was
cut from the crystal structure of anatase and employed to sim-
ulate the surface of TiO,. H 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) [48-50]. The excitation spectrum was simulated
from the optimized geometry of the theoretical model. The
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YD2-TiO, Anatase (101)

Fig. 2 YD2 on TiO, model

spin—orbit coupling was not evaluated in the TD-DFT calcu-
lations, and the values were averaged. All UV/Vis spectra
showed Gaussian curves with a full width at half-maximum
(FWHM) of 1500 cm™'. Moreover, we used the AOFORCE
module [51] implemented in Turbomole [52] to estimate the
vibrational frequency of the -COOH group in free YD2 and in
YD2 attached to TiO, via —COO .

The polarizable continuum model (PCM) was applied to
simulate the effects of the solvent (acetonitrile), using the
Cosmos program [53]. In addition, the counterpoise correction
for basis-set superposition error (BSSE) was used for the cal-
culated interaction energies between YD2 and TiO..

The calculations were performed using the Turbomole
package (version 6.5) [52]. For Zn and Ti, the 10-valence-
electron (VE) quasi-relativistic (QR) pseudopotential (PP)
of Andrae et al. [54] was employed. We used two d-type
polarization functions on Zn and Ti [55]. C, N, and O
were treated with PPs, using double-zeta basis sets with
the addition of one d-type polarization function [56]. For
the H atom, a double-zeta basis set plus one p-type polar-
ization function was used [57]. The basis sets were taken
as (6s5p3d|8sTp6d) for Zn, (6s5p3d|8sTp6d) for Ti, (2s-
2pld|asdpld) for O, (2s2pld|dsdpld) for C, (2s2pld|4s4-
pld) for N, and (2slp|4slp) for H. All geometry calcula-
tions were performed using the efficient resolution of
identity (RI) approximation [58].
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Table 1
effects (“solv”)

Main geometric parameters (bond lengths and angles) of the YD2 ligand calculated at different levels of theory, including gas and solvent

Method Zn-N (pm) N-C (pm) C-Cl (pm) ZnNCCI (°) C2-C3 (pm) NCCIC2 (°) C5-Ol (pm) C5-O2 (pm) 02C501 (°)
B3LYP 204.7 137.8 140.9 27 1217 178.5 1234 138.3 121.1
TPSS 205.1 138.6 141.7 29 122.8 178.8 124.5 139.7 121.1
PBE 205.1 138.4 1412 2.9 1229 178.8 1244 139.3 121.3
B3LYP-D3 204.3 137.6 140.6 2.7 121.5 17822 1232 138.1 121.0
TPSS-D3 204.9 138.4 141.6 2.8 122.5 178.9 124.1 139.3 121.0
PBE-D3 204.9 138.2 141.1 2.8 122.5 178.9 123.9 139.3 121.1
B3LYP (solv) 205.1 137.9 141.1 3.1 121.8 178.6 124.0 1372 1213
TPSS (solv) 205.2 138.3 1412 2.9 122.7 178.5 124.7 139.6 1213
PBE (solv) 205.5 138.4 141.8 3.1 123.8 178.7 124.9 138.1 121.6
B3LYP-D3 (solv) 204.9 137.5 141.0 25 1216 178.5 123.8 137.1 120.5
TPSS-D3 (solv)  205.0 138.1 141.1 2.8 122.1 17822 1245 139.3 121.1
PBE-D3 (solv)  205.2 138.3 141.5 2.9 1234 178.3 1245 137.8 1212

Results and discussion
Geometric structures and YD2-TiO, coordination energy

The optimized geometry of YD2 calculated at each level
of theory is shown in Fig. 1. YD2 is composed of various
functional groups: a diarylamino group with two hexyl
chains attached to the porphyrin ring acting as electron
donor, the phenylethynyl group that forms part of the
bridge, the carboxylic acid moiety that acts as an acceptor,
and the porphyrin chromophore, which is the 7-bridge in
this particular donor—(7t-conjugated bridge)—acceptor
(D-m-A) structure. The selected geometric parameters are
listed in Table 1. The bond lengths, bond angles, and
dihedrals are very similar whichever level theory is used
and regardless of the phase (gas or solvent) considered.
The inclusion of dispersion at the D3 level does not

produce major changes. These results are in agreement
with other published calculations [59].

We linked YD2 with the TiO, model (see Fig. 2) through
the carboxylate and the Ti atoms in the (101) plane. The YD2
was fully optimized in its ground state, and the main parame-
ters are shown in Table 2. It can be seen that the structural
parameters change upon shifting from free YD2 to YD2—-
TiO,. The most relevant changes in the geometry of YD2
when it is coordinated with TiO, are seen in the angles
ZnNCC2 and NCC1C2, which show a small loss of planarity.
The most relevant changes in geometry focus on the carbox-
ylate group, which acts as a monodentate ligand with TiO,.
According to the calculations, the O1 and Til bond lengths are
between 199.8 pm and 202.3 pm depending on the method
and the medium considered. In general, there is only minor
variation in this Ti—O distance. The second distance, Ti2—02,
is longer (between 306.6 pm and 297.7 pm) and retains a

Table 2 Main geometric parameters (bond lengths and angles) of YD2—[TiO,], as calculated at different levels of theory, including gas and solvent

effects (“solv”)

Method Zn-N (pm) N-C (pm) ZnNCC2 (°) NCCIC2 (°) Til-Ol (pm) Ti2-02 (pm) C5-0O2 (pm) C5-Ol (pm) 02C501 (°)
B3LYP 204.7 136.5 45° 174.9° 2002 304.4 122.9 129.5 128.7°
TPSS 205.1 1372 3.6° 175.4° 199.8 2977 1239 1304 128.9°
PBE 2052 136.9 3.9° 175.5° 2012 300.7 1239 130.0 129.0°
B3LYP-D3 204.7 136.5 4.4° 174.9° 199.3 299.0 1229 129.5 128.9°
TPSS-D3 205.1 1372 4.4° 175.1° 199.5 2937 124.1 1304 129.1°
PBE-D3 2052 136.9 4.6° 174.9° 200.7 295.6 1239 130.0 129.2°
B3LYP (solv)  204.9 136.3 45° 174.8° 201.0 307.4 123.5 129.7 127.2°
TPSS (solv) 2052 137.0 33° 175.3° 200.3 298.6 1242 130.7 128.3°
PBE (solv) 205.5 136.8 4.1° 174.9° 2023 306.6 124.5 130.2 127.4
B3LYP-D3 (solv) 204.5 136.1 48° 175.1° 200.6 299.5 1234 129.5 127.8°
TPSS-D3 (solv) ~ 205.1 136.9 3.1° 175.0° 199.8 295.6 124.0 1303 128.8°
PBE-D3 (solv)  205.5 136.8 47° 174.4° 201.6 299.8 124.6 130.1 127.7
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slightly bidentate character. The Ti—O distances are slightly
shorter when the dispersion effect (D3) and the solvent medi-
um are included in the calculations. The distances C5-02 and
C5-01 and the angle O2C501 when YD?2 is bound result in a
more relaxed geometry than when YD?2 is free.

We estimated the vibrational frequencies of the YD2 dye
when it is free and when it is coordinated to the TiO, cluster.
These results were obtained at the B3LYP-D3 level in the gas
phase. In particular, we focused on the vibrational frequency
of'the —COO  group. For the free dye, a vibrational frequency
of 1665 cm™' is obtained, which is close to the reported ex-
perimental value of 1700 cm ™' [28]. On the other hand, when
YD2 is linked with TiO,, the vibrational frequency decreases
to 1350 cm™', which is close to the experimental value of
1400 cm™ . This is clear evidence of the effect of the coordi-
nation of the -COO™ group to the TiO, electrode via the 27t
orbitals of COO.

‘We estimated the YD2-TiO, intermolecular interaction en-
ergy for the proposed model with and without counterpoise
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 of theory. When the results
obtained using DFT and DFT-D3 with CP are compared, it
is clear that the interaction energy is stabilized between 8.0
and 5.0 kcal mol™'. The interaction energies without CP are
strongly overestimated at all levels of theory. When the sol-
vent effect is introduced, the interaction energy decreases
slightly with CP. However, the interaction energy is not
overestimated with both CP and the solvent effect included.
There are clearly error compensation effects at this level. The
magnitudes reported here are in the same range as those of
similar systems, such as TPP—Zn(II)-TiO,, which are between
56.0 and 47.0 kcal mol ' [43].

On the other hand, we also performed natural population
analysis (NPA) at the B3LYP-D3 level with the YD2, TiO,,

Table 3 Intermolecular

interaction energies, Method AV AE;y

Eine (kcal mol ™),

between TiO, B3LYP —43.8 -58.9

([TiO21Hys]) and YD2 TPSS —41.8 —54.8

with and Without . PBE —402 ~53.8

counterpoise correction

(CP) B3LYP-D3 -52.2 -67.4
TPSS-D3 —48.9 —61.6
PBE-D3 —45.7 -59.3
B3LYP (solv) ~40.2 -412
TPSS (solv) 412 —41.5
PBE (solv) -39.7 -39.6
B3LYP-D3 (solv) —49.6 —48.6
TPSS-D3 (solv) —48.5 —48.8
PBE-D3 (solv) —45.1 —449
#With CP
® Without CP

and YD2-TiO, models in the gas and solvent phases. The
results are summarized in Table 4 for some atoms. In general,
we can see a charge transfer of 0.38¢ and 0.39¢ in the gas and
solvent phases, respectively, from the YD2 to the surface of
TiO,. This can be deduced from the values in Table 4, which
show that the charge on the oxygen atoms in YD2 decreases
when the molecule is anchored to the TiO,, so the charge on
the Ti atoms in TiO, increases when the YD?2 is adsorbed. In
addition, the carbon atom in the anchor group becomes more
positive, while the charge on the Zn atom in the porphyrin
does not change significantly.

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

We used a range of functionals such as B3LYP, PBE, and
TPSS with and without dispersion correction (D3). We finally
adopted B3LYP to explore the electronic absorption process
because it was the only functional that was able to correctly
describe the process of charge injection from the dye to TiO,,
as shown in Fig. 3.

TDDFT has proven to be an important tool for studying the
optical properties of YD2 in DSSCs. The electronic coupling
in YD2-TiO, determines the electron injection rate and thus
the conversion index (7)), which involves properties that are
directly related to the excited states. Thus, it is necessary to
determine the properties of the excited states of YD2 and
YD2-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 ab-
sorption excitation energies for YD2 and YD2-TiO, are re-
ported in Table 5. The studied systems showed Q and T bands
in the region between 900 nm and 500 nm and a B band at
around 400 nm. When using the PBE-D3 method, as well as
other reported methods such as PBEo [59], the Q band is
overestimated for both YD2 and YD2-TiO,. The data indicate
that the most accurate functional for the B and Q bands is
B3LYP-D3, based on a comparison of the results obtained
with this functional to the corresponding experimental UV—

Table4 Natural population analysis (NPA) of charges on the atoms in
the —CO, group of YD2 when it is free or attached to TiO,, with both
systems in either the gas or solvent phase and all results obtained at the
B3LYP-D3 level of theory

System Phase  Zn C5 Ol 02 Til Ti2
YD2-TiO, Gas 1.593 0.834 —0.694 —0.647 1470 1.551
Solvent 1.595 0.890 —0.733 -0.713 1495 1.573
YD2 Gas 1.592 0.734 —-0.763 —0.728
Solvent 1.595 0.815 —0.852 —0.800
TiO, Gas 1.544 1.605
Solvent 1.662 1.587
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Fig.3 Schematic energy level diagram of the absorption of solar light by
YD2 and electron injection into the TiO, cluster

vis absorption spectrum. Thus, the B3LYP-D3 functional was
used to describe the excited states of the YD2 and YD2-TiO,
models, as discussed below.

We considered allowed transitions to be those with oscilla-
tor strengths that differ from zero. The allowed transitions
obtained at the B3LYP-D3 level are shown in Figs. 4 and 5
for YD2 and YD2-TiO, in the solvent phase, respectively.

Table5 Principal electronic transitions in YD2 and YD2-TiO,. Values
shown are the B-, Q-, and T-band maxima (\,,y) in nm

Method B Q T
YD2 (B3LYP-D3) 404 658 536
YD2 (B3LYP-D3 (solv)) 438 655 516
YD2 (PBE-D3) 460 894
YD2(PBE-D3 (solv)) 470 955

YD2 (PBEo [59]) 481 902

YD2 (CAM-B3LYP [59]) 397 585

YD2 (HSE06 [59]) 423 677

YD2 (LC-wPBE [59]) 399 628

YD2-TiO, (B3LYP-D3)* 446 603 509
YD2-TiO, (B3LYP-D3 (solv))* 416 656 547
YD2-TiO, (PBE-D3) 421 743 650
YD2-TiO, (PBE-D3 (solv))* 433 755 652
YD2 exp® [21] 443 646 586
YD2 exp® [28] 440 645 586
YD2-TiO2 exp® [28] 465 650 592

#[TigO,H;3] cluster of TiO,
® Acetonitrile

¢ Ethanol
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Fig. 4 Calculated B3LYP-D3 electronic spectrum of YD2 in solvent

Oscillator strength

The active molecular orbitals in the electronic transitions are
shown in Figs. 6 and 7 for YD2 and YD2-TiO,, respectively.

YD2 The electronic structure of the YD2 model can be ex-
plored through the three absorption peaks mentioned above.
The electronic transitions were assigned to individual states as
ligand-to-ligand, metal-ligand-to-ligand, and metal-metal-to-
ligand charge transfer (LLCT, MLLCT, and MMLCT), re-
spectively. The results of theoretical calculations are provided
in Table 6, and show good agreement with the corresponding
experimental results [21, 28]. The bands represent a mixture
of excitations. Band Q derives from two transitions: the tran-
sition at 666 nm consists mainly of 233a—236a (t* — 71%)
and 233a—237a (d.,/d.,+m* — 7*). This band corresponds
to LLCT and MLLCT. The second transition at 655 nm is
principally linked with the excitation 233a—237a (7* —
7t*), which is associated with LLCT. The frontier MOs are
shown in Fig. 6. 233a (HOMO-2) has porphyrin 7t* character,
while the arrival orbitals 236a (LUMO) and 237a (LUMO-+1)
are mainly centered on the porphyrin and phenylethynyl car-
boxylic acid (LUMO); both orbitals have 7t* character, and the
Zn atom makes a small contribution.

YD2-{TiO,] B3LYP-D3 (Solv)

3.0 (B)
25
2.0
15

1.0 3

Oscillator strength

@

0.5
‘ )

,I la

150 200 250 300 350 400 450 S00 S50 600 650 700 750
nm
Fig. 5 Calculated B3LYP-D3 electronic spectrum of YD2-TiO, in
solvent
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Fig. 6 Most important molecular
orbitals that are active in the

[ YyD2 B3LYP-D3 (Solv) |

electronic transitions of the YD2
model, as calculated at the
B3LYP-D3 level in solvent

5%,

O“Q
235a
(HOMO)

The T band is formed by a transition at 516 nm, and
the principal component is 233a—238a (t* —>m*), of
LLCT type. We should point out that the 233a orbital
corresponds to a 7t* orbital of the porphyrin ring. Thus,
in this transition, charge is passed to the 238a orbital,
which is mainly centered on the porphyrin and
phenylethynyl carboxylic acid. Finally, the B band com-
prises two transitions. The one at 438 nm is mainly due to
235a—243a (d.,/d.,+m*—m*), of MLLCT type. 235a

& #gw? e
h «Q.Qs / 1L
) £ ..
221a 233a 234a
% ';% -°~0 .
T e : :
236a 237a 238a
(LUMO)
AR 5
Y
.0 - "‘» .(
=4 & &
241a 242a 243a

(HOMO) is a mixture of the MOs of Zn, the diarylamino
group, and a small contribution from the phenylethynyl
carboxylic acid, while the MO 238a (LUMO+2) contains
principal contributions from the phenylethynyl carboxylic
acid along with the porphyrin. The second transition at
433 nm has a principal 220a—237a (dyz2+7* —7*) ex-
citation which is associated with MLLCT. These results
are very similar to those obtained by Zhang et al. at the
HSEO06 level [59].

Fig. 7 Most important molecular
orbitals that are active in the

YD2-[TiO,] B3LYP-D3 (Solv)

electronic transitions of the YD2—
TiO, model, as calculated at the
B3LYP-D3 level in solvent

34

342a

o s

3a (HOMO) 344a (LUMO)
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Table 6 TD-DFT/B3LYP-D3

singlet-excitation calculations for System Acale Aexp A Contribution® Transition type
YD2 and YD2-TiO, in solvent
YD2 666 (Q) 646 0.491 23302362 (49 %)  LLCT (m*— 7t%)
23422372 (39 %)  MLLCT (d./d,,+m*— 7¥)
655 (Q) 0804  233a—237a(65%)  MMLCT (m*— %)
234052382 (12 %)  MLLCT (du/d,,+*— %)
516 (T) 586 0113 2332—238a(80%)  LLCT (*— %)
438(B) 443 0274 235252430 (45%)  MLLCT (du/d.,+7*— 7¥)
235052422 (35 %)  MLLCT (du/d,,+*— %)
433 (B) 0260  220a—237a(64%)  MLLCT (dypt1r*— 70%)
21a—-237a(24 %)  LLCT (= %)
YD2-TIO, 656 (Q) 650 0394 343a—344a(89 %)  MLLCT (d./dy+m*— 7%)
547 (T) 592 0.194  342a—344a(82%)  LLLCT (w*— %)
416 (B) 465 1859  340a—345a(59 %)  LLCT (w*— 1)
337a—344a (9 %) MLLCT (7t* +p.— %)
414 (B) 1.163 340a—344a (50 %)  LLCT (ic* — %)

34223452 (28 %)

LLCT (7v* — 7*)

# Oscillator strength
b Values are |coeff.[* x 100

YD2-TiO, When we used the YD2-TiO, model, we found a
shift in the excitation bands compared with those of free YD2
(see Table 6). There was good agreement with the experimen-
tal results and the changes to the spectrum observed once YD2
was attached to TiO,. The principal bands exhibited by free
YD2 were also seen when it was bound to TiO,. The Q band
(656 nm) derives from a transition between the HOMO and
LUMO of YD2: 343a— 344a (d.,/d., +m* —7*), associated
with MLLCT. 243a (HOMO) has contributions from porphy-
rin 7t*, Zn, diarylamino, and phenylethynyl carboxylic acid
orbitals, while 244a (LUMO) is mainly centered on the por-
phyrin and the phenylethynyl carboxylic acid. The Zn atom
makes a small contribution to both orbitals. The frontier MOs
are shown in Fig. 7.

The T band (547 nm) involves a 342a—344a (t* — 7*)
transition of LLLCT type. It should be noted that the 242a
(HOMO-1) orbital corresponds to a 7t* orbital of the porphy-
rin ring and phenylethynyl carboxylic acid. Finally, the B
band is associated with two transitions: that at 416 nm mainly
relates to a 340a— 345a (% — 7t*) transition of LLCT type.
Both of these orbitals include a 7t* orbital of the porphyrin
ring. The second transition at 414 nm has a principal 340a—
344a (* — 7r*) excitation associated with LLCT.

Absorption properties

As described in some previous papers [46, 47, 59], various
fundamental variables related to experimental parameters such
as the open-circuit voltage (V;.) and the short-circuit current
density (Js.) were considered in the theoretical calculations
[60]. The photoinduced electron injection that occurs in
DSSCs can be viewed as a charge-transfer (CT) process.

@ Springer

Using the Marcus theory for electron transfer [61], the CT
can be associated with the free-energy change for electron
injection (AG™°) [62]. AG™*" influences the electron in-
jection rate and therefore the Jy. and V. values of the DSSC.
In general, the greater the AG™°, the greater the electron-
injection efficiency (™), and AG™'=E¥" — Ep [63].
Ecg is the reduction potential of the conduction band of TiO,,
which has an experimental (and widely used) value of
—4.00 eV [64]. EY" is the excited-state oxidation potential
of the dye, which is determined by the redox potential of the

Table 7 The calculated excited-state oxidized potentials (. e ineV)
and free-energy changes for electron injection (AG™*, in eV) of the Q,
T, and B absorption bands for YD2 in the gas and solvent phases, as
calculated at the B3LYP-D3 level. The experimentally derived value of
Ecp (—4.00 V) was used; the values in parentheses are AG™" values
calculated by taking Ecp to be the energy of the LUMO of the TiO,
cluster

Phase Ebe” AGMet
Q T B Q T B

Gas® 3.16 301 238 —0.84 -0.99 -1.62
(*+037)  (+0.22)  (+0.49)

Solvent*  3.79 351 222 021 -0.49 -1.78
(+0.78)  (+0.49)  (-0.79)

Gas® 301 258 183  —0.99 -1.42 -2.17
(+022)  (-021)  (-0.96)

Solvent®  3.16 262 283 —0.84 -1.38 -1.17
(+0.15)  (-039)  (-0.18)

@ E%¢ is the energy of the orbital that generates the transition in the band
b E% is the absolute value of the HOMO energy
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ground state of the dye (£%*°) and the vertical transition energy
(Amax): EY"=EY® — )\ ... E% can be approximated to two
levels: first, by applying Koopman’s theorem using the abso-
lute value of the HOMO energy [65]; second, using the energy
of the orbital that generates the transition associated with the
band. The calculated E%" and AG™*" values for the Q, T,
and B bands for DY?2 in the gas and solvent phases are listed in
Table 7.

The calculated E¥* values for the Q, T, and B bands in the
gas phase are smaller than those in solvent due to a smaller
ground-state oxidized potential, regardless of how E%* is cal-
culated. There is a clear effect of the solvent medium on these
results. The values obtained are similar to those obtained by
Zhang et al. using the HSE06 functional for YD2 [59]. On the
other hand, when the experimental value of Ecg (—4.0 eV)
was used, the values of AG™°“* for YD2 were negative, mean-
ing that the excited state of YD2 with effective charge-transfer
excitation character lies above the edge of the conduction
band of TiO,. The large absolute value of the free energy for
electron injection is favorable for fast electron injection and
directly proportional to the experimental values of Jgc and
Voc. However, if the theoretical value of Ecg is taken to be
the energy of the LUMO of the TiO, cluster, only some values
of AG™" are negative. This shows that the proposed cluster
model is only an approximation, so it is necessary to build
larger systems.

Conclusions

The present investigation of the electronic structures and spec-
troscopic properties of the dye YD2 when it is free and when it
has been adsorbed on a TiO, cluster provide further support
for the idea that a DSSC is a supramolecular structure that is
strengthened by the anchorage of the ligand on the electrode.
The following points summarize the technical details required
to describe these supramolecular effects:

(1) The calculated geometric parameters are very similar,
regardless of the method used to calculate them or
whether the system was considered to be in the gas or
solvent phase.

(2) The coordination energy between the —COO anchor
group and TiO, lies between 45 and 50 kcal mol ' de-
pending on the level of theory applied, showing the im-
portance of incorporating dispersion effects.

(3) Charge-transfer analysis shows that YD2 injects elec-
trons into the TiO, cluster.

(4) B3LYP-D3 TDDFEFT is the most suitable functional for
describing the Q, T, and B bands of phorphyrins such
as those in the free YD2 and YD2-TiO, models. The
absorption energy is centered on YD2. The LUMO of

the dye is delocalized in the region of the conduction
band of the TiO, cluster.

(5) MO analysis indicates that the diarylamino groups are
important ligands in relation to electronic charge, and
act as electron donors in the photon-induced electron
injection that occurs in DSSCs.

(6) Using the Marcus theory for electron transfer, the CT can
be associated with the free-energy change for electron
injection (AG™*Y); both the YD2 and YD2-TiO,
models present large absolute values of this parameter.
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