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ABSTRACT: Accessing longer-wavelength photons is a critical research direction in dye-sensitized solar cells (DSSCs). Currently,
dye-sensitized solar cells are exceptional at generating high photovoltages with shorter wavelength photons, but few examples exist of
DSSCs using photons in the shortwave infrared region (>1000 nm). New dye building blocks are critical toward accessing these
longer-wavelength photons. With this in mind, five new triphenylamine-based metal-free dyes derived from a donor—auxiliary
acceptor—rx bridge—acceptor (D—A’—n—A) structure are characterized theoretically for application in dye-sensitized solar cells
(DSSCs). The driving force of electron injection, the spontaneity of dye regeneration, charge-transfer length, and partial density of
states of the isolated and TiO,-bound dyes, which are all critical to DSSC performance, are systematically investigated via first-
principles calculations. We find that replacing the high-performing benzothiadiazole (BTD) auxiliary acceptor building block with a
longer conjugation length and stronger electron-withdrawing building block, naphtho[1,2-c:5,6-¢']bis([1,2,5]thiadiazole) (NTz), is
beneficial toward the kinetics of charge injection along with reducing the optical energy gap of the designed dyes. The obtained
results imply that using the NTz unit extends the absorption spectrum toward longer wavelengths and improves charge separation
due to the planarity and conjugation length extension that arises from the NTz fragment. The shift of the conduction band of TiO,
(AEcg value) is higher for the designed NTz-based dyes than for the BTD-based dye on TiO,, suggesting that the open-circuit
voltage (Vo) of a dye-sensitized solar cell device will also be higher. Concerning the photophysical properties of the dyes, the NTz-
based dyes are promising as they possess a longer excited state and longer radiative lifetime than a BTD-based dye. We synthesize a
model NTz-based dye and a BTD analogue for comparison with computational results. The optical properties of the NTz-based dye
are computed to validate our computational approach, which agrees with the experimental observations. Our combined
computational and experimental approach sheds light on the physical principle of molecular photogenerated charge transfer and
provides valuable guidance for the further molecular synthesis of long-wavelength absorbing materials.

Bl INTRODUCTION

Accessing green energy is a frontier concern in fundamental
and industrial research since greenhouse gases originate from
the combustion of fossil fuels depleting the ozone layer.' ™
Renewable energy, such as solar energy,4’S represents one of
the most efficient and cheapest routes to access a renewable
energy source. Over the last two decades, photovoltaics such as
dye-sensitized solar cells (DSSCs) introduced by O’Regan and
Gritzel® in 1991 have gained considerable interest as an
alternative renewable energy source.” "’ Currently, DSSCs
have shown the highest performance of any solar cell
technology in low-photon flux situations (e.g., indoor lighting,
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tandem solar cells, underwater applications), are an affordable
solar cell technology, and have shown some of the highest
photovoltages observed among solar cells in the short-
wavelength visible region.14 However, DSSCs can be further
improved by enhancing long-wavelength light absorption.
DSSC devices rarely utilize photons past ~900 nm despite a
large portion of the solar spectrum existing beyond 900 nm."”
This shortcoming limits their performance in full sun intensity
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Figure 1. Comparison of BTD and NTz building blocks with the conjugation path highlighted in the blue rings and the withdrawing thiadiazole
groups highlighted in the purple rings. High-performing DSSC dyes are shown with the BTD building block highlighted in each.

and outdoor low light situations. Since the sensitizer in these
systems is responsible for the photon absorption step, the
discovery of a sensitizer that can absorb long-wavelength
photons (>900 nm) and convert these photons into electricity
inside a DSSC device is critically important to improving

DSSC performance. A key limitation to designing such a
sensitizer is the limited building block selection with which
current photosensitizers are made. Thus, the discovery of
building blocks that red-shift the absorption spectrum of DSSC
dyes without harming the rate of key electron-transfer
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Figure 2. Optimized (TiO,)4 cluster, structures of the proposed NTz-based (NTZ) dye molecules and reference dye (DYE2). Different color
boxes indicate the substituting of corresponding fragments in the DYE2 structure. Longer hexyl chains are not considered in the calculations.
Yellow, black, and green boxes represent the r-linker, auxiliary acceptor (BTD or NTz), and 7-spacer-anchoring groups, respectively.

processes within the DSSC device is crucial to discovering
high-performance long-wavelength absorbing sensitizers.

The conventional DSSC device consists of a sensitizer,
electrolyte, a photoanode, and a photocathode, where the
sensitizer plays the most critical role in harvesting photons and
thus governs the power conversion efficiency (PCE) of the
device. The conversion of photons to electricity in DSSC
devices depends on four basic steps: (1) the sensitizer reaching
an excited state after the absorption of photons from sunlight,
(2) the photoexcited sensitizer injecting electrons into the
conduction band (CB) of a semiconductor such as TiO,, (3)
the oxidized sensitizer being regenerated by accepting
electrons from an electrolyte such as one containing iodide,
and (4) the electrolyte being reduced at a counter electrode
such as platinum. The excitation, injection, and regeneration
steps are all dramatically influenced by the sensitizer, and the
iterative design of sensitizers has led to the highest-performing
DSSC devices to date by controlling these steps. Currently, the
excitation step can be substantially improved upon since a large
amount of the solar spectrum is not used in DSSCs because of
limited dye absorption ranges. Dyes with broader absorption
that retain high quantum efficiency with respect to the
injection and regeneration steps are urgently needed to
progress the DSSC field further.

The tunable nature of sensitizers in DSSCs has created a
significant push in research efforts to design efficient
sensitizers. The donor—x bridge—acceptor (D—7—A) frame-
work represents a push—pull system that is responsible for
good intramolecular charge-transfer (ICT) events and charge
separation upon photoexcitation.'”"” Each of these three
building blocks (the donor, z-bridge, and acceptor) is readily
interchanged allowing for a substantial number of possible dye
permutations. Additionally, a modification to the D—z—A
framework was introduced by Zhu et al,,'® which incorporates
an auxiliary acceptor (A’) in between D and 7, which creates a
D—A'—7—A framework. This design requires that the A’ group
has good electronic communication from the donor to the 7-
bridge for strong photon absorption, which is unique when
compared to the acceptor group of the D—z—A design that is
only required to electronically communicate well with the 7-
bridge. The DSSC community has examined significant

permutations with the D—z—A and D—A’'—7—A approaches
resulting in higher PCE DSSCs.”""~**

Dramatic improvements to DSSCs are possible by
introducing new A’-type building blocks that allow for the
construction of dyes absorbing at longer wavelengths. Low-
energy gap dye-generating conjugated electron-withdrawing
units are beneficial to tailor molecular structures, modulate the
energy levels, shift absorption spectra, and improve the
photostability of sensitizers. In 2012, Haid et al. reported
that inserting an additional phenyl ring between the
benzothiadiazole (BTD) and the cyanoacrylic acid (CA)
significantly improves the PCE by ~6.5 times, whereas charge
recombination of electrons in TiO, with the oxidized dye slows
the back electron transfer down by up to 5 times.”* The
sensitizer consists of a triarylamine (TAA)-bithiophene donor,
BTD as an auxiliary acceptor, benzene as 7-spacer, and CA as
an acceptor/anchoring group (coded DYE2 here, see Figure 1
for general BTD information and Figure 2 for the sgeciﬁc dye
structure). Importantly, the BTD building block”*° has been
used in nearly all of the highest efficiency and hi§hest
photovoltage generating DSSC devices (Figure 1). /33
However, A'-type building blocks that enable longer-wave-
length absorption are needed to improve further substantially.
The limited conjugation length and withdrawing strength of
the BTD building block are design elements that can be
significantly improved upon. Recently, the electron-with-
drawing units of benzotriazole,”*** thienopyrazine,”® thieno-
thiophene,”” quinoxaline,”®”” diketopyrrolopyrrole,*”*' and
naphtho[1,2-¢:5,6-¢']bis[1,2,5]thiadiazole (N'Tz)** have been
examined as auxiliary acceptor-type building blocks for
sensitizers in DSSCs.

Higashino et al.*” reported that the NTz unit shifts the
absorption and emission spectrum into the NIR region of
porphyrin dyes and functions as an efficient electron acceptor
in DSSCs. The NTz building block extends the conjugation of
the BTD building block, and the NTz building block is
stronger withdrawing with two thiadiazole groups (Figure 1).
Since both of these properties are important properties to
incorporate in future dye designs, we sought to explore the
NTz unit in nonporphyrin organic dyes with a strong ICT
character. NTz fragments are well known for applications in
polymer solar cells with higher electron-accepting ability than
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BTD groups.”*~* Additionally, the NTz unit is a rigid unit
that can incorporate planarity while extending conjugation in
the molecule to enhance ICT. Based on this observation, we
have designed five different dyes by substituting the BTD unit
with the NTz unit. Additional modifications to the TAA—7-
linker moiety, n-spacer, and anchoring group have been
evaluated. We have implemented a comprehensive quantum
chemical protocol to investigate photophysical properties and
charge-transfer phenomena at the dye/semiconductor interface
of the designed dyes and reference dye. Finally, we have
synthesized a model organic NTZ dye, inspired by the results
of the computational studies.

Computational Details. To explore the photophysical
properties of NTz-based dyes, we have implemented density
functional theory (DFT)/time-dependent (TD)-DFT ap-
proaches via the Gaussian 09 program.*® Five NTz-based
dyes, designed by substituting the BTD unit of DYE2 with
NTz, are depicted in Figure 2. Ground- and excited-state
optimizations are performed using the PBE0"” hybrid func-
tional and the Coulomb attenuating @B97XD functional*® for
the isolated dyes and dye/TiO, clusters, respectively. In both
cases, the 6-311G(d,p) basis set for C, N, O, and S atoms was
used, while effective core potential (ECP) LANL2DZ and its
corresponding basis set were applied for Ti atoms. The
®B97XD functional including long-range correction was
chosen to calculate the vertical excitation energies and the
oscillator strengths within the TD-DFT framework with the
above-mentioned basis sets. @wB97XD is considered one of the
best methods to predict reasonable excitation energies
correlated to the absorption spectra of charge-transfer
dyes.*”® The choice of functional and benchmarking is
discussed in the Supporting Information. To match exper-
imental observations, the @ parameter is tuned, and the
method is termed OT-wB97XD (see the Supporting
Information) in this article unless otherwise mentioned.
Harmonic vibrational frequencies were computed to confirm
that all stationary points on the potential energy surface
represent minimum energy structures. We have incorporated
solvent effects at both the DFT and TD-DFT levels of theory
using a conductor-like polarizable continuum (C-PCM)
model®" with dichloromethane (DCM) solvent (&: 8.93) as
is used during the characterization of DYE2. The TD-DFT
single-point calculations were performed with the solvent-
phase DFT-optimized geometry. The lowest 10 singlet—singlet
transitions of the optimized ground-state geometry in the gas
and solvent phase were selected to obtain vertical excitation
energies and oscillator strengths of the dyes and dye—TiO,
complexes. We also have optimized the first excited state of all
of the dyes using the same level of theory.

A dye can be bound to the TiO, cluster by three modes:
monodentate, chelated, and bridged bidentate, where the latter
mode is widely accepted in DSSC research.””>* The
[(Ti0,)4(H,0),] cluster is used to simulate the anatase
TiO,(101) surface. This cluster model has been successfully
studied for the adsorption of different dyes in our previous
studies."" Persson et al.”> explained that small-scale theoretical
models of TiO, give acceptable results without showing
significant discrepancies compared to large models.”*® Small
clusters like (TiO,),s usually provide rational outcomes in
small-scale theoretical models and exhibit insignificant
variances with large and periodic models.”*”~®° The optimized
(TiO,) ¢ cluster with the important bond lengths is depicted in
Figure 2. Electron excitation analysis and hole—electron-

related indices were computed using the Multiwfn pack-
61,62 : ,
age.”””” Due to computational cost, —OCH,; groups in the
experimental species were replaced by —OCHj; in our model
compound, as longer alkyl chains predominantly do not affect
the absorption properties. Natural population analysis®®
(NPA) based on the PBEO density matrix has been carried
out to confirm the charge transfer from the dye to the TiO,

surface.

B RESULTS AND DISCUSSION

We have designed five dyes based on the reported species
(DYE2) by Haid et al.** We have modified the known dye by
systematically changing the auxiliary acceptor and anchoring
groups from cyanoacrylic acid to benzoic acid. DFT and TD-
DFT computations were implemented to evaluate the newly
designed dyes to gain insight into the electron injection and
back electron-transfer reactions at the dye—semiconductor
interface.

Geometrical Structure. Five NTZ-based D—A'—rn—A
dyes are designed and evaluated by DFT/TD-DFT approaches
with and without a z-linker between the D and A’ units. Here,
we consider triphenylamine derivatives as donors, thiophene or
CPDT derivatives as z-linkers, naphtho[1,2-c:5,6-¢’]bis-
({1,2,5]thiadiazole) (NTz) as an auxiliary acceptor (A’), and
two anchoring units such as cyanoacrylic acid (CA) and
benzoic acid (BA). The degree of coplanarity governs the
absorption spectra and charge-transfer properties in organic
dyes. Different dihedral angles of the ground-state-optimized
geometries were computed and are tabulated in Table 1. The

Table 1. Different Dihedral Angles of NTZ Dyes and DYE2
Computed at the DFT/PBE0/6-311G(d,p) Level of Theory
with Structures Optimized in Dichloromethane Solvent

q |
ﬁ ’ 6. % ‘
| <\\< 61

dihedral angle NTZ1 NTZ2 NTZ3 NTZ4 NTZS DYE2

0, 31.76 22.41 37.46 22.05 22.18 24.53
0, 2.65 8.18 3.70 222 6.18
0, 1.32 3491 2.67 37.28 35.62 32.92

dihedral angle (0,) between the TAA and 7-spacer is higher in
the NTZ3 dye due to increased steric with the alkyl thiophene
#-linker. 6, is lower for the NTZ2 dye, which differs from the
reference dye only at the BTD to NTz change. It is noted that
the NTZ1 dye is without a z-linker between the D and A’
units; hence, the dihedral angle definition differs from the
other dyes. Dihedral angle (6,) is higher for the alkyl
thiophene m-linker between the D and A’ units than the
remaining dyes, which possess only small deviations in 6,.
However, dihedral angle (6;) largely deviates based on the ring
size, e.g., a five-membered ring shows small angles, while six-
membered rings induce an out-of-plane torsion of ~35° with
respect to the A’ unit. All of the dyes have reasonable dihedral
angles for application in DSSC devices with reduced dihedral
angles in many cases relative to the reference dye.
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Energetics of Isolated and TiO, Bounded Dyes. The
frontier molecular orbitals (FMOs) are crucial in providing
information about the photoexcitation properties of chromo-
phores like organic molecules.”* A detailed description of
FMOs is needed to get insight into the charge-transfer
behavior of the dyes used in solar cells. The energy gap
between the FMOs, namely, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), is known as the optical energy gap (ng;), which
determines the photon conversion breadth of any specific dye.
Dyes with narrow Eg, can capture photons from the longer-
wavelength regions of the solar spectrum and facilitate ICT
events. The orbital energies and Egh, of all theoretically
proposed molecules (and the reference molecule) are tabulated
in Table S3 and plotted in Figure 3. The HOMO energies of
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Figure 3. Schematic energy levels and frontier molecular orbitals of
designed NTZ dyes (dyes/TiO, cluster), reference dye (DYE2) along
with the conduction band energy of TiO, (Ecg) and the redox
potential of the iodine electrolyte (E,.qo). All of the results were
obtained at the DFT/PBEO/6—311G(d,p) level of theory in
dichloromethane solvent. The TiO, conduction band energy is
taken at —0.5 V versus the normal hydrogen electrode and converted
to a vacuum scale by the equation Ecg = —1—0.5 + 4.5l. E, 4., is found
via the equation E4, = —l0.35 + 4.5 with the redox potential of
iodine being taken as 0.35 V versus NHE. Both conversions from
NHE to vacuum used a constant of 4.5 V, and it should be noted that
the values of TiO,”'**7*® and the iodine electrolyte®*”* are only
gross approximations that are widely accepted values in the literature.

the designed molecules lie between —5.07 eV (NTZ4) and
—5.34 eV (NTZ1), whereas the LUMO energies spread
between —3.05 eV (NTZ4) and —3.38 eV (NTZ3). The
computed Egﬁ; is 2.09 eV for DYE2, 2.03 eV for NTZ1, 1.91
eV for NTZ2, 1.85 eV for NTZ3, 2.02 eV for NTZ4, and 1.87
eV for NTZS. The obtained results indicate that the NTz-
based molecules have a lower ng;, than the reference BTD-
based molecule (DYE2). The trend of the gap value is as
follows: NTZ3 < NTZS < NTZ2 < NTZ4 < NTZ1 < DYE2.
Likewise, NTZS shows a low-optical-energy gap due to the
fused z-conjugated cyclopentadithiophene (CPDT) bridge.
The use of CPDT increases the coplanarity between the dye
building blocks, which facilitates lower-energy charge transfer.
The direct comparison of BTD to NTz is possible by
comparing DYE2 and NTZ2, which shows a 0.18 eV more
narrow Egf; when NTz is used. Additionally, even when the
dithiophene z-linker of DYE2 is removed and BTD is
substituted for NTZ1, a smaller Egf value is observed with
the NTZ dye despite a shorter z-conjugated system. Thus, the
designed dye molecules are good potential candidates for

DSSCs compared to the reference dye. We also have computed
the singly occupied molecular orbital (SOMO) energies of the
cationic state of the designed dyes (Table S3) and found that
most of the designed molecules have lower SOMO values
(—6.31 to —5.86 eV) relative to DYE2 (—5.89 eV) except
NTZ4 and NTZS. The obtained results revealed that the
cationic state of most NTz-based dyes is more stable than that
of the reference molecule. The NTz unit acts as an auxiliary
acceptor to reduce the Egh up to 0.24 eV. The narrowest
optical energy gap was obtained using an auxiliary acceptor and
a five-membered ring (like thiophene) as a 7-bridge between
A’ and the anchoring group.

Charge transfer will be more efficient if there is a relatively
strong electronic coupling between the adsorbed dye and the
TiO, film due to interactions of the dye acceptor group and
TiO, substrate shown via the LUMO orbital position.
Qualitative coupling could be estimated by reducing the
LUMO energy level of the adsorbed dye.””*® In this study, all
bounded dyes show decreased LUMO energy levels indicating
the possibility of efficient charge transfer from the dye to TiO,.

The electron density distribution maps of the HOMOs and
LUMOs of the studied dyes are depicted in Figure 3. In all of
the cases, the HOMO is mainly delocalized on the donor TAA
unit, spreads over the z-linker, and extends to the auxiliary
acceptor (NTz or BTD) in some cases. The LUMO orbitals
are located on the A’'—7—A structure with some distribution
over the z-linker near the TAA. Thus, the distribution of both
orbitals confirms that sufficient overlap between the donor and
acceptor motifs is present as is needed to facilitate efficient
ICT upon excitation. As a result, the excitation of an electron
from the HOMO to the LUMO will allow for maximum
photoinduced ICT.>*"° However, in NTZ4, the LUMO is
localized primarily over the NTz fragments, which might
hinder the flow of electrons to the BA group and then to the
CB of TiO,.

Electronic Absorption Spectra. The light absorption
properties can be characterized by the absorption maximum
(Amax), oscillator strength (f), and orbital contributions in the
respective excitation. An insight into those parameters of the
sensitizer represents a crucial factor in understanding and
evaluating its photophysical properties. DSSCs with the highest
practical PCE value require that the sensitizer absorption
spectra absorb up to ~950 nm of the solar spectrum.”’ The
simulated UV—vis absorption spectra of the isolated dyes and
the dye—TiO, complexes (see the supporting information,
Figure S2) in DCM solvent are presented in Figure 4.
Maximum absorption wavelengths (4,,,,), oscillator strengths
(f), and transition characters with major transitions for the
dyes are collected in Table 2.

The experimental 4,,,, of DYE2 in the DCM solvent is 515
nm, and the computed vertical excitation value with OT-
®B97XD/6-311G(d,p)//B3LYP is ca. 517 nm. The A,,,, values
for all other designed dyes are greater than the DYE2 value,
and the numbers are ca. 542, 537, 575, 561, and 578 nm for
NTZ1-NTZS. All of the designed NTZ dyes exhibit a red
shift compared to DYE2, suggesting that these dyes can be
used in DSSCs for the efficient harvesting of more photons
from the solar spectrum than DYE2. The trend of the
computed values is as follows: NTZS > NTZ3 > NTZ4 >
NTZ1 > NTZ2 > DYE2. In all of the designed dyes, the BTD
unit of DYE2 was replaced by the NTz unit, resulting in a large
red shift (>50 nm). A larger shifting of the ICT band in NTZS
and NTZ3 is observed due to the synergistic effect from the
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Figure 4. UV—vis absorption spectra of the proposed dyes. Red and blue lines indicate the UV—vis spectrum of the isolated dyes and dyes on TiO,,
respectively, with the curves generated by setting the half-width at half-height to 0.11 eV.

Table 2. Electronic Absorption Spectra Result in Dichloromethane Solvent at the TD-DFT OT-wB97XD/6-311G(d,p)//

PBE0/6-311G(d,p) Level of Theory with @ = 0.14 Bohr™”

dyes excitation Amax (NM) Amax (€V)
NTZ1 S, = S, 541.87 2.29
S, = S, 418.50 2,96
So— S, 369.47 3.36
NTZ2 Sy = S 536.98 2.31
So— S, 397.04 312
Sy = S, 36434 3.40
NTZ3 So = S, 574.11 2.16
So = S3 383.00 3.24
So = S, 35521 3.49
NTZ4 So = S, 56122 221
S, = S, 401.97 3.08
So = S 359.93 344
NTZS So = S, 57748 2.15
So = S, 405.52 3.06
So = S 376.58 3.30
Sy = S, 363.40 341
DYE2 S, = S, 516.56 2,40
So = S, 37652 3.29
S, = S 354.76 3.49

“Absorption bands with f > 0.1 and A2 > 350 nm in the visible and near-UV regions for all dyes in CH,Cl,.

HOMO, and “L” indicates LUMO.

f major contribution
145 H - L (61.1%), H' - L (29.0%)
022 H™' - L (49.0%), H — L (13.6%)
0.14 H™' - L" (46.8%), H — L™ (19.0%)
1.80 H!' - L (40.4%), H — L (38.3%)
0.16 H™? - L(23.1%),H — L"(21.8%),H — L (8.2%)
1.30 H - L" (22.1%, H! — L*' (14.6%)
1.74 H - L (45.5%), H™' = L (44.5%)
0.27 H' > L" (424%), H - L (16.5%)
0.14 H!' - L™ (43.4%), H — L** (34.4%)
1.50 H - L (57.5%), H' - L (29.1%)
0.56 H - L7 (27.5%), H —» L™ (18.3%)
0.40 H — L* (21.9%), H?> — L (13.8%)
1.77 H - L (52.1%), H' = L (26.3%)
0.31 H - L* (26.4%), H —» L™ (21.9%)
1.00 H - L"(21.8%), H — L** (19.7%)
0.11 H — L (31.6%), H — L* (18.1%)
1.55 H — L(46.1%),H™" - L(352%),H — L' (5.4%)
029 H — L™ (44.3%), H> — L (15.7%)
1.03 H' - L" (24.7%), H — L*' (92.1%)

bag» ;o 1: o
“S” indicates a state, “H” indicates

CPDT as-linker and thiophene s-linker/z-bridge units,
respectively.

The spectra of all of these dyes have two distinct absorption
bands in the UV and visible regions. The absorption at shorter
wavelengths ranging from 200 to 400 nm can be described by
m—nr* electronic transitions along with shorter range ICT
events, and the longer wavelengths ranging between 400 and

1000 nm can be categorized by an ICT event from the donor
unit to the acceptor unit. The absorption peaks at 400—1000
nm can be assigned to the S, — S, transition. Interestingly,
similar absorption behavior was observed by the dye—TiO,
complex and the isolated dyes. It is noted that the CT band of
the DYE2—TiO, complex is blue-shifted in our calculations,
which is parallel to the experimental observation. The values of
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hole in dichloromethane as determined at the OT-wB97XD/6-311G(d,p) level of theory. The isovalue is 0.02 au.

the CT bands of all of the designed NTZ dyes on TiO, are also
blue-shifted.

After analyzing the data in Table 2, it is evident that most of
the transitions are not solely contributions of the HOMO to
LUMO transfers. We employed natural transition orbital
(NTO) analysis’” for a qualitative description of electronic
excitation. In Figure S, we plotted NTOs for S, — S,
transitions with their occupation number.

Intramolecular Charge Transfer. Charge-transfer dis-
tances (Dcr), t-index (), overlap integral (S), Ar index (the
measure of CT length), hole—electron Coulomb attractive
energy (Ec), and dipole moment variation (p,om,) were
computed to characterize the charge -transfer properties of the
isolated dyes (Tables 3 and S2).”” A more positive value of ¢

Table 3. Computed Different ICT Parameters Such as Ar
Index, t-Index, Overlapping Integral (S), the Distance
between the Center of C* and C™ (Dcr), and the Change in
the Dipole Moment Compared to the Ground State (i)

dyes Ar (A)  Dcr (A)  Hoorm (Debye) t (A) S (au)
NTZ1 6.79 3.364 12911 —2.557 0.95
NTZ2 11.17 3.444 14.501 —4.423 0.97
NTZ3 8.04 2.969 11.662 —3.995 0.96
NTZ4 9.55 3.378 14.950 —3.640 0.96
NTZS 11.53 3.510 15.826 —3.984 0.97
DYE2 10.95 2.732 12.505 —5.365 0.98

“All of the values are for S, — S; excitation in the solvent
dichloromethane.

represents a significant separation of the positive and negative
electron density variations due to strong CT behavior. A larger
Dcr value indicates that the CT distance is longer. D¢y (2.732
A) and t-index (—5.365 A) values of the reference molecule
(DYE2) are lower than for the designed NTZ dyes. The trend
of the t-index values of the isolated dyes is as follows: NTZ1 >
NTZ4 > NTZ3 > NTZS > NTZ2 > DYE2. The excitations
caused a significant variation in dipole moment values (4,0, )-
The values of Dcr and the stronger Coulomb attractive
energies of the NTz dyes are inversely correlated. Larger Ar
and D¢y imply better ICT behavior, which could increase the
probability of electron transfer to TiO,. Small S values,
overlapping between hole and electron centroids (C* and C7),
also imply better efficiency of charge transfer spatially.”> The

qualitative description of the ICT phenomenon via different
indices shows excellent consistency. Hence, using the NTz unit
to replace the BTD unit in DYE2 is an effective way to
enhance the ICT character by increasing the CT state
separation. One can conclude that the designed NTz dyes
have better charge-transfer characteristics than DYE2, which
encourages the evaluation of these sensitizers in DSSCs.

Excited-State Lifetime and the Radiative Lifetime.
The dye excited-state lifetime is a critical parameter that affects
the electron injection efliciency into TiO, with longer excited-
state lifetimes leading to higher injection quantum yields. We
applied a fast and efficient screening approach’* to identify the
nature of the NTz-based dyes’ first excited-state lifetime (z,)
using the relationship 7, = 1.499/(fE?)), where E (cm™) is the
excitation energy for S; and f represents the oscillator strength
for the respective state. The 7, values are tabulated in Table 4
and DYE2 (2.56 ns) has the lowest value among the NTz-
based dyes.

Table 4. Computed Excited-State Lifetime (7,), Radiative
Lifetime (z,,,), Excited-State Oxidation Potential (Edye ),
Free Energy of Electron Injection (AGm]ect), Light-
Harvesting Efficiency (LHE), Dye Adsorption Energy (E_q,),
and the Change in the Conduction Band of TiO, after the
Dye Adsorption (AEcg in meV) of the NTZ-Based Dyes and
DYE2“

dyes 7 Tem Egyer AGiyect E, 4 LHE AEqg
NTZ1 3.75 4.32 -3.05 -0.95 —-2.21 0.96 272
NTZ2 2.89 3.58 —-2.85 —-1.15 —-2.23 0.98 285
NTZ3 3.23 4.06 -3.07 -0.93 -2.25 0.98 271
NTZ4 3.59 4.37 —-2.86 —1.14 -2.30 0.97 252
NTZS 3.13 3.73 —-2.93 -1.07 —2.23 0.98 285
DYE2 2.56 3.65 -2.75 -1.25 -2.17 0.97 160

“All energies are in eV except AEg and lifetime is in ns.

On the other hand, the 7, values of the designed NTZ dyes
lie between 2.89 and 3.75 ns, and the trend is NTZ1 > NTZ4
> NTZ3 > NTZS > NTZ2. This outcome indicates that
substituting the BTD unit with the NTz unit is a fruitful
method to enhance the excited-state lifetime of the dyes.

We also have computed the radiative lifetime (z,,,) of all of
the de51gned NTz dyes and DYE2 using the Einstein transition
model
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B (1)

where ¢ represents the speed of light, Ey, indicates the
fluorescence transition energy based on the optimized first
excited-state (S{%) structure, and f stands for the oscillator
strength corresponding to Si*. All of the computed data related
to lifetime are tabulated in Table 4. The values of 7., of NTz-
based dyes are much longer compared to DYE2, except NTZ2.
The results indicate that using a benzene ring after the NTz or
BTD unit in conjunction with CA as an anchoring group
decreases the radiative lifetime. In contrast, either using BA as
an anchoring group or thiophene with CA provides an
extended emission lifetime.

As photostability is one of the critical parameters for the
longevity of solar cell devices,’® we evaluated the stability of
the photoexcited dyes. In principle, a photoexcited dye with a
lower-energy excited state is desired to be less active in
undergoing photochemical reactions and vice versa.”” To
assess this energy qualitatively, we implemented an efficient
approach based on the excited-state oxidation potential
(ESOP; aligned S;) and the ground-state oxidation potential
(GSOP). Figure 6 outlines the ESOP, GSOP, and FMOs of

"
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Figure 6. Excited-state oxidation potential (ESOP) and ground-state
oxidation potential (GSOP) along with the HOMO (bottom panel)
and LUMO (top panel) of dye—TiO, cluster complexes. ESOP
aligned with first excitation energy, Sy — S;. The dotted magenta line
indicates the CB edge of TiO,, and the isovalue is 0.02 au.

dye—TiO, cluster complexes. Since ESOP computations are
expensive, we estimated the values using the GSOP and the
vertical excitation energy via the equation

ESOP = GSOP — Ej,

where Eg is the first excitation energy of the dye molecule.”*”

Figure 6 outlines the difference between GSOP and ESOP, a
gradient in charge transfer, which is highest for the DYE2 and
lowest for the NTZS. Although almost all of the dyes show
similar ESOP, NTZ3 is relatively closer to the CB of TiO,,
which ensures less thermal energy waste upon charge transfer.

The display of the HOMO and LUMO of the dye—TiO,
cluster complexes is presented in Figure 6 along with the
ground- and excited-state oxidation potentials. The HOMO is
mainly delocalized on the TAA and z-linker, similar to the
isolated dyes, whereas the LUMO is distributed either on the
NTz unit through the TiO, cluster (NTZ1, NTZ2, NTZ3, and
NTZS) or only in the TiO, cluster region (NTZ4 and DYE2).
It is notable to mention that the dyes with a BA anchoring

group show only the later pattern of the LUMO distribution.
However, it is generally accepted that strong coupling of the
LUMO of the isolated dye and CB of TiO, is more favorable,
ensuring the fastest charg7 e transfer of an electron from the dye
to the semiconductor.”>”’ Therefore, the designed dyes with
CA groups could be efficient potential candidates to use in
DSSCs to enhance the electron injection from the sensitizer to
the CB of TiO,.

Photophysical Properties. Prediction of Short-Circuit
Current Density (Jsc). The equation Jsc = JLHE(4)-
D, jecillcollect A4 1s used to estimate short-circuit current density.
In DSSCs, electron injection events can be elucidated by the
charge-transfer (CT) process. CT has been associated with the
electron injection rate (qunject) or efficiency, which may be
quantified by the free-energy change for electron injection
(AGm]ect) in DSSCs. The injection energy can be calculated

AGiyet = Egpex — Ecp where Ecg = —4.0 eV. The
0x1dat10n potential of the excitation of the dye (Eyy+) can be
computed from the relation, Eqex = Egye — Ao assuming that
the electron injection occurs from the unrelaxed excited
state' *** where Eg4y and A, are the redox potential of the
ground state and first vertical energy, respectively. Notably, the
Egyex value will be larger in energy than experimentally
measured (i.e., the absolute AGiyjet values will be over-
estimated) since the lower-energy absorption curve onset is the
commonly used parameter for calculating Eg,.+ values;
however, absorption curve onset values are not easily obtained
computationally and 4, values are used in this instance for a
relative comparison between the dyes. All of the computed
photophysical properties are tabulated in Table 4, and
according to Koopmans’ theorem, Egy. = —Eyomo- All of the
designed dyes show negative values of AG;., which implies
that the excited states of the dyes lie above the CB edge of
TiO, with an effective charge-transfer excitation character. 81
The AGjye values of the designed dyes have lower values
compared to DYE2. Light-harvesting efficiency (LHE) can be
estimated using the oscillator strength (f) of the first excited
state as LHE = 1—107. The table depicts all of the computed
values used to estimate Jgc. The LHE values are closely
grouped with DYE2.

Dye regeneration efficiency (1,.,) is also critical to DSSC
device performances and can be related to the driving force of
regeneration (AGreg) between the oxidized dyes and the iodine
electrolyte. AG,,, can be computed using the relationship:
AGieg = |Eeqonl — |Egyl where E, 4, is the redox potential of
iodine electrolytes. In this work, we assumed its value to be
—4.85 eV (see Figure 3 caption). Computed values of AG,,, of
all of the dyes are negative, which suggests spontaneity of the
process. NTZ1 (—0.49) and NTZ3 (—0.38) possess higher
regenerative driving forces than DYE2, whereas NTZ2, NTZ4,
and NTZS$ have competitive AG,, values.

Prediction of Open-Circuit Voltage (Voc). The open-circuit
voltage (V) is one of the salient features of DSSCs and is
estimated by eq 2. The equation shows that dyes with larger
AEcg values can cause a significant variation in V.

E T E
Voc = =L 4 k—ln[ n ] — redox
q q \Ncs q (2)

The shift of the CB edge of TiO, after dye adsorption can be
computed qualitatively using the method reported by Ronca et

al.** and can be expressed as AEcy = AEcp. oy + AEcp jons +
AEcp.gye Where AEcp o1,y AEcp jony and AEcp_ gy, represent the
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Figure 7. Shift in the edge of the conduction band of TiO, after dye adsorption on a TiO, cluster. (A) PDOS of all of the dyes compared to TDOS
of bare TiO, at FWHM = 1.36 V. (B) TDOS plot of the bare (TiO,) ¢ cluster, and the PDOS of the (TiO,),s cluster after dye adsorption with

fitted lines on the sigmoidal portion of the curves.

shift that stems from solvent, ions, and adsorbed dyes,
respectively. Under the same experimental condition, the
effects of solvents and ions on dye properties are assumed to
be constant. Hence, AEp can be estimated based on the shift
of the TiO, CB from its pristine band to a new energy after the
adsorption of the dye. The total density of states (TDOS) of
TiO, and partial density of states (PDOS) of the dye—TiO,
complex were analyzed to evaluate AEcz. The energy
difference between the linear fit of the straight portion of
sigmoid curves of TDOS and PDOS of TiO, is the AEcg. The
TDOS and PDOS of the (TiO,) 4 cluster of all of the dyes are
depicted in Figure 7A, and it is evident that the CB edge
(CBE) of the TiO, cluster is shifted upward with respect to the
bare surface in all cases. This shift indicates an increase in
electron density from the dye to the CB of TiO,. The shift of
the CBE in NTZ1 and DYE2 is described in Figure 7B and all
other dyes are included in Figure S3 (Supporting Information).
We have found that the AEp value of DYE2 is 160 meV,
whereas the designed NTz dyes lie between 252 and 286 meV,
which is at least 92 meV higher than DYE2. The results
suggest that the NTz dyes will enhance the V¢ value in
comparison to DYE2. Also, we performed NPA calculation
based on the PBEOQ density matrix for the dye, TiO,, and dye@
TiO, cluster models with dichloromethane as the solvent. The
obtained values indicate that approximately 0.539—0.572
electrons are transferred from mainly the carboxylate group

of the dyes to the two nearest Ti atoms when the dye is bound
to the TiO, cluster (see the Supporting Information, Table
SS). The NPA results indicate that the NTz dyes have a higher
preference for interacting with the TiO, cluster than DYE2,
which contains BTD. Having found intriguing computed
properties for NTz-based dyes relative to BTD-based dyes, we
sought to synthesize comparable analogues using these

building blocks.

B EXPERIMENTAL METHODS

General Synthesis Information. All of the reagents and
solvents used in this study were purchased from Sigma-Aldrich,
Acros Organics, or Thermo-Fischer Scientific. Heated
reactions were immersed in an oil bath. '"H NMR spectra
were recorded on a Bruker 400 MHz spectrometer using
deuterated solvents. | values are in Hz and chemical shifts were
in ppm using the residual solvent as a reference (CHCl; = 7.26
ppm). Singlet (s), doublet (d), quartet (q), apparent (ap), and
multiplet (m) were designated as 'H NMR signal splitting
patterns. The absorption spectrum was recorded on a Cary
5000 UV—Vis—NIR spectrophotometer. Silica gel (230—400
mesh) was used for column chromatography separations.
Electrospray ionization (ESI) high-resolution mass spectrom-
etry (HRMS), quadruple-TOF was used to obtain the data
both in positive mode with a Waters Synapts XS. The mass
analyzer was set to the 200—3000 Da range. Infrared spectra
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were recorded with an Agilent Cary 660 attenuated total 20 35
reflection-Fourier transform infrared (ATR-FTIR) spectrom- ~ Tm;r_ﬁ%-zpsh-coom 1 3.0
eter. = ] — TAA-BTD-Ph-COOMe

1,5-Bis(p-toluenesulfonamido)naphthalene (2). The com- § o 2.5 §
pound was synthesized on a 10-g scale from naphthalenedi- 3 5 5

. . 83 s r20 8
amine (1) by following a reported procedure.”” Pure 2 101 g
compound 2 was obtained with a 77% yield as a solid as g % 15 3
previously reported. This compound was carried forward as I 2 10 2
done previously in the literature. £ 054 & o2

2,6-Dinitro-1,5-bis(p-tolylsulfonylamino)naphthalene (3). 2 2 0.5
The compound was synthesized via a modification to the |

. 33 0.0 T T T 0.0

previously reported procedure.”” Compound 2 (9.0 g, 19.3 400 500 600 700

mmol) and sodium nitrite (0.44 g, 6.4 mmol) in acetic acid
(91 mL) were cooled to 0 °C in an ice bath. Then, a solution
of 70% HNO; (13.5 mL) in acetic acid (9 mL) was added
dropwise, causing a temperature increase from 0 °C to 25 °C.
The mixture was stirred at room temperature for 24 h. Then,
excess K,CO; (aq.) was added to neutralize the reaction
mixture, and then, the brownish product was filtered, washed
with cold acetic acid and ethanol, dried under vacuum
overnight, and then recrystallized from pyridine and water
(1:2) to give compound 3 as a yellow solid with a 63% yield
(6.7 g 12.0 mmol). Spectroscopic data agrees with the
literature report.

1,5-Diamino-4,8-dinitronapthalene (4). The compound
was synthesized following the reported procedure.”” The
product was obtained in quantitative yield as a dark purple
solid. Spectroscopic data agrees with the literature report.

1,2,5,6-Napthalenetetraamine Tetrahydrochloride salt
(5). The compound was synthesized by following the reported
procedure.** Gray-colored, shiny crystals of 1,2,5,6-naphthale-
netetramine tetrahydrochloride (Yield: 80%) were immediately
used in the next reaction. Spectroscopic data agrees with the
literature report.

Naphtho[1,2-c:5,6-c']bis[1,2,5]thiadiazole (NTz). NTz was
synthesized as described in the literature for an analogous
compound.®> To a solution of compound 5 (0.09 g, 0.26
mmol) in dry pyridine (2.6 mL), N-thionylaniline (0.06 mL,
0.52 mmol) and trimethylsilyl chloride (0.06 mL, 0.47 mmol)
were added under nitrogen. Then, the solution was stirred at
80 °C for 16 h before being poured into ice water. The
resulting solid was filtered and washed with ethanol to give 45
mg (0.18 mmol) of the rust-colored solid product (yield:
68%). Spectroscopic data agrees with the literature report.*®

5,10-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
naphtho[1,2-c:5,6¢']bis([1,2,5] thiadaz-ole) ((Bpin),NTz).
(Bpin),NTz was synthesized according to the reported
procedure.”” Spectroscopic data agrees with the literature
report.

Methyl-4-(10-(4-((4-(hexyloxy)phenyl) (4-(pentyloxy)-
phenyl)amino)phenyl)naphtho [1,2-c:5,6-c'] bis ([1,2,5]-
thiadiazole)-5-yl)benzoate (7). Compound (Bpin),NTz
(0.015 g, 0.03 mmol), methyl-4-bromobenzoate (0.03
mmol), TAA—Br (6) (0.3 mmol), Pd[(tBu);P], (0.003 g, 6
umol), and K,HPO, (0.049 g, 9.45 mmol) were dissolved in
THF (1.2 mL) and H,O (0.06 mL). The mixture was stirred
12 h at 90 °C under nitrogen and then cooled to room
temperature. The mixture was extracted with ethyl acetate and
water. The organic layer was separated and concentrated under
reduced pressure. The crude product was purified by a silica
column with the 25—50% DCM gradient with the remainder as
hexanes (Yield: 35%, 8 mg, 0.0097 mmol). A, (abs) = 506
nm (Figure 8), "H NMR (400 MHz, CDCl;) § 9.08 (s, 1H),

wavelength (nm)

Figure 8. Absorption curve of TAA-NTz-Ph-COOMe (7) (black
line), TAA-BTD-Ph-COOMe (blue line), and the lowest-energy
vertical transitions for dyes NTZ1—NTZS (red lines) in dichloro-
methane.

8.99 (s, 1H), 8.25—8.21 (ap q, 4H), 7.99 (d, ] = 8.8 Hz, 2H),
7.15 (d, J = 9.0 Hz, 2H), 7.09 (d, J = 8.8 Hz, 2H), 6.86 (d, ] =
9.0 Hz, 2H), 3.99—3.96 (m, 7H), 1.59—0.82 (m, 22H) (Figure
S4). IR (ecm™): 3040, 3002, 2950, 2920, 2852, 1720, 1627,
1598, 1500, 1455, 1276, 1237, 1196 and 826. MS (ESI) m/z:
[M]* calculated for C,H,N;0,S, (821.3069); found
821.3013.

Synthesis. Interestingly, only one NTz-based dye with a
carboxylic acid anchoring group is reported to have been
synthesized in the literature based on a SciFinder search.*
Synthesis of the target dyes was undertaken having found
interesting computational properties of the dyes. Initially, a
simplified target dye (a triarylamine donor, NTz auxiliary
acceptor, phenyl 7-spacer, and carboxylic acid acceptor) is
targeted owing to the phenyl groups often imparting maximal
stability on z-bridges during synthesis in our experience. This
model system allows for the probing of synthetic accessibility
of the dyes. Initially, the known literature route to the model
dye was followed with the tosylation of 1,% nitration of 2,*
deprotection of 3,% nitro reduction of 4,°* NTz formation
from 5,°>%¢ and double borylation of NTz through an Ir-
catalyzed C—H activation®’ to give the key coupling partner
(Bpin),NTz (Scheme 1). After the significant screening of
routes and conditions (Schemes S2 and S3; Table S6), a one-
pot three-component Suzuki coupling of (Bpin),NTz, 6, and
methyl-4-bromobenzoate awarded compound 7 (TAA-NTz-
Ph-COOMe) in a 35% yield with a slight inseparable impurity
in the '"H NMR spectrum. All other routes led to
decomposition of the NTz building block or a large number
of challenging to separate products forming in the reaction.
Compound 7 is found to have instability on SiO, and Al,O;
chromatography media and had to be rapidly purified with
SiO, to avoid substantial decomposition. Attempts to hydro-
lyze the ester to give the carboxylic acid, which is needed for
functional DSSC devices, were unsuccessful and resulted in
decomposition of 7 before the hydrolysis reaction could take
place (Scheme S4 and Table S4). However, 7 could be studied
by absorption spectroscopy and compared to computational
results (Figure 8). Compound 7 has a broad absorption feature
from 400 to 650 nm that is indicative of an ICT dye. This is in
good agreement with the predicted orbital distributions of
NTZ1-NTZS, which show the HOMO on the TAA region
with some incorporation on the NTz building block and the
LUMO on the NTz-acceptor portions. This regional
separation of the orbitals on the dye is typical of ICT dyes.
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Scheme 1. Synthetic Scheme to Synthesize TAA-NTz-Ph-COOMe (7)

NH, NHTs

i) NaNO,
OO AcOH 0°C
pyridine i) 70% HNO3
NH, toluene NHT AcOH r.t, 63%
1 100°C, 67%

Chem. Asian J. 2019, 14, 1807

NH3CI
NH TMSCI
SnCI2, HCI o€ Nth|onylan|I|ne
EtOH 90°C, 24% cH,N pyrldlne
80°C, 68%

ACS Omega 2017, 2, 6023

CeH130 o CeH130,

e
H5CO
(Bpin),NTz
O it
Pd(tBUaP)z, K2HPO4,

THF, H,0, 60°C, 35%

CeH430 CeHy30

Chem. Asian J. 2019, 14, 1807

J. Mater. Chem. 2011, 21, 3226
J. Org. Chem. 2017, 82, 5034

@N

NHTs

N quantltatlve yleld
2
NHTs NHz
3
Chem. Asian J. 2019, 14, 1807

S
N N
\
(Bpln o, dtbpy
Bpin
[Ir(OMe)(COD)]2 Bpin
1\
N_ _N

cyclohexane, reflux, 70%
Tz Poly. Chem. 2019, 4, 5224

(Bpin),NTz
N

\ /
Q 'O O POCHs
(o]

\Sz
7

The computed orbital positioning, energetics, and spectro-
scopic properties of synthesized dye 7 were analyzed. We
found that the energetics of the FMOs have a similar HOMO
energy to NTZ1 and the most positive LUMO energy of all of
the dyes studied, including the benchmark dye (Figure SS).
The HOMO is mainly delocalized on the TAA with some
contribution on the NTz group, whereas LUMO is distributed
onto the NTz unit with some contribution on the benzoic acid
acceptor (Figure SS). The low-energy absorption maximum
(Amax) of 7 is at S06 nm. The computed A, is also in good
agreement with the experimental value (within 36 nm, Figure
S6), which further validates the computational approach used
in this study. Notably, the computed NTz-based dyes have
vertical transition energies more red-shifted than 7, which
would be expected based on the use of thiophene building
blocks with lower resonance stabilization energies than
benzene groups allowing for lower-energy ICT events.
Additionally, the computed dyes use cyanoacrylic acid groups
that are most strongly electron withdrawing than the carboxylic
ester of 7. Thus, the NTZ1 dyes should be more red-shifted
than 7 as predicted. Overall, the model compound synthesized
(7) indicates that the computational data is reasonable given
the ICT nature predicted and observed and the relative
predicted vertical transitions to the observed 4,,. A BTD-
based analogue to TAA-NTz-Ph-COOMe was synthesized in a
similar manner to known C264°° (the carboxylic acid
derivative). This allows for a direct comparison of the optical
properties of the BTD and NTz building blocks, which reveals
a ~60 nm red shift of the dye absorption curve onset when the
NTz building block is used relative to the BTD building block.
If the synthetic challenges present could be overcome, then the
NTZ1-NTZ2 target dyes would be interesting to employ in
DSSC devices. Notably, compound 7 is stable for more than a
year under ambient conditions with no indication of
decomposition as a solid. This suggests that the synthetic

challenges encountered are likely due to conditions of the
reaction and purification protocols. If a suitable methodology
could be found to directly arrive at the desired dyes from NTz,
NTzBr,, or (Bpin),NTz cleanly, then this class of sensitizers
could be of significant interest to the DSSC community.

B CONCLUSIONS

We computationally designed five triphenylamine derivative
dyes using the NTz unit as an auxiliary acceptor between a
donor-z-linker and 7-spacer-terminal acceptor (cyanoacrylic
acid or benzoic acid) for their potential application in DSSCs.
Systematic DFT and TD-DFT level studies were carried out to
compute various structure—property relationships and photo-
physical properties of isolated dyes, along with the dye—TiO,
interface. The use of NTz as an auxiliary acceptor provides an
efficient way to broaden the optical response. Compared to the
reference dye, all of the designed dyes possess a narrow optical
energy gap (1.85—2.03 eV). The critical parameters related to
Jsc and V¢ such as the driving force of electron injection
(AGIn}ect), the spontaneity of dye regeneration (AGReg), CT
length (dcp), and the shift of CB of TiO, (AEcs) were
computed. The obtained results implied that the use of the
NTz unit improves the absorption spectrum and charge
separation, dcr, due to its high planarity. The AEcg value is
higher for NTz dyes, which suggests that the Voc of DSSC
devices should be higher than the value for the benchmark
DYE2. The results obtained from the study suggested that the
designed dyes are interesting candidates for efficient DSSCs. A
model compound (7) was synthesized, which confirms many
of the predicted characteristics, including an ICT nature and
reasonably well-correlated vertical transition energies. The
synthetic challenges in accessing the computed dyes are an
excellent opportunity for method developments aimed at mild,
clean reactions and purifications that can overcome the issues
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encountered herein when employing traditional cross-coupling
chemistry, hydrolysis chemistry, and chromatography.
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