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Effect of regio-specific arylamine substitution on
novel w-extended zinc salophen complexes:
density functional and time-dependent density
functional study on DSSC applicationst

Jian-Ming Liao, 2 Yu-Kai Chin, Yu-Ting Wu and Hsien-Hsin Chou{®*

A series of -extended salophen-type Schiff-base zinc(i) complexes, e.g., zinc-salophen complexes (ZSC),
were investigated toward potential applications for dye-sensitized solar cells. The ZSC dyes adopt linear-,
X-, or m-shaped geometries either with the functionalization of 1 donor/1 acceptor or 2 donors/2
acceptors to achieve a push—pull type molecular structure. The frontier molecular orbitals, light-harvesting
properties as well as charge transfer characters against regio-specific substitution of donor/acceptor
groups were studied by using density functional theory (DFT) and time-dependent density functional theory
(TDDFT). The results reveal that all ZSC dyes of D-ZnS-m-A geometry (where D, S, and A denote to donor,
salophen ligand, and acceptor, respectively) exhibit relatively lower HOMO energy compared to the
structurally resembled porphyrin dye YD2-o-C8. Natural transition orbital (NTO) and electron—-hole
separation (EHS) approaches clearly differentiate the linear type YD-series dyes from CL-, AJ1-, and AJ2-
series dyes because of poor charge transfer (CT) properties. In contrast, the 1t-shaped AJ2-series and X-
shaped AJl-series dyes outperform the others in a manner of stronger CT characteristics, broadened UV-
vis absorption as well as tunable bandgap simply via substitution of p-ethynylbenzoic acids (EBAs) and
arylamine donors at salophen 7,8- and 2,3,12,13-positions, respectively. Both EHS and calculated exciton
binding energies suggest the strength of CT character for ZSC dyes with an amino donor in the trend TPA
> AN > DPA. This work has provided clear illustration toward molecular design of efficient dyes featuring

rsc.li/rsc-advances a zinc-salophen backbone.

Introduction

The two most imperative changes the world has faced in recent
years are the global pandemic of coronavirus disease (COVID-
19) and the urgent need for alternative energy sources. The
third-generation photovoltaic technologies,' including perov-
skite solar cells (PSCs),>* dye-sensitized solar cells (DSSCs),**
organic photovoltaics (OPVs),*” and quantum dot solar cells
(QDSCs),?* are some of the fast growing energy technologies in
the world. The high flexibility in size, shape, and color, as well
as high-efficiency indoor applications account for the fasci-
nating features of these solar cell technologies. Unfortunately,
so far none of these solar cell techniques dominate mass
production for end-use applications. The DSSC technologies are
considered to be of greater potential because of lower cost,
reasonable stability, high performance under dim-light envi-
ronments,' and tolerability toward integration with other
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technologies such as energy storage.' Due to the multiple
electron transfer processes*'>** at dramatically different time-
scales involved in the operation principle of DSSC, a sophisti-
cated balance between each process will undoubtedly
determine high performance of the device. As shown in Fig. 1,
the dye photosensitizer plays imperative role since electric
power conversion can be tuned via molecular geometry which
eventually lead to optimized properties such as frontier
molecular orbitals, redox potentials, intramolecular charge-
transfer (ICT) excitations, reorganization energies, and so
on,"" as annotated in arrows A-C in the figure. Modern state-
of-the-art dyes for DSSCs, such as GY50 “(PCE = 12.75%; Voc
= 0.89 V; Jsc = 18.53 mA cm % FF = 0.77), SM315 (PCE =
13.0%; Voc = 0.91 V; Jsc = 18.1 mA cm ™ ?; FF = 0.78), SGT-021
S(PCE = 12.0%; Voc = 0.91 V; Jsc = 17.5 mA cm % FF =
0.75), XW61 (PCE = 12.4%; Vo = 0.78 V; Jsc = 21.4 mA cm™%;
FF = 0.75), and bJS2 (PCE = 10.69%; Voc = 0.85 V; Jsc = 16.6 mA
ecm ™2 FF = 0.76)" adopt push-pull type molecular geometry
using zinc-porphyrin as molecular backbone together with
arylamino donor and LBG-benzoic acid groups, where LBG
denotes to low-bandgap groups such as benzothiadiazole and
diketopyrrolopyrrole.***®* Compared with push-pull type
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Fig.1 Working principle of DSSC. The electron transfer processes are
noted as: (1) light harvesting, (2) electron injection, (3) charge transport,
(4) electrolyte regeneration, (5) dye regeneration.

porphyrin-based dyes,**** organic dyes are commonly con-
structed with donor-m bridge-acceptor (D-7-A) and donor-
acceptor-tt bridge-acceptor (D-A-t-A) configuration in order to
have promising light-harvesting properties as well as easily
modified molecular structure for reduced charge recombina-
tion.?*> Here the D (electron-donating group) and neighboring A
(electron-deficient group) often feature arylamines and low-
bandgap chromophores, respectively. The molecular design of
donor-acceptor (D-A) backbone enhances intramolecular
charge transfer (ICT) character which is beneficial to broadened
absorption spectrum and eventually the short-circuit current
density (Jsc)- The same design has also proven successful in the
field of perovskite solar cell technologies in terms of increased
hole extraction and reduced exciton recombination rate.****
Despite the extensive absorption at UV-vis region, the high
efficiency achieved by porphyrin dyes can be rationalized by the
employment of cobalt(u/m)-based redox electrolyte for increased
Voc, owing to relatively positive redox potential.>* Finally,
another important thing to achieve high performance is inhi-
bition of excessive recombination to electrolyte (either iodide-
based or cobalt-based) in oxidized form.>**” This can be ach-
ieved via “surface passivation” typically using (1) co-adsorbent
or co-sensitizer,”® (2) additives in the electrolytes such as ¢-
BP* and GuSCN,* (3) atomic layer deposition of low work
function oxide such as Al,O; and*' La,03,** (4) via functional-
izing aliphatic chains on the dye molecules to form “insulation
layer”,* and (5) duplicate anchor sites on the dye molecules to
exclude the electrolytes from the proximity of TiO, surface
nearby the anchor.**** Although many high-efficiency dyes with
sophisticated molecular design have been reported, these dyes
suffer from major drawback of excessive synthetic procedures.
More than 20 steps starting from the most simplest commer-
cially available chemicals are practically required. The need for
seeking relatively simple yet cost-efficient molecular design of
dyes thus arose.

Interestingly, although the porphyrin-based dyes featuring
N,N,N,N-tetradentate molecular framework have been exten-
sively investigated, studies relating structurally resembled dyes
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based on O,N,N,O-tetradentate salophen-type Schiff-based
metal complex are found rare.”* The metal-salophen
complexes have strong UV-Vis absorption with broad spectral
coverage which meet the principal criteria of a light harvesting
photosensitizer.?® In addition, the molecular properties can be
easily manipulated via tuning the frontier molecular orbitals,
charge-transfer characteristics, and probably other intermolec-
ular interactions and potential catalytic properties.***° Jing and
coworkers developed a new class of D-m-A type sensitizers
(SLa-SLf) based on zinc(u)-salophen complexes (ZSC), where D
and A denote to arylamino and carboxylic substituents at salo-
phen 5,5-positions. These dyes exhibit extensive -m* transi-
tion and weak charge transfer absorption at 300-350 nm (¢ = ca.
1x10°M " em™") and 400-600 nm (¢ = ca. 2 x 10* M~ " cm ™),
respectively. However, DSSCs fabricated with these dyes reach
the best photovoltaic performance of 0.81% under illumination
of AM 1.5G standard condition (100 mW cm ™ 2), with poor open-
circuit voltage (Voc) and short-circuit current density (Jsc) of
0.62 V and 1.85 mA c¢cm™?, respectively. Similar results were
obtained for Pt- and Zn-derivatives where donor groups are
functionalized at salophen 4,4"-positions.** The power conver-
sion efficiency (PCE) account for these Pt- and Zn-based dyes are
1.53% and 0.99%, respectively. The poor performance of these
dyes is probably attributed to (1) the relative higher HOMO
level, (2) close proximity of arylamines to TiO, surface leading to
increased charge recombination from TiO, to oxidized dyes and
redox electrolytes, and (3) perhaps together with the series dye
aggregation. To effectively control the molecular properties of
the ZSC dye, a sophisticated design of molecular structure is
definitely required. Consequently, the need for scrutinizing the
structure-property relationship for MSC molecules thus arose.
Herein, we report a density functional and time-dependent
density functional investigation based on newly proposed
structures involving zinc-salophen complex (ZSC) as molecular
building blocks. Unlike traditional linear push-pull type
molecular design, these complexes are of D-m-A or D,-7-A,
geometry where ZSC services as a bridging m unit that can
simultaneously trigger molecular properties simply via regio-
specific substitution. The results have clearly lead to useful
guidelines regarding molecular design of efficient photosensi-
tizers containing the zinc-salophen backbone.

Results and discussion

Fig. 2 shows the molecular structure for a series of D-w-A and
D,-m-A, type dyes under investigation, together with the
reference dye YD2-0-C8. All dyes are highly w-extended mole-
cules where the zinc-salophen (ZnS) framework is functional-
ized with arylamine(s) and p-ethynylbenzoic acid(s) at specific
positions as donor and acceptor groups, respectively. The
influence of p-ethynylbenzoic acid (EBA) have proven to be
beneficial to better light-harvesting and Jsc increment.**
These dyes are categorized into YD-, CL-, AJ1-, and AJ2-series,
each being tethered with donor groups such as dialkylaniline
(AN), diphenylamine (DPA), and triphenylamine (TPA) in order
to probe the substituent effect. Dyes YD-AN, YD-DPA, and YD-
TPA each possess a linear push-pull type geometry where donor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structures of ZSC dyes based on zinc-salophen complexes. Note: AJ1-H and AJ2-H refer to the same dye.

and acceptor groups are in the 3,12-position, a resultant mole-
cule that is structurally resemble the state-of-the-art porphyrin
dyes such as YD2-0-C8.*° Note that two additional methoxy
groups were functionalized at 7,8-position. The tetra-
substituted dyes CL-AN, CL-DPA, and CL-TPA have donors and
acceptors functionalized at 7,8- and 2,13-position of ZnS core,
respectively, to furnish an “X”-shape molecular framework.
Another series of X-type dye are AJl-derivatives containing
position-swapped donors and acceptors. The AJ2-series dyes, on
the other hand, are tetra-substituted ZSC complexes with “m

shape geometry where donors and acceptors tethered at 3,12-
and 7,8-positions, respectively. The molecular design with dual
anchor'**?*73% have proven to improve stability on TiO, surface
as well as performance parameters such as Vpc.**** Fig. 3
displays the atom-by-atom superimposition of ZSC dyes opti-
mized at B3LYP/6-311G(d,p) level of theory. The result reveals
a twisted tetrahedral geometry surrounding the N,N,0,O-tetra-
coordinated zinc centers for all ZSC dyes. Coordination of
additional pyridine on zinc center leads to molecular geometry
of distorted square pyramid (shown as sideview in Fig. 3). The
later results meet the reported observations from crystal struc-
tural determination, where ZSC adopts distorted square pyra-
midal geometry with one coordinating solvent molecule bonded
to zinc ion, such as DMSO,** water,* and pyridine.** We noted
that inclusion of diffusion functions, e.g., 6-311+G(d,p), for
optimizing the solvent-free molecules lead to distorted square
planar geometry, which differs from distorted square pyramid
reported in the literature using 6-311++G(d,p) (with unclear
calculation detail).”® Consequently, the basis sets without
diffusion function and pseudopotentials were used throughout
this study. Furthermore, each dye molecule possesses highly

© 2023 The Author(s). Published by the Royal Society of Chemistry

planar conjugation at ethynylbenzoic acid groups (EBAs), indi-
cating that remarkable m—7* transitions with large extinction
coefficient can be envisioned for ZSC dyes (Fig. S1 and S2+t). This
is believed to contribute to better UV-vis spectral response
through enhanced 7-conjugation.

Fig. S37 illustrates frontier molecular orbitals for all dyes in
this study. The energy levels regarding lowest unoccupied
molecular orbitals (LUMOs) are of the range between —2.37 and
—2.83 eV, allowing for sufficient driving forces toward electron
injection into TiO, conduction band. The highest occupied
molecular orbitals (HOMOs) are of the energies between —4.94
and —5.76 eV, and are largely stabilized compared to theoreti-
cally optimized YD2-0-C8 (—4.83 eV). This fact is beneficial to
larger theoretical open-circuit voltage (Voc) such that redox
electrolytes with satisfactorily lower redox potential can be
used, e.g., the cobalt-"**** and copper-based complexes.**** In
general, the HOMOs predominately populated at ZnS and
arylamine moieties, whereas LUMOs mainly at ZnS and EBA
moieties (Fig. S31). Consequently, the lowest-energy vertical
excitations will exhibit significant charge transfer character
leading to effective electron injection from photoexcited dye to
TiO, conduction band (see also Fig. 1).*#** We noted that the
TPA-substituted dyes encompass minimized HOMO contribu-
tion from ZSC moiety compared to DPA- and AN-derivatives,
which is possibly a consequence of prolonged m-extension
across the twisted biphenyl linkage. (Fig. S1t). Nonetheless, the
TPA-containing dyes are prone to have higher HOMO levels in
accompanied with significant charge transfer behavior upon
vertical excitation, as will be discussed later. Fig. 4 and Table
S1} compares the HOMO energies for all pyridine-free ZSC dyes,
together with a primitive ZSC molecule, ZSHH (—5.36 eV), and

RSC Adv, 2023, 13, 2501-2513 | 2503
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Fig. 3 Atom-by-atom superimposition of the optimized molecular geometries for ZSC dyes from (a) top view, (b) side view, and (c) side view
(with pyridine coordinated on Zn center). Those in gray represent series-AN dyes, while that in red and blue represent series-DPA and series-TPA
dyes, respectively.

the reference porphyrin dye YD2-0-C8 (—4.83 eV). In the case energy compared to CL-H (—5.76 eV), indicating more
where donor groups are absent, dyes YD-H (—5.44 eV) and AJ1-H pronounced acceptor influence when substituted at 2,13-posi-
(also named as AJ2-H; —5.69 eV) have slightly elevated HOMO tion. In fact, the HOMO energies for CL-series dyes are also
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Fig. 4 Elevation of HOMO energy for YD-, CL-, AJ1- and AJ2-series
dyes. Results were conducted at B3LYP/6-311G(d,p) level of thery.

largely affected by substituted donor groups at 7,8-position: CL-
H (—5.76 eV) < CL-DPA (—5.45 V) < CL-TPA (—5.27 eV) < CL-AN
(—5.15 eV). On the other hand, the YD- (—4.94 to —5.03 eV), AJ1-
(—5.17 to —5.22 eV) and AJ2-series (—4.98 to —5.06 eV) dyes
generally have higher-lying HOMOs which are relatively unaf-
fected by substituted donor groups. Furthermore, the donor
influence is becoming more pronounced when substituted at
2,13-position rather than 3,12-position, e.g., AJ1-DPA (—5.22 eV)
< AJ2-DPA (—5.06 €V) = YD-DPA (—4.98 eV), AJ1-TPA (—5.21 eV)
< AJ2-TPA (—5.10 eV) = YD-TPA (—5.03 eV), and AJ1-AN (—5.17
eV) < AJ2-AN (—4.98 eV) = YD-AN (—4.94 eV). The position-
sensitive HOMO energies for ZSC dyes can be envisaged when
comparing the difference in HOMO population at salophen
ligand (Table S1t). Interestingly, the relationship between
HOMO energies and lowest-energy (S, — S;) vertical excitation
energies (E.,) also show regio-specificity (vide infra).

TDDFT calculations for dyes in this study were conducted to
understand the structure-property relationships concerning
UV-vis absorption behavior together with underlying charge
transfer characteristics. To ensure reasonable prediction of
photoexcitation properties without excessive methodological
studies, we carried out synthesis of a primitive zinc-salophen
complex, ZSHH6, with dihexyloxy substitution at 7,8-position
(detailed in ESI{) followed by optimizing the calculation
methods via fitting the results to experimental observations. As
shown in Scheme S1,} the catechol first underwent alkylation
with 1-bromohexane in acetone. The resulting o-dihexylox-
ybenzene (A) was then treated with nitric acid to form dinitro-
derivatives (B). Further reduction of nitro groups with hydra-
zine catalyzed by palladium on carbon followed by condensa-
tion with salicylaldehyde in the presence of zinc acetate gave the
desired zinc-salophen complex (ZSHH6) as orange microcrys-
tals. The compound has been characterized via "H NMR and *C
NMR (detailed in ESIT). Like the methoxy derivatives,* the UV-
vis absorption spectrum of ZSHH6 in THF shows broad
absorption peaks at 356, 411, and 445 nm with strong extinction
coefficient of 2.75 x 10%, 3.72 x 10%, and 2.21 x 10* M ' ecm ™,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively (Fig. S4at). On the other hand, TDDFT calculations
were conducted for model compound ZSHH where excess alkyl
groups being truncated. The basis sets including 6-31G(d) and
6-311G(d,p) were employed for calculation, while hybrid
(B3LYP) and long-range-corrected functionals were tested. Fig. 5
displays the experimental UV-vis absorption in THF fitted by
convoluted excitation peaks of TDDFT results. The conventional
hybrid B3LYP functional with a constant fraction of HF
exchange shows adequate prediction with three absorption
peaks at 352, 392, and 461 nm. However, the range-separated
functionals including LC-PBEO, wB97XD, and LC-BLYP show
great deviation from experimental result when using default
value of range-separation parameter w (shown as dashed lines
in Fig. 4). The reason might be the incorrect asymptotic
behavior of exchange-correlation potential originated from
inappropriate separation criteria for short-range (SR) and long-
range (LR) parts of Coulomb potential operator which eventu-
ally leads to overestimation of excitation energies.®® On the
other hand, tuning the w value by using Koopmann's
theorem®*® for error function used in LRC scheme gives
moderate (in the case of LC-PBE0 and wB97XD) to good (in the
case of LC-BLYP) approximation results. The later shows
simulated absorption at 332, 354, and 441 nm. Note that the
employment of solvation model mainly results in stronger
oscillator strength for each excitation without significant
change in excitation energy (Fig. S4b¥). Additionally, the relative
low-cost time-dependent ZINDO calculation®”*® on compound
ZSHH were also tested with and without solvation model.
Overestimation of excitation energy and absorption intensity
was observed for charge-transfer and local-excitations peaks,
respectively, compared to experimental results (Fig. 5 and
S4bt). According to the aforementioned results, a hybrid
(B3LYP) and tuned range-separated (LC-BLYP) functional were
used for further gas phase calculations on ZSC molecules, as
shown in Fig. 6a and b, respectively. The predicted results show
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Fig. 5 Comparison between experimental (gray line) and simulated
UV-vis absorption spectra for ZSHH. The 6-31G* basis set were
employed. All calculations were conducted in gas phase. By default
(dashed line), the LRC functional have w values of 0.47, 0.30, and 0.30
for LC-BLYP, LC-PBEO, and wB97XD, respectively.
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that all dyes possess broad absorption spanning from 300 nm to
>550 nm with two prominent absorption maxima, regardless of
the choice of functional. Like that reported in the literature, the
porphyrin analogues with multiple D/A substituents (CL-, AJ1-,
and AJ2-series) exhibit better light harvesting than single D/A
derivatives, e.g. YD-series.>**”® The lower-lying absorption
maximum (An.) at 400-700 nm are m-m* excitation with
significant charge transfer character (S — S,, n = 1-4 for YD-,
CL-, and AJ2-dyes; n = 1-8 for AJ1-dyes), while the higher-lying
absorption peaks located at 300-400 nm appear to be localized
-t * excitation (S, — S,, n = 5-20). Additionally, the predicted
absorption coefficient for A.. reveals a trend of AJ1 (¢ >
10°M 'em ) >CL(e>5x 10°M "em ) > YD = AJ2 (e <5 x

View Article Online
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10* M ' em ). Finally, more red-shifted A, were predicted for
AJ2-series dyes at 500-700 nm using B3LYP functional. The is
believed to be originated from 7-shape geometry of the dye, as
will be elucidated later. Overall, these observations have
concluded that the m-type AJ2-series dyes exhibit broader
absorption while the X-type AJ1-series dyes have more extensive
charge transfer excitation. Note that in the presence of coordi-
nating pyridine, a blue-shifted absorption was observed for AJ2-
series dyes, possibly due to changes in charge transfer behavior
(Fig. S57).

Upon illumination of sunlight, e.g., at standard AM 1.5G
condition, higher Jsc values of the device require optimization
of factor including light-harvesting efficiency (LHE), electron-
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Fig. 6 Simulated UV-vis absorption spectra for YD-, CL-, AJ1-, and AJ2-series dyes using 6-311G(d,p) basis set and (a) B3LYP as functional; (b)

tuned LC-BLYP as functional.
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injection efficiency (7iy;), charge-collection efficiency (7cq1), dye-
regeneration efficiency (7ye), and photon flux (¢(4)), as shown
in eqn (1),

Jsc = ILHE'ninj'ncol'nreg'@(A)dl (1)

Table 1 lists one of the key parameters, LHE,”7* calculated
according to eqn (2),

LHE=1-107 (2)

where f is the oscillator strength for the corresponding major
excitation contributed to the absorption maximum. The result
shows that LHE values for all ZSC dyes are in the range between
76% and 94% at the major absorption (localized t-7*) region,
while in the case of CT region, LHE are roughly of the trend AJ1
dyes (73-94%) > CL dyes (57-76%) = YD dyes (61-65%) >> AJ2
dyes (32-36%). In the case of AJ2 dyes the relatively lower LHE is
possibly attributed to poor special overlap of orbitals involved in
the electronic transition, as will be illustrated in the following
section. Table 2 further summarizes the lowest-energy TDDFT
results for ZSC dyes in this study together with particle-hole
excitation scheme calculated using natural transition orbitals
(NTOs). The results show large variation for calculated lowest-
energy excitation energy (E.,) ranging from 1.882 to 2.354 eV,
corresponding to predicted Any.x of ca. 527 to 659 nm. These
dyes exhibit different relationships between the calculated E.,
and the corresponding HOMO energies, depending on the
choices and positions of donor/acceptor groups. As shown in
Fig. 7, in the case of CL- and YD-series dyes where EBAs are
functionalized at phenoxide 3,12,2,13-positions, the donor
substituents significantly affect HOMO energies (for CL-series)
while only perturb E., (for both series). On the contrary, for
both AJ1- and AJ2-series dyes where EBAs are substituted at
phenylenediimine 7,8-position, the substituted donor groups
greatly change E., but slightly alter the HOMO energies.
Considering that all the ZSC dyes already have sufficiently
lower-lying HOMO levels (vide supra), the X-type AJ1-series and

Table 1 Parameters relating TDDFT calculations of the dyes
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T-type AJ2-series dyes would therefore be better dye candidates
owing to easy manipulation of light-harvesting properties. We
noted that Janssen and coworkers’™ reported a correlation
between bandgap (either optical or electrochemical) and HOMO
energy for the diketopyrrolopyrrole-dithienopyrrole copolymer
system. The calculated smaller effective exciton binding energy
(Eep)”™7® was proven to correlate with stronger push-pull char-
acter exerted by the molecule. However, in our case there shows
no clear relationship between E., and HOMO energy nor
vertical excitation energy (vide infra). Moreover, the most
striking feature found for YD-series dyes was their lowest-energy
NTOs. Charge transfer (CT) excitations occur between aryla-
mino donor and ZnS skeleton, while in the cases of dyes other
than YD-series, CT occur between arylamines and EBAs with
partial overlap at ZnS moiety. That is, the lowest-energy excita-
tion of YD-series dyes are unable to facilitate electron injection
into TiO, semiconductor. In fact, only the S, — S, excitations (n
> 4) that involves LUMO+2 would lead to sufficient electron
injection (Tables S1 and S27). As a comparison, YD2-0-C8, the
highly efficient porphyrin dye of D-ZnL-m-A geometry (where L
= ligand complexed on Zn>") exhibits effective donor-to-anchor/
acceptor CT excitation at states as low as S, — S;.*”7” We further
calculated the exciton binding energies (negative value of
Coulomb attractive energies), E.p,”>”® between the holes and
electrons for ZSC dyes. The smaller E.;, indicates the stronger
CT character represented by the dye molecule. Here the calcu-
lated trend for substituted arylamino donors is TPA-derivatives
(1.66-2.10 eV) < AN-derivatives (2.09-2.38 eV) < DPA-derivatives
(2.34-2.83 eV), which also echo the predicted absorption
behavior mentioned earlier (Fig. S61). The intramolecular
charge transfer behavior determined by electron-hole separa-
tion (EHS)” further confirms this observation (Table 1, columns
1-3 from the right). Again, the depletion and increment of
electron density occurs as a localized CT process for the YD-
series dyes, while that for the other dyes have CT processes
featuring sufficient electron injection. The DPA-containing dyes
exhibit relative shorter charger transfer distances (L) compared

Use major absorption peak

Use maximum absorption peak

Dye series donor State Eca (eV) r LHE” State Eca (eV) f LHE”
YD-series AN S7 3.30 0.88 0.870 S3 2.66 0.45 0.644
DPA S7 3.30 0.71 0.804 S3 2.60 0.45 0.649
TPA S8 3.31 1.25 0.944 S3 2.63 0.41 0.612
CL-series AN S15 3.41 0.75 0.823 S3 2.63 0.62 0.758
DPA S11 3.29 0.62 0.761 S2 2.47 0.37 0.573
TPA S12 3.23 0.69 0.798 S3 2.49 0.50 0.685
AJ1-series AN S5 2.68 0.92 0.880 S5 2.68 0.92 0.880
DPA S3 2.67 1.22 0.939 S3 2.67 1.22 0.939
TPA S7 2.80 1.09 0.919 S3 2.45 0.56 0.727
AJ2-series AN S11 3.00 0.78 0.833 S4 2.24 0.19 0.358
DPA S11 3.12 0.91 0.877 S1 1.88 0.17 0.331
TPA S9 2.84 0.81 0.846 S1 2.00 0.17 0.325

“ Oscillator strength. * Light-harvesting efficiency calculated using the formula LHE = 1 — 107, where fis the largest absorption intensity (oscillator

strength) of the sensitizer at major or maximum absorption peaks.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Natural transition orbitals (NTOs) and electron—hole separations (EHS) of the first excited states in ZSC dyes®
NTO® EHS®
b d
Ecal Eeb . R
Dye (eV) Hole Electron Population (eV) L(A) t(A)
YD-AN 2.215 99.4% 2.381 N _j 7.489 4.005
YD-
0
DPA 2.157 98.8% 2.830 5.401 2.185
YD- 2.265 99.3% 2.098 8.668 4.780
TPA . r O . . .
CL-AN 2.257 99.4% 2.161 6.445 2.450
CL- 2.316 99.1% 2.490 4.887 1.234
DPA . . 0 . . .
CL- 2.265 99.4% 1.890 7.868 3.783
TPA . B (] . . .
AJ1-AN 2.303 99.3% 2.085 6.201 1.679
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Table 2 (Contd.)

5 NTO® 4 EHS®
Ecal Eeb . R
Dye  (eV) Hole Electron Population (eV) L(A) t(A)

AJ1-

0,
bpa 2354 99.2% 2.401 4.622 0.347
AJ1- .
oA 2214 98.6% 1.662 8.007 3.632
AJ2-AN 1.987 99.5% 2.125 4.879 1.910
AJ2-
.79 2.342 . 912
DPA 98.7% 3 3.933 0.9
s ? < = ’§ . "&‘
1
)‘ v
AJ2-
1.997 99.2% 1.918 4.708 1.837
TPA °

UGNV

“ The results were computed at the TD-B3LYP/6-311G(d,p) level of theory and the orbitals were plotted with isovalue = 0.05. ? E, denotes to the
lowest-energy vertical excitations. © The NTOs shown account for >98.6% of the respective total excitation process. ¢ E., denotes to exciton
binding energy. ¢ Those orbitals colored in blue represent depletion of electron density, while that in orange represent increment of electron
density. L represents the charge transfer distance. The ¢ index represents the degree of electron-hole separation.

to AN- and TPA-derivatives, leading to less favorable intra- hole separation. This fact clearly explains the aforementioned
molecular charge transfer of DPA-containing dyes. For instance, trend observed for predicted UV-vis absorption (vide supra).
the CL-series dyes possess computed L of the trend CL-DPA Furthermore, the more red-shifted AJ2-series dyes appear to
(4.887) < CL-AN (6.445) < CL-TPA (7.868). The same observation have calculated L and ¢ indexes relatively shorter than that for
was obtained for the parameter ¢ corresponding to electron- AJ1-, YD-, CL-series dyes. The fact is possibly due to orthogonal

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 2501-2513 | 2509
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Fig.7 Correlation of HOMO energies with the first excitation energies
for ZSC molecules.

orientation of two D and one A groups in m-shaped AJ2-dyes. By
using EHS approach, center of mass for the hole density will be
in a close proximity with that for electron density in AJ2-series
dyes, leading to underestimation of separation indexes.

Finally, the population of mono-cationic charge within a dye
were monitored, as shown in Fig. S7.f In the case of DPA-
derivatives, the four series of dyes show substantial accumula-
tion of positive charge at ZnS moieties. For TPA- and AN-
derivatives, on the other hand, the positive charge is evenly
populated at both arylamine and ZnS moieties. The difference
in cationic charge population is considered to bring certain
impact on dye regeneration.”’

Conclusion

In summary, this work focuses on density functional and time-
dependent density functional approaches for examining four
series of zinc-salophen complexes (ZSC) as novel dye system
toward dye-sensitized solar cell (DSSC) applications. The regio-
specificity was found clearly for these ZSC dyes in terms of
HOMO energies, vertical excitations, and charge transfer

Salophen 7,8-positions
dominate HOMO & alter LUMO

AJ1/AJ2
(s
=N_ N= cL
3 Zn 12
0] (o]
2 13
YD

Salophen 2,3,12,13-positions
dominate LUMO

Fig. 8
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properties. The AJ2-series dyes with disubstituted anilines (AN),
diphenylamines (DPA), and triphenylamines (TPA) all exhibit
much broader UV-Vis absorption together with red-shifted Ay,
compared to AJ1-, YD-, and CL-series dyes. The AJ1-series dyes
have the absorption with the largest extinction coefficients
when compared to the rest series of dyes, as concluded from the
calculations at gas-phased B3LYP/6-311G** level. With the para-
(EBAS) phenyl-
enediimine 7,8-positions, there exists significant linear rela-
tionship between HOMO energies and lowest-energy excitation
energies (E.,), as shown in the case of AJ1- and AJ2-series dyes.
In a different manner, when EBAs are functionalized at phen-

ethynylbenzoic acids functionalized at

oxide 3,12,2,13-positions, the corresponding E., does not
notably affected by varied HOMO energies which in turn origi-
nated from substitution of different donor groups. All the ZSC
dyes in this study have HOMO energies (from —4.94 eV to —5.76
eV) lower than the reference dye YD2-0-C8 (—4.83 eV). This
enables the employment of cobalt(u/u)- and copper(i/u)-based
electrolytes with higher redox potentials such that DSSC devices
with larger theoretical open-circuit voltage (Voc) can be ach-
ieved. Furthermore, as evidenced in the frontier MOs, func-
tionalization of zinc-salophen (ZnS) moiety at 7,8-positions
will have dominate and minor influences on HOMO and
LUMO energy levels, respectively. Whereas functionalization
at ZnS 2,13,3,12-positions will have influences primarily at
LUMO level. Consequently, substitution of EBAs and varied
donor groups at difference positions, as exampled by YD-, CL-,
AJ1-, and AJ2-series dyes, will result in different outcome
concerning HOMO energy levels and calculated E., as illus-
trated in the table shown in Fig. 8. Finally, NTO approach
reveals that the CL-, AJ1-, and AJ2-series dyes show lowest-
energy excitations with sufficient charge transfer properties
leading to efficient electron injection, while YD-series dyes do
not. In the case of CL- and AJ1-series dyes, electron-hole
separation (EHS) approach displays that the DPA-derivatives
have shorter charge transfer distances (L) than AN- and TPA-
derivatives, showing poorer intramolecular charge transfer
properties. The calculated exciton binding energy (Eep)
confirms the strength of CT character in a trend of TPA-
derivatives > AN-derivatives > DPA-derivatives.

EBA positions Am positions Bandgap
Top
fixed HOMO; varicc)iﬂI?LTMO varied
altered LUMO
Top
S o varied HOMO;  fixed
altered LUMO
Bottom
Bottom (methoxy on top) fixad
fixed LUMO fixed HOMO;

altered LUMO

Influences of Am- and EBA-substitution on molecular properties of ZSC dyes.
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Computational details

The ground-state geometries of the dyes were optimized using
B3LYP with the 6-311G(d,p) basis set for all the molecules.
When noted in the main text, modeling of the solvent effect in
THF was taken into account by means of the conductor-like
polarizable continuum model (C-PCM) and tetrahydrofuran (e
= 7.4257) as the medium.” Frequency calculations were carried
out at the same level of theory as geometry optimization to
confirm successful optimization of the geometries to stable
points. Time-dependent density functional theory (TDDFT)
calculations were performed on all molecules using 6-311G**
basis sets, while hybrid functional, B3LYP, as well as range-
separated functional, LC-PBE0, wB97XD, and LC-BLYP were
employed both with and without the inclusion of C-PCM. We
also evaluated the w values of LRC functionals where 0%
Hartree-Fock exists in the short-range to probe the suitable
short-range criteria for non-Coulomb part of exchange. The
range-separation parameter » was set to 0.30, 0.30 and 0.47 a.u.
for LC-BLYP, CAM-B3LYP and wB97XD functional following the
scheme described in the literature.®® All calculations were per-
formed with the Gaussian 16 program package.*® The resultant
vertical excitation profile is followed by simulation of absorp-
tion spectra using SWizard software with a full width at half
maximum of 3000 cm™".* Natural transition orbital (NTO),
intramolecular charge-transfer characteristics, charge density
difference plots, and exciton binding energy were analyzed with
Multiwfn program®” to compare the abilities of charge transfer.
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