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In this study, we designed squaraine-based dyes with a 2-amino pyrrole donor unit and acene groups like
anthracene and pentacene. These dyes incorporate three different electron-withdrawing groups -
cyanoacrylate (Al), phosphonate (A2) and boronic acid (A3) — as linkers to the TiO, semiconductor. The
spectroscopic, electronic and photochemical properties of these compounds were investigated using
density functional theory (DFT) and time-dependent density functional theory (TDDFT) simulations.
Compared to the squarylium dye, SQD, the UV-vis data indicate excellent absorption especially for
pentacene-based dyes, which extended beyond 920 nm, enhancing the panchromatic effect. The
calculated excited-state lifetimes of these dyes were notably longer than SQD, particularly for those
containing pentacene and either Al or A2 withdrawing groups, with lifetimes approximately four times
longer. In contrast, boronic acid derivatives had shorter excited-state lifetimes, hindering charge transfer.
Simulations suggest all sensitizers can inject electrons into TiO, and be efficiently regenerated by
electron transfer from the electrolyte. The best results were achieved with pentacene and Al or A2 as
linkers, notably Al dyes achieve superior short circuit photocurrent, Jsc, and power conversion efficiency,
PCE, with over 50% improvement compared to SQD. Phosphonate derivatives exhibited the highest

energy adsorption on TiO, while still achieving significant open-circuit voltage, Vo, Jsc, and PCE values.
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Accepted 27th July 2024 After surface adsorption, all dyes displayed efficient electron recovery, with HOMO levels significantly

dropping below —4.8 eV. Our study demonstrates that computational design can significantly enhance
experimental work, offering valuable insights to improve dye design and boost the performance of dye-
sensitized solar cells.
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1. Introduction

Solar energy, thanks to its main characteristics such as abun-
dance and renewability, has the potential to satisfy global
energy demand while respecting the environment. By means of
photovoltaics (PV) it is possible to directly convert sunlight into
electricity, through solar cells. Traditional ones, made of crys-
talline silicon, represent the most widespread technology, but
have some limitations, including the high production cost and
poor flexibility. Dye-sensitized solar cells, DSSCs, also referred
to as Gratzel cells, are a well-established solar energy conversion

“Department of Chemical Science University of Catania, Via S. Sofia 64, 95125, Italy.
E-mail: giuseppe.consiglio@unict.it

*Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznanskiego 8, 61-
614 Poznarn, Poland

‘InfoBiotech S.r.1, Via del Bersagliere, 45, 90143 Palermo, Italy

‘Department of Drug Science and Health University of Catania, Via S. Sofia 64, 95125,
Italy. E-mail: gforte@unict.it

T Electronic  supplementary  information
https://doi.org/10.1039/d4ra05322b

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

technology. They offer a promising alternative to conventional
silicon-based solar cells. A key component of DSSCs is the
photosensitizer, which is crucial for photon absorption and
initiating the charge separation process." Photosensitizers are
generally divided into three primary categories: ruthenium(u)
complexes,”® zinc(u) porphyrin derivatives,”™ and metal-free
organic dyes. Notably, metal-free organic dyes have gained
substantial attention because of their economical production
processes and reduced environmental impact. In recent years,
the conversion efficiency of organic solar cells has been signif-
icantly improved, as have their stability and durability. In order
to harvest the entire solar spectrum as efficiently as possible,
organic dye molecules that absorb strongly in the near-infrared
regions, NIR, and infrared regions are looked-for. Among
several types of sensitizers, squaraine dyes are attracting many
attentions." Squaraine dyes are fascinating molecules charac-
terized by an electron deficient four membered aromatic ring
derived from squaric acid. Probably, the most important reason
of increasing attention of squaraine dyes is that they have
intense and broad absorption in the visible and NIR regions.
Furthermore, they possess very high optical densities and molar
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extinction coefficients.*** In previous papers, dye-sensitized
solar cells, DSSCs, have been prepared through the insertion
of thiophene, pyrrole, thiazole, and indole moieties into
squaraine dyes.’**® Intramolecular charge transfer (ICT) and
light harvesting could lead to increase of efficiency, especially
through bridge elongation, and/or push-pull strategies.'®*
Rajbhoj et al* have investigated the structural, electronic,
photo-electrochemical, and charge transport properties of two
indole-based squaraine chromophores (SQ1 and SQ2) by means
of density functional theory (DFT). The effect of -COOH and -
OCHj; substituents on SQ1 and SQ2 dyes was studied. They
found that methoxy group rises while carboxylic one decreases
the energies of HOMOs and LUMOs, leading to a greater open-
circuit voltage, V,., for SQ1 and SQ2 compared to dye-nitro and
cis-SQ dyes. Recently, Yang et al. reported a novel D;-A-D, type
indole-based squaraine dye containing dithieno[3,2-b:2',3'-d]
thiophene (DTT). In contrast with the standard D;-A-D, type
squaraine dye without DTT, they obtained a red shift of the
absorption band, a lower optical bandgap, and a deeper HOMO/
LUMO energy level, which is attributed to its larger planar
molecular geometry.*® As m-extended dye sensitizers usually
have long dipole moment, dipole-dipole interactions between
the dye molecules are facilitated on the semiconductor surface.
This dye-dye interaction is responsible of absorption broad-
ening, but the role of the assembled molecules to the power
conversion is poor. Such self-assembly of sensitizers through
dye-dye interactions on the TiO, surface diminishes the DSSC
performance, even if it helps the broadening of the absorption
profile of the sensitizing dye.” Punitharasu et al”® have
designed a conjugated cis unsymmetrical squaraine dyes, with
carboxylic and cyanoacetic moieties as anchoring groups, and
with steric and electronic features that control self-assembly
and panchromatic light absorption. The presence of out-of-
plane long alkyl chains on sp® carbon and coplanar N-alkyl
chain played a central role in controlling the aggregation of the
dye molecules on the surface. Furthermore, the cis-squaraine
moiety extends the conjugation, resulting in panchromatic
incident photon-to-current conversion efficiency, IPCE, profile
and NIR absorption. Panchromatic absorption in the range
300-850 nm is central for obtaining high-performance organic-
based DSSCs. Unfortunately, attaining it with a single organic
molecule is very hard, as only a few examples have been
published.*** A possible solution is a co-sensitization of
different molecules which display absorption in different
portions of the UV-NIR range.**** For this purpose, a molecular-
engineering approach is essential to get organic molecules with
selective absorptions and combine them together to attain
panchromatic absorption. Recently, co-sensitization was used
to obtain panchromatic absorption over the whole visible
spectrum and to get a high performance DSSCs.** An interesting
example of panchromatic absorption using three different
organic molecules, have been recently reported. In this paper,**
co-sensitization of dye Y1, dye TP,A, and a squaraine based dye
HSQ4 gave panchromatic absorption in the 300-820 nm range.
The Y1 + TP,A + HSQ4 dyes DSSC shows high values of short
circuit photocurrent, J,. open-circuit voltage and power
conversion efficiency, PCE. The IPCE spectrum of the DSSC
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indicates an improved efficacy of the injection compared to
each single dye and TP,A + HSQ4 dyes. This DSSC shows
a panchromatic absorption with an IPCE >70% in the range
300-820 nm, suggesting their usage in indoor applications. In
recent computational research, our group examined the opto-
electronic features and efficiency of a new class of D-m-A dyes
for DSSC. The m-bridge included a linear carbon chain, with
cyanoacrylic acid functioning as the acceptor and 2-amino
pyrrole serving as the donor group.*>*® The top calculated
performance yielded a PCE of 21.29%. We further analyzed the
charge transfer efficiency of the 2-amino pyrrole donor group in
conjunction with various electron-attracting groups. Pairing 2-
amino pyrrole with the innovative electron-attracting group
pyrimidin-pyridinium salt, improved characteristics over
groups like phenothiazine and cyanoacrylic acid.*” Neverthe-
less, UV-vis spectra showed a limitation at about 550 nm
causing significant solar energy loss. To extend absorption and
design panchromatic-active sensitizers in the far-red and near-
infrared regions, we added acene groups into the donor
segment, motivated by previous research indicating that acenes
broaden and red-shift absorption. This modification resulted in
new structures with panchromatic characteristics, with
absorption extending into the near IR region and outstanding
predicted PCE values of about 30%.** A major challenge in
further improving the efficiencies of DSSCs is their inadequate
absorption in the far-red/NIR spectrum. Visible light, spanning
350-700 nm, makes up around 45% of the solar energy that
reaches the earth's surface, while red/NIR light, covering 600-
1000 nm, comprises roughly 25%. To increase the current
output of these devices, it is essential to design materials and
molecules that can effectively utilize the entire solar spectrum.
Therefore, converting NIR radiation into electricity is a key
objective in the advancement of DSSC technology.*>** In this
work, we build upon previous research to design derivatives of
squaraine, aiming to enhance their performance. Specifically,
we modified the donor group by introducing the 2-amino
pyrrole derivative, along with acene group such as anthracene
and pentacene. Additionally, we considered cyanoacrylate (A1)
and two others widely used acceptor groups for TiO, anchoring,
the phosphonate group (A2) and a boronic acid derivative (A3),
to evaluate their potential advantages.®~>® The resulting struc-
tures are shown in Fig. 1. Our ultimate goal is to contribute to
the ongoing efforts to achieve sustainable and efficient solar
energy conversion technologies.

2. Methods

Molecular simulations of the investigated dyes were performed
using the Gaussian 16 program package.?” The geometries were
fully optimized utilizing the B3LYP functional with the 6-
311+G(2d,p) basis set. To compute UV-vis spectra, the TD-DFT
approach with the same basis set was applied, focusing on
the lowest 15 singlet-singlet transitions. The CAM-B3LYP
functional was chosen due to its reliability in producing UV-
vis spectrum that closely match experimental data for the
squarylium dye III, SQD, considered as reference compound.®**°
Additionally, for comparison, wB97XD and M062X functionals

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structure of the designed dyes.

were considered, as they provide highly accurate electronic
excitation energies.®®* The results obtained yielding very
similar absorption spectra. Solvation effects were included
using the solvation model based on density, SMD. In our
previous study, we observed minimal differences in UV-vis
absorption values and intensities when comparing the SMD
model to the conductor-like polarizable continuum model, C-
PCM, and integral equation formalism of the polarizable
continuum model, IEFPCM.** Acetonitrile was selected as the
solvent based on evidence from various studies suggesting that
highly polar and aprotic solvents, are the optimal choice for
DSSCs, due to their effectiveness in promoting dye adsorption
and facilitating electron injection.®® For modeling the semi-
conductor, a (TiO,),4 cluster was selected, derived from the
crystallographic structure of TiO, anatase by cleaving the (1 0 1)
surface. The dyes were anchored to the TiO, surface by bonding
two oxygen atoms from the anchoring group, e.g. cyanoacrylate,
phosphonate, boron acid, to two titanium atoms. This approach
is supported by prior studies that consistently demonstrate the
bidentate mode as the most stable binding geometry.>*%% It's
worth mentioning that the (TiO,), cluster has been shown to be
the smallest acceptable model capable of accurately replicating
the physical parameters of a real TiO, semiconductor. Thus, the
size of the cluster proposed here can be considered represen-
tative model of TiO,.**”* The geometry optimizations of
Dye@(TiO,);, were conducted using LANL2DZ effective core
potential and its accompanying basis set for Ti atom, while the
other atoms were treated with the double-£ basis set 6-31G(d)
and the so-called dispersion-corrected B3LYP functional,
B3LYP-D3, recommended for accounting for weak interactions,
including van der Waals dispersive forces,”””® which play
a significant role in the adsorption process between the TiO,
surface and the dye. The solvation effect was considered using
the SMD model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.1 Theoretical background

The efficiency of dye photosensitizers is determined by their
photoelectric conversion efficiency, PCE or 1, which measures
the amount of sunlight converted into electrical energy by dye.
This efficiency can be evaluated using the formula:™

Jsc’ Voc
n=—p—

in

FF (1)
where P;, denotes the incident solar power on the cell, FF
represents the fill factor whose value can be approximated using
the following equation:™

or (s om)

KB B

FF = e @
kgT

where e is the elementary charge of the electron, kg represents
the Boltzmann constant at the temperature 7 (300 K) and V. is
the theoretical estimation of the open-circuit voltage which can
be approximated by the following expression:”

(3)

e Vo = ELumo — Ecs

where E;ymo is the LUMO energy of dyes and E¢g is the energy
of the conduction band of TiO,

The short circuit current, J, is determined using the
following expression:”®

Jse = e'_[LHE(A)@injnregncollﬂph.AM 1.5(}(/1)(-‘1;k (4)

the integration occurs within the wavelength range of 280 to
920 nm. In this context ¥, am 1.56 corresponds to the photon
flux under AM 1.5G solar spectra irradiance, @;,; stands for the
electron injection efficiency, 7., is the dye regeneration effi-
ciency and 7., denotes the electron collection efficiency.*** In
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the optimal condition @i = Nreg = Neon = 1, which is the case we
have considered here.

The light harvesting efficiency, LHE, is related to the dye
absorption region through the equation:

LHE(}) = 1 — 10 —*®T (5)
where ¢(1) represents the molar absorption coefficient at
a specific wavelength, while I' is the surface loading of dye,
calculated as the product of dye concentration ¢ and TiO, film
thickness b. A very low value of 20 nmol cm™> was chosen (the
same value is applied in all cases since the molecular sizes vary
slightly, with minimal impact on surface coverage) to place us in
the most “unfavorable loading conditions”, as an increase in
this parameter significantly increases the LHE value and
consequently Jsc.

3. Results and discussion

3.1 Frontiers molecular orbitals analysis and absorption
spectra

DSSCs offer a hopeful avenue for maximizing solar energy
utilization, where the energy characteristics of the dye sensi-
tizers are pivotal in dictating their efficacy. A fundamental
requirement involves ensuring that the LUMO energy level
aligns suitably to facilitate the seamless injection of electrons
into the conduction band (CB) of the semiconductor. Moreover,
achieving an optimal energy level for the HOMO is imperative to
ensure efficient electron harvesting. In Fig. 2 an illustrative
depiction of the energy landscape pertaining to the molecular
orbitals of the analyzed dyes is reported. The presence of the
pyrrolic group as an electron donor consistently leads to an
increase in the energy value of the HOMO, slightly exceeding
—4.8 eV, the redox potential of the electrolyte I"/I;™ relative to
the vacuum level,” in all cases. In greater detail, the impact is
significantly accentuated with the introduction of the penta-
cene group in combination with the cyanoacrylic and
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phosphonate acceptor groups. While this arrangement may
appear to compromise efficient electron recovery, this aspect
will be revisited in models where the dyes are adsorbed onto the
surface of TiO,. Every LUMO level resides notably higher than
the conduction band CB of TiO, (—4.0 eV)”® exhibiting energy
differentials substantially surpassing 0.2 eV. This discrepancy is
approximately equivalent to the threshold above which electron
injection is thermodynamically favorable.”

Comprehending the absorption characteristics of dye
sensitizers stands as a pivotal step in enhancing their efficacy
within DSSCs. Fig. 3 depicts the UV-vis absorption spectra of the
studied dyes, showcasing a prominent peak in the visible region
for both acene-unsubstituted and anthracene substituted
compounds, characterized by significant intensity due to the
HOMO — LUMO transition, suggesting the intramolecular
charge transfer, ICT, see Table 1 and Fig. 2. Derivatives
featuring the pentacene group exhibit UV absorption beyond
800 nm attributable to ICT transfer, alongside a less
pronounced band around 500 nm, contributing to the light
harvesting efficiency, LHE, value. A secondary band below
400 nm is also observed in most cases, albeit likely making
a minor contribution to LHE considering the low solar irradi-
ance at those wavelengths. In reference to optical properties,
moderate effects are observed due to the substitution of the
electron-attracting group. For the boronic acid derivatives, A3,
absorption occurs at a longer wavelength compared to A1 and
A2 when the acene group is introduced. This shift is due, on one
hand, to the hyperconjugation of the aromatic system with the
empty p orbital of the boron atom. Additionally, the presence of
the boronic acid group can facilitate ICT, significantly affecting
the absorption properties and resulting in a red shift due to the
new electronic interactions and transitions. In compounds
bearing pentacene the phosphonic group, results in absorption
at longer wavelengths than the cyanoacrylic derivative, while in
derivatives substituted with anthracene, this behavior is
reversed. Compared to SQD, the absorptions in the visible
region of both the unsubstituted and anthracene-substituted
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Fig. 2 Selected MOs energy levels in acetonitrile
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solvent for the designed dyes at B3LYP/6-311+G(2d,p)/SMD level together with SQD as
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Fig. 3 Absorption spectra of dyes in acetonitrile at TD-CAM-B3LYP/6-311+G(2d,p)/SMD level. The spectra are Gaussian broaded with 0.35 eV

(half width half maximum).

dyes occur at shorter wavelengths and exhibit comparable
intensity. However, the absorption bands observed below
400 nm show significantly higher intensity than the reference.
The UV-vis spectra calculated using wB97XD and M062X func-
tionals for the most efficient molecules containing anthracene
and pentacene closely match the results obtained through the
application of CAM-B3LYP, as shown in Fig. S1.}

The simulated light harvesting efficiency curves, see Fig. 4,
reflects the characteristics of the UV-vis spectra. It is particularly

noted that the SQD shows LHE values close to 1 around 600 nm,
while the investigated dyes, except for the pentacene-
substituted derivatives, exhibit maximum LHE values around
500 nm, which decay more rapidly compared to SQD. On the
other hand, these compounds better utilize solar irradiance in
the region between 400 and 500 nm, where SQD has negligible
LHE values. The pentacene-substituted derivatives show
significant LHE values starting from 700 nm, thus indicating
potential use in co-sensitizing with anthracene derivatives,

Table1 Absorption wavelengths, oscillator strength, main contributions (f > 0.2) to the transitions, J. (MA cm™2), excitation energy £ (cm™) and
life-time of the excited state 1 (ns) are reported for the dyes in acetonitrile at CAM-B3LYP/6-311+G(2d,p)/SMD level

A
Main contribution
Compound nm ev f to the transition Jse E T
PSQA1 546.95 1.68 H — L (94%) 16.45 18 389.60 2.53
PSQA2 510.66 1.79 H — L (93%) 14.13 18 631.56 2.32
PSQA3 529.44 1.92 H — L (93%) 15.98 25971.27 1.11
PASQA1 566.21 1.90 H — L (83%) 22.17 17 663.69 2.43
354.60 0.32 H-2 — L (58%)
PASQA2 560.10 1.78 H — L (82%) 20.47 17 825.00 2.55
PASQA3 598.11 0.64 H — L (22%) 18.44
562.56 1.42 H — L+1 (88%) 25003.40 1.62
442.94 0.26 H-1 — L+1 (68%)
378.89 0.42 H—-1 — L+2 (36%)
PPSQA1 814.98 1.03 H — L (96%) 24.81 12 259.73 9.30
484.52 0.58 H — L+1 (78%)
453.50 0.21 H-1 — L (78%)
361.45 0.24 H — L+2 (82%)
331.20 0.22 H-2 — L+1 (79%)
311.80 2.61 H — L+4 (50%)
PPSQA2 881.06 1.05 H — L (97%) 23.15 11 372.50 10.60
486.88 0.55 H-1 — L (60%)
474.11 0.22 H — L+1 (53%)
364.40 0.27 H — L+2 (78%)
318.61 0.74 H—2 — L+1 (42%)
315.12 1.70 H — L+4 (38%)
PPSQA3 918.44 1.15 H — L+1 (66%) 22.78 21615.84 2.68
376.03 1.06 H — L+2 (52%)
SQD 622.13 1.95 H — L (97%) 19.06 18147.60 2.24

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 LHE (1) curves of selected dyes (I' = 20 nmol cm™2 is taken in all cases). AM 1.5G solar spectrum is reported in grey.

resulting in a panchromatic effect that spans extensively from
400 to well beyond 920 nm into the NIR region. The short circuit
photocurrent is a critical performance metric for DSSC devices
and is directly proportional to light harvesting efficiency value,
as determined by the eqn (4) provided above. Under optimal
conditions, where the injection efficiency and the charge
collection efficiency are both equal to 1, the /. values listed in
Table 1 are obtained. These results demonstrate that incorpo-
rating the acene group enhances the performance of this indi-
cator. Specifically, the pentacene group yields the best results
compared to anthracene group. The highest J. values are ob-
tained when the acene group is combined with anchoring group
A1l. However, significant results are also achieved with A2 and
A3, particularly considering that all dyes featuring acene
moieties exhibit higher Js. values compared to the reference, for
which we calculated a value of 19.06 mA cm™ 2.

Fig. 5 illustrates the spatial arrangement of the frontier
molecular orbitals, showing electron density transition via the
m-linker from the dye-donor region in the HOMO to the
acceptor region in the LUMO, thereby promoting the ICT
process. The overlap between the HOMO and LUMO orbitals
along the m-linker indicates strong induction and electron-
withdrawing capabilities of both donor and acceptor compo-
nents, thereby further enhancing the charge transfer.

The lifetime of the excited state, 7, is another crucial factor in
determining the efficiency of charge injection to TiO,. A longer
excited state lifetime allows the dye to remain in its cationic
form for an extended period, which is beneficial for charge
transfer. This prolongation will retard the charge recombina-
tion process increasing the efficiency of charge collection thus
enhancing the performance of DSScs.**** t can be calculated
using the following equation:

T = 1.499/(f- E?)

where E represents the excitation energy of the different elec-
tronic states (in em™") and f is the oscillator strength of the

24190 | RSC Adv, 2024, 14, 24185-24195

electronic state. The computed values of 7 for all investigated
dyes are presented in Table 1.

According to the table, with the exception of the boronic acid
derivatives, the dyes with the pentacene group maintain their
cationic state longer, about four times longer than SQD,
resulting in higher charge transfer efficiency and improved
DSSC performance. The A3 anchoring group plays a negative
role, likely due to the presence of the boron atom, a Lewis acid,
which significantly destabilizes the cationic form. The anthra-
cene group provides performance comparable to the reference.

3.2 TiO,-dye adsorption

To analyze the electron transfer mechanism at the interface, we
concentrated on the adsorption complexes on surface semi-
conductor. In every scenario, we examined the bidentate
bridging configuration, recognized as the most stable adsorp-
tion mode for carboxylic, phosphonic and boronic acid groups
as evidenced by previous studies.**** This model posits that the
sensitizer attaches to the semiconductor via two O-Ti bonds,
while the proton from the acid group is transferred to the
nearest double-coordinated oxygen atom on the surface. The
calculated adsorption energies, presented in Table 2, reveal
robust interactions between the dyes and the TiO, surface.
Consistent with literature the phosphonic derivatives exhibit
the highest adsorption energy values, followed by the cyanoa-
crylic group and the boronic acid derivative. The adsorption
energies are evaluated as follows:

E.4s = Epyeartio, — (Etio, T Epye)

Fig. 6 presents the Partial Density of States (PDOS) for the
dyes@TiO, interfaces. Upon adsorption, the LUMO energy
levels of all sensitizers are consistently located above the
conduction band of TiO,, ensuring an adequate driving force
for electron injection into the semiconductor's conduction
band, see Table 2. Additionally, the HOMO energy levels shift to
lower values after adsorption, increasing the energy difference

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05322b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 August 2024. Downloaded on 11/23/2025 8:26:52 AM.

(cc)

Paper

¥}

PASQAI - H

View Article Online

RSC Advances

PPSQA3-L

Fig. 5 Frontiers molecular orbitals of HOMO and LUMO of the dyes in acetonitrile at TD-CAM-B3LYP/6-311+G(2d,p)/SMD level. The surfaces

are generated with an iso value at 0.02.

relative to the electrolyte redox potential (—4.8 eV). This shift
supports favorable ground-state dye regeneration, which
significantly enhances the open-circuit voltage and thus the
overall device performance. Prior to adsorption, the examined

© 2024 The Author(s). Published by the Royal Society of Chemistry

dyes exhibit positive AG™® values, indicating that the regener-
ation process is thermodynamically unfavorable for these
sensitizers. After adsorption efficient dye regeneration are ob-
tained, AG™® values become negative and within the range of

RSC Adv, 2024, 14, 24185-24195 | 24191
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Table 2 Adsorption energies, E,qgs, €nergy levels and driving forces for the investigates dyes@TiO, complexes (energies in eV)

Compound Eags HOMO LUMO AG™ AG™E “ Voe FF PCE (%)
PASQA1@TiO, —0.87 —5.14 —2.51 -1.07 —0.34 1.49 0.913 30.16
PASQA2@TiO, -3.01 —5.13 —2.47 —1.08 —0.35 1.53 0.915 28.66
PASQA3@TIO, —0.81 —5.12 —2.24 —1.08 —0.32 1.76 0.924 29.99
PPSQA1@TiO, —0.84 —5.06 -2.36 —0.46 —0.26 1.64 0.920 37.43
PPSQA2@TiO, —2.97 —5.08 —2.45 -0.33 —0.28 1.55 0.916 32.87
PPSQA3@TiO, —-0.77 —5.10 —-2.36 —0.25 -0.30 1.64 0.920 34.37
SQD@TIO, —0.85 —5.07 —2.57 —0.73 —0.27 1.43 0.910 24.82

aAGTeE = Eredox—electrolyte _ on-dye'

—0.26-0.35 eV. AG™ is the free energy involved in the electron Eoxdyex — pox-dye g o
injection process, and is given by:
Here ¢ is the oxidation potential of the dye in its ground
AG™ = EoXOe* _ Eog state and E,_, is the vertical electronic transition energy corre-

sponding to Anay. Generally, lower AG™ values indicate higher
where Ecg is the reduction potential of the TiO, conduction efficiency in electron injection.

xdyes § dati : . :
band (4.0 eV) whereas E° is the oxidation potential of the The UV-vis spectra recalculated after adsorption onto the
dye in its excited state and can be computed as: surface show a red-shift of the bands compared to the free dyes,
35 35
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30{ —TiO, 30{ —TiO,
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Fig. 6 Calculated PDOS for PASQA1, PASQA2, PASQA3, PPSQA1L, PPSQA2 and PPSQA3.
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Fig. 7 Absorption spectra in acetonitrile of dyes@TiO, at TD-CAM-
B3LYP/6-31G(d)/LANL2DZ/SMD level. The spectra are Gaussian
broaded with 0.35 eV (half width half maximum).

see Fig. 7. The natural transition orbitals of the dyes after
binding with TiO, are shown in Fig. S2.T Main contributions to
the SO — S1 transition indicate that the HOMO and LUMO
levels of dyes@TiO, are localized to the sensitizers, retaining
the character of the isolated dyes. Most of the LUMO+n levels
(where n = 4) are centered on the substrate and exhibit the same
characteristics as TiO,, indicating no coupling with the semi-
conductor's conduction band. Interacting orbitals are observed
at the L+1, L+2, and L+3 energy levels, see Fig. S2,T showing that
electron distribution is delocalized between the dyes and the
TiO, surface, which signifies electron transfer to the semi-
conductor via the anchoring group, resulting in direct electron
transfer.

Considering the values reported in Table 2, it is observed
that all the investigated dyes exhibit better performance than
the reference, with the introduction of the pentacene group
increasing the efficiency by over 50% compared to SQD.

4. Conclusions

We performed an extensive DFT study on the spectroscopic and
photoelectric characteristics of newly designed squaraine-based
dyes. These molecules feature a donor group made up of 2-
amino pyrrole, an acene group positioned near the donor, and
three distinct anchoring groups: cyanoacrylate, A1, phospho-
nate, A2, and a boronic acid derivative, A3. UV-vis data indicate
that dyes with pentacene exhibit excellent absorption properties
extending beyond 920 nm, which significantly enhances the
panchromatic effect. These dyes also have longer excited-state
lifetimes than the reference SQD, with pentacene-containing
dyes featuring A1l or A2 groups showing lifetimes about four
times longer, which improves charge transfer. Conversely, the
boronic acid derivatives exhibited shorter excited-state lifetimes
than the reference, indicating impaired charge transfer despite
their superior optical properties. The most promising results
were obtained with dyes containing pentacene combined with
A1 or A2 anchoring groups. Notably, dyes featuring A1 exhibited
the highest Ji. and PCE values in their series. Phosphonate
derivatives showed the highest energy adsorption on the surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and significant V., Jsc and PCE values. All dyes demonstrated
efficient electron recovery after adsorption on TiO,, with HOMO
levels dropping significantly below —4.8 eV. The dyes effectively
inject electrons into the TiO, conduction band, supported by
favorable AG™ and AG™® values, ensuring easy regeneration.
These findings highlight the potential of the designed dyes for
use as standalone sensitizers or in co-sensitizing configura-
tions. Their panchromatic characteristics, with absorption
extending into the NIR region, offer significant promise for
advancing photovoltaic technologies.
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