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1. Introduction

Charge transfer properties of novel linear carbon
chain-based dyesf

C

Giuseppe Consiglio, 2@ Adam Gorcynski, (2 ° Salvatore Petralia and

Giuseppe Forte (2) *©

In this study, we designed a series of dyes based on the D-n—A scheme, featuring the novel 2-amino
pyrrole group, D1, as the donor unit, combined with three different acceptor groups: benzothiadiazole
(A2), cyanoacrilic acid, (A3), and a unique pyrimidin-pyridinium salt derivative, Al, not previously employed
in DSSC applications. A linear carbon chain (LCC) of varying lengths was used as the =n-bridge. We
compared the performance of D1 dyes with the well-established electron donor phenothiazine, D2.
Spectroscopic, electronic and photochemical properties of these designed compounds were investigated
through density functional theory (DFT) and time-dependent density functional theory (TDDFT)
simulations. The calculated light-harvesting efficiency (LHE) values showed that Al yielded the best results,
and generally, D1 donors outperformed the reference D2. Additionally, longer LCCs contributed positively
to LHE. The study of electron density difference (EDD) maps showed clear charge transfer from the donor
unit to the acceptor unit in all cases. Dyes with D1 exhibited lower intramolecular reorganization energy
(4) values, indicating faster charge transfer compared to those with D2. Negative free energy injection
values (AG™) were calculated for all sensitizers, signifying efficient electron injection, especially in D2-
containing dyes. However, these compounds exhibited positive free energy regeneration values (AG™9),
implying thermodynamically unfavorable regeneration processes. Conversely, D1-containing compounds
demonstrated favorable values for regeneration. Increasing the length of the LCC positively affected AG"™9
but had a less favorable impact on AG"™. The calculated charge transfer (gct) values revealed that the
most favorable results occurred when pairing the donor with Al, indicating that this acceptor group
promoted charge separation. Simulations of dye@(TiO,);4 anatase complexes indicated that the binding of
the designed dyes to the semiconductor improved their transport properties. In summary, all the
calculated parameters indicated that D1 possesses superior properties for use in DSSC applications when
coupled to Al and, generally, dyes featuring D1 were predicted to perform well in photovoltaic
applications. It is worth noting that AG™9 values may hinder regeneration in D2-containing dyes, despite
their excellent values in other calculated parameters. Our study offers valuable insights for refining dye
design in order to boost the performance of dye-sensitized solar cells (DSSCs).

such as perovskite solar cells and dye-sensitized solar cells
(DSSCs), have come into prominence.” Since their introduction

Solar energy stands out as one of the most accessible and cost-
effective renewable energy sources. Consequently, a wide range
of photovoltaic technologies have emerged to efficiently convert
sunlight into electrical current. While the majority of photo-
voltaic cells in current use rely on silicon," efficient alternatives,
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by Gritzel and O’Regan,® DSSCs have emerged as a promising
technology for efficiently harnessing solar energy to generate
electrical power. They have attracted growing interest due to
their cost-effective manufacturing, distinctive optical and
mechanical properties, and high device efficiency.*” An essential
component of DSSCs is the photosensitizer, which plays a crucial
role in absorbing photons and initiating the charge separation
process.® Over time, extensive research efforts have been devoted
to optimizing dye design with the goal of improving DSSC
performance. These investigations have explored a wide range
of photosensitizers, primarily grouped into three main classes:
ruthenium(n) complexes,” " zinc(n) porphyrin derivatives'>™*®
and metal-free organic dyes. Among these classes, free-metal
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organic dyes have garnered particular attention due to their low-
cost fabrication processes and favorable environmental impact.
This category typically comprises three distinct regions, each
serving a different purpose. First, an electron acceptor moiety (A)
anchors the dye to the semiconducting electrode, ensuring an
efficient electronic coupling between the sensitizers and the
substrate. Second, a linker section (), consisting of a conjugated
system, facilitates electron transfer. Finally, an electron donor
moiety (D), which is located at the free end of the molecule. As a
result, these dyes typically adopt a push—pull structure, denoted
as D-m-A. Various strategies have been explored to optimize both
the electron acceptor and electron donor moieties in order to
achieve higher efficiency and improved performance in photo-
voltaic applications. In order to enhance the efficiency of charge
transfer, the careful selection of appropriate donor-acceptor
pairs is essential. Within this context, the role of the n-linker
holds significant importance. A multitude of innovative metal-
free DSSCs have been developed, utilizing a range of compounds
including triphenylamine, dialkylaniline, coumarin, oligoene,
indoline, perylene, phenothiazine, tetrahydroquinoline, and
carbazole.'®*® Among the assortment of novel metal-free DSSCs,
dyes based on phenothiazine (PTZ) have demonstrated remark-
able performance in DSSC applications. This group of sensitizers
exhibiting strong electron-donating properties, superior to tri-
phenylamine, is arranged in a non-planar butterfly conformation
in the ground state, thus obstructing the molecular aggregation.”
In particular, some reports indicate that DSSCs based on PTZ
dyes display power conversion efficiency (PCE) superior to the
commercial N719 sensitizer under the same fabricating and
testing conditions.*®®’ In combination with the cyanoacrilic
group as an electron-attracting component, the PTZ-based dye
has shown significantly increased photocurrent and PCE when co-
deposited with deoxycholic acid.** Xie and coworkers synthesized
two innovative organic sensitizers utilizing PTZ and oligothio-
phene vinylene as conjugation spacers, which yielded a PCE value
of 5.4%.% Additionally, co-sensitizing a PTZ-containing porphyrin
sensitizer with a metal-free dye resulted in a co-sensitized device,
achieving an efficiency of 11.5%.>* Buene et al. synthesized several
PTZ-based dyes to investigate the impact of auxiliary donors, the
role of the m-spacer, and anchoring units. They found that the
n-spacer is most effective when linked to the 3-position of PTZ,
and thiophene outperformed the phenyl spacer.*® In another
study, the same group explored various sensitizers, featuring
different auxiliary donor groups and determined that pyrene
was the most effective, achieving the highest cell efficiency at
5.36%.%° Han et al. introduced auxiliary acceptors (quinoxaline,
benzothiadiazole, and BTZ) into PTZ-based dyes to enhance
LHE.*” Hua and coworkers developed two novel PTZ-based dyes
with the encapsulated insulated molecular wire as an auxiliary
donor, effectively reducing dye aggregation and improving photo-
voltaic cell performance.®® Two new sensitizers with a D/A-n-D-n—
A framework were introduced by Slodek and coworkers. The D-n—
D-n-A structure exhibited higher PCE, and both dyes achieved
higher PCE compared to the N719-based device.”® A comprehen-
sive review of recent articles concerning the use of PTZ derivatives
in single, double and multi anchoring configurations for DSSC
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applications is offered by Devadiga and coworkers.*® The
acceptor-anchoring groups are mainly represented by cyanoacrylic
moieties which are present in the vast majority of DSSCs with best
performance (see all references reported above). Several research
groups have explored the employment of a benzothiadiazole
group (BTD) with promising outcomes. Yella et al. introduced a
novel porphyrin sensitizer employing a push-pull system that
incorporated this strong electron-withdrawing group. The result-
ing device achieved an impressive efficiency of approximately 13%
when employing a cobalt-based electrolyte.*' Wang and coworkers
linked the BTZ-benzoic acid moiety to a rigidified N-annulated
benzoindenopentaphene through an ethynyl group. This led to an
exceptional efficiency of 12.6% for the DSSC using this dye,
representing one of the highest efficiencies observed for a DSSC
sensitized with a single metal-free dye.*> Recently, Ding et al.
synthesized two new PTZ-based dyes that incorporated the BTD-
benzoic acid unit with a distinguishing ethynyl linkage between
BTD and benzoic acid. The results indicated that the insertion of
an ethynyl group resulted in a more planar structure, leading to
increased dye loading and redshifted intramolecular charge
transfer (ICT) absorption with a higher molar extinction coeffi-
cient obtaining improved photovoltaic performance.*® To investi-
gate the impact of various acceptors with varying amounts of
electron withdrawing groups on free-metal dyes, a series of
organic analogues with alternative acceptors were computation-
ally examined. The authors observed that introducing the BTD
unit into dyes enhanced n-conjugacy, resulting in a redshift in the
UV-VIS spectra and longer excited-state lifetimes. Further investi-
gations demonstrated that the increased presence of BTD groups
in the dyes had an adverse effect on properties such as ICT,
interface electronic transfer, regeneration driving force and
electron-injection efficiency.** The solvent also plays a critical role
in influencing the DSSC properties.*>*® Its primary function is to
dissolve the dye and establish contact with the semiconductor
surface, thereby initiating the adsorption process. Both aprotic
and protic solvents, including acetonitrile, methoxypropionitrile,
dimethylformamide, dimethylsulfoxide, ethanol and water, have
been thoroughly investigated in numerous experimental and
theoretical studies.*>” Several research studies have shown that
aprotic solvents with high polarity, such as acetonitrile, are
the preferred choice for DSSCs. This preference stems from
their ability to facilitate both dye adsorption and electron
injection.*>**>® Our research group recently investigated the role
of linear carbon chains (LCCs) in free metal dyes utilizing
the donor-acceptor pair formed by the 2-amine pyrrole as the
electron-donating group and the cyanoacrylic group as the
electron-acceptor. We thoroughly assessed the optoelectronic
characteristics of these dyes and evaluated their potential perfor-
mance in DSSC applications.>>* In this study, we investigate the
charge transfer efficiency of 2-amine pyrrole, hereafter referred as
D1, in combination with three different electron-acceptor groups,
as illustrated in Scheme 1. As discussed above, two of these
electron-acceptor groups are widely employed in DSSCs, the
BTD derivative, referred to as A2, and the cyanoacrilic group,
referred to as A3. The third group, labeled as A1, is based on a
pyrimidin-pyridinium salt derivative, and, to the best of our

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Molecular structure of the designed dyes.

knowledge, has not been employed in DSSC applications before.
The m-linker between the donor and the acceptor groups is
represented by a LCC of varying lengths (C4, Cg). It is worth
noting that LCCs exhibit electrical conduction and possess unu-
sual optoelectronic properties due to their extensive n-conjugated
system.” > Additionally, they can be easily synthesized and
exhibit long-term stability.*® In this study, the LCC is flanked by
thiophene groups at both ends, as recent literature suggests that
good efficiency has been achieved using dithiophene derivatives
in the m-bridge.®~®> Furthermore, an ethylenic bridge is intro-
duced to link the thiophene ring with the acceptor group, thereby
increasing the planarity of the structure. We assess the charge
transfer efficiency of the D1 group in comparison to that of
the PTZ derivative, hereafter referred to as D2 (see Scheme 1).
This choice is based on the demonstrated excellent results of this
electron-donating group in DSSC applications. Finally, simula-
tions of dye@(TiO,),4 anatase nanocluster systems were carried
out to elucidate the electronic structure at the interface and to
analyze the impact of bonding with semiconductors on electronic
transition and injection. The insight gained from this study can
serve as a valuable reference for the synthesis and optimization of
a novel and more efficient class of metal free dyes for DSSC
applications.

2. Methods

Molecular simulations of the investigated dyes were carried out
using the Gaussian 16 program package.®® The geometries of all
compounds were fully optimized using the B3LYP functional
employing the 6-311+G(2d,p) basis set. For the computation of
UV/VIS spectra, we employed the TD-DFT approach, along with

This journal is © The Royal Society of Chemistry 2024
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the same basis set, considering the lowest 10 singlet-singlet
transitions. It is worth highlighting that as demonstrated
previously, the long range corrected functional, CAM-B3LYP,
has consistently yielded results that align closely with experi-
mental data for compounds with a similar structural
framework.®*®> However, it should be noted that the molecules
under investigation are not currently available for experimental
analysis, consequently, there is a lack of experimental data
available for comparative assessment. In our earlier investiga-
tions, we employed the solvated model based on density (SMD)
to account the solvation effects. When comparing this approach
with the conductor-like polarizable continuum model (CPCM)
and IEFPCM methods, we observed minimal variations in both
UV-Vis absorption values and absorption intensities.”® As a
result, we have consistently adopted this methodology. In order
to model the semiconductor, we selected a (TiO,),4 cluster,
which was carved out from the crystallographic structure of
TiO, anatase by cleaving the (1 0 1) surface. The dyes were
anchored to the TiO, surface through bonding between the two
oxygen atoms of the cyanoacrylate group and two titanium
atoms. This choice is based on previous studies that consistently
demonstrate the bidentate mode as the most stable binding
geometry.®®"®® It's worth mentioning that the (TiO,), cluster has
been proven to be the smallest acceptable model capable of
accurately reproducing the physical parameters of a real TiO,
semiconductor. As such, the size of the cluster proposed here
can be considered a representative model of Ti0,.°*”"" The
optimization of dye®@(TiO,);4 geometries was carried out
employing the effective core potential LANL2DZ and its accom-
panying basis set for the Ti atom, whereas the double-¢ basis set
6-31G(d) together with the B3LYP-D3 functional was selected for
the other atoms. To consider the solvation effect, we utilized the
solvated SMD model. The natural transition orbitals (NTOs) were
visualized using Chimera software, and the Multiwfn 3.8
program’? was chosen to evaluate the transferred charge, gcr,
and the charge-transfer distance, D¢r.

The light-harvesting efficiency (LHE) helps in calculating the
dye’s efficiency and is determined using the equation:

LHE(/) =1 — 10“®" (1)

where ¢(1) is the molar absorption coefficient whose value
depends on wavelength and I’ is the dye loading amount
corresponding to the product of the dye concentration ¢ with
TiO, film thickness b, (I' = ¢ x b). The short circuit photo-
current, /., a crucial performance indicator for DSSC devices, is
directly proportional to the light harvesting efficiency value and
can be determined by the following equation:”?

Jsc = qJLHEu)@mmwusphAMl.sau)dz 2)

where g is the elementary charge of an electron, 3pn.am1.56
stands the photon flux corresponding to the AM 1.5G solar
radiation spectrum. @;,; denotes the electron injection effi-
ciency which depends on the injection time and is defined as
follows:”*
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VAR (3)
(1+2)

Trelax

Tinj iS the injection time and tcjax is the relaxation lifetime of
the dye’s excited states. On the other hand, 7., represents the
electron collection efficiency and its value can be calculated as:

— (4)
)

Heont =
(1 +

where 7., denotes the recombination time, whereas 7y a,s is the
electron-transport time from the CB of the semiconductor to
the electrode. Both ®;,; and 7., are related to free energy
injection and free energy recombination because of the fact
that 7i,; and 1. are the inverses of k.. and ki,;, which,
according to Marcus theory,” are defined as:

L. 2
= _(AGan/rec +;)
e & = RS

where A is a constant, § is the attenuation factor, r is the
electron transfer distance and denotes the reorganization
energy comprising both intramolecular (4;) and intermolecular
(4o) reorganization energies. The intramolecular reorganization
energy quantifies the change in energy associated with the
molecule’s structural reorganization during the charge transfer
process, while the intermolecular reorganization energy charac-
terizes the relaxation of the surrounding medium in which the
charge transfer occurs.”® Due to its significantly smaller values
compared to A, A, is usually neglected.”” J; can be further
divided in hole and electron reorganization energy (i, + Ze)
which can be calculated using the following formulas:”®

(pinj =

Trec

fe = [E°(M) — E-(M )] + [E(M") — E(M)] (6)
In=[E'M) — E'(M")] + [EM") — EM)] ()
Ji= (n + 2e) 8)

where E(M")/E(M™) represents the neutral energy levels of the
optimized cationic/anionic geometries, while E'(M)/E~(M)
denotes the cationic/anionic energies of the optimized neutral
structures.

Finally, kcr is a critical parameter that is related to 4 and, in
the absence of any barrier, can be calculated as:

. T |V12|2 )
ker =\l 7 P\ 2T )

where V;, represents the coupling constant between the potential
curves of the reagent and the product, and it can be determined
using the generalized Mulliken-Hush formalism as”®

o] - AEr
\/(.“1 — ) +4(12)°

where pi;, represents the transition dipole moment, AE;, is the
energy difference, u; and uy, are the adiabatic electronic dipoles.

Vip =

(10)
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3. Results and discussion
3.1 Frontiers molecular orbital analysis and absorption spectra

An essential prerequisite for the potential utilization of dye
sensitizers in DSSCs is the appropriate energy level of the
LUMO, enabling efficient electron injection into the TiO, con-
duction band (CB). Moreover, an optimal HOMO energy level
plays a significant role in facilitating efficient electron collec-
tion. Fig. 1 displays the energy diagram of the selected mole-
cular orbitals for the investigated dyes. This diagram clearly
illustrates that the compounds featuring the amino-pyrrolic
donor group, D1, have HOMO energy levels positioned below
—4.8 eV, which correspond to the redox potential of the
electrolyte I /I;~ with respect to the vacuum level,”® thus
ensuring efficient electron recovery. Conversely, dyes featuring
the PTZ group as the electron-donor, D2, show the HOMO
energy level slightly above —4.8 eV, suggesting that, in these
instances, the recombination process may be hindered. On the
other hand, in all considered cases, the LUMO energy levels are
significantly higher than the TiO, CB, which is at —4.0 eV,
enabling the rapid injection of excited dyes’ electrons into the
semiconductor.

The absorption properties have been calculated for ten
excited states and the dominant electronic transitions are sum-
marized in Table 1, which include information on vertical
electronic absorption energies, oscillator strengths, and maxi-
mum short circuit photocurrent, J;.-max. Fig. 2 displays the UV/
VIS absorption spectra of the investigated molecules, revealing a
prominent absorption peak in the visible region with consider-
able intensity. The main contribution to this peak is due to the
HOMO — LUMO transition and is indicative of intermolecular
charge transfer. Additionally, a secondary, albeit less intense,
absorption band is observed in the UV region across nearly
all cases. Fig. 3 depicts the natural transition orbitals (NTOs) of
the lowest energy excited state for the dyes in question. This
illustration, which indicates rearrangement after the excitation,
demonstrates the favorable inductive and electron-drawing char-
acteristics of both the donor and acceptor groups.

To assess the impact on photovoltaic properties, it is essen-
tial to consider both absorption intensity and the optical

_— — D1P2A1
— D1P4A1
— D1P2A2
— D1P4A2
— D1P2A3
e — D1P4A3
- D2P2A1
— D2P4A1
- — T e — D2P2A2
- - . —— D2P4A2
—— D2P2A3
—— D2P4A3
— 1y
— TiO,

eV

Fig. 1 Selected MOs energy levels for the designed dyes at the B3LYP/6-
311+G(2d,p)/SMD level together with TiO, CB and | /I3~ redox potential.
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Table 1 Absorption wavelengths, oscillator strength, Jec-max (mA cm™2)
under ideal conditions where ®,j = neoy = 1. I' = 30 nmol cm~2 is
considered for all dyes, and main contributions (f > 0.2) to the transitions

of dyes in acetonitrile at the CAM-B3LYP/6-311+G(2d,p)/SMD level

A . I
_— Main contribution
Compound nm ev f Jsemax  to the transition
D1P2A1 549.30 2.26 2.47  21.08 H — L (64%)
389.14 3.19 0.24 H-1 - L (42%)
363.28 3.41  0.25 H — L+1 (34%)
309.52 4.01 0.32 H—2 - L (21%)
D1P4A1 547.36  2.27  2.40  23.02 H - L (58%)
536.54  2.31  0.40 H — L+2 (60%)
426.43 291  0.39 H-1 — L (30%)
358.53 3.46  1.18 H-1 — L+2 (15%)
355.61 3.49  0.38 H—1 — L+2 (33%)
297.46 417  0.34 H-2 — L (31%)
D1P2A2 497.49 249 244  16.07 H - L (51%)
404.05  3.07 031 H - L+1 (47%)
299.51 414  0.30 H-2 - L (21%)
D1P4A2 517.24  2.40  3.03  20.16 H — L (40%)
34593 3.58 1.71 H-3 — L+2 (30%)
D1P2A3 519.24 2.39 1.85 17.63 H — L (76%)
294.64 421  0.30 H-2 — L (25%)
281.58 4.40 0.24 H—6 — L (68%)
D1P4A3 538.99 230 1.75 21.06 H - L (50%)
366.70  3.38  0.86 H-2 — L+1 (37%)
343.14 3.61  1.09 H — L+2 (30%)
287.05  4.32  0.33 H-3 — L (38%)
D2P2A1 528.35 2.35 2.55  20.01 H — L (39%)
431.47 2.87 031 H-1 — L (40%)
395.92  3.13  0.39 H — L+1 (30%)
D2P4A1 521.95 2.38 230  20.18 H — L (49%)
482.11 2,57  0.74 H—1 — L+2 (30%)
453.11 2.74  0.60 H-2 — L (28%)
411.30  3.01  0.48 H — L+1 (39%)
337.22  3.68 0.55 H — L+2 (27%)
D2P2A2 485.52 2,55 2.58  16.07 H - L (56%)
444.18 279  0.28 H-1 - L (22%)
410.19  3.02  0.29 H-1 — L+1 (27%)
364.59 3.40  0.52 H - L (23%)
329.57 3.76  1.06 H — L+8 (20%)
D2P4A2 512.65  2.42  2.95  19.87 H - L (50%)
44418 279  0.28 H-1 - L (22%)
410.19  3.02  0.29 H-1 > L+1 (27%)
364.59 3.40  0.52 H - L (23%)
329.57 3.76  1.06 H — L+8 (20%)
D2P2A3 498.75 2.49  2.02 13.62 H - L (45%)
328.25 3.78  0.24 H—1 — L+1 (24%)
D2P4A3 523.42 237 228  19.69 H - L (34%)
336.76  3.68  1.03 H—4 — L+1 (21%)
333.77 371 114 H—4 — L+1 (21%)

absorption range. These combined data can be summarized
by the light harvesting efficiency value, LHE (1), whose curves
along with the AM 1.5G solar spectrum are reported in the ESIL, ¥
Fig. S1. Table 1 reports the summation of the products of the
LHE (1) with the AM 1.5G (1) solar spectrum within the
wavelength range of 280 to 830 nm. Here we made the assump-
tion that under optimal conditions, where @i, = neon = 1, this
sum corresponds to jsc-max. This information highlights that the
most favorable LHE (1) performance is achieved when employing
the acceptor group A1; furthermore, D1 yields the most promis-
ing results as an electron donor. Although the PTZ donor group
results in a high absorption intensity (see Fig. 2), it exhibits a
narrower optical absorption range, and best outcomes are
observed when it is paired with the electron acceptor A1, whereas

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Absorption spectra of dyes in acetonitrile at the TD-CAM-B3LYP/

6-311+G(2d,d)/SMD level. The spectra are Gaussian-broadened with a half
width half maximum of 0.35 eV.

results are more modest when combined with A3 and A2
acceptor groups. In all studied cases, increasing the length of
LCC leads to a higher LHE (4).

To visualize the electron density during the S, — S; transi-
tion, an analysis of the dyes’ electronic structure was con-
ducted. The resulting electron density difference (EDD) maps
are presented in Fig. 4 for D1P2A1 and D1P4A1, while those for
the remaining dyes can be found in the ESL,{ Fig. S2. In these
maps, the blue region indicates an increase in electron density,
while the red region signifies a decrease in electron density due
to the excitation of electrons during the transition. Both figures
clearly show that the acceptor unit exhibits the highest electron
density, whereas the donor unit displays the lowest electron
density. As a consequence, we can conclude that during the
transition, there is a charge transfer from the donor unit to the
acceptor unit in all investigated dyes.

3.2 Ionization potential, electron affinity and reorganization
energy

The ionization potential (IP) refers to the energy required to
extract an electron from a molecule’s neutral state. Conversely,
electron affinity (EA) is the energy gap between the neutral
molecule and its anionic form, both in their lowest energy
charge-transfer states. The values of IP and EA play a crucial
role in determining the suitability of a dye as a photosensitizer
for DSSCs. These parameters were computed using the following
equations:

P = E'(M") — E(M)

(11)
(12)

where E(M), E'(M") and E- (M) are the energies of the dyes
related to the neutral, cationic and anionic optimized struc-
tures. The computed values of ionization potentials, electron

EA=EM) — E (M)

affinities and intramolecular reorganization energies, for the
investigated dyes are presented in Table 2. A lower value of 4; is
indicative of slower recombination processes.
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D1P2A1 D1P2A1

D1P4A1 D1P4A1

D2P2A1

D2P4A3

Fig. 3 Diagram of natural transition orbitals (NTOs, Sg — S3) of the dyes in
acetonitrile at the TD-CAM-B3LYP/6-311+G(2d,p)/SMD level. The surfaces
are generated with an isovalue at 0.02.

The IP values vary within a range of 4.63 to 5.11 eV. Notably,
D1P4A1 stands out with the highest IP value, suggesting
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EDD D1P2A1

EDD D1P4A1

Fig. 4 Electron density difference (EDD) maps of D1P2A1 and D1P4Al
dyes simulated by Gaussview (the red and blue colors indicate a decrease
and increase of charge densities, respectively). The density differences are
0.0001 a.u.

reduced ability for electron injection into the TiO, semi-
conductor. Consistently, it displays one of the higher EA values,
specifically 3.78 eV, signifying a more favorable regeneration
process. In general, dyes featuring D1 exhibit the higher IP
values, whereas the A1l acceptor, characterized by a positive
charge on the pyridine nitrogen atom, induces higher EA values
to the dyes. Both A, and A. values are positive, signifying
favorable hole and electron transfer characteristics for the
designed sensitizers. However, those with the D2 donor group
exhibit smaller /. values compared to Ay. This implies that for
these dyes, electron mobility exceeds hole mobility due to the
inverse relationship between the charge transfer rate, kcr, and
the reorganization energy.?'

In the case of the D1 donor group, 4. values are lower than
/n only when the LCC length is shorter (n = 2). As the chain
length increases, the mobility of negative charges decreases
relative to that of holes. The discrepancy between /; and A,
suggests a more balanced transport in dyes employing D1.
From the data presented in Table 2, it results that /; is lower
for compounds featuring D1, thus indicating that D1-containing
dyes exhibit superior charge transfer abilities, a trait that is
advantageous for efficient photocurrent generation and, as a
result, indicates improved performance in solar devices.

3.3 Electron injection and electron regeneration driving
forces (AG™, AG™®)

The fundamental importance of aligning the frontier orbitals
of both the dye and the semiconductor in order to achieve
efficient electron injection and dye regeneration is widely
recognized.®>®® To delve deeper into the charge transfer

Table 2 Calculated values of charge transfer rate (kct in s7%), reorganiza-
tion energies 4, Ze. 4n (€V), ionization potential (IP in eV), electron affinity
(EA in eV) and Vi, (eV) for all the dyes

Compound  ker x 10 Jy, Je A P EA Vi,

D1P2A1 4.99 0.249 0.200 0.449 5.07 3.71 0.392
D1P4A1 2.54 0.255 0.261 0.515 5.11 3.78 0.399
D1P2A2 5.73 0.176 0.240 0.416 4.96 3.14 0.352
D1P4A2 3.49 0.214 0.263 0.478 5.08 3.22 0.382
D1P2A3 4.51 0.258 0.200 0.458 5.03 3.26 0.391
D1P4A3 2.41 0.244 0.278 0.522 5.06 3.33 0.402
D2P2A1 0.99 0.381 0.233 0.614 4.75 3.73 0.420
D2P4A1 1.14 0.367 0.235 0.601 4.75 3.81 0.422
D2P2A2 0.84 0.373 0.242 0.615 4.63 3.16 0.387
D2P4A2 1.58 0.321 0.235 0.556 4.65 3.25 0.392
D2P2A3 0.61 0.369 0.260 0.629 4.70 3.38 0.355
D2P4A3 0.32 0.371 0312 0.683 4.72 3.53 0.343

This journal is © The Royal Society of Chemistry 2024
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process, driving force for electron injection, AG'™, and regenera-
tion, AG™®, were determined. AG'™ quantifies the free energy
associated with the electron injection process, represents the
difference between the excited electron of the sensitizer and the
injected electron onto the TiO, surface and is given by:

AG™ = goxdye” _ p oo (13)

where Ecg is the reduction potential of the TiO, CB (Ecg =
4.0 eV), E°%¢" is the oxidation potential of the dye in its excited
state and can be computed as:

on»dye* — on—dye — Eop (1 4)
where E®%¢ refers to the oxidation potential of the ground
state, while E,_o is the vertical electronic transition energy
corresponding to Amax. Dye regeneration is the process wherein
the oxidized dye is restored by the redox electrolyte after
electron injection. Several studies have shown that this para-
meter significantly impacts the photovoltaic performance of
DSSCs. The driving force for the regeneration can be deter-
mined from E®%¢ as follows:

AG™E = Eredox—electrolyte _ on—dye (1 5)

redox-electrolyte

where the redox E redox potential is —4.8 eV. The
values of AG™ and AG™® are presented in Table 3.

The E°%°" values reveal that dyes featuring D2 undergo
oxidation more easily than those with the D1 donor group.
Additionally, the AG™ values consistently show a negative
trend, highlighting that electron injection is a thermodynami-
cally favored process. Notably, these values decrease as we
move from the series characterized by D1 to the one featuring
D2. In general, lower AG™ values correspond to enhanced
efficiency in electron injection, consequently, the data from
Table 2 suggest that electron injection is most effective in D2-
containing compounds. However, it should be noted that ki,
which represents the inverse of injection time, also depends on
the reorganization energy, as mentioned earlier, therefore a
more detailed investigation into the adsorption of the sensitizer
on TiO, is necessary for more accurate predictions.

Efficient dye regeneration necessitates AG'*® values to be
negative and within the range of 0.2-0.3 eV.” Our calculations
reveal that dyes with D2 exhibit positive AG™® values, indicating

Table 3 Calculated O ®e, Fox-9e" AGN AG™9 (eV), et (a.u.) and Der in
A for all the dyes

Compound  EX¥e  poxdex  AGN AG™®  gor Der
D1P2A1 5.09 2.83 -1.17 —0.29 0.880 10.450
D1P4A1 5.12 2.86 —-1.14 —0.32 0.940 13.137
D1P2A2 4.93 2.44 —-1.16 —-0.13 0.842 10.840
D1P4A2 5.03 2.64 —-1.14 —0.23 0.852 12.564
D1P2A3 5.05 2.66 —-1.34 —0.25 0.752 8.932
D1P4A3 5.07 2.77 —-1.23 —0.27 0.772 10.131
D2P2A1 4.76 2.42 —1.58 0.04 0.934 13.707
D2P4A1 4.78 2.40 —-1.60 0.03 0.987 16.671
D2P2A2 4.73 2.18 —1.82 0.07 0.864 11.240
D2P4A2 4.75 2.33 —-1.67 0.05 0.878 13.786
D2P2A3 4.75 2.27 -1.73 0.05 0.875 14.173
D2P4A3 4.76 2.39 —1.61 0.04 0.893 15.334

This journal is © The Royal Society of Chemistry 2024
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that the regeneration process is thermodynamically unfavor-
able for these sensitizers. In contrast, compounds featuring D1
yield conducive values toward regeneration. To evaluate how
charge transfer occurs within the dyes during electron transi-
tion, we employed Multiwfn 3.8 software to assess parameters
such as transferred charge (gcr) and transferred charge dis-
tance (Dcr).”> Upon examining the numerical values of gcr
shown in Table 2, it becomes evident that sensitizers featuring
D2 tend to show slightly higher gcr values in comparison to
those with D1. In general, the most favorable results are
observed when the donor is paired with A1, indicating that this
acceptor group facilitates the formation of a charge-separated
state. Simulated charge transfer distance corroborates this
notion, as a longer distance is conducive to charge separated
state of dyes. Considering all the parameters outlined in Tables
2 and 3, it can be inferred that D1 generally confers superior
properties for use in DSSC applications when coupled to A1l.
In a broader context, sensitizers featuring D1 are predicted to
perform well in photovoltaic applications. On the other hand, it
is worth noting that in the specific configuration we studied,
AG™® values may hinder regeneration in dyes featuring D2,
despite they show excellent values for the other calculated
parameters.

3.4 TiO,-dye adsorption

To effectively predict the performance of a solar cell device, it is
essential to carry out prediction studies focused on the inter-
face between the dye and the semiconductor. In pursuit of this
objective, we have employed a (TiO,),, cluster as a representa-
tive model for the TiO, semiconductor surface. As mentioned
earlier, bidentate carboxylate groups have been utilized as
anchoring agents due to the stability they offer, as supported
by several studies.®®®® In Table 4 are reported the dipole
moment, u of dye@TiO,, in comparison with that of free dyes,
and the interaction energies, Ej, calculated as:

Eint = Edye@TiO2 - (Edye + ETiOZ)

Calculated Ti-O distances fall within the range of 1.96-2.10 A,
aligning closely with the theoretically reported Ti-O bond
lengths (ranging from 2.03 to 2.24 A) for different dye-TiO,
clusters.”® These results are indicative of the favorable inter-
action between the dyes and the semiconductor surface, as
supported by the calculated E;,, values for dye@(TiO,),4. Addi-
tionally, Table 4 reveals that the calculated dipole moments of
the dye@TiO, clusters are larger than those of the free dyes.
These findings imply that the binding to the semiconductor
enhances the transport properties. From Fig. 5 and Fig. S3 in
the ESL T it become evident that the HOMO levels of dyes@|(-
TiO,)14 are localized to the sensitizers, preserving the HOMO
characteristics found in isolated dyes. These HOMO values
show an increase when compared to the free dyes. On the
other hand, the LUMO levels, along with most of the LUMO+n
levels, are primarily centered on the substrate, displaying
characteristics similar to TiO,.
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Table 4  Ej,, (kcal mol™) and dipole moment u (Debye) for the dye@TiO»
complexes at the B3LYP-D3/6-31G(d)/LANL2DZ/SMD level. In parenthesis,
the dipole moment of the corresponding isolated dyes

Complexes Eine M

13.11 (10.97)

D1P2A1@(TiO5)14 ~15.49
(Ti 19.94 (15.34)

D1P4A1@(TiO5)1a —~16.10

D1P2A2@(Ti0,)14 -13.27 15.59 (11.24)
D1P4A2@(Ti0,)14 —14.43 17.66 (12.46)
D1P2A3@(Ti05)14 —14.91 11.40 (9.53)
D1P4A3@(TiO,)14 —15.89 13.13 (11.55)
—14.59 24.28 (19.56)
D2P4A1@(Ti0,)14 —15.01 26.44 (23.94)

D2P2A2@(TiO,) 4 —13.14

)

2)

)

)

)
D2P2A1@(TiO,)y4

% 17.32 (14.79)

)

)

)

D2P4A2@(TiOy) 4 —14.53 20.86 (18.22)
D2P2A3@(TiO5) 4 —15.07 19.18 (15.51)
D2P4A3@(TiO,)14 —15.81 20.05 (16.74)

4. Conclusions

We conducted a theoretical investigation into the spectro-
scopic, electronic and photochemical properties of newly
designed dyes which featured 2-amino pyrrole, D1, as the donor
moiety, and were paired with three distinct withdrawing
groups. Two of them, benzothiadiazole, A2, and cyanoacrylic
acid, A3, are commonly used in DSSC applications, while a
novel electron-attractor group, a derivative of pyridinium salt,
was introduced for the first time. Additionally, a linear carbon
chain (LCC) of varying lengths was used as the w-bridge.
Analogs of these sensitizers were modeled using phenothia-
zine, D2, as the electron donor group, in place of D1, to
compare the effectiveness of the 2-amino-pyrrole donor group.
LHE (/), as determined from the calculated absorption spectra,
reveals that dyes containing D1 are expected to exhibit superior
performance compared to their D2-containing counterparts.
Furthermore, the introduction of the innovative electron-
attracting group A1l yields the most promising results. The
EDD maps demonstrated charge transfer from the donor unit
to the acceptor unit in all studied cases. D1-containing sensi-
tizers exhibit lower reorganization energy (4;) values, resulting
in faster charge transfer when compared to those with D2.
Efficient electron injection is predicted for all sensitizers,
particularly those featuring D2; however dyes with this donor

DIP2A1@TiO2 H

DIP2A1@TiO2 L

DIP4A1@TiO2 H D1P4A1@TiO2 L

Fig. 5 Optimized geometries of the bidentate binding mode of D1P2A1
and D1P4Al dyes on (TiO3)14. HOMOs (H) and LUMOs (L) are also depicted.
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group show positive AG™® values, implying an unfavorable
regeneration process. Increasing the length of the LCC has a
positive effect on the LHE (1) and AG™® but has a less favorable
impact on AG™. The acceptor group A1l facilitates charge
separation, as indicated by the calculated charge transfer
values, gcr. Simulation of dye@(TiO,),4 complexes suggests
that the binding with the semiconductor enhanced the trans-
port properties. In short, all calculated parameters indicate that
the novel D1 and A1 groups are poised to deliver superior
properties for DSSC applications. Consequently, we can con-
clude that most of the designed dyes may have the potential to
serve as candidates for the fabrication of DSSCs.
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