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1. Introduction

Computational exploration of panchromatic
dye-sensitized solar cells with broad visible to
near-infrared absorption: a density functional
theory studyf

d

Giuseppe Consiglio, (2 *@ Adam Gorczynski, ©2° Guido Spoto,© Salvatore Petralia

and Giuseppe Forte (2 *¢

Density functional theory (DFT) calculations were carried out to investigate the absorption spectra and
photoelectric properties of new metal-free dyes integrating an acene group positioned proximal to the
donor moiety, exemplified by the 2-amino pyrrole. A linear carbon chain (LCC) with varying lengths
serves as the link between the donor group and two distinct electron-attracting groups: cyanoacrylate
and a derivative of pyridinium salt. Molecular orbital analysis reveals strategically positioned energy levels
for efficient electron recovery, ensuring favorable thermodynamics for injection. UV-VIS absorption
properties underscore superior outcomes for dyes with longer t—spacers, particularly those with penta-
cene showcase a panchromatic effect extending beyond 920 nm. Furthermore, the study explores the
electron transfer process at the dye-semiconductor interface, emphasizing stable adsorption modes
and favorable interactions. Photovoltaic property estimations, considering electron injection and recom-
bination rates, indicate that dyes with pyridinium salt as the withdrawing group, specifically, P-Pen-4-A2
and P-Ant-4-A2, exhibit excellent values for both open-circuit voltage (Vo) and short-circuit
photocurrent density (Jsc), thus demonstrating superior photovoltaic outcomes. The investigation of J-V
curves predicts outstanding photoelectric conversion efficiency values of 29.72% and 27.90% for these
dyes. Moreover, derivatives incorporating cyanoacrylate yields commendable PCE values of 20.30% and
25.01% for P-Ant-4-A2 and P-Pen-4-A2. Classical molecular dynamics simulations (MD) demonstrate
that, over the course of 200 ns simulation time, the dyes maintain a vertical adsorption configuration.
These results underscore the potential of the designed dyes for both standalone and co-sensitizing
applications, presenting a promising avenue for the development of efficient and panchromatic DSSCs.

paradigm shift in the field of photovoltaics.> Since then,
researchers have continuously strived to enhance the perfor-

In the pursuit of sustainable energy solutions, solar cells have
emerged as a pivotal technology, offering a clean and renewable
source of electricity. Among the various types of solar cells, dye-
sensitized solar cells (DSSCs), have garnered significant atten-
tion due to their cost-effectiveness, ease of fabrication, and
versatility in design." Gritzel and O’Regan’s groundbreaking
work in 1991, introducing the concept of DSSCs, marked a
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mance of DSSCs through various innovations, including the
choice of photoactive materials and optimization of device
architecture. The integration of dyes as light-harvesting com-
ponents plays a crucial role in determining the efficiency of
DSSCs. In recent years, the focus has shifted towards enhancing
the spectral response of these cells by employing dyes with
broad absorption profiles, extending from the visible to the
near-infrared (NIR) region.® This research endeavors to delve
into the realm of panchromatic DSSCs, where the dye mole-
cules exhibit absorption characteristics spanning a wide range
of wavelengths, from visible to NIR, which represents ca. 45%
of the solar irradiance until 1700 nm.? The selection of an
appropriate dye molecule plays a crucial role in determining
the absorption characteristics of DSSCs.> The implications of
achieving panchromatic absorption are profound, not only
enhancing the overall efficiency of solar energy conversion,
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but also expanding the potential applications of these cells. The
capability to capture sunlight across a wider spectrum makes
panchromatic DSSCs particularly appealing for regions with
variable weather conditions, low light levels, or indoor environ-
ments where traditional solar cells may falter.® Traditional
dyes, such as ruthenium-based complexes, have demonstrated
success in extending absorption capability into the NIR region.”
Swetha et al. have designed and synthesized Ru-sensitizers that
significantly enhance the absorptivity across the visible to NIR
region, feature that is likely attributed to the pyrene conjugate on
the terpyridine core.® In recent investigations, panchromatic
DSSCs were developed incorporating a photoelectrode composed
of bilayered TiO, thin films coated with N719, N749 and C106
dyes. A power conversion efficiency (PCE) of approximately 8%
was achieved using a configuration in which the TiO, bottom
layer was coated with C106 dye and the TiO, top layer with N719
dye.>'® Moreover, a novel panchromatic ruthenium polypyridyl
complex was synthesized by substituting dicarboxylate-bipyri-
dine ligands with their bipyrimidine counterparts, resulting in
panchromatic Ru(u) complexes with absorption extending into
the near IR region.'"' A category of Ru-derivative dyes was
designed and utilized as co-sensitizers for N719 DSSC to address
the insufficient light absorption in the visible region from 400 to
500 nm of N719 dye. Co-sensitization demonstrated a 19%
improvement in power conversion energy compared to those
employing N719 dyes alone.'” The functionalization of terpyri-
dine-coordinated ruthenium complex with 4-methylthiazole
not only enhanced the lighting-harvesting capability of the dye
molecule, but also increased the dye-loading in TiO, photoanode
while reducing charge recombination in the cells. This resulted
in a panchromatic response extending up to 900 nm and a
PCE of 9.0%."® Sharmoukh et al conducted research on cis-
[Ru(bipyridine), (phosphonic acid),]X, (X = Cl, SCN and CN)
observing an increase in PCE in the following order -SCN >
-CN > —Cl, with resulting PCE values of 1.91, 2.38 and 2.9%,
respectively.'* The research team also examined the impact of
withdrawing groups on the fluorescence output of ruthenium-
based complexes. They discovered that complexes with more
withdrawing groups exhibited stronger emission peaks and
shorter lifetimes, suggesting increased photoactivity. Among
these groups, the ring nitrogen had the most significant impact
on enhancing the emission spectra.’> Another prominent class
of dyes that has garnered attention in recent years includes
derivatives of porphyrin."®?* These compounds exhibit distinc-
tive optical properties and can be tailored to absorb light across
a broad spectral range.” Di Carlo et al. investigated the photo-
voltaic applications of B-substituted dithienylethylene Zn(u) por-
phyrins in dye-sensitized solar cells.>® The panchromatic effect,
resulting from the elongation of n-delocalized system through a
bridge between the dithienylethylene unit and the porphyrinic
ring, was examined through electrochemical, computational and
photoelectrochemical studies. These porphyrins demonstrate
a panchromatic effect with broadened electronic absorption
spectra due to the m-conjugated substituents at the B-pyrrolic
position. The highest PCE achieved was 5.2% with a short-circuit
photocurrent density (Jy.) value of 12.4 mA e¢m ”. Xie and
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coworkers developed concerted companion dyes (CCD) by
directly linking two subdye units with complementary absorp-
tion characteristics, leading to panchromatic absorption and
excellent photovoltaic performance due to the intramolecular
co-sensitization effect.>**® More recently, the same research
group introduced a new dye that achieved a PCE of 12.2%
without utilizing chenodeoxycholic acid as a coadsorbent to
prevent aggregation. These results highlight the doubly con-
certed effects, wherein the complementary absorption of the
porphyrin and organic units contributes to panchromatic
spectra.”” The emergence of organic metal-free dyes has opened
up possibilities to create novel panchromatic DSSCs with absorp-
tion extending into the NIR region.” A dye featuring panchro-
matic characteristics was synthesized through a synergistic
combination of boron dibenzopyrromethene-conjugated phe-
nothiazine, utilizing cyanoacrylic acid as the anchoring group.
Results demonstrated an intense absorption band at about
640 nm, an excellent J,. value and a PCE of 7.69%.%
Configured and n-extended unsymmetrical squaraine dyes were
systematically designed and synthesized to enhance the light-
harvesting efficiency across both the visible and NIR regions.>®
The cis-squaraine played a pivotal role in extending conjugation
into the NIR region, achieving a panchromatic sensitizer. To
modulate dye assembly on TiO, both out of plane and in-plane
groups were introduced. The best-performing configuration
exhibited solar-to-electric conversion with an onset of 850 nm,
yielding a performance of 7.0%.>° Co-sensitization emerged as an
effective strategy to achieve panchromatic light-harvesting and to
enhance dye-sensitized solar cell performance. Three organic
dyes, containing butyloxyl chain induced dye, boron dipyrro-
methene dye and a squaraine-based dye, were co-sensitized
obtaining panchromatic absorption in the 300-820 nm range,
yielding a J,. of 15.57 mA cm > and an optimal efficiency of
7.48%.°° Following a similar strategy, Golshan et al assessed
extracted natural dyes as mono and co-sensitizers in DSSCs. The
UV-vis absorption spectra indicated superior activity, showcasing
a high molar extinction coefficient and cumulative absorption
properties that overlapped with the spectral domain where the
original sensitizers lacked light-harvesting.?' Furthermore, the co-
sensitization of dyes featuring an indoline donor group and the
unsymmetrical squaraine yielded a solar cell efficiency of 5.20%,
with UV-vis absorption bands between 337-385 nm, 477-514 nm
and a third absorption band in the region between 629-758 nm,
observed for the first time in a D-1-A type dye architecture.’>** In
recent computational studies, we delved into the optoelectronic
characteristics and potential performance of a novel D-n-A
structured dye class in DSSC applications. The n-bridge consisted
of a linear carbon chain, with cyanoacrylic acid acting as the
acceptor (A1) and 2-amine pyrrole as the donor group (D).**> The
best calculated performance reached a PCE of 21.29%. Subse-
quently, we examined the charge transfer efficiency of the 2-amine
pyrrole donor group, along with various electron-attracting
groups. This investigation highlighted that pairing 2-amine pyr-
role with a unique electron-attracting group, a derivative of a
pyrimidin-pyridinium salt not conventionally used in photovol-
taic applications, henceforth named A2, resulted in superior
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n =2 P-Ant-2-Al
n =4 P-Ant-4-A1

n =2 P-Ant-2-A2
n =4 P-Ant-4-A2

n =2 P-Pen-2-A2
n =4 P-Pen-4-A2

n =2 P-Pen-2-A1

n =4 P-Pen-4-A1
Scheme 1 Molecular structure of the designed dyes. In details P-Ant-2-A1 is (E)-3-(5-((10-((5-((1H-pyrrol-2-yllamino)thiophen-2yl)ethynyl)anthracene-9-
ylbuta-1,3-diyn-1-ylthiophen-2-yl)-2-cyanoacrilic acid; P-Ant-4-Al is (E)-3-(5-((10-((5-((1H-pyrrol-2-yllamino)thiophen-2yl)ethynyl)anthracene-9-yl)octa-
1,3,5,7-tetrayn-1-yl)thiophen-2-yl)-2-cyanoacrilic acid; P-Ant-2-A2 is (E)-4-(2-(5-((10-((5-((1H-pyrrol-2-yllamino)thiophen-2yllethynyllanthracen-9-yl)buta-
1,3-diyn-1-ylthiophen-2-yl))-1-(5-carboxypyrimidin-2ylpyridin-1-ium; P-Ant-4-A2 is (E)-4-(2-(5-((10-((5-((1H-pyrrol-2-ylamino)thiophen-2ylethynyl)-
anthracen-9-yl)octa-1,3,5,7-tetrayn-1-yl)thiophen-2-yl)vinyl)-1-(5-carboxypyrimidin-2yl)pyridin-1-ium; P-Pen-2-A1 is (E)-(5-((13-((5-((1H-pyrrol-2-yl)
amino)thiophen-2-yl)ethynyl)pentacene-6-yl)buta-1,3-diyn-1-ylthiophen-2-yl)-2-cyanoacrylic acid; P-Pen-4-Al is (E)-(5-((13-((5-((1H-pyrrol-2-yl)
amino)thiophen-2-yl)ethynyl)pentacen-6-yl)octa-1,3,5,7-tetrayn-1-ylthiophen-2-yl)-cyanoacrylic acid; P-Pen-2-A2 is (E)-4-(2-(5-((13-((5-

((1H-pyrrol-2-yllamino)thiophen-2-yl)ethynyl)pentacen-6-yl)buta-1,3,diyn-1-ylthiophen-2-yl)vinyl-1-(5-carboxypyrimidin-2-yl)pyridinium);

P-Pen-4-

A2 is (E)-4-(2-(5-((13-((5-(1H-pyrrol-2-yllamino)thiophen-2-yllethynylpentacen-6-yllocta-1,3,5,7-tetrayn- 1-ylthiophen-2-ylvinyl-1-(5-carboxypyrimidin-2-ylpyridinium).

characteristics compared to commonly used donor and acceptor
groups in photovoltaics, such as phenothiazine and cyanoacrylic
acid.*® However, the UV-vis spectra of the previously modeled dyes
reveal a limitation arising from maximum wavelength absorption,
occurring at around 550 nm. This results in the loss of a
significant portion of available solar energy. In an effort to
broaden the absorption range and design panchromatic-active
sensitizers with strong absorption in the far-red and near-infrared
regions, this study introduces acene groups into the donor moiety
of dyes featuring D as donor group. The remaining part of the
dyes comprises the nt-linker, represented by a linear carbon chain
(LCC) of varying lengths (C,, Cs) along with two distinct electron-
acceptor groups, the cyanoacrylic group, A1, and the pyrimidin-
pyridinium salt derivative, A2, see Scheme 1. The inclusion of
linear fused benzene rings was inspired by previous research
demonstrating that introducing different acenes into the por-
phyrin core results in a broadening and red-shifting of absorption
with an increase in acene size.>” Moreover, acenes confer struc-
tural rigidity to the dye skeleton. This characteristic is expected to
enhance the photovoltaic performance of the dyes, as suggested
by studies conducted by Li et al., which examined the impact of
spacer rigidification and observed improved performance
performance.’®*® Specifically, anthracene and pentacene groups
were linked, on one side, to the donor moiety, through a triple
bond to alleviate steric congestion between the acene group
and the neighboring thiophene ring, and, on the other side, to
the mlinker. It is noteworthy that LCCs demonstrate electrical
conduction and possess unique optoelectronic properties owing
to their extensive n-conjugated system.***> Thiophene rings were
incorporated based on literature suggesting the efficiency of
dithiophene derivatives in the n-linker."*® Additionally, an
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ethylenic bridge was introduced to connect the thiophene ring
with the acceptor group, enhancing the planarity of the structure.
Classical MD simulations were performed to investigate the
potential for the dyes to undergo surface collapse. In summary,
through harnessing progress in molecular design, our objective is
to extend the absorption spectrum towards the NIR by developing
panchromatic dyes, with a potential use as standalone sensitizers
or co-sensitizers, aiming to push the limits of solar cell efficiency
and enhance the practical uses of DSSCs. The ultimate goal is to
actively contribute to the continuous endeavors in achieving
sustainable and efficient technologies for converting solar energy.

2. Methods

The Gaussian 16 program package® was utilized for conduct-
ing molecular simulations on the examined dyes. The geome-
tries of all compounds underwent fully optimization through
the B3LYP functional with the 6-311+G(2d,p) basis set. To
calculate UV-VIS spectra, the TD-DFT approach with the same
basis set was employed, focusing on the lowest 10 singlet-
singlet transitions. The CAM-B3LYP functional was chosen
because, as demonstrated in previous studies, it consistently
produced UV-VIS spectra closely aligned with experimental data
for compounds sharing a similar structural framework.>">>
However, for comparison, WBX97D and M062X functionals
were employed. To account for solvation effects, the solvated
method based on density (SMD) was adopted. When comparing
this approach with the conductor-like polarizable continuum
model (CPCM) and IEFPCM methods, minimal variations were
observed in both UV-vis absorption values and absorption
intensities.>**® Such consistency has led to the persistent
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application of this model in investigations. It’s important to
mention that the molecules studied in this paper are currently
not available experimentally, consequently, there are no experi-
mental data for comparison. The adsorption of dyes showcasing
superior optical performance on the TiO, semiconductor was
simulated using a vacuum slab derived from a 2 x 2 x 4 TiO,
anatase (101) supercell containing a total of 768 atoms (Tiy560512)-
The dyes were arranged perpendicular to the surface, and a 1 nm
vacuum region was included above the dye to minimize interac-
tions with the periodic image. Consequently, the simulation cell
had dimension of 3.87 x 3.02 x 5.75 nm®, see Fig. S1 (ESI). The
structures underwent optimization using the general gradient
approximation, employing the Perdew-Burke-Erzerhof functional
to account for electron exchange and correlation effects. Broyden—
Fletcher-Goldfarb-Shanno (BFGS) minimization algorithm was
utilized for geometry optimization, and the dipole correction was
implemented with the self-consistent option. Convergence criteria
were established with an energy cutoff of 40 Ry and a maximum
force of 10~* Ry Bohr " for each atom. The dyes were linked to the
TiO, surface by bonding the two oxygen atoms of the dye’s acid
group to two titanium atoms. This choice is substantiated by prior
studies demonstrating the bidentate mode as the most stable
binding geometry.”*> Computations for the dyes@TiO, systems
were conducted using the Quantum Espresso simulation
package.’®” Classical MD simulations were ultimately carried
out applying the OPLS all-atom force field parametrization via the
Gromacs software package,”®* starting from the geometries
obtained post-optimization with Quantum Espresso. A simulation
time of 200 ns was established, employing periodic boundary
conditions and adopting the NVT ensemble at a temperature of
298 K controlled with the Berendsen thermostat with a decay
constant set to 0.1 ps. The Ewald summation method was chosen
to address longrange electrostatic interactions, considering a
cutoff distance of 2.0 nm and a time step of 1 fs was selected to
integrate the equation of motion.®*®*

2.1 Theoretical background

The photoelectric conversion efficiency, #, for a solar cell device
can determined through the formula:**

Jsc ) Voc

nN=———"

5 FF (1)

where P;, denotes the incident solar power on the cell and FF
represents the fill factor. The short circuit current, /., is derived
from the following expression:®*

JSC = qJLHE(A) (pinjnregrlcoll‘()phAM 1.5G (j')d) (2)

the integration occurs within the wavelength range of 280 to
920 nm. In this context g symbolizes the elementary charge of
the electron, 9, am1.56 corresponds to the photon flux under
AM 1.5G solar spectra irradiance, and ®;,; stands for the
electron injection efficiency, defined as:®®

1

YARm—— )
(1+5)
Trelax

(pinj =
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here 7.ax is the relaxation lifetime of the dye’s excited states
and t;,; represents the injection time. In eqn (2) #e, is the dye
regeneration efficiency set equal to 1, and 7., denotes the
electron collection efficiency expressed as:®¢

e (@
=)

Heoll =
(1 +

where 7eans is the electron-transport time from the semicon-
ductor’s conduction band to the electrode and t,.. denotes the
recombination time the light harvesting efficiency, LHE, is
related to the dye absorption region through the equation:®”

Trec

LHE()) = 1 - 10 *®" (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 time
of 10 ps is adopted for both t;ejax and Tyrans. The values of @;,; and
Heon depend on Tinjee, the reciprocal of kinjree Which can be
calculated, according to the Marcus theory, as:*®

2
~(~AGY e + 7)
T ( inj/rec
kinj/rec = A\ / hz/lkBTeXp(iﬁr) 28y kg T (6)

here 4 = 2.5 x 1072 f is the attenuation factor, set to 0.5,
r represents the electron transfer distance. The parameter A
corresponds to the sum of the hole and electron reorganization
energy (4n + A, it is assumed to be identical for injection and
reorganization and is calculated as:*

o = (B~ E) + (0~ By ;
7
In = (Ej = Ey) + (EY - Eo)

In this contest, By~ represent the energies of the cation and anion
derived from the geometry of the optimized neutral molecule; E.,
refers to the energies of the cation and anion calculated based on
the optimized cation and anion; E?,_ are the energies of the
neutral molecules calculated from the optimized cation and anion;
E, corresponds to the energy of the neutral dye molecule in its
ground state. The prediction of the open-circuit voltage (V,,) can be
achieved through the improved normal model (INM) method,
which incorporates the effects of charge recombination and
various parameters related to the device fabrication, including
electrolyte concentration and film thickness. Following this meth-
odology, V,. can be determined by the following expression:”

kBT :quROJSC
Ve = In———— 8
“T Wy " kT (®)
where kg is the Boltzmann constant, T denotes the absolute
temperature, 3 represents the charge transfer coefficient for

electron recombination (empirically set at 0.5), and R, is the
recombination resistance, measured in Ohm cm?, defined as:

B ks T Ecem — Eredox A
=— exp| 7 + )
q dykrecMoxNS kBT 4kBT

in this equation d signifies the film thickness, an experimental

Ro
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value of 10° cm was considered;”" M, refers to the molarity of
the electrolyte oxidized species, with I;~ set to 0.05 in this instance;
N; represents the total number of surface states contributing
to the recombination, set to 10~ % the parameter y is equal to
0.3 based on typical experimental data;”>”® Ecpy is the TiO,
conduction band minimum, while E..4ox denotes the electrolyte
redox potential.

3. Results and discussion

3.1 Frontiers molecular orbitals analysis and absorption
spectra

DSSCs hold promise for efficient solar energy utilization, with
the energy levels of the dye sensitizers playing a crucial role in
their performance. One prerequisite is the appropriate energy
level of the LUMO, which facilitates efficient electron injection
into the TiO, conduction band (CB). Additionally, an optimal
HOMO energy level is essential for efficient electron collection.
In Fig. 1, the energy diagram of selected molecular orbitals
(MOs) for the investigated dyes is presented. Notably, all com-
pounds exhibit HOMO energy levels positioned below —4.8 eV,
the redox potential of the electrolyte I /I3~ relative to the vacuum
level.”* This positioning ensures efficient electron recovery. All
LUMO levels are above the CB of TiO, (—4.0 eV)’® with energy
differences much greater than 0.2 eV, approximately the value
above which an efficient electron injection is thermodynamically
favorable.”®

Understanding the absorption properties of dye sensitizers is
crucial for optimizing their performance in DSSCs. Fig. 2 illus-
trates the UV-vis absorption spectra of the investigated molecules,
revealing a distinct peak in the visible region with significant
intensity corresponding to the HOMO — LUMO transition,
indicative of intermolecular charge transfer (ICT), see Table 1
and Fig. 2. Additionally, a secondary UV absorption band attrib-
uted to m-n* transitions is observed. The spatial distribution of
the frontier MOs, Fig. 3, reveals electron density moving through
the m-linker from the dye-donor side, HOMO, to the acceptor end,
LUMO, facilitating the ICT process. The overlapping HOMO and
LUMO orbitals across the n-linker demonstrate excellent induc-
tion and electron-withdrawing properties for both donor and

P-Ant-2-A1

P-Ant-4-A1

P-Ant-2-A2

P-Ant-4-A2

P-Pen-2-A1
P-Pen-4-A1
P-Pen-2-A2
P-Pen-4-A2
Iy

— TiO,

i

WL — T

>_§Hy

\
-5 _—— —

v

Fig.1 Selected MOs energy levels for the designed dyes at B3LYP/6-
3114+G(2d,p)/SMD level together with TiO, CB and I7/Is~ redox potential
(H = HOMO, L = LUMO).
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Fig. 2 Absorption spectra of dyes in acetonitrile at TD-CAM-B3LYP/6-
3114+G(2d,p)/SMD level. The spectra are Gaussian broaded with 0.35 eV
(half width half maximum).

acceptor moieties, further enhancing the ICT process. The short-
ening of the LCC bridge induces a slight blue-shift and a
substantial decrease in band intensity. Regarding the two inves-
tigated electron-attracting groups, dyes incorporating A2 exhibit a
significant increase in absorption intensity and subtle redshifts in
the absorption wavelength when compared to the cyanoacrylate

Table 1 Absorption wavelengths, oscillator strength, and main contribu-
tions (f > 0.2) to the transitions of dyes in acetonitrile at CAM-B3LYP/6-
311+G(2d,p)/SMD level

z Main contribution
Compound  (nm) (ev) f u (Debye)  to the transition
P-Ant-2-A1  590.71 2.10 2.30 14.91 H — L (70%)
356.04 3.48 0.50 H-2 — L (50%)
P-Ant-4-A1 60421 2.05 2.71 15.88 H - L (61%)
376.67 3.29  0.40 H-2 — L (39%)
363.16 3.41 0.78 H-4 — L+2 (34%)
325.03 3.81 0.27 H — L+4 (51%)
P-Ant-2-A2  604.80 2.05 2.84 37.62 H — L (60%)
467.09 2.65 0.25 H — L+1 (44%)
383.32  3.23  0.56 H—2 — L (30%)
P-Ant-4-A2  608.06 2.04 3.26 50.23 H - L (42%)
481.41 2.58 0.37 H — L+2 (41%)
407.59 3.04 1.02 H-2 — L (24%)
P-Pen-2-A1 83149 1.49 129 19.60 H - L (90%)
517.72  2.39  0.69 H — L+1 (72%)
494.77 2.51  0.20 H-1 — L (72%)
395.81 3.13  0.35 H-2 - L (73%)
357.92  3.46 0.22 H - L+2 (77%)
P-Pen-4-A1  843.48 1.47 1.55 21.79 H — L (84%)
534.99 2.32 0.78 H — L+1 (56%)
504.69 2.46 0.27 H-1 —> L (68%)
380.48 3.26 0.22 H — L+3 (39%)
P-Pen-2-A2  838.46 1.48 1.55 34.44 H - L (65%)
564.30 2.20 0.76 H — L+1 (55%)
493.54 2.51 0.30 H-1 — L (49%)
436.85 2.84 0.83 H-2 — L (72%)
P-Pen-4-A2  842.79 1.47 171 47.49 H - L (55%)
554.83 2.23 1.15 H — L+1 (35%)
503.40 2.46  0.29 H-1 — L (42%)
448.42 2.76  0.75 H-2 - L (55%)
422.70  2.93  0.25 H — L+2 (28%)
382.31 3.24 0.46 H-2 — L+1 (24%)
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group. Furthermore, these derivatives display a notably remark-
able dipole moment, suggesting potential applications in

P-Pen-4-A1 H

P-Pen-4-A2 H

View Article Online
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nonlinear optics, as illustrated in Table 1. The absorption spectra
clearly show that the introduction of pentacene results in a

P-Pen-4-A1 L

P-Pen-2-A2 L

P-Pen-4-A2 L

Fig. 3 Frontiers MOs of HOMO and LUMO of the dyes in acetonitrile at TD-CAM-B3LYP/6-311+G(2d,p)/SMD level.
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marked redshift of the maximum absorption wavelength, extend-
ing beyond 800 nm. In contrast, anthracene exhibits a different
behavior, showing maximum absorption at a shorter wavelength,
around 600 nm, but with a highly pronounced intensity. The UV-
vis spectra calculated using WBX97D and M062X functionals for
the most efficient molecules containing anthracene and penta-
cene closely match the results obtained through the application of
CAM-B3LYP, as shown in the ESL}

To assess the impact on photovoltaic properties, it is essen-
tial to consider both absorption intensity and the optical
absorption range. These combined data can be summarized
by the light harvesting efficiency value, which helps in calculat-
ing the dye’s efficiency and can be determined using the
eqn (5). The LHE(Z) curves along with the AM 1.5G solar
spectrum are reported in Fig. 4, showcasing findings for dyes
featuring longer linear carbon chain, as they exhibit superior
outcomes. Molecules bearing pentacene demonstrate the most
remarkable LHE(/) values, calculated across the spectrum from
280 to 920 nm. Nevertheless, dyes containing anthracene
also exhibit excellent LHE values, especially within the range
of 500-700 nm. Notably, the overlap of UV-vis absorptions, and,
consequently, the overlap of LHE(Z) curves, results in a pan-
chromatic effect that spans extensively from 350 to well beyond
920 nm. Optimal outcomes concerning this property are
observed when employing the pyridine salt an electron-
attracting group, with respect to cyanoacrylate.

3.2 TiO,-dye adsorption

To explore the electron transfer process at the interface, atten-
tion was directed towards the electron transfer process occur-
ring at the interface between dye and semiconductor, by closely
examining the absorption complexes of dyes@TiO,.

In particular, derivatives with an extended linear carbon
chain bridge, LCC = 4, were considered as they exhibited
superior values of LHE(1) in comparison to those with a
shorter LCC.

In all instances, we opted for bidentate bridging mode,
which has been documented as the most stable adsorption
mode. In this model, the sensitizer establishes binding with the

0.8

(\.

\
\
L

/
,

0.6

LHE

1
N
Photon flux x 10"%(s'm?nm’’

0.4
—— P-Ant-4-A1
—— P-Ant-4-A2
024 — P-Pen-4-A1 1
—— P-Pen-4-A2
00 T T ¥ T T T g T y T T — 0
300 400 500 600 700 800 900

Wavelength (nm)

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.

10032 | New J. Chem., 2024, 48,10026-10037

View Article Online

Paper

semiconductor through two O-Ti bonds, whereas the proto-
nated hydrogen atom is donated to the nearest double-
coordinated surface oxygen atom. The calculated adsorption
energies are determined as follows:

Eaqs = EDye@TiOZ - (ETiO2 + EDye)

The corresponding values listed in Table 2, indicate highly
favorable interactions between the dyes and the surface. Fig. 5
illustrates the partial density of states (PDOS) for the interfaces
of dyes@TiO,. It is evident that, subsequent to adsorption, the
calculated LUMO energy levels of all sensitizers remain posi-
tioned above the conduction band minimum (CBM) of TiO,,
ensuring an efficient driving force for electron transfer to the
semiconductor’s CB, see Table 2. Additionally, the HOMO energy
levels undergo a shift towards lower values upon adsorption,
increasing the energy difference relative to the electrolyte redox
potential. This adjustment ensures a favorable ground-state dye
regeneration, leading to a significant improvement in the V.
value and, consequently, enhancing the overall performance, as
further discussed below. To validate this prediction, we pro-
ceeded to calculate the photoelectric conversion efficiency.

3.3 Estimation of photovoltaic properties

Up to this point we have obtained the absorbance of the
sensitizer, moreover, it is evident from data reported in
Table 2 that both electron injection and electron recombination
are conducive to ensuring efficient electron transfer and ground-
state dye recombination. The remaining task involves calculating
the photoelectric conversion efficiency, #, of solar cell device, as
defined by eqn (1). For this purpose, we calculated the reorga-
nization energy 4, along with the electron injection rate, k;n;, and
electron recombination, k.., rate, following the eqn (6). The
computed values are presented in Table 3.

It is worth noting that dyes featuring A2 exhibit lower values of
kiec, indicating longer recombination times, which positively
influences the V,, values. Conversely, dyes containing cyanoacry-
late demonstrate higher electron injection rate, kin;. Based on
these values and assuming a time of 10 ps for both T;¢jax and Teans,
it is inferred that the values of ®;,; and #.o, which are inversely
related to Kinjjrec, are equal to 1. In light of this considerations, Jq.
values can be easily obtained from the following equation:

920

Jo = q[ LHE(A)9ph.am 1.56(4)dA

J280

Among the investigated dyes, the predicted J,. values follow the
order P-Pen-4-A2 > P-Pen-4-A1 > P-Ant-4-A2 > P-Ant-4-Al. These

Table 2 Adsorption energies, E,qs, €nergy levels and driving forces for the
selected dyes@TiO, complexes (energies in eV)

Compound E,s HOMO LUMO CBM  AGhject” AGh.”
P-Ant-4-A1@TiO, 0.77 —5.06 —3.11 —3.79 0.68 1.27
P-Ant-4-A2@TiO, 0.73 —5.09 —3.15 —3.83 0.68 1.26
P-Pen-4-A1@TiO, 0.75 —5.04 —3.12 —3.77 0.65 1.27
P-Pen-4-A2@TiO, 0.70 —5.08 —3.18 —3.85 0.67 1.23

a 0 — b 0 _
AGinject - ELUMO - ECBM' AGreC - ECBM - EHOMO'
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Fig. 5 Calculated PDOS for P-Ant-4-Al, P-Ant-4-A2, P-Pen-4-Al and P-Pen-4-A2.

results highlight the role played by the pentacene group in
comparison with anthracene, and, secondarily, the enhanced
performance attributed to the use of A2 as the electron attracting
group. Another pivotal factor significantly affecting the overall cell
efficiency is V,, defined as the difference between the electrolyte
redox potential and the quasi-Fermi level of electrons within the
semiconductor. The precise evaluation of this parameter is attain-
able through the utilization of the improved normal model (INM).
During the injection process, there occurs an electron transfer
from the LUMO of the dye to the semiconductor surface, with the
distance from the anchoring group of the dye to the TiO, surface
is denoted as ri,. Conversely, in the recombination process,
electron transfer takes place from the TiO, CB to the HOMO of
the dye, and r. designates the distance between the semicon-
ductor and the donor group of the dye. According to eqn (8) and
(9), P-Ant-4-A2 displays the slowest charge recombination rate,
resulting in the highest predicted V. value, 1109 mvV, followed
by P-Pen-4-A2 with a value of 1012 mV. On the other hand, both
P-Ant-4-A1 and P-Pen-4-Al exhibit a higher recombination rate

constant ranging between one and two orders of magnitude,
leading to diminished V,, values, specifically, 937 mV is calculated
for P-Ant-4-A1 and 884 mV for P-Pen-4-A1. Employing the obtained
Jsc and V. values the photocurrent-photovoltage ( J-V) curves for
the scrutinized dyes was generated, as depicted in Fig. 6. The J-V
curve was derived using to the following equations:””"®

-
J =Js- (1 —eKBT) + Js

JSC

@Voe -
eKsT

Js =
1

where J; represents the reverse saturation current. The fill factor
(FF) of the dyes was also determined from Fig. 6. All the
investigated dyes showcase excellent performance in terms of
photoelectric conversion energy. P-Pen-4-A2 and P-Ant-4-A2 both
featuring the same electron-attracting group, achieve impressive
values of 29.72% and 27.90%, respectively, whereas P-Pen-4-A1
and P-Ant-4-A1 demonstrate slightly lower efficiency, with

Table 3 Calculated values of: reorganization energy 4 (eV), electron injection distance, riyj (A), electron recombination distance, r,ec (A), electron
injection rate, kin (s™Y, electron recombination rate, ke (s, electron collection efficiency, neou electron injection efficiency, @i, short-circuit

photocurrent density Js. (MA cm™2)

, open-circuit voltage V. (mV), fill factor FF and photoelectric conversion efficiency # (%)

Compound 2 rinj T'rec kinj X 1012 krec X 102 Neoll ¢inj ]sc Voc FF n

P-Ant-4-A1@TiO, 0.455 2.55 30.08 20.70 1.35 1 0.995 24.65 937 0.88 20.30
P-Ant-4-A2@TiO, 0.446 2.53 37.12 2.81 0.03 1 0.967 28.15 1109 0.89 27.90
P-Pen-4-A1@TiO, 0.482 2.89 29.74 40.48 8.16 1 0.998 32.29 884 0.88 25.01
P-Pen-4-A2@TiO, 0.467 2.89 37.49 4.22 0.26 1 0.977 35.90 1012 0.82 29.72
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Fig. 6 Calculated J-V curves using the improved normal mode. Black line
P-Ant-4-Al (V. = 0.937 V, Jsc = 24.65 mA, FF = 87.95%, n = 20.30); red
line P-Ant-4-A2 (V. = 1.109 V, Jic = 28.15 mA, FF = 89.37%, n = 27.90);
green line P-Pen-4-Al1 (V. = 0.884 V, J,c = 32.29 mA, FF = 87.56%, =
25.01); blue line P-Pen-4-A2 (V. = 1.012 V, Jsc = 35.90 mA, FF = 81.79%,
n =29.72).

calculated » values of 25.01% and 20.30% respectively. By
comparing with a reference such as the dye N719, utilized
both in standalone and cosensitization applications, it is theore-
tically evident that the investigated dyes exhibit superior photo-
voltaic properties compared to the reference. Indeed, the
performance of N719 reports a J,. of 17.73 mA cm ™2, a V,,. value
of 0.85 V, a PCE of 11.2%, and an absorption maximum wave-
length at 538 nm.”
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3.4 MD simulations

To evaluate the stability of the investigated structures, particu-
larly with regard to the potential collapse onto the TiO, surface,
targeted MD studies were conducted on structures featuring 4
conjugated triple bonds, namely P-Ant-4-A1, P-Pen-4-A1, PAnt-
4-A2 and P-Pen-4-A2. These structures inherently possess
higher flexibility compared to those with only two conjugated
triple bonds, making them more susceptible to reclining onto
the surface. Throughout the simulation, fluctuations in three
distinct distances, d1, d2 and d3, as depicted in Fig. 3 of the
ESI,f were monitored. Graphs illustrating these fluctuations
over time are shown in Fig. 7, revealing a notable rigidity of the
analyzed structures, with minimal variations in all distances.
Notably, d2 exhibits the most significant excursion, reflecting
the flexibility conferred by the four conjugated triple bonds, yet
it remains within the range of 11.5 to 12 A. Furthermore,
distances d2 and d3 remain near-constant values throughout
the simulation. As a result, at a temperature of 298 K, there is
no indication of collapse onto the surface.

4. Conclusions

We conducted a thorough DFT investigation into the spectro-
scopic and photoelectric properties of newly designed dyes that
incorporate acene group in proximity to the donor moiety,
specifically the 2-amino pyrrole. In our investigation, we con-
sidered two distinct withdrawing groups, the cyanoacrylate and
a derivative of pyridinium salt group. Additionally, we
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Fig. 7 Time fluctuation of distances d1, d2 and d3, see Fig. S3, ESI,t for P-Ant-4-Al, P-Pen-4-Al, P-Ant-4-A2 and P-Pen-4-A2 at 298 K.
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employed linear carbon chains of varying lengths (LCCs) as n-
bridge. The UV-vis spectra of these dyes showcase excellent
absorption properties, with particular emphasis on the superior
outcomes exhibited by dyes incorporating pentacene, whose
absorption extends beyond 920 nm, significantly contributing
to the observed panchromatic effect. Moreover, the investiga-
tion delves into the electron transfer process occurring at the
interface between the dye and the semiconductor, emphasizing
favorable interactions. The most promising results emerged
with longer-chained polyynes, notably with the dyes P-Ant-4-A2
and P-Pen-4-A2 which revealed lower k... values, thereby result-
ing in highest V,,. values. Moreover, these dyes displayed super-
ior Js. values, highlighting the efficiency of the A2 group in
comparison to cyanoacrylate. P-Ant-4-A2 and P-Pen-4-A2
demonstrated outstanding photoelectric conversion efficiency
values of 27.90% and 29.72%. However, P-Ant-4-A1 and P-Pen-4-
A1l exhibited significant PCE values of 20.30% and 25.01%
respectively. Classical MD simulations reveal that, throughout
the 200 ns simulation period, the dyes retain a vertically
oriented adsorption configuration. These finding provide a
robust foundation for synthesizing the designed dyes and their
application, either as standalone sensitizers or in co-sensitizing
configurations. The panchromatic characteristics of these
metal free dyes, with absorption extending into the near IR
region, hold promise for their application in photovoltaic
technologies.
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