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Spectroscopic, electronic and electron injection properties of a new class of linear carbon chain (LCC)
based organic dyes have been investigated, by means of density functional theory (DFT) and time-
dependent density functional theory (TDDFT), for application in dye-sensitized solar cells (DSSCs). The
photophysical properties of LCC-based dyes are tuned by changing the length of the linear carbon
chain; UV/VIS absorption is red-shifted with increasing LCC length whereas oscillator strength and
electron injection properties are reduced. Excellent nonlinear optical properties are predicted in
particular for PY-N4 and PY-S4 dyes in the planar conformation. Results indicate that a LCC-bridge
produces better results compared to benzene and thiophene bridges. Simulations of |™-Dye@(TiO2)14
and Dye@(TiO;).14 anatase complexes indicate that designed dyes inject electrons efficiently into the TiO,
surface and can be regenerated by electron transfer from the electrolyte. Superior properties in terms of

efficiency are shown by compounds with a pyrrole ring as the donor group and PY-3N is expected to be
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Accepted 13th Decernber 2022 a promising candidate for applications, however a e investigated dyes could provide a goo

performance in solar energy conversion. Our study demonstrates that computational design can provide

DOI: 10.1039/d2ra06767f a significant contribution to experimental work; we expect this study will contribute to future
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Introduction

Dye sensitized solar cells, also known as Gratzel cells,’ are
considered a mature solar energy conversion technology with
promising photovoltaic technologies representing a valid
alternative to traditional silicon-based solar cells. DSSCs attract
great interest due to their low-cost fabrication along with their
peculiar optical and mechanical properties and their high
device efficiency.>* Photosensitizers represent one of the most
essential components of a DSSC device being responsible for
the absorption of solar photons and in turn the generation of
photocurrent.* A myriad of photosensitizers have been synthe-
sized and studied in the last decades, more in general they
belong to three main classes, ruthenium(u) polypyridyl
complexes, zinc(u) porphyrin derivatives and metal-free organic
dyes. Among the ruthenium complexes, derivatives containing
two isocyanate ligands showed an absorption which is extended
up to 800 nm producing very high values of the photocurrent
density determined in short circuit conditions (Jsc), and
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developments to identify new and highly efficient sensitizers.

efficiency.>® Thiocyanate free ruthenium sensitizers have also
been prepared, giving rise to a device with considerable
photovoltaics properties.'®'* The other important class of metal
DSSC sensitizers is based on porphyrin derivatives. The first
study on these derivatives showed electron injection to be very
fast and comparable to that of ruthenium based DSSCs."?
Further studies revealed that push-pull porphyrins,
compounds in which an electron donor group and an electron
acceptor group were spaced by the macrocycle, provided several
advantages, including the extension of optical absorption, the
improving of light harvesting efficiency (LHE) and better elec-
tron injection properties.*® This finding paved the way for many
push pull porphyrins derivatives to further improve efficiency
and stability toward the commercialization.'** Both ruthe-
nium and porphyrin dyes have been limited since the difficulty
of their synthesis and mainly their undesirable environmental
impact, as a consequence metal free organic synthesizers have
been extensively studied. This class mainly consist of three
regions with different purposes; an electron acceptor moiety (A)
which anchor the molecule to the semiconducting electrode
providing an efficient electronic coupling between the sensitizer
and the substrate, a linker section (7t) consisting of a 7t-conju-
gated system and an electron donor moiety (D) at the free end,
thus they are based on a push-pull structure D-m-A. The three
features have been extensively varied in order to improve the
photovoltaic properties. Among the donor units triphenylamine
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have been largely employed,**** more in general dyes based on
coumarin, indoline, perylene, phenohiazine and carbazole were
synthesized to achieve superior properties in terms of stability,
cost and efficiency.”*** Novel dyes based on quinoxaline or
quinoxalinoid moieties were prepared by Jiang and coworkers
obtaining co-sensitized devices with an efficiency greater than
30% under indoor light conditions.* Li and coworkers synthe-
sized dyes based on tetraphenylethylene employing different -
bridges, these sensitizers displayed excellent values of effi-
ciency.*® A dye characterized by anthracene donor group,
synthesized by Reddy et al., showed an efficiency greater than
20% under low light illumination and revealed a good efficiency
when co-sensitized with porphyrin dye.*® Wu and coworkers
achieved devices with improved photothermal stability,
broaden absorption and higher extinction coefficients by
varying the classical D-mv-A structure inserting an electron poor
moiety into the m-bridge and obtaining the new scheme D-A-7t-
A.** Following this approach many dyes have been synthesized
using as donor groups benzothiadiazole,*® phenanthrene,*®
pyridal[2,1,3]benzotriazole,*” indoline,*® derivatives which dis-
played excellent stability and good efficiency. Dyes with higher
performance were obtained by including a rigid aromatic
system in the molecular structure thus increasing the planarity
and, in turn, favoring the electron flow between donor and
acceptor moieties.**" The acceptor-anchoring groups are
mainly represented by cyanoacrylic and benzoic acid moieties
which are present in the vast majority of DSSC with best
performance, see all references reported above. Various -
conjugated bridges have been employed with aim of favoring
the electrical communication between donor and acceptor.
Good efficiency was obtained using thiophene and dithiophene
derivatives in the m-bridge,*” in the latter case an effective

Fig. 1 Molecular structures of the designed dyes.
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reduction of dye aggregation was reported.*® Lin et al. suggested
that furan could be a good alternative to thiophene,** in
addiction acene bridge based DSSCs were investigated by using
a computational approach, optical and electrochemical results
showed that dye with the anthracene moiety was the best
candidate for DSSC applications.*> Further theoretical studies
suggested that the inclusion of a triple bond linking anthracene
with the anchoring group is necessary to make high efficiency
sensitizers.* Li et al. by using a DFT approach explored the role
of substituents on tetracene and pentacene in acene-bridged
dyes.*” Alkynyl bridge group has been employed and results
indicated an improving in the absorption capacity, remarkable
values of Jsc and more in general a very good photovoltaic
performance.*** In this work we investigated by means of DFT
approach a new class of metal free dyes for applications in
DSSCs which is based on a linear carbon chain (LCC) linker
between simple donor and acceptor groups. Since the high -
conjugated system LCCs exhibit electrical conduction and very
unusual optoelectronic properties, moreover can be easily
synthesized and their long-term stability is obtained.®® We
studied UV/VIS and electrochemical properties increasing the
length of the bridge, moreover NLO properties were systemati-
cally investigated. Designed structures are reported in Fig. 1 in

54-62

which pyrrole and thiophene derivatives are used as donor
moiety, cyanoacrylic acid as acceptor group and the LCCs (C,,
C,, Cg Cg) as m-bridge. Since thiophene rings have been exten-
sively used as components of the conjugated bridge of DSSC, we
inserted them at both ends of the linker. Compounds obtained
by replacing LCC with benzene and thiophene rings were
studied for comparison, see Fig. 1. Both dye@(TiO,),4 and I -
Dye@(TiO,),4 anatase nanocluster systems were also simulated
to show the electronic structure at the interface and the
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electrolyte contribution to electronic transition and injection.
The results obtained in this study can be a useful reference to
the synthesis and optimization of a new and more efficient class
of metal free dyes for DSSC applications.

Computational details

The geometries of all compounds were fully optimized in the
framework of the DFT using the hybrid B3LYP functional at
quantitative accuracy level of approximation employing the
extended basis set 6-311+G(3df,3pd). Vibrational analysis was
carried out for all the investigated structures, results provided
no imaginary modes, see ESI.} UV/VIS spectra were calculated
within the TD-DFT approach, PBEO, B3LYP and CAM-B3LYP
functionals were tested on dyes with known absorption
spectra, results clearly indicated that, at this level of approxi-
mation, both B3LYP and PBEO underestimated the absorption
energy values whereas CAM-B3LYP provided results in good
agreement with experimental data. Moreover, it has been re-
ported that long range corrected functionals provide reason-
able optical properties for molecules characterized by
electronic excitations with large charge transfer (CT) character,
likewise the series reported in this study, therefore CAM-
B3LYP was chosen for the prediction of UV/VIS spectra.®**
The solvated model based on density (SMD) was used to model
the solvation effect for neutral and cationic dyes, and the
lowest 10 energy states were considered in acetonitrile solvent.
A comparison with conductor-like polarizable continuum
model (CPCM) and IEFPCM methods showed very small
differences in Apax and absorption intensities.
Nonlinear optical properties, « and 8, were also estimated at
quantitative accuracy level of approximation. In particular here
we report the isotropically averaged polarizabilities (o) which
is defined as:

values

Oy + 0y + Az

() = St PO 1)

And the magnitude of the first order hyperpolarizability

B defined as:
ﬁtot = \/ 6x2 + 6}12 + 6:2 (2‘)

Where §; is given by:
(B + By + Biy)

J .
pi=———F——%

3 J= (x,y,z) (3)

A (TiO,),4 cluster was chosen to model the semiconductor, it
was carved out from crystallographic structure of anatase after
cleaving the (1 0 1) surface. The ground state geometries of
Dye@(TiO,)14, I -Dye@(TiO,),4 and the absorption spectra were
performed by using the computational approach proposed by
Xie and coworkers.® All the calculations were carried out with
the Gaussian 16 package®” and Multiwfn 3.8 program® was used
to display the molecular orbitals (MOs) and NLO properties.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Optimized geometries

To gain insight into the molecular structure all the studied
compounds were optimized in the framework of the DFT with
the hybrid B3LYP functional and the 6-311+G(3df,3pd) basis set.
In general, the degree on conjugation plays a significant role in
the performance of the dye, hence planarity was investigated
considering the dihedral angle, @, between the pyrrole/
thiophene moiety of the electron donor group and the thio-
phene ring inserted as a component of the conjugated bridge,
see Fig. 2.

All compounds exhibit a deviation from planarity which can
be ascribed to a steric effect between the hydrogen atom in the
position 3 of the heterocyclic ring and the sulphur atom of
thiophene group inserted in the bridge, see Fig. 1. @ values were
calculated in the range of 16.14-39.70°, lowest and highest
values were observed respectively in BZ-N and PY-2S, Table 1. A
comparison among the LCC bridged dyes highlights that the
steric effect is reduced in the pyrrole derivatives and affects the
absorption spectra. It is to note that ground state geometries
with no imaginary modes were found for planar structure (¢ =
0) of PY-4S and PY-4N, furthermore the calculated energy were
about 1 kcal mol ™" higher than the non-planar structures and

Fig.2 C-N-C-C dihedral angle @ and partial double bond N-C are
highlighted in red (sulphur atoms are colored in yellow).

Table1l Selected bond length (N-C, averaged C=C value, A), dihedral
angles (@, degree) for optimized dyes calculated at B3LYP/6-
311+G(3df,3pd)/SMD level

Compound ® N-C C=C (Av.)
BZ-S 32.42 1.372

BZ-N 16.14 1.364

PY-4S 36.24 1.361 1.272
PY-4AN 25.04 1.355 1.274
PY-3S 37.01 1.362 1.269
PY-3N 20.95 1.355 1.269
PY-2S 39.70 1.363 1.262
PY-2N 18.02 1.356 1.262
PY-1S 38.48 1.364 1.218
PY-1IN 20.27 1.356 1.218
TH-S 30.81 1.368

TH-N 17.77 1.361

RSC Adv, 2023, 13, 1019-1030 | 1021
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the absorption spectra were redshifted of about 15 nm. By
contrast imaginary modes were always found in the other
planar structures. Further aspects could affect electron transi-
tion, here we focus on the distance N-C highlighted in Fig. 2. A
shorter distance suggests that electron transfer from donor to
acceptor is facilitated, indeed, as listed in Table 1, pyrrole
derivatives show the lower values. The analysis of the distance
between carbon atoms in LCCs reveals an extended conjugation
along the bridge, bond lengths are in the range between 1.22-
1.34 A, see ESI,t and the average value approximates 1.27 A (the
middle value between 1.20 A of -C=C-, and 1.34 A of -C=C-)
as the LCC become longer, Table 1.

GAP

Fig. 3 shows calculated energy levels (from HOMO-—4 to
LUMO+4) of the investigated dyes. With the exception of BZ-N

BZ-S
BZN
PY-4Sp
PY-4S
PY-4Np
PY-4N
PY-3S
PY-3N
PY-2S
PY-2N
PY-1S
PY-IN
TH-S
Th-N
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-6 4 — —_ = = == TiO,
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Fig. 3 Selected MOs energy levels (from HOMO—4 to LUMO+4) for
the studied dyes at B3LYP/6-311+G(3df,3dp)/SMD level together with
TiO, CB and I /I3~ redox potential. p = planar structure.
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(—4.85 eV) the HOMO level energies are in all cases below the I/
I;~ redox couple (—4.8 eV (ref. 69)), whereas LUMO levels are
above the conducting band (CB) of TiO, (—4.0 eV (ref. 70)) with
energy differences much greater than 0.2 eV, approximately the
value above which an efficient electron injection is thermody-
namically favorable.” These findings suggest that, apart from
BZ-N, the oxidized dyes can be regenerated efficiently by elec-
tron transfer from the electrolyte, moreover all dyes are pre-
dicted to inject electrons in the CB of TiO,. A favorable
photovoltaic conversion of all LCCs series is expected, best
results seem to be provided by the compound in the series with
the largest gap, PY-1S, characterized by one triple bond and the
thiophene ring as donor group. In general, pyrrole ring lowers
the HOMO energy thus reducing the energy difference with the
redox potential of the electrolyte and affecting negatively the
photovoltaic conversion. In addition, dyes with longer LCC
bridge show a slight lowering of the LUMO energies, however,
as displayed in Fig. 3, such energy values remain sufficiently
higher than the CB, hence the injection process should not be
affected along the series. Fig. 3 also shows that BZ-S is the dye
with largest energy gap, however, it is necessary to investigate
further aspects in order to predict which of the designed
sensitizers could be the best candidate for photovoltaic
applications.

UV/VIS absorption, OM, NLO

In order to evaluate the performance as sensitizers UV/VIS
absorption spectra give more reliable information than energy
gap. First of all, we have verified the reliability of the CAM-
B3LYP functional for the description of absorption spectra in
organic sensitizers. To this purpose we have simulated, after

T

T T
500 600

800

nm

Fig.4 Absorption spectra of dyes in acetonitrile at TD-CAM-B3LYP/6-311+G(3df,3pd)/SMD level. p = planar structure. The spectra are Gaussian

broaded with 0.3 eV (half width half maximum).
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geometry optimization, the absorption spectra of well-known
dyes and results were compared to experimental data. In
particular we referred to dyes MM6,*' C293 (ref. 40) and D2.>
Given the considerable size of MM6 and C293 the 6-311+G(d,p)
basis set was adopted whereas the extended basis set was
maintained for D2. The calculated spectra, see ESI Fig. 1, are in
good agreement with experimental values, in particular the
main bands of D2, a dye with a structure similar to the LCC
studied series, are nicely predicted. As a matter of fact, all the
experimental maximum absorption wavelengths are predicted
by CAM-B3LYP with a deviation of about 10 nm. The simulated
UV/VIS spectra of the investigated dyes are reported in Fig. 4,
wavelengths, oscillator strength (f) > 0.2 and the main contri-
butions to transitions are presented in Table 2.

Simulated spectra show a first intense peak between 460-
550 nm arising from the intramolecular charge transfer (ICT),
characterized by HOMO — LUMO transition, and a second

Table 2 Absorption wavelengths (nm), oscillator strength and main
contributions to the transitions of dyes in acetonitrile at CAM-B3LYP/
6-311+G(3df,3pd)/SMD level

Main contribution

Compound A f to the transition
BZ-S 478.42 1.67 H — L (76%)
317.97 0.23 H — L+1 (40%)
BZ-N 495.89 1.64 H — L (75%)
327.35 0.23 H — L+1 (54%)
275.02 0.25 H-2 — L (47%)
PY-4S 534.07 0.61 H — L+1 (42%)
519.72 1.31 H — L (35%)
358.98 1.43 H-2 — L+1 (37%)
332.13 0.51 H — L+2 (29%)
PY-4Sp 533.19 2.00 H — L (60%)
362.85 1.44 H-2 — L+1 (44%)
337.58 0.68 H — L+2 (34%)
PY-4N 546.01 0.24 H — L+1 (59%)
538.99 1.75 H — L (50%)
366.70 0.86 H-2 — L+1 (37%)
343.14 1.09 H — 1L+2 (30%)
287.05 0.33 H-3 — L (38%)
PY-4Np 550.60 2.02 H — L (59%)
371.95 0.81 H-2 — L+1 (37%)
346.91 1.26 H — L+2 (32%)
289.17 0.31 H-3 — L (36%)
PY-3S 509.23 1.97 H — L (70%)
319.63 1.09 H-2 — L+1 (18%)
PY-3N 526.71 2.00 H — L (68%)
322.03 1.12 H-3 — L+1 (26%)
276.57 0.20 H-2 — L (43%)
PY-2S 498.85 1.83 H — L (79%)
279.55 0.35 H-6 — L (54%)
PY-2N 519.24 1.85 H — L (76%)
294.64 0.30 H-2 — L (25%)
281.58 0.24 H-6 — L (68%)
PY-1S 495.87 1.60 H — L (87%)
267.25 0.27 H — L+2 (37%)
PY-IN 503.47 1.55 H — L (44%)
TH-S 539.93 1.56 H — L (84%)
282.44 0.20 H — L+2 (28%)
TH-N 542.38 1.53 H — L (86%)
265.25 0.22 H — L+3 (28%)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Frontiers molecular orbitals of HOMO and LUMO of the dyes in
acetonitrile at TD-CAM-B3LYP/6-311+G(3df,3dp)/SMD level.

peak located in the range 270-320 nm which can be ascribed to
7-1* transitions. With the exception of single triple bond
compounds (PY-1S and PY-1N) the introduction of LCC bridge

RSC Adv, 2023, 13, 1019-1030 | 1023
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Table 3 Maximum absorption wavelength (eV), redox potential (eV),
AG™e®t LHE as function of f, polarizability and first hyperpolarizability
(a.u.) for the dyes in acetonitrile at TD-CAM-B3LYP/6-311+G(3df,3dp)/
SMD level

Compound  Amax Eox  E,, ~LHE  AG™*" -107° g-107°
BZ-S 2.59 496 2.37 0978 —-1.78 0.80 0.99
BZ-N 2.50 4.82 2.32 0977 —-1.69 0.87 1.30
PY-4S 2.32 519 2.80 0.951 -—1.11 1.73 2.21
PY-4N 2.27 5.05 2.85 0.982 —-1.12 1.75 2.59
PY-3S 244 5.18 2.75 0989 —-1.22 1.31 1.71
PY-3N 2.35 5.01 2.66 0.990 —1.27 1.42 2.26
PY-2S 249 5.15 2.67 0985 —1.30 1.03 1.04
PY-2N 2.39 497 2.58 0986 —1.38 1.16 1.95
PY-1S 2,50 5.09 259 0977 -1.39 0.85 1.19
PY-1IN 2.46 492 2.50 0.972 —1.48 0.96 1.60
TH-S 2.30 4.83 2,53 0973 -—-1.41 0.97 1.49
TH-N 2.29 478 249 0954 —-1.48 1.07 1.96
_ =——PYaN
< ——PYaNp
|SR—_
o ~———PY4Sp
-~ E ——pY3N
S " ——PY3S
= o ——PY2N
o o —PY2s
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x ——PY1S
2 —BzZN
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Fig. 6 LHE curves of all dyes (I' = 20 nmol cm~2 is taken for PY-4N,
PY-4S, PY-3N, PY-3S, I' = 30 nmol cm~2 is considered for the other
dyes). AM 1.5G solar spectrum is reported in green.

enhances the absorption intensity compared to benzene and
thiophene bridges, the highest molar absorption coefficient is
found for PY-4N in the planar conformation, more in general

View Article Online

Paper

expanded 7t-conjugated systems represented by PY-4S, PY-4N, (4
triple conjugated bonds) PY-3S and PY-3N (3 triple conjugated
bonds) show the higher molar absorption coefficient values.
The orbital spatial distribution of the frontier molecular
orbitals reveals that electron density is clear moving, through
the w-linker, from the dye-donor side (HOMO) to the cyanoa-
crylic acid acceptor end (LUMO) of the dyes, allowing the ICT,
see Fig. 5 and ESL

Itis to note that overlapped HOMO and LUMO orbitals extend
across the w-linker thus indicating, for donor and acceptor
moieties, excellent induction and electron-withdrawing proper-
ties which facilitate the ICT process. For PY-4S and PY-4N,
absorptions included a second intense band at around 350 nm
which is related to the extension of the linker conjugation length,
in fact blue-shift and a significant decreasing in intensity of this
band occur with the shortening of the LCC bridge. PY-1S and PY-
1IN absorptions are found below 300 nm and are comparable
with BZ-S, BZ-N, TH-S and TH-N. All designed dyes are charac-
terized by an extensive electron delocalization and exhibit a large
difference between ground and excited state dipole moment,
thus possess the requisite properties for non-linear behavior.
Calculated values of polarizability («) and first hyper-
polarizability (8) reported in Table 3 confirm this property,
interestingly pyrrole give rise to a remarkable enhancement of
6 values, in particular we expect that PY-4N is superior to other
compounds. In the planar conformation PY-4N exhibits the
exceptional 8 value of 290.491 (a. u.).

Light harvesting efficiency (LHE) and electron injection
driving force AG™*

To predict the extent of light adsorption and the short circuit
photocurrent, LHE was calculated by using the equation:”

LHE() = 1 — 10~*®" (4)

where ¢(4) is the molar absorption coefficient whose value
depends on wavelength and I' is the dye loading amount

Fig. 7 Optimized geometries of bidentate binding mode of PY-4N, PY-4S, PY-3N and PY-3S on (TiO2)14.
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Table 4 E;n (kcal mol™) and dipole moment u (Debye) for the selected dyes at B3LYP-D3/6-31G(d)/LANL2DZ level. In parenthesis the dipole
moment of the corresponding isolated dyes. Maximum absorption wavelengths (eV), oscillator strength and main contributions to the transitions

for the selected dyes at TD-M062X/6-31G(d)/LANL2DZ level

Main contribution

Complexes Eine m Amax f to the transition
PY-4N@(TiO,)14 —20.95 16.46 (14.60) 2.38 0.96 H — L+10 (0.29)
H — L+11 (0.36)
PY-4S@(Ti0,) 4 —20.73 17.68 (12.39) 2.41 0.45 H — L+11 (0.24)
H — L+12 (0.27)
PY-3N@(TiO,)14 ~19.92 16.03 (13.95) 2.35 0.93 H — L+12 (0.39)
H — L+13 (0.28)
PY-3S@(TiO,)14 ~19.66 16.68 (12.27) 2.49 0.87 H — L+13 (0.26)
H — L+14 (0.32)

corresponding to the product of the dye concentration ¢ with
TiO, film thickness b, (I' = ¢ x b). The LHE curves along with
the AM 1.5G solar spectrum are displayed in Fig. 6. Curve
coverages of PY-4N in the planar conformation is the broadest
of the series, in the other cases PY-3N show the best coverage.
More in general pyrrole derivatives exhibit better LHE
compared to the analogues with thiophene, along the series the
efficiency decreases following the order PY-3 > PY-4 > PY-2 > PY-
1.

In Table 3 are listed approximated LHE values calculated as:

LHE=1-104=1-10" (5)

LUMO+12

LUMO+ 13

where f'is the oscillator strength of the dye. These results are in
agreement with curves plotted in Fig. 6, PY-3S and PY-3N show
the greatest LHE values followed by PY-4N and PY-4S, since
short circuit photocurrent, which is an important characteristic
for the performance of the cell, is proportional to LHE, these
dyes are expected to provide the greatest Jsc value and, in turn,
the best efficiency in DSSC applications. The short circuit
photocurrent can be evaluated as:

Jse = qJLHE(A)@njnregncoueph. ot 156(A)dA (6)

where g is the elementary charge of electron, @;,; represents the
electron injection efficiency, 7., the dye regeneration efficiency,

LUMO+ 11 LUMO+12

N

s

HOMO

LUMO+ 13

Fig. 8 Electronic transitions of PY-4N@(TiO,).14 (up left), PY-4S@(TiO,)14 (up right), PY-3N@(TiO,)14 (down left) PY-3S@(TiO,)14 (down right)

calculated at TD-M062X/6-31G(d)/LANL2DZ level.
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Fig. 9 Optimized geometries of I7-PY-4N@(TiOy)14 (a), I7-PY-4S@(TiO)14 (b), I7-PY-3N@(TiO2)14 (c), I"-PY-3S@(TiO,)14 (d) at B3LYP-D3/6-

31G(d)/LANL2DZ/SDDALL level.

Table 5 Ein (kcal mol™) for the selected dyes at B3LYP-D3/6-31G(d)/
LANL2DZ/SDDALL level. Maximum absorption wavelengths (eV),
oscillator strength and main contributions to the transitions for the
selected dyes at TD-M062X/6-31G(d)/LANL2DZ/SDDALL level

Main contribution to

Complexes Eine Amax  f the transition

I -PY-AN@(TiO,);; —11.23 223 0.59 H—4 — L (0.33)
H-4 — L+14 (0.29)

I -PY-4S@(TiO,);4  —10.95 231  0.95 H—4 — L(0.34)
H—4 — L+14(0.28)

I-PY-3N@(Ti0,)14 -9.86 218 079 H-5— L(0.35)
H-5 — L+16 (0.27)

I-PY-3S@(Ti0,) 4 —9.58 232 061 H—4 — L(0.26)
H—4 — L+15 (0.23)

Neon the electron collection efficiency and 6, am 1.5¢ is the
photon flux which corresponds to the AM 1.5G solar radiation
spectrum. Jsc value is one of the crucial factors determining the
overall cell efficiency, n, which is related to electrical parameters
by the following equation:

_ JscVoc
p= 2 0C.

o FF 7)

where I is the intensity of the incident light, V¢ represents the
open circuit voltage and depends on the energy difference
between the electrolyte redox potential and the Fermi potential
of the semiconductor, FF is the fill factor defined as the ratio
between the maximum power (Viax-/max) yielded by the device
and the maximum theoretical power (VocJsc).”>”* Apparently,
the differences in the LHE values listed in Table 3 are very small,
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as a consequence comparable performance is expected from the
whole LCCs series. PY-4S is the dye with lowest value of the
series, but it should be emphasized that in the planar it reveals
a light-harvesting-efficiency value equal to 0.99, furthermore in
view of the free rotation around the C-N bond, as the slight
difference in energy between planar and non-planar conformers
suggests, a good efficiency can be hypothesized also for this
compound as shown in Fig. 6.

For high performance of DSSCs an efficient and fast electron
injection from the excited state of the dye to the CB of TiO,
surface is required. The AG™°* is the free energy related to the
electron injection process and represents the difference
between the excited electron of the sensitizer and the injected

electron onto the TiO, surface. AG™*** is given by:
AGinjet = E;x-dye — Ecg [8)
where sz_dye denotes the oxidation potential of the dye in its

excited state whereas Ecg represents the reduction potential of
the CB of the semiconductor TiO, (Ecg = 4.0 eV). In turn, E:X,dye
can be computed as:

*

E

ox-dye

— on-dyc _ )Lmax (9)

In which E°%¢ is the oxidation potential of the ground state
and Amax represents the lowest absorption energy associated
with the photo-induced ICT. Table 3 shows that the findings
AG™** of the investigated dyes are negative, thus spontaneous
electron injection from the excited sensitizers to the CB of TiO,
is predicted.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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TiO,-dye interaction

Prediction studies of the dye-semiconductor interface, together
with electron transfer from the sensitizers to semiconductor,
represent an important step towards the DSSCs optimization.
Excitation and injection of electron process is much faster than
reduction of oxidized dye,**”* hence we modeled the oxidized
dye-TiO, adsorption complexes considering the most prom-
ising sensitizers PY-4N, PY-4S, PY-3N and PY-3S. Fig. 7 shows
the optimized structures of the complexes and in Table 4 are
reported the dipole moment, u, and the interaction energies,
Ejn, calculated as:

Eint = Eox-dye@tio, — (Eox-dye T ETi0,)

As shown, the dyes are linked by means of the two carboxylic
oxygen atoms bonded with a titanium atom of surface, such
bidentate adsorption mode is energetically favored compared to
monodentate mode. Calculated E;,, values of Dye@(TiO,)14
indicate a very favorable interaction between the dyes and the
semiconductor surface, moreover calculated dipole moment
along z axis, see Fig. 7 and Table 4, confirms the strong ICT
properties and, in turn, the efficient electron injection properties.

To better understand the electronic coupling between the
LUMO on the dye and the CB on TiO, and electron-transfer
features upon excitation, electronic transition energies were

LUMO + 16

HOMO - 5 LUMO

Fig. 10 Electronic transitions of I"-PY-4N@(TiO,)14 (up left), I"-PY-4S@(TiO,)14 (up right),
(down right) calculated at TD-M062X/6-31G(d)/LANL2DZ/SDDALL level.
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calculated at TD-M062X/6-31G(d)/LANL2DZ level. The results
are listed in Table 4, electronic transitions isosurfaces for
Dyes@(TiO,)14 complexes are shown in Fig. 8. We observe that
HOMO levels of Dyes@(TiO,)4 are localized to the sensitizers
retaining the HOMO character of the isolated dyes and the
values are slightly increased in comparison with free dyes,
whereas the LUMO levels, and most of the LUMO+n levels, are
centered on the substrate showing the same character as TiO,,
therefore have no coupling to the semiconductor CB. Interact-
ing orbitals with considerable contributions from the LUMO of
free dyes are found at higher energy level, in particular the
patterns of LUMO+10 and LUMO+11 for PY-4N, LUMO+11 and
LUMO+12 for PY-4S, LUMO+12 and LUMO+13 for PY-3N and
LUMO+12, LUMO+14 for PY-3S clearly indicate that electron
distribution is delocalized between the anchoring group and
the TiO, surface and represents electron transfer from dye to
the semiconductor by means of the cyanoacrylic group as
a result of direct electron transfer.

Electrolyte-dye-TiO, interaction

To investigate the change in absorption spectra and molecular
orbitals before and after electrolyte interaction, the geometry
optimization of electrolyte-Dye-TiO, systems were performed.®®
Electrostatic potential simulations suggest that active electro-
Iyte attacking area is mainly localized around the enaminic H
atom hence we sited I close to this positive area, see Fig. 9. The

LUMO + 14

HOMO - 4 LUMO

LUMO + 15

I=-PY-3N@(TiO2)14 (down left) I"-PY-3S@(TiO2)14
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interaction energies of the complexes I -Dye@(TiO,),4 reported
in Table 5 indicate a favorable interaction between the elec-
trolyte and Dye@(TiO,)4 systems.

As compare with complexes Dye@(TiO,);; maximum
absorption wavelengths are considerably red-shifted whereas
the pattern of molecular orbitals mainly involved in the tran-
sition highlight the contribution of the electrolyte to the effec-
tive charge transfer in particular for PY-4N and PY-3N, see Table
5, Fig. 10 and ESIf for the UV/VIS absorption spectra.

Conclusions

In this study we used DFT and TD-DFT calculations to investi-
gate a new class of metal-free LCC based dyes for applications in
DSSCs. Our results reveal that insertion of LCC produce
a significant effect on absorption spectra and electrochemical
properties. With increasing length of LCC the absorption
spectra are red-shifted due to the expansion of m-conjugation
and the intensity of the two main bands is greatly enhanced in
comparison with benzene and thiophene linked dyes. LHE and
electron injection properties vary slightly with the length of
LCC, PY-3N exhibits good optical properties and the best elec-
trochemical performance, hence is expected to be a promising
candidate for DSSC applications. Interestingly planar confor-
mation of PY-4N and PY-4S display an enhanced LHE and
superior spectroscopic parameters, moreover ground state
geometries with no imaginary modes are obtained only for
these two dyes. As expected, excellent NLO properties are pre-
dicted for all the member of the LCC series. Energetic and
spectroscopic calculations indicate that pyrrole derivatives
provide higher performance than analogues with thiophene.
Simulations of Dye@(TiO,);4s and I -Dye@(TiO,);, anatase
nanocluster systems confirmed the efficient electron injection
properties and the contribution due to the I” to the effective
charge transfer. Our simulations suggest that all of the LCC-
bridged sensitizers are able to inject electron into TiO, and
can be regenerated efficiently by electron transfer from the
electrolyte. We expect this work will contribute to synthesize
a new class of metal-free dyes with application in the DSSC field.
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