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In recent years, organic dye molecules as photosensitizers have played a significant role in the field of dye-
sensitized solar cells. In this context, two primary dihydroindolocarbazole-based organic dyes (sk201 and
sk202), which were synthesized recently by Song et al., and three further designed dyes (DMZ1-3) were theo-
retically investigated based on density functional theory and time-dependent density functional theory. Molec-
ular geometries, absorption spectra, charge transfer, molecular electrostatic potential and nonlinear optical

properties were quantificationally studied and visually presented to reveal the relationships between the mo-
lecular structures and performances of dyes. The effects of joining the isolated dyes and TiO2 on the molecular
absorption spectra and energy levels were analyzed. Moreover, several parameters, such as efficiency of light-
harvesting, driving forces of electron regeneration and injection, excited-state lifetime and vertical dipole
moment, were calculated to give the multi-angle demonstrations of the photovoltaic performances for these dyes.

Introduction

With the progress of human society and industry development, the
world’s demand for energy is increasing day by day, which has caused
global environmental problems to be more and more prominent [1,2].
Nowadays, multiple renewable energy sources (including hydropower,
wind power, and solar power and so on) are being investigated to
overcome the issues caused by conventional fossil fuels. Solar power
based on photovoltaic cells is regarded as the cleanest, safest and most
abundant source, which is the most promising alternative to achieve the
above goal [3]. As one of solar technologies, dye-sensitized solar cells
(DSSCs) are now regarded as an economical and reliable alternative to
substitute for fossil fuels due to the relatively high performance, ease of
fabrication and low manufacturing cost [4-7].

Generally, a DSSC device has four components: semiconductor oxide
nanoporous membrane, dye sensitizer, redox electrolyte and the counter
electrode. Among them, dye sensitizer is undoubtedly the core compo-
nent responsible for capturing photons and then injecting the excited
electrons into the semiconductor (TiO2) nanocrystalline film. In the past
two decades, every breakthrough in DSSCs is closely related to the
progress of dye sensitizers, and plenty of high-efficiency dyes (mainly
including zinc porphyrin dyes, Ru complex dyes and push-pull organic

dyes) were investigated for continuously improving the total photo-
electric conversion efficiencies (PCEs) of DSSCs from 10% to 14%
[8-12]. In recent years, organic dye sensitizers, usually characterized by
electron donor-conjugated n bridge-electron acceptor (D-n-A) configu-
ration, have attracted great attention in the field of DSSCs for their ease
to synthesize, flexible molecular design, higher molar extinction co-
efficients and environmentally friendly character [13-20].

Many novel organic dyes, especially the metal-free organic dyes,
were reported in the context of DSSCs. Sun et al. reported four D-n-A
type organic dyes (PCT1-4), and concluded that the cyclopentadipyrrole
unit used for the n-bridges would improve the performances of DSSCs
[21]. Lu et al. also discussed the impacts of n-bridges on the properties of
dyes and found that dyes’ performances may be deteriorated by
extending n-conjugated bridges caused by the increased recombination
of charges [22]. Galappaththi et al. designed a cyanidin-based dye
molecule (P01-1) and investigated their absorption spectra and elec-
tronic structures to reveal its performances for DSSCs [23]. In terms of
the experiment, Liu et al. synthesized a series of indacenodithiophene
(IDT)-based organic dyes with different electron acceptors, which ach-
ieved a high open-circuit voltage (>1.1 V) and high PCEs of 11.2% by
manipulating electron affinity [24]. Ren et al. reported a new blue dye
(R6) designed for DSSC, which conducted the highest PCE (12.6%)
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among the blue pigments [25]. Cheng et al. synthesized a series of dyes
(XC1-XC5), and investigated the co-sensitization of these dyes and
another porphyrin-based dye XW28, in which the highest PCE of 10.50%
was achieved for the co-sensitization of XC5 and XW28 [26]. Zeng et al.
designed and synthesized two doubly strapped porphyrin sensitizers
(XW40 and XW42) with PCE of 9.3% (for XW40) and 8.2% (for XW41),
which were increased to 10.6% (for XW40) and 10.2% (for XW41) in the
cases of co-adsorption with CDCA and co-sensitization with Z1 [27].
Desta et al. investigated a series of D-A-n-A type sensitizers (MD4-MD7)
featuring the auxiliary acceptor (thieno[3,4-b]pyrazine or benzo[3,4-b]
pyrazine), in which MD7 showed the best efficiency of 9.03% with help
of the co-adsorbent (1 mM CDCA) [28].

In this work, two primary dihydroindolocarbazole-based organic
dyes (sk201 and sk202) synthesized lately by Song et al. [29] and three
further designed dyes (DMZ1, DMZ2 and DMZ3) were theoretically
investigated as the photosensitizers for DSSCs. Based on DFT [30,31]
and TD-DFT [32], the optimized molecular structures, energy levels and
gaps, and absorption characteristics of light were calculated and
compared with experimental results [29]. The changes in dyes’ prop-
erties before and after absorbing on TiO, were emphatically studied.
Besides, the frontier molecular orbitals (FMOs) and charge difference
density (CDD) were employed to visually show the intramolecular
charge transfer (ICT) for the dyes. For quantificationally demonstrating
and comparing the photovoltaic performances of the dyes, the oxidation
potential, the driving forces of electron regeneration and injection, the
lifetime of dye molecule in the excited state, the vertical dipole moment,
and the light-harvesting efficiency (LHE) were calculated to give the
multi-angle demonstrations of the photovoltaic performances for these
dyes.

Computational method

Density functional theory (DFT) with B3LYP functional [33,34] was
used to optimize the molecular geometries of the investigated dyes in the
ground state (before and after absorbing on TiO;). 6-31G (d) and
LANL2DZ [35] were chosen as the basis sets for the nonmetallic atoms
and Ti atoms, respectively. For the isolated dyes (before absorbing on
TiOy), the optimizations of dye molecules were carried out in both gas
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and dichloromethane (DCM) solvent with conductor-like polarizable
continuum model [36]. Herein the DCM solvent was selected to be
compared with the experimental results [29]. In the dye/TiO, com-
plexes (after dyes absorbing on TiO2), which are the actual forms of dyes
in DSSCs, the optimized calculations were only performed in DCM sol-
vent. Here, (TiO2)9 nanocluster and bidentate bridging adsorption
model [37], which have been widely used before [38-42], were
employed to explore the adsorption effects between dyes and TiOy on
the properties of dyes/TiO, complexes. Furthermore, time-dependent
DFT (TD-DFT) was used to study the properties of dye molecules in
the excited state at CAM-B3LYP [43]/6-311G(d, p) level. All calculations
based on DFT and TD-DFT were done with the Gaussian 16 package
[44]. The wave-function analyses were carried out with Multiwfn 3.39
[45].

Results and discussion
Molecular structures

The properties of dyes used for photosensitizers, such as the ab-
sorption spectrum and ICT, effectively influence the photoelectric per-
formances of DSSCs that are closely related to the molecular structures.
Fig. 1 shows the molecular structures of the primary dye molecules
(sk201 and sk202), of which the different moieties were highlighted in
different colors. Their optimized geometries were given in Fig. S1.
Obviously, sk201 and sk202 share the same electron donor (5,11-dihy-
droindolo[3,2-b]carbazole derivative, DDC) and the same electron
acceptor (4-(benzo[c][1,2,5]thiadiazol-4-ylethynyl)benzoic acid, BTZ)
[29]. The only difference is that the donor and acceptor of sk201 are
directly connected through a single bond, whereas a thiophene unit is
inserted in the same position of sk202. Some important dihedral angles
of the optimized molecular geometries were calculated and shown in
Fig. 1. For sk201, the dihedral angles between the donor and acceptor
are 34° in gas and 36° in DCM solvent. For sk202, a twisted structure
(28° in gas and 24° in DCM solvent) exists between the donor and
thiophene unit, and another smaller twist (7° in gas and 0° in DCM
solvent) can be found between the thiophene unit and the acceptor.
Because of the previous works [46], these proper twisted structures help

Gas: 28° 7
=3 DCM: 24°
\ s
Gas: 7° DCM: 0°

SK202

Fig. 1. Molecular structures of dyes (sk201 and sk202).
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inhibit dye molecules’ aggregation on TiO, films. Besides, due to thio-
phene’s presence, sk202 exhibits a relatively better overall planarity and
a higher degree of conjugation than sk201, which will promote charge
delocalization and ICT of sk202. The superiorities of sk202 over sk201 in
charge delocalization and ICT will be further demonstrated in the
following sections.

Excited-state characteristics and absorption spectra

A broad and strong absorption of visible light is an essential
requirement for the dyes used for DSSCs. Fig. 2 shows the computed
absorption spectra curve of the investigated dyes. The involved excita-
tion energy (Eg), wavelengths corresponding to the maximum absorp-
tion (4m), molecular orbital (MO) transitions and oscillator strengths (f)
were listed in Table 1. From Fig. 2, both sk201 and sk202 exhibit the
typical characteristic of dual absorption peaks. One peak located in the
near-ultraviolet region, which arises from the n-n* transitions of the
whole conjugation backbone [47], is referred to as the secondary ab-
sorption peak herein. The other located in the visible region is the main
absorption peak related to the ICT process between electron donor and
electron acceptor [47]. Table 1 shows that the wavelengths of the main
absorption peaks in the gas are 449 nm for sk201 and 499 nm for sk202.
For the case in the DCM solvent, the maximum absorption wavelengths
of sk201 and sk202 are 450 nm and 509 nm, respectively, close to the
experimental results (sk201: 492 nm, sk202: 527 nm) [29]. Table 1
further explains the generation of the two absorption peaks for the dyes.
All prominent absorption peaks are caused by the electron transition
from the highest occupied molecular orbital (HOMO) to the lowest un-
occupied molecular orbital (LUMO). The secondary absorption peaks
are mainly generated by the change of HOMO (H) — LUMO (L) + 1,
except for the case of sk202 in DCM solvent, which is related to the
transition of H — L + 3. Moreover, to show the effects of connecting to
TiOz on the dyes’ spectra, the absorption curves of sk201/TiO, and
sk202/TiO, were plotted in Fig. 2(b), which are also in good agreement
with the experimental results [29]. It can be clearly seen from Fig. 2 and
Table 1 that sk201/TiO4 and sk202/TiO; have higher molar absorption
coefficients than their isolated counterparts (sk201 and sk202), with
only slight blue-shifts (sk201: 4 nm, sk202: 6 nm) in the maximum ab-
sorption wavelengths. By comparison, sk202 exhibits overwhelming
advantages in the absorption intensity, maximum absorption wave-
length and width of central absorption peak over sk201, which are
related to its higher conjugation degree and better overall planarity of
sk202 caused by the introduction of a thiophene unit.
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Calculated excitation energy (E,/eV), maximum absorption wavelength (1,,/
nm), molecular orbital contributions and oscillator strengths (f) of dyes in

different conditions.

Dyes States  An/Eg MO Contributions f
sk201 (Gas) S1 449/2.7616  (0.56097) H - L 0.8843
S2 354/3.4986  (0.51041) H-1 - L 0.0639
S3 350/3.5385  (0.58624)H — L + 2 0.2426
sS4 332/3.7328  (0.40700) H-2 —» L 0.0095
S5 307/4.0418  (0.42467)H—>L+1 0.8791
S6 299/4.1348  (0.61911)H-1 - L +2 0.3820
sk201 (DCM) S1 450/2.7558 (0.54777)H—> L 1.0348
S2 354/3.4982  (0.60451)H - L + 2 0.3251
S3 352/3.5256  (0.43459) H-1 - L 0.0578
S4 329/3.7672 (0.43964) H-1 - L 0.0071
S5 308/4.0261  (0.39870)H - L +1 0.9012
S6 304/4.0834  (0.62433)H-1 > L +2 0.6270
sk201/TiO, (DCM)  S1 446/2.7811  (0.42590) H - L 1.2131
S2 351/3.5278  (0.30762) H - L 0.3304
S3 347/3.5750  (0.17411)H-1 - L 0.1809
S4 329/3.7710 (0.31111) H-1 - L 0.1090
S5 322/3.8471  (0.30989)H — L 0.4068
S6 313/3.9614  (0.66263)H — L + 1 0.0007
sk202 (Gas) S1 499/2.4833  (0.53111)H—> L 1.3559
S2 369/3.3645  (0.41804)H —> L 0.0247
S3 352/3.5179  (0.62313)H > L + 2 0.1149
S4 329/3.7681  (0.45785) H-2 —» L 0.0331
S5 320/3.8753  (0.34703)H—>L +1 1.1959
S6 309/4.0186  (0.38434) H-3 —» L 0.0269
sk202 (DCM) S1 509/2.4354  (0.53280) H - L 1.5202
S2 366/3.3887  (0.39386) H - L 0.0132
S3 358/3.4621  (0.62537)H > L + 2 0.1544
S4 324/3.8308  (0.32439)H—>L + 3 0.9687
S5 322/3.8514  (0.35844) H-2 > L 0.3630
S6 308/4.0238  (0.39408) H-2 —» L 0.0237
sk202/TiO, (DCM)  S1 503/2.4656  (0.51704) H - L 1.7156
S2 363/3.4125  (0.37722) H - L 0.0389
S3 350/3.5406  (0.21090) H-1 - L + 34  0.1564
S4 334/3.7084  (0.25490)H - L + 6 0.8812
S5 321/3.8565  (0.33821) H-1 —» L 0.2621
S6 321/3.8627  (0.64150)H — L 0.0001

Energy levels and gaps

The elected energy levels (HOMOs and LUMOs) and their gaps in the
investigated dyes were numerically shown in Fig. 3. For a qualified dye
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Fig. 2. The simulated curve of the absorption spectra of dyes in different conditions.
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Fig. 3. Selected energy levels of sk201 and sk202 (before and after absorbing on TiOy).

photosensitizer, the gap between HOMO and LUMO should cover the
conduction band (CB) edge of TiO; (Ecg = 4.0 eV) and the redox po-
tential (Eredox) of I /I3 (—4.6 eV in vacuum and —4.8 eV in solvent) for
the effective electron injection and reduction of oxidized dyes [48,49].
As shown in Fig. 3, both isolated dyes and their dye/TiO5 complexes (in
solvent) match the above conditions required for HOMOs and LUMOs.
Besides, Fig. 3 shows no noteworthy difference in the HOMO energy
between the isolated dyes and the dye/TiO, complexes in the case of
solvent. Still in the DCM solvent, the LUMOs of the two dyes decrease
after absorbing on TiO3 due to the strong coupling between the LUMOs
and TiOs, which is beneficial to injecting electrons into TiO,. Based on
the above comparison, it can be found that the dye/TiO2 complex
(sk201/TiO5 or sk202/TiOy) has a narrower gap between HOMO and
LUMO than its corresponding isolated counterpart (sk201 or sk202).
Meanwhile, sk202 shows narrower gaps than sk201 in DCM solvent,
namely, 2.009 eV (sk202) < 2.239 eV (sk201), 1.923 eV (sk202/TiO3) <
2.007 eV (sk201/TiOy). It is known that a narrower gap between HOMO
and LUMO will promote electron excitation with visible light and then
improve light harvesting efficiency. Hence, sk202 will show a better
light-harvesting efficiency than sk201, which accords with analysis in
previous sections and is also in good agreement with experimental
results.

Electronic structures and charges transfer characteristics

The electron cloud distributions of frontier molecular orbitals
(FMOs) are the intuitive exhibitions of charge separation and ICT for dye
molecules. Considering the transitions paths, which contribute to the
dual absorption peaks, the electron cloud distributions of FMOs (H, L, L
+1,L+ 2,L+ 3) were calculated in DCM solvent and visually presented
in Fig. 4. For the HOMOs of sk201 and sk202 in the ground state, the
electron clouds mainly distribute on DDC and thiophene unit (only for
sk202), with a small part spread to benzo[c][1,2,5]thiadiazole. For the
LUMOs of the two dyes, the electron densities are almost completely
transferred to the BTZ unit, and only a small part of electron densities
remain in the donor. The transition of H — L results in a very efficient
ICT process that corresponds to the dyes’ main absorption peak. Besides,
for the orbitals of L + 1 and L + 2, electron clouds are completely
gathered in BTZ and DDC, respectively, for both dyes. For the L + 3
orbitals, electron clouds are mainly distributed on the BTZ and

thiophene unit (only for sk202), with a small part spread to DDC for both
dyes. The transitions of H —» L + 1 and H — L + 3 are also ICT states,
which generate the secondary absorption peak for sk201 and sk202,
respectively.

For investigating the ICT properties of dyes after absorbing on TiO»,
the charge difference densities (CDD) of six excited states (S1-S6) were
calculated for sk201/TiO2 and sk202/TiO3 in DCM solvent and visually
shown in Fig. 5, in which the red and the green represent the densities of
electrons and holes, respectively. For reducing the charge recombina-
tion between the injected electrons and the oxidized dyes, the holes
should be confined to the donor of the dye molecule; that is, it will be
away from the TiO,. From Fig. 5, the complete charge transfer occurs in
S5 and S6 for sk201/TiO4, and S4 and S6 for sk202/TiO,. Besides, the
excited states (S1, S2, S3) of sk201/TiO, and sk202/TiO5 can be
attributed to the locally excited states, of which the electrons and holes
partially overlap each other. By comparing with sk201, it is found that
the introduction of a thiophene unit increases the hole distribution sites
for sk202, which accelerates the separation of the intramolecular charge
to a certain extent.

Besides, the charge transfer rate (w), which describe the intra-
molecular charge transfer in the dye molecules, can be calculated based
on Marcus-Hush equation [60-63]:

V2 T Aiotal
_v 1
h (zm,kT) “p (4kT) )

where V is the coupling matrix element decided by the energy of HOMO
(Egomo) and HOMO — 1 (Egomo-1), kT is the thermal energy at absolute
temperature T; Aq is the reorganization energy, which has two parts:
hole reorganization energy (1) and electron reorganization energy (4).
V, An and A, have the expressions, respectively [50-52].

1

V= ) (Eromo — Enomo-1) (2
= (Ey —E.)+ (E% — Ey) 3)
de = (Ey —E_)+ (E° — E)) 4

where E;, E_ and E, are the energy of cationic, anionic and neutral
ground-state dye molecule, respectively. ES (E®) and Ej (E°) are the
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Fig. 4. Selected frontier molecular orbitals (FMOs) of sk201 and sk202 in DCM solvent.

energy of neutral dye molecule based on cationic (anionic) state and
energy of anionic (anionic) dye molecule based on neutral state. From
Eq. (1), a smaller A4y will lead to a bigger w, namely, a better ICT
process [53]. The values of Ap, 4, and A;q Were listed in Table 2. The
Atotar Of the sk202 and sk201 are 0.315 and 0.371, respectively, which

indicates sk202 has a better charge transfer performances than sk201. In
other words, sk202 is more conducive to produce a bigger photocurrent
to improve the PCE. This also demonstrates that the introduction of
thiophene can promote ICT.
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sk201/TiO, sk202/TiO,

S1

S2

S3

S4

S5

S6

Fig. 5. Charge difference density of dye/TiO, complexes in DCM solvent.

Molecular electrostatic potential reflect molecular electrophilic and nucleophilic reaction sites, which is
crucial for investigating dye regeneration [42,43]. Different ESP values
The molecular electrostatic potential (ESP) produced by the nuclei were described by different colors in Fig. 6, in which the blue (negative)
and electrons in the space around a molecule, is an important method to areas and red (positive) areas correspond to the sites of nucleophilic and
predict and explain chemical reactions. In this work, ESP is used to electrophilic reactions, respectively. The most positive sites of ESP
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Table 2
Calculated hole reorganization energy (1n/eV), electron reorganization energy
(4e/€V) and total reorganization energy (4qi/€V) of dyes.

Dyes An Ze Atotal
sk201 0.139 0.232 0.371
sk202 0.115 0.200 0.315

correspond to the most vital ability to attract electrons, that is, the most
likely site to combine negative charges and electrolyte ions. As shown in
Fig. 6, the red area of sk202 is significantly darker than sk201, which
means that the dye regeneration ability of sk202 is stronger than sk201.
Moreover, some cyan dots and orange dots on the ESP surface are the
maximum and minimum points of ESP, respectively. Thus, the orange
dots are the most likely sites that bind to electrolyte ions. For sk202, an
orange dot happens to be at the sulfur atom thiophene, a likely site
where the electrolyte ions may bind. From the above two aspects, the
introduction of thiophene is beneficial to the regeneration of dyes. It is
worth noting that iodide and triiodide are both anionic and could both
bind to thiophene units, which would promote charge recombination of
the photo-oxidize dyes [54]. However, more accumulation of triiodide
near the surface of TiO, will result in increased interfacial recombina-
tion and further decreased value of Voc.

Nonlinear optical (NLO) properties

The dyes with excellent ICT capacity usually exhibit better NLO
properties [55], described by the first hyperpolarizability (fp). Bror that
can be calculated via [56]:

Results in Physics 23 (2021) 103939

ﬁt{)l = [(ﬁxﬁc + ﬂxyy +ﬂxzz)2 + (ﬂy,\:v +ﬂyzz +ﬂy)c)r)2 + (ﬂzzz +ﬂwc + ﬁ:yy)z]
)

where S (i, j, k = x, y, 2) are the tensor components of the first
hyperpolarizability. The obtained g and i were listed in Table 3.
sk202 has a bigger f, which may be due to its smallest overall twist
structure, indicating an ICT capacity. This conclusion is consistent with
the previous analysis. Moreover, the value of 8, is much larger than the
other components of S, which means f, is dominated by f,, and the
electron transfer between the donors and acceptors is unidirectional.

Photoelectric parameters of DSSCs

For further investigating the photovoltaic performances of the dyes,
key parameters were investigated quantificationally in this section. The
overall PCE () is a crucial parameter for evaluating the photovoltaic
performances of DSSCs. It is determined by Jsc (short-circuit photo-
current density), Voc (open-circuit photovoltage), Pj, (incident light
power) and FF (fill factor) from equation [5]:

]SL"VOC
n=FF o (6)

Therefore, 5 can be enhanced by increasing Js¢ and Voc.

Jsc is related to the efficiency of electron injection ¢y,j, the charge
collective efficiency (57con) and LHE through the following integral car-
ried over the whole solar spectrum [5]:
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Fig. 6. ESP maps of sk201 and sk202 in DCM solvent.
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Table 3
First hyperpolarizability () and it’s tensor components (Bj) of dyes (1 x 1072 esu).
Dyes Procx Proy Py Pryy Proxz Pryz Pyyz Pz Pyzz Bazz Prot
sk201 —736.94 —253.98 —97.16 —45.59 74.86 22.73 6.50 —9.64 -1.96 —0.34 899.66
sk202 1812.40 —545.86 161.23 —51.13 75.56 —20.72 4.94 2.73 -1.12 -0.25 2066.46
to characterize the regenerative capability of dyes from electrolyte. A
Jse = | LHE(A) i1 ond2 ) regen .+ . - o
larger AG™“" will contribute to better dye reorganization ablility. From

For approximate calculations, 7.,y is presumed to be uniform for all
molecules in one dye. Based on Beer’s law, LHE is a function of fand can
be calculated by [57]:

LHE =1-107 8)

¢y is related to the electron injection driving force (AG™¢Yy and
electron regeneration driving force (AG™#™). AG"™*“" has the following
expression [58]:

AG"e" = E¥ _ Eop = E™ — Epy — Ecy ®

where E?®" and E¥° are the excited-state oxidation potential and the
ground-state redox potential, respectively. Egx is the excitation energy
for the transition associated with the ICT. AG™" can be used to char-
acterize the regenerative capability of dyes from electrolyte, and can be
calculated by [59]:

AG™" = Eredw( - Edye (10)

On the other hand, Vi is contributed by several factors, such as the
Eredox, the Ecp and its shift (AEcg) when adsorbing on the TiO,, the
densities of free electrons (n.) and of accessible states (N¢g) in the CB of
TiOs, via the following expression [60]:

E AE, kT ’ Eedox
VOC:M+_I,I<” >__d a1
q \Ncs q
AEcp can be calculated by [61]:
AECB — qﬂuarmaly (12)
Eo€

where q represents the unit charge, yinoma denotes the vertical dipole
moment of the dyes in the ground state, y is the molecular surface
concentration, &g and ¢ denote the vacuum permittivity and dielectric
permittivity, respectively.

The parameters mentioned above (E¥", AG™ ", AG™*“!, yiyorma and
LHE) of sk201 and sk202 were calculated and summarized in Table 4.
For Edye*, the smaller it is, the easier the dyes are to generate the
photoexcitation, which is the first step for DSSC operation. From
Table 4, sk201 has a smaller E¥¢" (2.013 eV in gas and 2.165 eV in DCM
solvent) than sk202 (2.234 eV in gas and 2.410 eV in DCM solvent),
indicating that sk201 is more susceptible to photoexcitation. AG™* is
closely related to ¢y in the way that a larger absolute value of AGHYeet
will be conducive to the electron injection and then improve the Jgc.
From Table 4, sk201 has a larger absolute value of AG™® than sk202. It
was also reported that when the absolute value of AG™* is greater than
0.2 eV, ¢ can be considered to reach 1 [62]. From this point of view,
both sk201 and sk202 can generate sufficiently effective electron in-
jection, thus the electron injection efficiency will not be the main factor
for the two primary dyes that cause the difference in Jsc. AG™" is used

Table 4
Calculated photoelectric parameters of sk201 and sk202.
Dyes EY/ev AG AGM'/eV  LHE Hnormal T/
Gas sk201 2.013 0.175 —1.98 0.869 7.708 3.416
sk202 2.234 0.117 -1.77 0.956 10.310 2.755
DCM sk201 2.165 0.121 —1.83 0.908 7.747 2.932
sk202 2.410 0.045 -1.60 0.970 13.110 2.555

Table 4, AG™" follows the order in both vacuum and solvent: sk201 >
sk202, which means sk201 has better dye reorganization ablility. Be-
sides, Eq. (7) shows that a bigger LHE will lead to a bigger Jg¢. Table 4
shows that the LHESs are 0.869 and 0.956 in gas, 0.908 and 0.970 in DCM
solvent for sk201 and sk202, respectively. Considering that sk202 is only
superior to sk201 on LHE, and sk202 has a higher experimental Jg¢ [29],
it can be concluded that the contribution of LHE plays a more important
role in determining the Jg¢ for the investigated dyes. On the other hand,
it was reported that Vpc was linearly dependent on the pinormq of the
ground-state dyes. From Table 4, sk202 has a bigger value of ypormq than
that of sk201 in both gas (sk201: 7.708, sk202: 10.310) and solvent
(sk201: 7.747, sk202: 13.110), which causes the Vpc of sk202 to be
greater than sk201. It can also be found that the solvent effect signifi-
cantly increases the yporma of sk202 (gas: 10.310, DCM: 13.110) but has
little impact on sk201 (gas: 7.708, DCM: 7.747). The above analysis on
Jsc and V¢ explained the experimental results [29] from different an-
gles. Besides, the lifetime (z) in the dyes’ excited state also has important
effects on the charge transfer efficiency. It is determined by the excita-
tion energy (Eg) and the corresponding (f) via:

1499
JE;

The calculated s of sk201 and sk202 are 3.416 ns and 2.755 ns in
gas, 2.932 ns and 2.555 ns in solvent, respectively.

(13)

Molecular design

Considering the important role of thiophene in leading to the
excellent performance of sk202, three new dyes (DMZ1-3) were
designed by further modifying thiophene with other units. The chemical
structures of the designed dyes were shown in Fig. 7. All calculations in
this section were only performed in DCM solvent. As previously dis-
cussed for sk201 and sk202, two selected dihedral angles were calcu-
lated and numerically shown in Fig. 7. From Fig. 7, DMZ1 shows the best
overall planarity in all primary and designed dye molecules, which will
theoretically make DMZ1 have the best ICT performance. Comparing
sk202 and DMZ3, it is clear that the alkyl chain’s introduction to thio-
phene makes DMZ3 exhibit a bigger twist structure than sk202.

The simulated absorption spectra curves of the designed dyes in the
DCM solvent were shown in Fig. 8, which also exhibits the typical dual
absorption peaks. The main absorption peaks located in the visible re-
gion are 527 nm, 476 nm and 481 nm for DMZ1, DMZ2 and DMZ3,
respectively, caused by the transition of HOMO — LUMO. Moreover, it
can be seen from Fig. 8 that both the width and molar absorption co-
efficient of the prominent absorption peaks follows the order: DMZ1 >
DMZ3 > DMZ2. Comparing with sk202, DMZ1 shows an apparent
redshift of 17.82 nm, while DMZ2 and DMZ3 have different degrees of
blue shifts (33 nm and 28 nm). Besides, DMZ1 also has a higher molar
absorption coefficient than sk202, whereas DMZ2 and DMZ3 show
different degrees of decrease in the molar extinction coefficient. It is
reasonable to believe that different planarity leads to different wave-
lengths of absorption peaks and different molar absorption coefficients
for sk202 and DMZ1-3. Based on the above discussions, DMZ1 exhibits
the best light-harvesting capacity in all investigated dyes due to its best
molecular planarity.

To make a further quantitative comparison between the designed
dyes and the primary dyes, the previously defined photoelectric pa-



Q. Liu et al.

Results in Physics 23 (2021) 103939

DMZ1 DMZ2 DMZ3
Fig. 7. Chemical structures of the designed dyes (DMZ1, DMZ2 and DMZ3).
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Fig. 8. Simulated absorption curves of (DMZ1, DMZ2 and DMZ3).

rameters (HOMO energy, LUMO energy and their gap, EY®", AG™",
AG™Me LHE, pinorma and 7) were also calculated in DCM solvent for the
designed dyes and were summarized in Table 5. From Table 5, the
HOMOs of DMZ1-3 are —4.893 eV, —4.874 eV and —4.833 eV, respec-
tively, which are all lower than —4.8 eV. The LUMOs of DMZ1-3 are
—2.873 eV, —2.810 eV and —2.757 eV, respectively, which are all higher

than —4.0 eV. Their gaps are 2.020 eV, 2.064 eV and 2.076 eV for DMZ1-
3, respectively, which shows no noteworthy difference compared with
sk202 (2.009 eV). The electron injection driving forces (AG™°!) are
—1.46 eV, —1.73 eV and —1.75 eV for DMZ1-3, respectively, which are
sufficient for the effective electron injection. As for AG™*", the reor-
ganization ablilities of dyes follow the order: DMZ1 > DMZ2 > DMZ3.

Table 5

Calculated photoelectric parameters of (DMZ1, DMZ2 and DMZ3).
Dyes HOMO/eV LUMO/eV Gap/eV EY/ev AGMet /ey AG™et /ey LHE Hnormal 7/ns
DMZ1 —4.893 —2.873 2.020 2.540 0.093 —1.46 0.984 9.096 2.31
DMZ2 —4.874 —2.810 2.064 2.270 0.074 -1.73 0.918 12.915 3.13
DMZ3 —4.833 —2.757 2.076 2.253 0.033 -1.75 0.957 13.501 2.53
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Moreover, the LHE of DMZ1 is the largest in all investigated dyes and
even larger than that of sk202. Specifically, the LHEs follow the order:
DMZ1 (0.984) > sk202 (0.970) > DMZ 3 (0.957) > DMZ2 (0.918),
which is consistent with the conclusions obtained based on the ab-
sorption spectra analysis. Considering the above analysis, it can be
concluded that DMZ1 theoretically has a higher short-circuit current
than sk202 and other designed dyes. For the vertical dipole moment
(Unorma), DMZ1-3 and two primary dyes follow the order: sk201(7.747)
< DMZ1 (9.096) < DMZ2 (12.915) < sk202 (13.110) < DMZ3 (13.501).
In theory, the open circuit voltage will also have the same order as the
dipole moment. Based on the above analysis, it can be inferred that the
introduction of the alkyl chain to thiophene leads to a decrease in LHE
(sk202: 0.970, DMZ3: 0.957) while increasing the pnorma (sk202:
13.110, DMZ3: 13.501). Besides, DMZ1, which is excellent in other as-
pects, may generate a low open-circuit voltage due to the smallest dipole
moment.

Conclusions

Based on DFT and TD-DFT, two primary and three further designed
dihydroindolocarbazole-based organic dyes (sk201, sk202 and DMZ1-3)
were systemically investigated in the context of DSSCs. Their molecular
geometries, electronic structures, absorption spectra, charge transfer,
molecular ESP and NLO properties were studied to reveal the structure-
properties relationships. Some key photoelectric parameters (including
the oxidation potential, electron injection driving force, electron
regeneration driving force, vertical dipole moment, light-harvesting
efficiency, and excited-state lifetime), which are closely related to the
PCEs of DSSCs, were calculated, and then analyzed by comparison. The
conclusions obtained in this work can be summarized as follows: (1) By
introducing a thiophene unit between the electron donor (DDC) and the
electron acceptor (BTZ), sk202 shows relatively better overall planarity,
stronger absorption of light in visible region, narrower gap between
HOMO and LUMO, better ICT capability and larger first hyper-
polarizability than sk201, indicating that sk202 is more conducive to
improve the efficiency of DSSCs. (2) The effect of joining the isolated dye
molecule (sk201 and sk202) and (TiO3)g together on the properties of
dye/TiO, complexes were investigated. For the two primary dyes, after
absorbing on TiO, molar extinction coefficients are significantly
increased, with only slight blue-shifts (sk201: 4 nm, sk202: 6 nm) in the
maximum absorption wavelengths. Moreover, excellent ICT processes
occur in both sk201/TiO3 and sk202/TiO,. (3) Calculations of some key
photoelectric parameters show that sk202 exhibits advantages over
sk201 in both LHE and ppormq, Which will lead to a greater PCE for
sk202. (4) Three newly designed dyes (DMZ1-3) were investigated to
further reveal the effect of modified thiophene on the performances of
dyes. It is found that DMZ1 has the best overall planarity and strongest
absorption spectrum, leading to the best LHE. Meanwhile, DMZ1 has the
smallest pinormal, indicating the smallest V. For DMZ3, the introduction
of alkyl chain to thiophene will cause a decrease in LHE and an increase
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