Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2023 doi:10.20944/preprints202305.1730.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Efficient D-n-n-A Type Dye-Sensitizer Based on the
Benzothiadiazole Moiety: A Computational Study

Fatma M. Mustafa 1, Mahmoud K. Abdel-Latif 12, A.A. Abdel-Khalek ! and Oliver Kiihn 3*

! Chemistry Department, Faculty of Science, Beni-Suef University, Beni-Suef City, Egypt
2 Chemistry Department, Collage of Science, United Arab Emirates University, Al-Ain, UAE
3 University of Rostock, Institute of Physics, Albert-Einstein-Str. 23-24, D-18059 Rostock, Germany

* Correspondence: oliver.kuehn@uni-rostock.de

Abstract: The design of highly efficient sensitizers is one of the most significant areas in dye-
sensitized solar cell (DSSC) research. We have studied a series of benzothiadiazole-based D-mt-mt-A
organic dyes, putting emphasis on the influence of the donor moiety on the DSSC’s efficiency. Using
linear response time-dependent density functional theory (TDDFT) with the CAM-B3LYP
functional different donor groups were characterized in terms of electronic absorption spectra and
key photovoltaic parameters. As a reference a dye has been considered which has a
benzothiadiazole fragment linked via thiophene rings to a diphenylamine donor and a cyanoacrylic
acid acceptor. The different systems are first studied in terms of individual performance parameters,
which are eventually aggregated into the power conversion efficiency. Here only the amino-
substituted species shows a modest increase, whereas the dimethylamino case even shows a
decrease.
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1. Introduction

Solar cells are among the most promising devices for clean energy generation. Considering the
various design strategies, dye-sensitized solar cells (DSSCs) have attracted substantial attention over
the past decades due to their inexpensive materials, simple fabrication process, and high-power
conversion efficiency in comparison with conventional high-cost silicon solar cells [1,2]. Generally,
DSSCs consist of the following components: the dye-sensitized semiconductor electrode (the working
electrode or photoanode), the redox electrolyte, the counter electrode, and a photosensitizer or a
monolayer of dye molecules. The monolayer of dye molecules adsorbed on the semiconductor
surface is responsible for light absorption in the device and consists of three basic parts, an electron-
donating group (D), m-spacer (7t), and an electron acceptor (A). In DSSCs light is absorbed by the
sensitizing dye, which is anchored to a semiconducting mesoporous TiO: film. Electrons are injected
from the excited state of the sensitizer into the conduction band of the TiO: electrode, eventually
leading to an electric current. Furthermore, the redox electrolyte (typically Is/I") regenerates the
oxidized sensitizer to provide efficient charge separation. Generally, dye sensitizers bind covalently
to the surface of the TiO2, which leads to an electronic connection between them which facilitates an
efficient electron injection process [3]. To enhance the DSSCs’ effectiveness significant attention has
been given to the modification of the photosensitizer. It should meet specific requirements regarding
its optoelectronic properties, including the region of the electromagnetic spectrum, absorption
coefficient, and band alignment [1].

Generally, organic photosensitizers (metal-free dyes) have attracted a lot of attention due to their
ability to harvest a considerable portion of the solar spectrum with high molar absorption coefficients,
from the ultraviolet to near-IR regions, which results in an increase in power conversion efficiency
(PCE) values. In addition, metal-free organic dyes are a promising DSSC material due to their non-
toxicity, high flexibility regarding the molecular structure, tunable absorption properties, and high
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molar extinction coefficient compared with metal (Ru and Zn) based dyes [4]. It was reported that
PCE for metal-based DSSCs reached up to 13% for Zn porphyrin [5] and 11.5% for a polypyridyl
ruthenium complex [6]. The reported PCE for metal-free organic dyes of donor-m-acceptor (D-mt-A)
framework bounded to the surface of TiO2 reached up to 13% [7].

In D-7t-A systems the m-bridges facilitate the charge separation between donor and acceptor and
inhibit competing charge recombination. The performance of photovoltaic cells based on organic
dyes can be enhanced by choosing suitable groups within the D-m—A molecular architecture [8,9].
For instance, increasing the electron donating strength of the donor or the electron-withdrawing
strength of the acceptor can improve the performance of DSSCs [10]. Typical organic dyes with
relatively high performance include those with triphenylamine [9], carbazole [11,12], indoline [13],
quinoline [14] ,and coumarin [15] as electron-donating groups. On the other hand, 2-cyanoacrylic
acid is the most commonly used electron acceptor. Phenyl, thiophene, furan, and their derivatives
are the moieties most often used as m-bridges [16].

In this work using Computational Chemistry we investigate the effect of the donor group on the
optoelectronic properties of organic dyes with a D-mt-mt-A structure. As a reference structure (D0) we
consider a dye synthesized and characterized in Ref. [17]. It has a benzothiadiazole fragment placed
between two thiophene rings as a bridge that connects the diphenylamine donor and cyanoacrylic
acid acceptor, see Figure 1. Phenylamine donors are common in DSSCs (see, e.g. the studies of the
influence of the type of m-spacer in Ref. [9,18,19] or of donor properties in Ref. [20] ) and we consider
five substitutions (D1-D5) as given in Figure 1b. While the modifications are modest, it will be shown
that the effect on DSSC relevant parameters are substantial.

In what follows we start in Section 2.1 with a discussion of the electrostatic potential map
obtained using DFT. In Section 2.2 a frontier orbital analysis is presented. Section 2.3 optical
properties are discussed and in Section 2.4 electron transfer is characterized. Section 3 presents a
discussion of our findings and computational methods are summarized in Section 4.
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Figure 1. Structures of the series of dyes D0 to D5 with different donor moieties studied in this work.
The dyes are composed of a (modified) diphenylamine donor (D), a m- © bridge (B) consisting of a
thiophene and a thiophene-fused benzothiadiazole group, and a cyanoacrylic acid acceptor (A). Note
that D4 corresponds to dyel of Ref. [20], which contained, however, a different mt-spacer.

2. Results

2.1 Electrostatic Potentials

The electrostatic potential maps (EPMs) of all studied dyes at the optimized geometries in the
electronic ground state are shown in Figure 2. The appearance of negative electrostatic potentials
(red) around the oxygen and nitrogen atoms of the anchoring acceptor group evidences its negative
partial charge. These sites are potentially relevant for electrophilic attack of the electrolyte, a finding
that is in accord with previous studies on DO in Refs. [18,19]. Positive electrostatic potentials (blue)
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are found at the donor moieties, in particular for the NH2 group in D3. Notice that upon
photoexcitation and oxidation, electron density is removed from the donor site making it even more
attractive for the reduced redox couple such as to facilitate dye regeneration (for instance, Ref. [20]).
Overall, the change of the donor moiety doesn’t have a noticeable influence on the geometry and
EPM of the remaining dye.

Figure 2. : EPMs of the studied dyes (in atomic units, a.u.); DO (colors from -0.80 (red) to 0.80 (blue)
a.u), D1 (-0.81 to 0.81a.u), D2 (-0.81 to 0.81a.u), D3 (-0.80 to 0.80 a.u), D4 (-0.86 to 0.86 a.u), and D5
(-0.88 t0 0.88 a.u).

2.2 Frontier Molecular Orbitals and Chemical Reactivity

The HOMO and LUMO of a dye sensitizer must show suitable energetic positions to match the
redox potential of the electrolyte and the conduction-band of TiOz. In other words, the dye’s ELumo
must be above the semiconductor's conduction band edge, indicating that electrons can be easily
injected from the excited dyes into the conduction band. At the same time, Enomo of the dye must be
below the redox potential of the electrolyte (Is7/I") couple to facilitate regeneration of the dyes [1].
Figure 3 shows the HOMO and LUMO of all studied dyes. The electron distribution in the HOMO is
mostly located on the electron donor and m-spacer, while the LUMO is mostly located on the m-
conjugated moiety and the electron acceptor group in the anchoring unit. Especially the latter
behavior represents an ideal spatial arrangement of the molecular orbitals for DSSCs applications.
Ionization potential (IP=- Enomo), electron affinity (EA=- Erumo), chemical potential (u), global
hardness (1), electrophilicity (w), electroaccepting power (w*), and electrodonating power (w-) of all
studied dyes are summarized in Table 1 (for definitions, see Section 4).

It is obvious that the modification of the donor units significantly affects the HOMO energy
levels of the dyes, while the energy of the LUMO, having only little amplitude at the donor moiety,
is less affected. The energies Enomo of all studies dyes are below the redox potential of the electrolyte
(Is/I) couple (-4.80 eV), this favors charge regeneration, with D5 being the most effective case. In
other words, the electron donating power of the different donor groups increases from D0 to D5.
Moreover, the energies, ELumo, of all dyes are above the semiconductor's conduction band edge (-4.0
eV), a precondition for electron injection from the excited dye to the conduction band of TiOz. The
energy levels are sketched in Figure 4.
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Inspecting the other quantities in Table 1 we observe the following trends: The studied dyes D1-D5
show a lower band gap compared to the reference dye (D0), this may enhance light harvesting
efficiency [20]. It is shown that D5 had the smallest values for IP and EA in our calculations, thus
according to Ref. [20] it should give the best balance between electron and hole transfer among the
considered dyes. Further chemical hardness and chemical potential decrease from DO to D5, leading
to an increase of the electrophilicity and thus to a potential improvement of charge separation
capability. This in turn is also reflected in the electron accepting/donating powers.

Table 1. Ionization potential (IP=-Enomo, in parentheses the ASCF values which includes electronic
relaxation effects), electron affinity (EA=-Erumo), chemical potential (u), global hardness (1),
electrophilicity (w), electron accepting power (w*), and electron donating power (w) (all in eV).

Dye IP EA n u ® o* 0}
DO 6.43(545) 231 206 -437 926 270 1041
D1 6.31(5.31) 228 201 -430 917 269 10.32
D2 6.30(5,.31) 228 201 -429 918 2.69 10.32
D3 6.06 (5.07) 223 191 -414 898 266 10.10
D4 570 (4.75) 245 1.63 -4.07 1020 3.27 11.48
D5 572 (4.76) 245 1.63 -4.09 1023 3.28 11.51
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Figure 3. Selected frontier molecular orbitals of the considered dyes.
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Figure 4. Energy level diagrams of the studied dyes including the conduction band of TiO2 and the
redox potential of the (I'/ Is) redox couple, values of conduction and valence bands of TiOz, and
electrolyte are taken from Ref. [21].

2.3 Optical Absorption

The experimental spectrum is available for the parent compound DO only. It shows peaks at 541
nm, 398 nm, and 312 nm with an intensity ratio of 1.16/0.96/1.00 [34]. CAM-B3LYP predicts the lowest
transition at 534 nm (f=1.31). Further transitions with appreciable oscillator strength (f) are located at
382 nm (f<0.37) and 310 nm (f=0.26). Although the ratio of oscillator strengths doesn’t match the
experiment, the agreement of spectral positions is excellent, justifying the use of the computational
setup for the following analysis. This is justified since according to Eq. (8) only the properties of a
single transition will be compared for the different dyes.

DO o
—— 1 7 \
——ps ' \
151 D4 / AN
I
=
c
=
a
- 1.0 F
]
c
B2
b=
a
—
2
Bosr
[ia]
0.0 b ;

A ) ) \
400 600 800 1000 1200
wavelength (nm)

Figure 5. Calculated absorption spectra of the studied dyes in THF solution. Note that the spectra of
D1 and D2 and of D4 and D5 are rather similar and only D1 and D4 are shown. A Gaussian-type
broadening of 0.1 eV has been used to mimic environmental effects.

The absorption spectra of all considered dyes are shown in Figure 5. The calculated values of the
vertical excitation energy (Emax) and absorption wavelength (Amax) for the transition with the largest
oscillator strength (f) are given in Table 3 together with the light harvesting efficiency (LHE). When
designing dye sensitizers, one of the essential aims is to establish a system having an optical
absorption that overlaps with the sun’s emission spectrum. For the considered organic dyes this
implies to increase the absorption toward the UV-Vis and IR ranges with a high molar extinction
coefficient. Overall, all studied dye modifications (D1-D5) have a strong absorption at longer
wavelengths as compared with the reference dye D0 (bathochromic shift). Interestingly, for D4 and
D5 this shift is large enough to move the main peak of the spectrum into the infrared range. In all
cases the lowest and strongest band is dominated by a HOMO to LUMO transition and thus has ICT
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character, see Figure 3. The oscillator strength increases when going from DO to D5 and so does the
LHE. Hence, in terms of this property the designed dyes should yield an improved PCE.

Table 2. Vertical transition energy, wavelength, and oscillator strength of maximum absorption peak
according to CAM-B3LYP TDDFT calculation. All transitions are dominated by HOMO to LUMO
configurations. For D0-D3 there is some admixture of HOMO-1 to LUMO and HOMO to LUMO+1,
whereas for D4 and D5 it is only HOMO-1 to LUMO. In the last column the LHE, Eq. (8), is given.

Emax (eV) Amax (nm) f LHE
DO 2.32 534.2 1.31 0.95
D1 217 570.7 1.43 0.96
D2 2.16 571.2 1.44 0.96
D3 1.98 624.3 1.48 0.97
D4 1.44 860.8 1.76 0.98
D5 1.44 857.1 1.75 0.98

2.4 Electron injection, dye regeneration and open-circuit voltage

The complete cycle occurs, when electrons after photoexcitation are spontaneously injected from
the LUMO into the conduction band of TiO: semiconductor, and the dyes are regenerated by the
redox couple into their ground state. The driving force for electron injection AGinj is negative for all
dyes as outlined in Table 4. Thus, conditions for electron injection are favorable for all dyes. The AGin;
values of the investigated dyes follows the order: D3 <D0 < D1 < D2 < D4 < D5, although one observes
that, apart from D4 and D5, the values are rather similar.

The dye regeneration is determined by the potential difference between the electrolyte and the
oxidized dye. This should be large enough to provide a driving force for the regeneration of the
ground state dyes. At the same time its value also influences the recombination rate between the
oxidized dye and conduction band of the TiO2 semiconductor. Efficient dye regeneration requires
AGreg values in the range 0.1 to 0.3 eV [20]. Inspecting Table 4 we notice that only D3 falls into that
range, whereas D0-D2 are larger and D4 and D5 approximately have zero driving force.

The open circuit voltage, Voc, provides an idea about mobility and the number of charge carriers
across the interface, a high-value Voc results in a smaller loss due to charge recombination, so that a
higher value improves the cell efficiency. The calculated values of Voc for the studied dyes are
ranging from 1.55 eV to 1.77 eV, Table 4. D2 and D3 have the highest Voc values. However, again,
only D4 and D5 have substantially different values.

The overall performance of the different dyes can be quantified by the PCE value defined in Eq.
(6) and given in Table 4. Since we are interested in the effect of the donor modification, PCE values
are given relative to DO0. Inspecting Table 4 it is clear that only D3 gives an improvement of the PCE,
whereas for D4 and D5 PCE values are considerably smaller than for DO.

Table 3. Free energies of charge injection (AGinj), dye regeneration (AGreg), and the open-circuit
voltage (Voc), all values in eV. Also give is the PCE relative to DO under the assumption that FF, fjcoliect,
and Pinare the same for all dyes. The factor Voc LHE ®jpjecc amounts to 1.4 for DO.

AGinj AGreg Vo PCE
DO -0.87 0.65 1.69 100
D1 -0.86 0.51 1.72 101
D2 -0.85 0.51 1.77 100
D3 -0.91 0.27 1.77 111
D4 -0.69 -0.05 1.55 75

D5 -0.68 -0.04 1.55 73
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3. Discussion

We performed a (TD)DFT investigation of a series of novel organic sensitizers based on the D-
n-—A structure for potential application in DSSCs. These dyes derived from a parent compound
with a diphenylamine donor, linked via a thiophene and a thiophene-fused benzothiadiazole bridge
to a cyanoacrylic acid acceptor (D0). The donor was modified at the para-position yielding D1-D5 as
shown in Figure 1. First, the ground state and frontier molecular orbitals were analyzed.
Electrostatic potential maps showed not much influence by the substitution. The IP is decreasing
from DO to D5, whereas the EA increases accordingly. This, taking also into account the derived
quantities (cf. Eqs. (1-5)) suggest D5 as the best candidate among the studied dyes for DSSC
applications. D5 as well as D4 also stand out when it comes to optical absorption insofar as the
bathochromic is rather considerable. The LHE values, however, are mostly comparable among the
different systems. Inspecting electron transfer related properties, injection in terms of AGinj is favored
for all dyes, whereas only D3 is in the range of reasonable regeneration as far as AGreg is concerned.
Judging the performance based on PCE, only D3, i.e. substitution with an amino group, gives an
improvement compared with DO. This is interesting insofar as some of the individual characteristics
would have suggested D5 to outperform DO.

There is a large body of literature on (TD)DFT studies of D-mt—A systems, even if one focusses
only on those systems with a cyanoacrylic acid acceptor (e.g. [8-10,12,14,18-30]). Most of these studies
lack experimental verification and, therefore, should be viewed as an in silico screening of potential
sensitizer materials. The present investigation adds to this endeavor as it set the focus on modification
of the donor moiety starting from a simple diphenylamine. Here we find that, for the considered
systems, in terms of the PCE there is little room for improvement (up to 11%), but the performance
can get worse (-25 %). Closest to our work is the study of Hailu et al. [20], although they have used a
different spacer. In fact, the present dye D4 correspond to their dyel. Apart from this dimethylamino
case they considered methylphenylamino, diphenylamino, diindoline, and dicarbazole substitution.
Interestingly, they considered the first three dyes as potentially good performers (a direct comparison
is not possible because Voc has not been reported). This is at variance with the poor PCE performance
of D4 in the present case, although one should notice that in terms of IP and EA D4 was superior to
DO0-D3. A major bottleneck for the direct comparison of reported quantum chemical results is the use
of different computational protocols. For instance, in Ref. [20] the wB97XD functional has been used,
whereas in the present case it was CAM-B3LYP. In passing we note that both functionals contain all-
purpose parameters for the range separation. More accurate results would be obtained applying
optimal tuning of these parameters for the specific type of systems [31].

In summary in order to advance the field of computational screening of dyes for application as
sensitizers in DSSCs it will be necessary to identify and benchmark a computational protocol to be
used to establish a data base of these materials.

4. Materials and Methods

4.1 Characterization of Dye Molecules

The ionization potential (IP) and electron affinity (EA) of the sensitizer describe the electronic
energy barrier for creating holes and electrons, respectively. A lower IP should promote the hole-
creating ability, whereas a higher EA should enhance the electron-accepting ability of the dye. Based
on these two parameters, the chemical reactivity of the model dyes can be characterized by the
electronic chemical potential (u), chemical hardness (1), electrophilicity index (w). The electronic
chemical potential is the negative of the electronegativity, which quantifies the ability of the system
to attract and retain electrons. The chemical hardness describes the resistance of a dyes to a change
its electronic state, e.g., by means of intra-molecular charge transfer (ICT) in a multicomponent
system as the present D-mt- t-A.

The electrophilicity index @ encompasses both, the propensity of the electrophile to acquire
additional electronic charge (i) and the resistance of the system to exchange electronic charge with
the environment (1), simultaneously. Thus, electrophilicity represents the stabilization energy of the
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dyes upon acquiring additional charge. Consequently, dyes suitable for DSSCs should have low
chemical hardness and high chemical potential to increase charge separation.

Following Parr and Yang, electronic chemical potential, chemical hardness, electrophilicity
index are commonly expressed by the following equations [32]

IP+EA _ 1
2 2

(Enomo + ErLymo), 1)

__IP-EA _
2

~(ELumo — Eromo), @)
o= (3)

Further we define the electron-accepting (w*) and electron-donating (w-) power

+ _ (P+3EA)?

~ 16(1P-EA) ’ 4)
_ _ (3IP+3EA)?
~ 16(1P-EA)’ ®)

The parameters w- and w*are quantifying the ability of these dyes to withdraw or gain electron
charges, for good performance large values are desirable.

The overall power conversion efficiency (PCE) of DSSCs is given by the photocurrent density
measured at short-circuit (Js), the open-circuit photo-voltage (Voc), the fill factor of the cell (FF), and
the intensity of the incident light (Pin) as summarized in the following expression [25]:

PCE = FF 525 X 100%, (6)

i

where [« can be determined using the following equation [29,30,33]:

Jsc = LHE cbinject Ncollect - (7)

Here LHE is the light-harvesting efficiency at maximum wavelength, Qiject is the electron
injection efficiency and fcoltect is the charge collection efficiency. In systems where the only difference
is in the sensitizer, fcltect is assumed constant. According to equation (7), to obtain a high Js, LHE
and Qinject should be as large as possible. The LHE can be expressed by the following equation:

LHE =1 — 10/ 8)

where fis the oscillator strength of dye related to the maximum absorption wavelength Amax.

The open-circuit-voltage Voc in equation (6) is related to electron injection from the excited dye
to the conduction band of the semiconductor and determined by the following equation (neglecting
occupation effects as well as conduction band shift in the semiconductor):

TiO
Voc = ELumo — Ec113 z, )

2

where Erumo is LUMO energy of the dye and ECT];O is the conduction band energy of the
semiconductor (here TiOz). It is difficult to accurately determine ECT];OZ because it is highly sensitive
to operating conditions such as the pH of the solution. In the present study we have used Eg]ig02= -4.0
eV, which is the experimental value corresponding to conditions where the semiconductor is in
contact with aqueous redox electrolytes of fixed pH 7.0 [25]. @injectis closely related to the
thermodynamic driving force AGinject Of electron injection from the excited states of dye to the

conduction band of TiO:z according to the following relation [29]
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* TiO
cI)inject x AGinject = Edye - Ecjls 2 (10)

Here Egy. is the oxidation potential of the excited dye at the ground state geometry (neglecting
vibrational relaxation upon excitation) following from Egy, = Eqy. — AE with Egy. being the
oxidation potential energy of the dye in the ground-state, while AE is the vertical electronic
excitation energy, corresponding to Amax. In order to obtain more reliable results for the oxidation
potential we have used the ASCF method instead of Koopmans theorem, that is, Eqye = Egs — Eds
with GS referring to the ground state and vibrational relaxation effects have been neglected. The dye
regeneration energy (AGregen) can be calculated by the equation [18]:

AGregen = LEredox — Edye~ (11)

Eredox is the ground state oxidation potential of the triiodide/iodide redox couple electrolyte
redox potential (-4.80 eV) [18].

4.2 Computational Chemistry

Density functional theory (DFT) calculations were performed for the determination of optimized
structures of the molecules D0-D5 at the CAM-B3LYP/6-31G(d) level of theory [34] using the
Gaussian09 program [35]. In fact, these molecules show multiple conformations and we have taken
the one previously reported for the diphenylamine donor [20]. Optimization was followed by
frequency calculations to confirm the minimum structure on the potential energy surface. Linear
response time-dependent TDDFT computations have been carried out to calculate the electronic
absorption spectra for the 25 lowest singlet vertical excitations. The solvent environment
(tetrahydrofuran) was treated implicitly using the self-consistent reaction field-polarizable
continuum model [36]. In passing we note that we have also calculated the absorption spectrum using
the B3LYP functional. B3LYP predicts the lowest and strongest transition for D0 at 758 nm which is
at variance with the experiment and with the CAM-B3LYP results reported in Section 2.3. In passing
we note that, in view of results reported in Ref. [20] (although with a different spacer), we have
repeated the calculation of the absorption spectrum of D5 using a 6-311+G(d) basis set. Here we
observed no noticeable change as far as the low energy absorption peak is concerned. The HOMO,
LUMO energies, HOMO-LUMO energy gap, and other parameters defined in Section 4.1 were
calculated at the optimized geometry.
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