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Computational study of the influence of the mr-bridge conjugation order of novel

molecular derivatives of coumarins for dye-sensitized solar cells using DFT
Rody Soto-Rojo,-Jesus Baldenebro-Lépez, Daniel Glossman-Mitnik
Abstract

Three novel molecules derived from D-m7-Atype coumarin were studied in
order to be considered as potential dyes in dye-sensitized solar cells (DSSC), using
density functional theory (DFT) and time-dependent density functional theory (TD-
DFT). M0O6 and M06-2X density functionals were chosen and combined with the 6-
31G(d) basis set. The effect of the r-bridge was studied using two units of methyl
thiophene and one unit of dimethyl cyclopentadithiophene in different conjugation
order. Geometry optimization, and the highest occupied molecular orbital and lowest
unoccupied molecular orbital density and energy levels, and maximum absorption
wavelength were calculated. Besides, certain chemical reactivity parameters, such
as chemical hardness (n), electrophilicity index (w), electrodonating power (w-), and
electroaccepting power (w*), were obtained. All these calculations were analyzed
taking into account the potential application of the proposed molecular systems as
photosensitizers in DSSC. The results suggest that the three proposed molecules

are highly efficient dyes.
Introduction

The dye-sensitized solar cells (DSSC) are devices that convert solar light to

electricity with high conversion efficiency and low cost [1, 2]. The Ru bipyridyl
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complexes were used in DSSC achieving up to 12 % of efficiency [3-5]. Organic
sensitizers have been amply studied since they reach efficiencies compared with Ru
derivatives, and show great advantages over them [6]. Recently, carbazoleand
idenoperylene-based organic dyes have been reported with a high conversion
efficiency of the DSSC of 12.5 % [7, 8], 12.8 % with triphenylamine-based dye [9]
and a cosensibilization using carbazoleand coumarin-based dyes [10], and 14 %
with co-sensibilization using carbazoleand triphenylamine-based dyes [11]. In the

above organic dyes, a redox electrolyte based on cobalt complexes was used.

Organic dyes using |-/l;redox electrolyte have achieved conversion efficiencies of

up to 10 % with triphenylaminebased dyes [12, 13] and 8 % with coumarin-based
dyes [14]. Particularly, the research group of Arakawa and Hara [14-16], as well as
Seo et al. [17, 18], has developed several donor—rr-bridge—acceptor (D-17-A)
molecules derived from coumarin, in which it can be observed that the extension of
the bridge can have a positive effect on the conversion efficiency increase. Besides,
Liu et al. [19] synthesized and evaluated extended bridge D-17-A dyes based on
triphenylamine: C225, C226, and C227, reaching efficiencies higher than 8 % with
I-/13 electrolyte. This molecule was formed with the same electron-deficient groups
in the 1-bridge: two 3-methyl thiophene groups and one 4,4-dimethyl-4H-
cyclopental2,1-b,3,4-bldithiophen group with three different conjugations; the C225
and C226 molecules resulted more efficient (8.3 and 8.4 %, respectively) and C227
less efficient (6.9 %). Further, these dyes (C225, C226, and C227) were studied by
Zhang et al. [20] through theoretical calculations, analyzing their molecular

properties to predict which dye is more efficient. These theoretical results were
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consistent with the reported experimental data, since C225 was chosen the best. In
relation to above, the purpose of this research was the theoretical study of
molecules based on the coumarin derivative donor with the extended Tr-bridge. In
our proposal, three conjugations were studied using the same Tr-bridges, coumarin
derivatives as the donor part, and cyanoacrylic acid was the acceptor group that
serves as anchorage to TiO2. The new molecules were labeled RJD-3431, RJD-
3432, and RJID-3433 (shown in Fig. 1) and were theoretically evaluated considering
the ultraviolet—visible absorption spectra (UV-Vis) and the HOMO and LUMO
energy levels, as other authors did [21-28]. Along with the aforementioned studies,
the chemical reactivity parameters were calculated and analyzed in order to predict
which molecule is the most efficient with a great capability to be used as a dye in
DSSC. Additionally, theoretical calculations were carried out with the triphenylamine
derivative molecule C225, which was reported by Liu et al. [19], labeled for this
paper as C225-Z. The purpose of this study is to compare the molecular properties

of this dye with the three coumarin derivatives proposed.

RJD-3432

Fig. 1 Molecular structure of the new coumarin derivative dyes RJD and the triphenylamine derivative molecule C225-Z
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Computational details

The density functional theory (DFT) was used to obtain the minimum energy
molecular structure (geometry optimization), frequency calculation, chemical
reactivity, and the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels.

The analysis of frequencies was carried out to confirm that there are no
imaginary frequencies; namely, the geometry is in a global minimum. The calculated
chemical reactivity parameters were obtained using the formulae reported by Parr
and Pearson [29] and Gazquez et al. [30] using the ionic and neutral states energy
values. All above calculations were obtained by the M0O6 hybrid meta-GGA density
functional [31] and the 6-31G(d) basis set [32, 33]. The vertical excitation energy, the
oscillator strength, and the transitions all corresponding to the UV-Vis absorption
spectra were obtained with time-dependent DFT (TD-DFT), using the M06-2X hybrid
meta-GGA functional [31] with the above-mentioned basis set. The non-equilibrium
calculation protocol [34, 35] was used for obtaining the UV-Vis spectrum;
meanwhile, the considerations for the effect of the solvent (ethanol) were through
integral equation formalism polarizable continuum model (IEF-PCM) [36]. The UV—
Vis spectrum graphics, the oscillator strength, and the electronic transitions were
processed using the SWizard software [37, 38] using the Gaussian model.
Furthermore, the calculations were realized with the MIDIY basis set [39] and
reported in Electronic Supplementary Material (ESM). All calculations were

performed with Gaussian 09 Revision D.01 [40].
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Results

The maximum wavelength absorption (Amax), the oscillator strength (f), and
the HOMO and LUMO molecular orbital energy levels were employed to analyze the

properties of the molecules with potential to be used as DSSC dyes and thus be

able to infer which dye would be more efficient.
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Fig. 2 UV-Vis spectra of coumarin and triphenylamine
dernvative molecules using the MO6-2X functional with the
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Table 1 Absorption wavelengths (A), oscillator strengths (f) and
orhitals involved in the transitions of the coumarin derivatives
and the C225-7 with M06-2X/6-31G(d)

Molecule A(nm) f Transitions

RID-3431 535 21747 H — L(66 %)
408 0.3633 H — L+1(67 )
396 0.3721  H-1 — L(45 %) H — L(30 %)
262 0.1047  H-5 — L(40 %)

RID-3432 525 2.0858 H— L(64 %) H-1 — L(22 %)
406 0.4315 H — L+1(68 %)
389 0.3399 H-1— Li42%)H — L(34 %)
258 0.2033

RID-3433 510 23694 H — L(58 %) H-1 — Li{25 %)
404 0.2171  H — L+1(59 %) H-1 — (25 %)
384 0.4106 H — L(38 %) H-1 — L({30 %)
258 0.1497

C225-Z 497 20712 H — L{47 %) H-1 — L(39 %)
363 0.5828 H — L+1(62 %)
324 0.1131 H-2 — L(58 %)
271 0.1742 H — L+6(75 %)
263 0.1268 H-8 — L(32 %) H-12 — L(28 %)
261 0.1589 H — L+8(24 %)

H — HOMO: L — LUMO

Furthermore, as an additional aspect to other published articles about coumarin-
based sensitizers, we have considered to analyze the chemical reactivity parameters
such as chemical hardness (n), electrophilicity index (w), electrodonating power
(w"), and electroaccepting power (w™), in order to point out the best dye. All
calculations in this paper are presented with 6-31G(d) basis set. Similar results

were observed with MIDIY basis set shown in the ESM.
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Fig. 3 HOMO and LUMO energy levels of coumarin and
triph-enylamine derivative molecules with the MO06/6-31G(d)
level of cal-culation

Ultraviolet—visible absorption spectrum

According to the results reported by Dev et al. [41], the M06-2X functional
was chosen to predict the UV-Vis spectra. Also, it was validated with the maximum
absorption wavelength of the C225-Z molecule in chloroform: 2.28 eV experimental
[19] versus 2.47 eV theoretical. The ultraviolet-visible (UV-Vis) spectra of the
coumarins derivative systems RJD-3431, RJD-3432, and RJD-3433, as well as
C225-Z dye, are shown in Fig. 2, where it can be observed that all molecules show a
maximum wavelength of around 500 nm. This is a good result, since they are in the
highest solar radiation zone [42]. RID-3431 and RJD-3432 showed a slight redshift,

which can mean a better conversion efficiency, as it has already been reported [25].
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Moreover, a second absorption band around 400 nm, which shows a redshift for
RJD-3431 and RJD-3432, can be observed. Its intensity is lower than that of the
maximum wavelength, but it also contributes to solar energy harvesting. Table 1
shows the absorption wavelengths of RIJD coumarins and the C225-Z, as well as
their corresponding oscillator strength (f) and the orbitals involved in the transitions.
The contribution percentage from HOMO to LUMO is lower for the maximum
absorption band in the C225-Z molecule than in the coumarins, from 10 to 20
percent. Further, the maximum absorption band is constituted by two transitions:
from HOMO to LUMO and from HOMO-1 to LUMO. The second absorption band is
constituted by a transition from HOMO to LUMO 1. The oscillator strength of the
second absorption band is higher for C225-Z. However, the oscillator strength of the
maximum absorption band is slightly lower in C225-Z than in the coumarins
derivatives. Therefore, a better sunlight harvesting in coumarins derivatives can be
inferred and a higher conversion efficiency in the cell in spite of the fact that the

values are not significantly different among the four dyes
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Fig. 4 HOMO and LUMO orbitals of coumarins and the C225-Z dye with M06/6-31G(d)

Energy levels of HOMO and LUMO molecular orbitals

The frontier molecular orbital levels (HOMO and LUMO) were evaluated by

the MO6 functional. The choice of method is because it has been reported that

functionals with long-range Hartree—Fock exchange tend to overestimate the energy

gap [43]. Moreover, the geometry optimization calculation was carried out with the
MO6 functional. The energy levels of HOMO and LUMO molecular orbitals of the
coumarins and the C225-Z molecule are shown in Fig. 3. The LUMO level was
compared with the conduction band of the anatase phase of TiO, because it is
considered the most adequate phase for photovoltaic applications, and the

measurements have shown that the lifetimes of photoexcited carriers are longer in
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anatase [44]; according to experimental results, we have considered a conduction
band of TiO2 at -4.0 eV versus the vacuum level (this value is commonly accepted in
the DSSC literature) [45-48]. The HOMO level is compared with the redox potential
of an electrolyte; 17/1; has a favorable penetration ability into the porous
semiconductor film, fast dye regeneration and relatively slow recombination with
injected photoelectrons. Moreover, I7/1; is the only redox couple which has been
proven to have long-term stability [49]. All the molecules

In this study, all the molecules have quite similar energy levels, and therefore,
we cannot determine which one will present a better electron transfer to the oxide.
However, we can remark that the RIJD-3431 dye and the C225-Z are the closest to
the TiO, conduction band with a LUMO of -2.47 eV. On the other hand, Fig. 4 shows
the HOMO and LUMO molecular orbitals present in the transition of the maximum
absorption band (A,.). Here, it can be observed that the four molecules present an
intramolecular electron transfer that goes from the coumarin or triphenylamine donor
part and the rmr-bridge to the final part of the bridge and up to the electron acceptor
part, which serves as anchorage to TiO,. This is consistent with other high-

performance dyes [13].
Chemical reactivity parameters

Since the molecular properties addressed before are not enough to decide on
a dye, it was proposed to study the chemical reactivity parameters and use that
information to discriminate which dye will have more conversion efficiency in a

DSSC. We have to consider that RID coumarins are novel systems, and there are
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no experimental results for comparison and validation of the proposals. However,

there
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Fig. 5 Chemical hardness, electrophilicity index, electrodonating power and electroaccepting power of coumarin
and triphenylamine derivative molecules with the M0E/6-31G(d) level of calculation

are previous studies on NKX coumarins performed by our group (Phys.
Chem. Chem. Phys., 2015,17, 14122-14129) that indicate the lower chemical
hardness and higher electroaccepting power, the better short-circuit current density
(JSC), and consequently a better light conversion efficiency. Based on the foregoing,
in Fig. 5 we show the graphics of chemical hardness (n), electrophilicity (w),
electrodonating power (w~), and electroaccepting power (w*) of the dyes in this

study, compared to the dye molecule C225-Z, whose conversion efficiency has been
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reported (8.3 %) [19]. In spite of a small difference among the chemical reactivity
values we studied, these allow a deeper study of the electron properties of the
dyes. Considering that chemical hardness measures the resistance of the molecule
to intramolecular charge transfer [29, 52], it is logical to look for dyes with the lowest
chemical hardness values. On the other hand, the electroaccepting power implies a
higher capability to accept charge [30], and as it is observed in Fig. 4, the acceptor
part is located in the group that anchors to TiO,. A higher electroaccepting power is
wanted in order to attract the electrons from the donor fraction. If chemical hardness
(h) is observed, RID-3431 has the lowest n (2.04 eV), followed by RJD-3432 (2.05
eV), and RJD-3433 and C225-Z with higher n (for both n=2.08 eV). Therefore, RID-
3431 and RJD-3432 present lower resistance to intramolecular charge transfer. If we
analyze now the electroaccepting power (w*), RID-3431 has the highest w* (1.70
eV) followed by RJD-3433 (1.66 eV), RID-3432 (1.64 eV), and C225-Z (1.61 eV),
and thus, RJD-3431 has the highest capability to attract electrons toward the
acceptor fraction of the dye, from which a higher J,. can be inferred. Also,
electrophilicity (w) shows results with a tendency similar to that of w*, and so, RJD-
3431 presents the highest energetic stability by acquiring electrons from the
environment (saturation) [53]. Finally, the lower electrodonating power (w")
represents the higher capability of donating electrons [30], yet if we observe that
coumarin derivatives RJD, they have different w~ despite their donor fraction being
the same, with RJD-3432 being the one that has the highest donating capability

among coumarins.
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Conclusions

In the studied coumarin derivatives, particularly in RJD-3431, a redshift of up to
0.18 eV in Amax can be observed with transitions HOMO to LUMO and a contribution
19 % higher than that of the C225-Z sensitizer, and the oscillator strength is higher in
the order of 0.1. The energy difference between the LUMO of the dyes and the TiO2
conduction band is 1.53 eV for C225-Z and RJD-3431, whereas RJD-3432 and RJD-
3433 have a higher difference of 0.02 and 0.03 eV, respectively. Furthermore, the
representation of the HOMO and LUMO orbitals was very similar between RID
coumarins and C225-Z, showing a charge transfer from the coumarin-based or
triphenylamine-based group (donor part) to the cyanoacrylic acid (electron withdrawing
part). Finally, RJD-3431 represents the lowest chemical hardness, while the highest
chemical hardness is achieved by C225-Z, with a difference of 0.04 eV. RJD-3431 had
the highest electroaccepting power and C225-Z the lowest, with a 0.09 eV difference. It
is clearly observed that there are no significant changes, but coumarins show slightly
better properties than C225-Z. Therefore, RID-3431 is expected to have a higher ability
of conversion efficiency, though it cannot be said with certainty. However, in the search
for better proposals, coumarins appear as potential sensitizers. Additionally, the RJID
coumarin derivatives have very similar electronic properties among them, and there
could not be a significant variation in the conversion efficiency achieved by any of
them, and thus, they can be used as a mixture. It is advisable for experimentalists to

perform the synthesis of the new RJD dyes proposed and test them inDSSC.
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