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DFT and TDDFT study on the electronic structure
and photoelectrochemical properties of dyes derived
from cochineal and lac insects as photosensitizer

for dye-sensitized solar cells
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Abstract Essential parameters related to the photoelectro-
chemical properties, such as ground state geometries, elec-
tronic structures, oxidation potential and electron driving
force, of cochineal insect dyes were investigated by DFT
and TDDFT at the B3LYP/6-31+G(d,p) level of the theory.
The results show that the major charge flow dynamic for all
dyes is the HOMO—LUMO transition. The bi-coordinated
binding mode, in which the dye uses one carboxyl- and
hydroxyl oxygen bound to Ti(IV), is found for all dye-
TiO, systems. Additionally, the doubly bi-coordinated bind-
ing mode in which the dye used both carboxyl groups bound
to two Ti(IV) is also possible due to high energy distribution
occupied at anchoring groups. This study highlights that
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most of these insect dyes can be good photosensitizers in
dye-sensitized solar cells based on their strong binding to the
TiO, surface, good computed excited state oxidation potential
and thermodynamically favored electron driving force.
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Introduction

Since 1991, the dye-sensitized solar cell (DSSC), often
called the “Gritzel cell” [1] has attracted the extensive
interest of many researchers from both a fundamental and
a practical perspective [2—24] as a low-cost and high effi-
ciency solar electricity system. In DSSC, the dye, as photo-
sensitizer, plays a major role in absorbing sunlight and
transporting electrons into the conduction band of the semi-
conductor, transforming solar energy to electricity. So far,
DSSC sensitized by Ru-containing compounds have
achieved the highest solar to electricity conversion efficien-
cy (~11 %) [25, 26]. Even though such DSSCs possess high
efficiency, disadvantages in this system also exist. The main
problem is that the sensitizer used in DSSC are noble metal
compounds that are limited in amount causing of high
product costs. In addition, toxicity to humans and the envi-
ronment is found. Thus, non-metallic organic dyes as well
as natural dyes have attracted interest in this field due to
their cheapness, abundance and environmental friendliness.

Recently, DSSC using some organic dyes as sensi-
tizers have been reported with efficiency as high as
9.8 % [27]. Regarding natural dyes, a group of cyanin
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[28-39], carotenoid [40, 41], tannin [42], chlorophyll
[43] and coumarin dye and its derivatives [44—46] have
been utilized as sensitizers. A promising approach to
improve the performance of DSSC is to search for
new dyes or structural modification of existing dyes.
A natural dye can be extracted from many parts of
vegetables, flowers and trees, and some dyes can be
extracted from insects. Recent work has reported DSSC
performance using dyes extracted from the fungus Mon-
ascus, with the highest overall conversion efficiency of
2.3 % being reached [47]. Theoretical work has also
supported experimental results [48]. Thus, dyes derived
from fungi as well as small-scale insects are interesting
to test for photosensitization in DSSC. Carminic acid
(CA) can be extracted from the body and eggs of the
cochineal insect (Dactylopius coccus). Lac dye (LA) is
a natural reddish dye stuff extracted from stick lac,
which is a secretion of the insect Coccus laccae
(Laccifer Lacca Kerr). Both dyes have been used ex-
tensively as a natural food additive, cosmetics and,
especially, as a colorant for silk and cotton dyeing.
The pigments belong to the group of anthraquinones,
which are water-soluble and can be extracted with water
or alcohols. The main pigment in cochineals is CA
while LA contains several pigments (Lac A-E) as
shown in Fig. 1. Photosensitization and photocurrent
switching in CA/TiO, hybrid material has been reported
[49]. There is evidence that a CA/TiO, system may be a
good starting point for the development of photofuel
cells [50]. There are several advantages to apply this
kind of insect dye as a photosensitizer in DSSC, includ-
ing its molecular structure, which is composed of sev-
eral potential anchoring groups (-COOH and -OH) that
can bind with TiO, surface; stability to a wide range of
pH, light and heat; nontoxic to the environment and
natural abundance.

According to DSSC performance, the electronic struc-
ture of the dye and energy level of the semiconductor
have to be matched in order to satisfy the electron
transfer process. An understanding of electronic, optical,
and redox properties of the dye is necessary. Thus, in
this work, the electronic structure, optical properties,
oxidation potential and electron injection force relevant
to charge transfer of CA and LA were investigated
using density functional theory (DFT) and time depen-
dent (TD) DFT.

Computational methods
The ground-state geometries of CA and LA were opti-

mized with DFT method at the B3LYP/6-31+G(d,p)
level of theory [51-55]. The free energy change (in
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eV) for electron injection from dyes to TiO, surface
can be expressed as [56]:

AGeet — Edoy;* _ E&OZ (1)

where E&¢ is the oxidation potential of the dyes in the
excited state. Based on the Rehm and Weller equation

[57], Edo“v;* can be estimated by

dye d
Eoy = Egy — Eoo + o (2)
where Edoy; is the oxidation potential of the dyes in the
ground state while Ey, is adiabatic energy difference
between excited and ground states and w, is a coulom-
bic stabilization term. As noted in a previous work

[58], the latter term can be negligible, so Egy;* is

estimated approximately as Eg}; — Eoo. Eggz corresponds
to the conduction band of the TiO, semiconductor. The
Eggz = —4.0eV [59] used in this work was obtained
from experiment because the presented value was ob-
served under conditions in which the semiconductor is
in contact with aqueous redox solution at fixed pH
[60]. Recently, Preat et al. [61] proposed an equation
to calculate AG™" reliably in the relaxed excited
state; the AG™°* calculated by unrelaxed paths differs
from that of the relaxed path by approximately 0.5 eV.
The latter work concluded that calculation using the
unrelaxed path is reliable. Thus, in this work, AG™e®!
for the dyes was estimated using the unrelaxed path.
Single-point calculations at the same level of theory
were employed for solvent-effect computations using
the polarizable continuum model (PCM) of Tomasi
and coworkers [62—68]. The integral-equation formal-
ism (IEF) PCM [62, 65] was used in single-point cal-
culations for the PCM solvent effect. The molecular
cavity models used in the PCM models are UAKS
[69]. Electronic transitions were examined by single-
point calculations using the ground-state geometries
performed at TDDFT/B3LYP/6-31+G(d,p) in vacuo
and TDDFT/IEF-PCM(UAKS)/B3LYP/6-31+G(d,p) lev-
el in water. To analyze the acidity of the carboxylic and
hydroxyl groups of the dyes, deprotonation energies
(AEy) for each carboxylic and hydroxyl groups (atomic
labeled in Fig. 1) were computed based on the follow-
ing equation:

AEy = EY — Ey (3)

where E° and Ey represent the total energy of the
cationic and neutral forms of the dye molecules. All
calculations were performed with the Gaussian 03 pro-
gram package [69]. The program Molekel was utilized
to generate molecular graphics [70].
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Fig. 1 Chemical structures of carminic acid (CA) and lac dyes (LA)

Results and discussion
Ground state structure and optical properties

The ground state geometries of carminic acid (CA) and
all lac dyes (LA) were optimized at B3LYP/6-31+G(d,p)
level. The frontier molecular orbital (MO) energies in-
cluding highest-occupied molecular orbital (HOMO),
lowest-unoccupied molecular orbital (LUMO) and ener-
gy gap (AEy-1) computed in vacuo and water are listed
in Table 1. Eyomo of all dyes were more positive
(expect for CA) while their E}yymo were more negative
going from vacuo to water media. MO energies of CA
in this work are close to the previous work based on
the same calculation method [71]. As can be seen,
differences in the chemical structures of LA A, B, C
and E are their substituents on the phenyl ring D, thus

COOH,

OH,

OHs O
Laccaic acid A
COOHg

OHs O
Laccaic acid C

OHs O
Laccaic acid E

Table 1 The highest occupied molecular orbital energies (Epomo), the
lowest occupied molecular orbital energies (Erymo) and energy gap
(AEy-) of carminic acid (CA) and all lac dyes (LAs) computed at the
B3LYP/6-31+G(d,p) level

Dye Eyomo” ErLymo” AEy.*
Vacuo Water” Vacuo Water” Vacuo Water”

CA -6.32 —6.41 -3.04 -3.23 3.28 3.18
LA A -6.12 —5.85 —-2.91 —3.08 3.21 2.77
LA B —6.12 —5.88 -2.91 -3.08 3.21 2.80
LA C —6.04 —5.61 —2.83 -2.97 3.21 2.64
LA D —6.67 —6.53 -3.07 -3.10 3.60 343
LA E -6.10 —5.85 —2.88 -2.92 3.22 2.93
IneV

°Due to the single-point calculation at IEF-PCM(UAKS)/B3LYP/6-31
+G(d,p) level

@ Springer



1410

J Mol Model (2013) 19:1407-1415

Enomo and Epymo of these four dyes are not much
different. A similar result has also been found in their
AEy_ (in vacuo). LA D shows lowest Eyomo and
E; umo- Thus, it is noted that phenyl ring D substitution
on ring A stabilizes Eyomo and Erymo of LA A, B, C
and E by their 7t-conjugate systems leading to lower
AEy_1. The highest and higher values of AEy_p of
LA D and CA may due to sugar moiety substitution
and un-substitution, respectively. The AEy_ of all dyes
are narrower in water media than in vacuo due to the
stabilization of their MOs by the polar environment.
AFEy- of all dyes (in water) are, in decreasing order:
LAD>CA>LAE>LAB>LA A>LAC.

The UV-vis spectra of all dyes were simulated by single-
point calculation using the B3LYP/6-31+G(d,p)-optimized
structures computed at TDDFT/B3LYP/6-31+G(d,p) level.
The Amax for all dyes, considering as absorption maxima,
were obtained from absorption spectra generated from
TDDFT computation as shown in Table 2. The results show
a ~23-35 nm red shift of A, from vacuo to water media
for all dyes. The computed values are ~13-28 nm lower
than the experimental values. The A, of LA A is similar
to those of crude laccaic acid (containing of LA A, B and
C), in which their A, were reported to be 490 nm, while
absorption maxima at 485 and 493 nm were found for LA E
and CA, respectively [72].

The isovalue plots of five MO (HOMO-2 to LUMO+1)
levels for all dyes together with their AEy_; are shown
in Fig. 2. The HOMO-2 orbitals of all lac dyes (except
for LA D) are localized separately at the phenyl ring A
and ring C, especially on the -COOH; and -OH;
groups. For, HOMO-1 orbital, more electron distribution
is found on the phenyl ring while a much lesser distri-
bution is found on ring C. As can be seen, the phenyl
rings D of LA A, B, C, and E, as well as the sugar
ring of CA were perpendicular to the planar core. At

Table 2 Maximum absorption wavelengths (A,.x) for UV—vis absorp-
tion spectra of CA and all LAs in various media computed at TD/DFT/
B3LYP/6-31+G(d,p) level

Dye Maximum absorption band (nm)
Vacuo H,0* Exp®

CA 442 465 493
LA A 447 470 490
LA B 447 470 490
LA C 445 469 490
LA D 412 447 -
LA E 447 472 485

?Due to the single-point calculation at IEF-PCM(UAKS)/TDDFT/
B3LYP/6-31+G(d,p) level

® Taken from [72]
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Fig. 2 Isovalue plot of frontier molecular orbital (MO) of CA and LAs
and their corresponding energy gap, Eg,p, (€V) in vacuo and in water (in
parenthesis)

HOMO orbital, energies are contributed mainly on ring
A, collapsing to ring B with a conjugated double bond.
The energies located mainly on ring B and C of the
LUMO are in accordance with the charge movement
from the ring A at HOMO. The LUMO+1 of LA A,
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B, C, E is not very different from their LUMO, in which the
node of energy is found at -COOH, as well as -COOH;.
The first three vertical singlet states, major transition
characters and oscillating strength of the absorption
bands in the UV-vis region for all dyes computed by
single-point calculation using TDDFT/B3LYP/6-31+G(d,
p) are presented in Table 3. It can be observed that the
first transition of all dyes is the HOMO—LUMO found
both in water and vacuum environments. HOMO—-
LUMO+1 is found as second and third characters for
all dyes. HOMO-2—LUMO and HOMO-3—LUMO can
be observed in the transitions of all dyes. The
HOMO—LUMO+1 can be considered as the possible
transition due to its high charge distribution located on
both two carboxyl groups with high corresponding os-
cillating strength and transition character. The possible
binding modes of the dye-TiO, system are shown in
Fig. 3. The bi-coordinated mode formed by the hydrox-
yl oxygen of —OH; and carboxyl oxygen of —COOH;
and Ti(IV) (Fig. 3a) were proposed previously for CA
[49]. However, for LA A,B,C,E, the bi-coordinated
binding mode may be formed by either -COOH; or -
COOHj3; and Ti(IV) due to the nodal charge distribution,
which is found on both groups at LUMO+1 orbital. The

ability of the anchoring group to chelate with Ti(IV)
depends on the deprotonation energy for all -OH and —
COOH groups, as tabulated in Table 4. Deprotonation
energies (AFEy) of the dye were computed from the
energy difference between their neutral and cationic
forms of various deprotonate sites. The AFEy of the first
three anchoring groups of LA A, B, C and E are, in
increasing order: —COOH; < —-OH, < —COOHj3. These
computed parameters confirmed the predicted doubly bi-
coordinated mode (Fig. 3b) based on the lower differ-
ence in deprotonation energy between —COOH; and —
COOH, groups (~20 kcalmol'). This kind of binding
mode will enhance greater charge transfer from the dye
to the TiO, surface than another mode in the case of
the HOMO—LUMO+1 with more intensive occurrence.

Excited state oxidation potential and electron injection force

Electron transfer from excited state of the dye to conduction
band of semiconductor depends on the excited state oxida-
tion potential. EdOy; is estimated as the negative Eyonmo based
on Koopman’s theorem [73]. AG™ and E&¢” are computed

from Eqs. 1 and 2, respectively. The computed Egy;, Eg};*

Table 3 Vertical singlet states, transition character and oscillating strength (with />0.01) of absorption bands in UV—vis region of CA and all LAs

computed at the TDDFT/B3LYP/6-31+G(d,p) level

Dye Vacuo H,0*
Energy® Transition character® f Energy® Transition character® f
CA 2.8041 HOMO—LUMO (85 %) 0.121 2.6626 HOMO—LUMO (87 %) 0.1609
3.5426 H-2—LUMO (50 %) 0.016 3.5986 H-2—LUMO (42 %) 0.0434
3.6852 HOMO—L+1 (82 %) 0.070 3.6281 HOMO—L+1 (52 %) 0.2377
LA A 2.7734 HOMO—LUMO (85 %) 0.166 2.6224 HOMO—LUMO (81 %) 0.2259
3.5400 HOMO—-L+1 (82 %) 0.083 3.3045 H-1-LUMO (92 %) 0.0284
3.6615 H-3—LUMO (63 %) 0.124 3.4629 HOMO—-LA+1 (70 %) 0.1264
LA B 2.7775 HOMO—LUMO (84 %) 0.164 2.6335 HOMO—LUMO (86 %) 0.2366
2.8564 HOMO—L+1 (83 %) 0.077 2.9900 H-1-LUMO (93 %) 0.0227
3.0739 H-3—LUMO (61 %) 0.127 3.3950 H-2—LUMO (73 %) 0.1084
LA C 2.7632 HOMO—LUMO (85 %) 0.162 2.6368 HOMO—LUMO (88 %) 0.2234
3.5302 HOMO—L+1 (80 %) 0.081 3.4422 H-1-LUMO (84 %) 0.0289
3.6866 H-3—LUMO (66 %) 0.132 3.5567 H-2—LUMO (45 %) 0.0144
LA D 3.0088 HOMO—LUMO (72 %) 0.039 2.8023 HOMO—LUMO (80 %) 0.0593
3.3228 HOMO—L+1 (70 %) 0.027 3.2203 H-1-LUMO (61 %) 0.0213
3.1825 H-3—LUMO (62 %) 0.468 3.5185 HOMO—LUMO+1 (47 %) 0.1214
LA E 2.7724 HOMO—LUMO (85 %) 0.164 2.6317 HOMO—LUMO (86 %) 0.2383
3.5426 H-1-LUMO (40 %) 0.079 2.9509 H-1-LUMO (67 %) 0.0172
3.0732 HOMO—-L+1 (81 %) 0.128 3.3282 HOMO—LUMO+1 (55 %) 0.0336

# Due to single-point calculation at IEF-PCM(UAKS)/TDDFT/B3LYP/6-31+G(d,p) level

®In eV

¢ Only major contribution to the transitions for each states are in parenthesis
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Fig. 3a,b Proposed binding
modes of interaction between
LA and Ti(IV). a Bi-
coordinated mode, b doubly bi-
coordinated mode

and AG™* of all dyes in vacuo and water are tabulated in

Table 5. LA_D possesses the highest Eo¢" and lowest
AG™*" in both two phases due to the effect of un-
substitution on ring A as described above. This means that
LA D is less responsive to the photosensitization and
charge transport process in both two phases. On the other
hand, the most positive response in photosensitization and
dynamic charge flow is LA_C. AG™*" and ES¢ com-
puted in water are different from the value computed in
vacuo due to the polarization effect on Epyomo. The
charge transfer due to photosensitization of all dyes is
spontaneous.

Thermodynamically, the spontaneous charge transfer pro-
cess from the dye excited state to the conduction band of
TiO, requires LUMO energy with more positive potential
than ngz (—4.0 eV), while HOMO energy with more
negative than redox potential of the I~ / I; electrolyte
(+4.80 eV) [74] requires spontaneous charge regeneration.
The energy level diagram of the HOMO and LUMO of the
dyes and E, of TiO, and redox potential of the electrolyte is
depicted in Fig. 4. The LUMOs of all dyes lies over the Ey,
of TiO, while their HOMOs are lower than the reduction
potential of electrolyte. Thus, all of them possess a positive
response to charge transfer and regeneration related to the
photosensitization process.

Relationship between electronic structure of the dyes
and photovoltaic performance

The overall efficiency (n) of the DSSC can be calculated
from the integral of short-circuit photocurrent density (Jsc),

open circuit potential (Voc), the fill factor (ff) and the
intensity of light (Z;), expressed by

y = Jsc Il/ocﬁ (4)

From this expression, Jsc, Voc, and ff are obtained only
by experiment. The relationship among these values and
electronic structures of the dyes is still not well understood.
However, the relationship between Voc and Epymo of the
dyes based on electron injection from LUMO of the dye to
E, of TiO, can be expressed as [75]:

eVoc = Erumo — Ecp (5)
Voo — ELUMO@* Ecp (6)

According to this expression, the higher the Eyywmo,
the larger the Ve found. The approximated Voc values
based on Eq. 6 for the dyes are tabulated in Table 6.
The trend of the Voc of the dyes was found to be
similar to E4¢" and AG™°', As mentioned in a previ-
ous work [49], where CA-TiO, was found to be a good
photovoltaic system, all LAs (except for LA D) will
give higher overall efficiency than CA without consid-
eration of any other factors. LA C and LA D are found
to be the best and the worst sensitizers, respectively,
while LA E, A and B are also expected to show good
overall efficiency of their DSSCs.

Table 4 Deprotonation ener-

gies® (in kealmol ") of various Dyes AEH, AEH, AEH; AEH, AEH; AEHg AEH; AEHg

anchoring groups of CA and all

LAs CA 342.12 371.22 355.10 360.72 - - - -
LA A 346.14 368.71 352.16 347.71 356.02 337.01 328.52
LA B 347.30 367.85 353.22 348.43 355.74 334.48 328.70 376.96
LA C 347.98 371.47 353.91 350.05 356.78 337.72 330.13 353.47
LA D 343.98 352.24 348.08 346.66 - - - -
LA E 344.47 369.22 352.24 349.18 356.26 335.99 331.03

#Computed using Eq. 7

@ Springer



J Mol Model (2013) 19:1407-1415

1413

Table 5 The computed AG™, Egy)‘(’* and EZ}; (all in eV) for of CA
and all LAs

Table 6 Estimated open-circuit voltage (Voc) and light harvesting
efficiency (LHE) of CA and all LAs

Dye Vacuo H,0 Dye Voc LHE

Eg; E?)y;x AG™Iet E?)); EZ@?* AG™et Vacuo Water Vacuo Water
CA 6.32 3.52 —0.48 6.41 3.75 —-0.25 CA 0.96 0.77 0.3145 0.3096
LA A 6.12 3.35 —0.65 5.85 3.23 —-0.77 LA A 1.09 0.92 0.3177 0.4056
LA B 6.12 3.34 —0.66 5.88 3.25 —-0.75 LA B 1.09 0.92 0.3145 0.4200
LA C 6.04 3.28 -0.72 5.61 2.97 -1.03 LA C 1.17 1.03 0.3129 0.4072
LA D 6.67 3.66 -0.34 6.53 3.73 -0.27 LA D 0.93 0.90 0.0858 0.1276
LA E 6.10 3.33 -0.67 5.85 3.22 -0.78 LA E 1.12 1.08 0.3145 0.4223

One factor relates to efficiency of DSSC is the perfor- Conclusions

mance of the dyes in response to incident light. Based on the
light harvesting efficiency (LHE) of the dyes, this value has
to be as high as possible to maximize the photocurrent
response. The LHE can be expressed as [76]

LHE=1-102=1-10"f (7)

where A (f) is the absorption (oscillating strength) of the
dyes associated to the absorption energy (Eyg). The comput-
ed LHEs for all dyes are shown in Table 6. Based on the
result, LA D is the worst responder to incident light among
these dyes. Finally, it can be concluded that all the dyes have
HOMO-LUMO energy levels matching the Ecg level of
TiO, and the reduction potential of the electrolyte but
LA _C, A, and B are suggested as photosensitizers according
to their good computed ESY", AG™*" and Vo values in

which these parameters are believed to relate to overall
efficiency of DSSC.
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The ground state geometries, electronic structures, and pho-
toelectrochemical redox properties of carminic acid and five
lac dyes were evaluated using DFT and TDDFT calcula-
tions. The results show that the major electronic transition of
all dyes is HOMO—LUMO, while HOMO—LUMO+1 is
expected to be the minor transition. All the dyes show
favored electron injection (negative AGiyjee) from their

excited states to the conduction band edge of TiO,. The Edoy;,

ng* as well as AG™ of these lac dyes are quite similar
except for LA_D. The calculation result suggests that, based
on their good computed redox properties, most lac dyes can be
used as efficient photosensitizers in DSSC. In addition, they
also show a strong interaction with TiO,, possible via doubly
bi-coordinated mode bound to Ti(IV). Their stabilities to
thermal degradation and pH are advantage that make this
kind of natural dye promising for use as photosensitizers in
DSSC.
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Fig. 4 Schematic energy diagram of CA and LAs, TiO, and electrolyte (I’ / 13’). Enomo and Ep ymo of the dyes are in water environment
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