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Low-cost ecofriendly natural dyes are promising alternatives to synthetic metal-based counterparts in dye-
sensitized solar cells. Extracts from North African Artemisia campestris, Rosmarinus officinalis, Haloxylon scopa-
rium, and Juniperus phoenicea are comparatively evaluated here as future sensitizers and UV protectors. Exper-

::;tsznr::ira imentally, FTIR spectra confirm the presence of stable n-conjugations with -OH and -COOH groups necessary for
Juniper v good adsorption and charge transfer on TiOs. Extract electronic-absorption spectra confirm broad absorption
Haloxylon 190-800 nm, while TGA and DTA confirm stability. Corresponding phytochemical dyes, Esculetin-6-O-glucoside,

Scutellarein, 3-(2-N-Acetyl-N-methylaminoethyl)indol, and 3-p-Coumaroylquinic acid are modeled using DFT/
TDDFT (CAM-B3LYP/6-311G(d,p)) for their frontier orbital energies, light-harvesting efficiency (LHE), and
charge-injection properties. Quercetin and Rutin are used for computational benchmarking. Natural-Bond-
Orbital analysis correlates high intramolecular donor-acceptor stabilization and photovoltaic descriptors LHE
and injection-driving force. Juniper- and Rosemary-derived compounds show UV-absorption and charge-transfer
best performances, potentially promising sensitizers and UV-protectors. The results justify future device proto-

typing and natural dye optimization.

1. Introduction

Solar energy research is imperative [1]. Thus, new innovations in the
field emerge to increase and enhance the supply of photovoltaics’
generated electrical energy in the globe. One active research area is dye-
sensitized solar cells (DSSCs), as possible replacement for conventional
first-generation photovoltaics [2-4]. In DSSCs, dye molecules, anchored
onto wide-bandgap semiconductor nanoparticles such as TiO,, absorb in
the visible region [5] in parallel to plants [6-9]. Various types of sen-
sitizers for DSSCs were explored extensively. Effective synthetic metal
complex dyes, explored by Graetzel et al. [2,10], often pose environ-
mental concerns due to their heavy metal content [8,11]. Thus, re-
searchers examined alternative metal-free synthetic dyes [12,13] with
tunable properties and lower environmental impact [9]. However,
metal-free synthetic dyes still need costly preparations. This turned the
attention toward naturally abundant eco-friendly dyes, as greener al-
ternatives [14,15], with biodegradability and low toxicity [14].

* Corresponding authors.

Examples of natural sources for dyes in DSSCs are spinach, blackberries,
raspberries, pomegranates, beetroot, and others with efficiency ranging
0.1 % to 2.0 % [16]. Specifically, natural dyes such as betalains (from
red beet, prickly pear) and anthocyanins (from berries, red cabbage)
have also shown promise due to their strong visible light absorption and
tunable properties [17]. Building upon existing research, studies have
shown that flavonoids like Quercitin and Rutin, found in various plants
including Juniper [18], were used as visible light sensitizers in DSSCs
and yielded efficiencies of 2.15 and 0.71 % respectively [19]. To that
end, experimental assessment and prototyping of DSSC devices, based
on crude dyes from various plants, were earlier performed as explor-
atory studies on natural sensitizers. Even when the isolation and puri-
fication of dyes yielded better results in terms of photoelectrical
performance in some cases they helped in the overall selection of plants
as natural dye resources [8,20]. Extracts from natural plants can thus be
used as useful sensitizers in DSSCs, by virtue of their ability to absorb
visible light photons. As such, the dye molecules are excited, where
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electrons go from highest occupied molecular orbitals (HOMOs) to
lowest unoccupied molecular orbital (LUMOs). The excited electrons are
then injected in the TiO, conduction band, move to the external circuit
and return to the oxidized redox couple species. On the other hand, the
holes move from HOMO to the redox couple, and are then quenched by
the oncoming electrons leaving no net charge in the redox couple. This
summarizes how dye sensitization occurs in DSSCs.

On paper, such a formalism looks easy and straightforward. How-
ever, in practice, things are more difficult. It is known that oncoming
solar radiations, that reach earth surface, involve small proportions of
UV radiations [21]. Such UV radiations can excite the wide band gap
TiO, particles themselves, yielding highly oxidizing holes in the valence
band. Such holes are capable of oxidizing the dye molecules in the
DSSCs, and bleach the redox couples, with time [22]. Instability is thus a
serious challenge in DSSCs and needs to be overcome. One way out is
adding UV protectors (filters) that are stable molecules with ability to
absorb in the UV region [23]. Therefore, visible sensitization and UV
protection are two different processes that are both needed in DSSCs.

However, a research gap is identified in screening the large variety of
phytochemicals from such botanicals via a deeper investigation in terms
of UV protection and cell stability. Exploratory studies on natural dyes
could help increase the research speed for improved stability by
providing shortcuts toward suitable candidates. Focusing on the fact
that natural sensitizers face challenges in stability, more work is thus
needed [24]. One effective method is the incorporation of UV absorbers
from natural plants, to protect the sensitizers and the redox couples from
degradation caused by UV radiation [25].

Herein, we present a preliminary experimental and theoretical
evaluation of a number of under-explored botanicals. The goal is to
investigate ability of extracts from these botanicals to behave as both
visible sensitizers and UV protectors. The results will be useful for future
studies in in the areas of manufacturing and assessing new types of
DSSCs.

Artemisia campestris, Rosmarinus officinalis, Haloxylon scoparium and
Juniperus phoenicea, all from North African regions, were not described
as visible sensitizers and UV protectors for DSSCs, and will be extracted
as described in literature [20] and studied here. As such, these botanical
plants were not studied in DSSCs to our knowledge [8,11,26,27], vide
infra.

The strategy is two-fold, involving both experimental and theoretical
parts. In the experimental study, the plants active ingredients are
extracted by the Soxhlet method. The extracts are then examined for
their potential values as visible sensitizers and UV protectors for natural
dye sensitized solar cells (NDSSCs). This will be achieved by studying
the electronic absorption properties to determine regions of absorptions.
Fourier Transform infrared (FTIR) spectral analysis will be used to check
for -OH and -COOH binding functional groups along with aromatic rings
that improve electron transfer in DSSCs [28]. TGA results will be used to
assess extract thermal stability. The DTA is used to check phase changes
that are necessary for DSSCs [29,30].

Theoretical investigation will be conducted on earlier literature
phytochemicals, esculetin-6-O-glucoside (from Artemisia Campestris)
[311, scutellarein (from Rosmarinus officinalis) [32], 3-(2-N-acetyl-N-
methylaminoethyl)indole (from Haloxylon scoparium) [33] and 3-p-
coumaroylquinic acid (from Juniperus Phoenicea) [34]. Artemisia
campestris is known for its rich phytochemical profile, including flavo-
noids, coumarins and essential oils [31,35]. Literature described various
Artemisia-derived compounds for their antioxidant and antimicrobial
properties [36,37]. Esculetin-6-O-glucoside, a coumarin glycoside
from Artemisia campestris, was not harvested for DSSC applications
before. Rosmarinus officinalis, commonly known as rosemary, has high
content of phenolic compounds, particularly flavonoids and diterpenes
[32,38]. Compounds like carnosic acid and rosmarinic acid were studied
for their antioxidant and photo protective properties [32,38]. Rosemary
leaves were harvested to create carbon dots for DSSCs and achieved
efficiencies of 6.79-7.32 % [11]. Scutellarein, a flavonoid from
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Rosmarinus officinalis, was not previously explored for DSSCs. Haloxylon
scoparium is adapted to arid environments and known for its alkaloid
content. Previous research was focused on the medicinal properties of
Haloxylon-derived compounds, including their antiviral and anticancer
activities [33]. Their application in DSSCs remains unexplored, and the
3-(2-N-Acetyl-N-methylaminoethyl)indol is being theoretically
considered here as a novel sensitizer for DSSCs. The fourth candidate,
Juniperus communis, is rich with phenolic acids, flavonoids and essential
oils [34], and literature described its antimicrobial and anti-
inflammatory properties. In DSSCs, juniper-derived compounds,
including 3-p-Coumaroylquinic acid, were not extensively studied for
DSSCs.

These compounds are investigated here by Density Functional The-
ory (DFT) [39], and Time-Dependent DFT (TDDFT) [40] calculations,
using the range-separated functional CAM-B3LYP [41] level of theory.
The method is well known for handling long-range interactions, such as
charge transfer [42]. It also provides a more balanced treatment of
ground-state properties, all as available in the Gaussian 09 W software
package [43,44]. Key electronic parameters, such as the electrophilicity
index (®) and the balance of donating/accepting powers (®"/07), which
highlight stability traits of the selected compounds, are studied. The
same computational procedure is applied on the reference dyes Quer-
citin and Rutin [19] for comparison purposes. Quercetin and Rutin are
included solely as computational reference dyes to benchmark the op-
toelectronic performance of the selected natural phytochemicals. These
widely studied flavonoid dyes serve as theoretical baselines and were
not experimentally evaluated in this study.

To provide deeper insights into the electronic interactions governing
charge transfer efficiency and stability, Natural Bond Orbital (NBO)
[45,46] perturbation theory analysis was employed for the first time in
this context. The results will assess donor-acceptor interactions in Ju-
niper (3-p-Coumaroylquinic acid) and Rosemary (Scutellarein), sup-
porting efficient charge delocalization and reduced recombination
losses. The NBO findings will align with previous electronic structure
analyses, including HOMO-LUMO and TDDFT spectra, reinforcing the
dye suitability for DSSC applications. Comparing the stabilization en-
ergies of these phytochemicals, with those of Quercetin and Rutin, will
show if Juniper and Rosemary-derived dyes exhibit superior charge
transfer capabilities, making them promising candidates for high-
stability UV-protected DSSCs.

Although crude extracts will be experimentally studied, the theo-
retical calculations in this work focus on key phytochemical constituents
identified in the literature for each plant. While the present study aims at
investigating the potential of crude extracts themselves for DSSCs, it is
not possible to do that theoretically on crude extracts. The extracts
involve various additional compounds that influence one another
making the calculations not easy. Therefore, the theoretical study is
restricted to the dye molecules, described above, commonly abundant in
the plants.

To our knowledge, the crude dye extract screening, and the selected
natural phytochemicals evaluation, were not previously reported in
sensitization and UV protection. The results will open the door to assess
more natural botanicals.

2. Experimental
2.1. Materials

Methanol solvent has been delivered by EURL SIALCHIM Company,
Tlemcen, Algeria, from HONEYWELL. Methanol is chosen for its effec-
tiveness and superior performance in isolating the types of natural dyes
relevant for DSSC applications, such as anthocyanins, betalains, chlo-
rophyll, and carotenoids [8,47]. All other common materials have been
purchased form the local market in pure forms.

The studied North African botanical plants Haloxylon scoparium (A),
Rosmarinus officinalis (B), Artemisia campestris (C) and Juniperus
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phoenicea (D) are presented in Fig. 1. These studied botanicals are
selected from North African regions, and have been specifically collected
from the Laghouat region in Algeria in 2021. Only the leaves are
considered here.

Fig. 2 describes the molecular structures of the investigated natural
dyes Esculetin-6-O-glucoside, Scutellarein, 3-(2-N-Acetyl-N-methyl-
aminoethyl)indole and 3-p-Coumaroylquinic acid, found in Artemisia
Campestris, Rosmarinus officinalis, Haloxylon scoparium and Juniperus
Phoenicea, respectively, based on literature [32-34]. Esculetin-6-O-
glucoside from Artemisia belongs to the coumarin family, well-known
for robust photophysical properties [48,49]. This dye involves a
coumarin core with a glycosyl moiety at the sixth position indicating
high solubility in polar solvents and good interactions with the TiO2
surface via the free hydroxyl groups [50]. The dye exhibits absorption
maxima in the UV range, making it suitable for UV co-sensitization in
DSSCs here [51]. Scutellarein from Rosemary, on the other hand, in-
volves flavonoids that are known for their strong light absorption in the
visible region [14]. The 3-(2-N-Acetyl-N-methylaminoethyl)indol from
Haloxylon, presents aindole core that is known for its electron-donating
characteristics. Finally, 3-p-Coumaroylquinic acid, extracted from Ju-
niper, incorporates both quinic acid and p-coumaric acid moieties with a
carboxylic acid group promising better anchoring capabilities.

2.2. Equipment

A FAITHFUL heating mantle, analytical thimbles, and filtering pa-
pers made by PRAT DUMAS France for qualitative analysis, are used in
the Soxhlet and maceration setups. A 250 mL Soxhlet apparatus,
equipped with a 500 mL round-bottomed flask has been used to obtain
concentrated crude dye extracts from studied botanicals [52]. The
equipment have been delivered by EURL SIALCHIM Company in
Tlemcen. The extraction process has been performed in the Laboratory
of Materials, Energy Systems, Renewable Energies and Energy Man-
agement (LMSEERGE), Faculty of Technology, Laghouat, Algeria.

The electronic absorption characteristics of the crude dye extracts,
dissolved in methanol, are analyzed in the range of 190 to 800 nm on a
SHIMADZU UV-1900 UV-Vis spectrophotometer, with a baseline
correction using the blank methanol solvent. Functional groups have
been analyzed by solid-state FT-IR spectroscopy, on an Agilent Cary-
600-FTIR Spectrometer, in the range 350 to 7800 em™ L FT-IR spectra
have been measured at the “Laboratory of Physical Chemistry of Mate-
rials (LPCM), Faculty of Sciences (UATL), Laghouat, Algeria”. The
Thermogravimetric-Differential Thermal analyses (TG-DTA) of solid-
state samples are obtained using the LABSYS EVO TG-DTA/DSC avail-
able at “Plateau Technique d’Analyses Physico-Chimiques (PTAPC-

A) Haloxylon B) Rosmarinus

officinalis

scoparium
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CRAPC)-LAGHOUAT-Algeria”. Measurements have been made under
inert gas of Ny(g) flowing at 40 ml/min, with a scan rate of 0.03 °C/min
starting from ambient temperature to 600 °C.

2.3. Dye extract preparations

The leaves obtained from the botanical plants have been cleaned
using distilled water in a basket and dried from moisture under sunlight
for 4 h inside aluminum plates, as described earlier [8,24,29,53]. The
dried leaves have then been gently fine-ground in a mortar to ensure
concentrated crude dye extracts [54]. A sample (30 g) of each plant fine
powder has been placed into the filtering thimble and extracted by the
Soxhlet method for around 5 h in ethyl acetate (500 mL). All extracts
have then been filtered to ensure the purity and clarity, and stored in the
dark [24]. After filtering, the extract solutions have been dried, and
resulting dry powders have been analyzed by FT-IR and TG-DTA.

Another portion (15 g) of each plant fine powder has been processed
through a quick extraction using the maceration technique in methanol
solvent (100 mL). Each mixture has first been quickly agitated at 80 °C
for 5 min, then at 40 °C for 2 h. Using a pipet, an extract solution aliquot
has been taken from each botanical, filtered and divided into two sam-
ples. One sample is used as is (concentrate) and another is diluted for the
electronic absorption spectral analysis. The concentrated extract solu-
tion has been progressively diluted with methanol until an almost
transparent solution is obtained that yields a suitable electronic ab-
sorption spectrum with absorbance values within the optimal detection
range of the spectrophotometer.

3. Theory

Throughout the years, a theoretical backbone for Dye-Sensitized
Solar Cells (DSSC) built upon Density Functional Theory (DFT) and
Time Dependent DFT (TDDFT), was under development. It helped in
describing and evaluating the properties that governed the DSSC per-
formance and efficiency, including light harvesting efficiency (LHE),
diffusion constant (Diff), ionization potential (IP), electron affinity (EA)
and others [55-59].

3.1. DFT and TDDFT calculations

The theoretical calculations here are conducted on selected isolated
phytochemicals representing the main constituents of the plant extracts.
These molecules were chosen based on prior phytochemical studies and
are hypothesized to contribute significantly to the experimental absor-
bance features.

C) Artemisia D) Juniperus

campestris phoenicea

Fig. 1. Photographs of the botanical species investigated in this study. The plants are collected from the Laghouat region (Algerian Saharan Atlas). From left to right:
Artemisia campestris, Rosmarinus officinalis, Haloxylon scoparium, and Juniperus phoenicea.
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Fig. 2. Chemical structures of selected phytochemicals reported in the literature and associated with the studied plants. (A) Artemisia campestris, (B) Rosmarinus
officinalis, (C) Haloxylon scoparium, and (D) Juniperus phoenicea. For benchmarking, reference dyes included are (E) Quercetin and (F) Rutin.

The Density Functional Theory (DFT) and Time-Dependent DFT
theory (TD-DFT), have been used here with the Gaussian 09 W software
package. The CAM-B3LYP functional has been selected for its proven
ability to handle long-range charge-transfer excitations typical of donor-
acceptor dye systems. This range-separated hybrid functional mitigates
self-interaction errors and has shown reliable performance in modeling
photoexcited states of organic DSSC dyes in prior studies [60,61]. The 6-
311G(d,p) basis set is chosen as it provides a good balance between
computational cost and accuracy for organic molecules with n-conju-
gated systems. Solvent effects have been incorporated via the conductor-
like polarizable continuum model (CPCM) with methanol as the solvent,
to mirror the experimental environment during extraction and spec-
troscopy. All optimized structures have been confirmed to be at local
minima by the absence of imaginary frequencies. The TD-DFT calcula-
tions have been performed to evaluate the excited-state properties,
calculating up to 12 excited states per compound (using nstates = 12).
Post-processing analysis of the molecular orbitals has been conducted,
focusing on the HOMO-LUMO gaps, and on the nature of the electronic
transitions, to assess the potential for electron injection into the con-
duction band of TiO» along with other properties. The oscillator
strengths are also extracted from the TD-DFT results to estimate the LHE
of each compound. Additionally, qualitative benchmarking of the
theoretical electronic absorption spectra with experimental

measurements was performed. The observed absorption maxima and
oscillator strengths of key phytochemicals (e.g., Scutellarein, 3-p-Cou-
maroylquinic acid) are in reasonable agreement with experimental
spectra of the crude extracts, supporting the validity of the computa-
tional approach.

3.2. Photovoltaic performance parameters

3.2.1. Light-harvesting efficiency (LHE)

LHE is important for estimating the ability of sensitizers to convert
photons into electrical energy. At maximum absorption, LHE can be
calculated using Eq. (1), where higher values indicate improved ab-
sorption and, consequently, more electronic injection and higher DSSC
performance [58,62,63]:

LHE=1-10"f ¢

where f is the oscillator strength of wavelength at maximum ab-
sorption, obtained from TD-DFT calculations.

3.2.2. Diffusion constant (Diff)

Diff describes the rate at which dye molecules diffuse within the
DSSC electrolyte. The Stokes-Einstein relation, Eq. (2), is used to
compute the dye-molecule diffusion constants [64,65]:
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Diff = _Kkr 2)
6mnoTgye
where k is Boltzmann’s constant, T is the kelvin temperature, no is the
medium viscosity (approximated to that of helium at 300 K), and rpy, is
the dye molecular radius.
A higher diffusion constant decreases aggregation and improves
uniform dye distribution on the TiO: surface, promoting better electron
injection [65].

3.2.3. Dye molecular radius (rDye)

The rpy. value determines how well the dye molecules adhere to the
TiO: surface, and interact with the electrolyte. It is calculated by Eq. (3)
[28].

s/ 3M

— 3
47pNp ®

Ipye =
where M is the dye molar mass, p is the density of the solvent, and Na
is Avogadro’s number.

3.2.4. Frontier molecular orbital analysis (HOMO/LUMO)

The theorem of Koopmans suggests that examining the Frontier
Molecular Orbital energies of a molecule helps understand its overall
characteristics. Hence, the HOMO and the LUMO reflect possibilities of
the molecule to participate in electrophilic or nucleophilic reactions
[57,66,67]. In addition, for improved DSSC performance, the dye LUMO
should be at a higher (less negative) potential than the conduction band
edge of TiOz2 (—4.0 eV). This alignment ensures efficient and rapid
electron injection from the excited dye (LUMO) to the TiO2 conduction
band. On the other hand, the dye HOMO should be at a lower (more
negative) potential than the I" /Is~ redox potential (—4.8 eV) to ensure
effective dye regeneration [68]. The energy gaps between the excited
dye (LUMO) and the TiO2 conduction band edge (4E;¢), and between the
dye HOMO and the I /I;~ redox couple potential (AEgy), are detailed in
Egs. (4) and (5):

AE;c = Erymo — Ecs ()]
AEry = Eredox — Enomo %)

3.2.5. Ionization potential (IP) and electron affinity (EA)

IP and EA are defined by the Egs. (6) and (7), respectively. IP rep-
resents the minimum energy required to remove an electron from a
neutral atom (or a molecule) in its ground state corresponding to the
negative value of the HOMO energy level. Lower IP values indicate more
efficient dye regeneration. EA represents the energy change when an
electron is added to a neutral atom (or molecule), calculated as the
negative value of the LUMO energy level. Higher EA means more effi-
cient electron injection [64,69]:

IP = — Eyomo (6)

EA = —Eiymo ()

3.2.6. Electronic chemical potential (1) and chemical hardness (1)

The electronic chemical potential (4) described by Eq. (8) is a ther-
modynamic indication on how easily an electron can be added to a
system. In DSSCs, a lower electronic chemical potential is desirable
because it implies enhanced electron transfer due to easier electron
acceptance [70].

The chemical hardness () defined by Eq. (9) describes the stability
of the molecule against electron transfer. Higher n indicates higher
molecule resistance to changes in its electronic configuration, thus
higher stability. However, in DSSCs a balance off is needed. While sta-
bility is important, excessive chemical hardness would limit the neces-
sary electron transfer processes. Therefore, to optimize charge transfer
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and separation efficiency, the dye should not possess too high n [69].

1
—p:E(IP+EA):)( (8)

N = (IP - EA) ©

N =

where y represents the electronegativity, defined here as ability of a
molecule to accept an electron.

3.2.7. Electrophilicity index (w) and donating/accepting powers (w*/0™)

The electrophilicity index (w), defined in Eq. (10) is a measure of the
molecular ability to accept additional negative charges from its envi-
ronment. A higher electrophilicity index is preferred in DSSCs as it in-
dicates better electron transfer [71]. This measure is evaluated based on
two factors: the electrophilic propensity to acquire an additional nega-
tive charge represented by 42, and the system resistance to negative
charge exchange characterized by chemical hardness (). These con-
cepts are summarized in Egs. (9) and (10):

o= 10)

n

Electron-accepting and electron-donating powers control the mole-
cule ability to partially accept or donate a negative charge, with pref-
erably higher values of the latter [59,62,72,73]. Electron donating
power (o) and electron accepting power (o) are represented by Eqs.
(11) and (12). A higher electron accepting power means the molecule
accepts electrons easier, which limits recombination factors and charge
losses. A higher electron donating power is also beneficial, as it facili-
tates electron transfer [74].

_ _(IP+3EA)

"~ 16(IP — EA) an
_ (3IP + EA)?
"~ 16(IP — EA)

+

12

According to Parr and Yang’s formulations, the values of y, n and w
are interrelated as shown in Egs. (8-10) [75,76].

3.2.8. Natural bond orbital (NBO) analysis

Natural Bond Orbital (NBO) analysis provides insights into the
electronic interactions within a molecule by describing electron delo-
calization, donor-acceptor interactions and stabilization effects. This
method is particularly useful in evaluating charge transfer efficiency,
which plays a crucial role in the DSSC organic dye performance.
Through second-order perturbation theory, the strength of these in-
teractions can be assessed, allowing for a better understanding of charge
mobility and electronic stability [45,46,58]. The electronic properties of
the studied dyes have been discussed above through DFT and TDDFT
analyses, where HOMO-LUMO gaps, density of states (DOS) and elec-
tronic absorption spectra are examined. These studies provide an initial
understanding of charge transfer properties. Moreover, NBO analysis
adds another layer of depth by explicitly quantifying orbital interactions
and electron delocalization within the molecular framework. By corre-
lating NBO results with theoretical findings from electronic structure
analysis and experimental electronic absorption spectra, the suitability
of the studied dyes for DSSC applications can be predicted.

In this study, NBO calculations are performed using the NBO 3.1
module in Gaussian 09 W with the same computational setup as the DFT
calculations: CAM-B3LYP/6-311G(d,p) in methanol (CPCM solvation
model). The key focus is on second-order perturbation theory analysis,
which quantifies donor-acceptor interactions in terms of energetic sta-
bilization. The analysis aims at determining the strength of charge
delocalization and identifying key orbital interactions relevant to elec-
tron transfer. By examining stabilization energy E(2) values, it is
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possible to identify strong n-t* conjugation and lone-pair interactions,
which are critical in facilitating efficient charge transfer. Molecules
exhibiting higher E(2) stabilization energies typically have better charge
delocalization [77,78], lower electron recombination rates and
improved electron injection into the semiconductor [79]. Dyes with
strong donor-acceptor orbital interactions with significant stabilization
energy values are expected to exhibit enhanced photovoltaic properties
in DSSCs [78], as they can facilitate efficient electron movement from
the dye to the TiO2 conduction band. To ensure consistency and reli-
ability, the results are processed using an automated Python script
developed to extract and filter NBO parameters from Gaussian output
files. The script applies filtering criteria to select only significant in-
teractions based on stabilization energy cutoffs, allowing for a more
focused and meaningful interpretation of the data. This ensures that only
the most relevant donor-acceptor interactions are considered in the final
analysis. The discussion of these results is expanded in subsection 4.2.c,
where detailed donor-acceptor interactions, energy transfer pathways
and their implications in DSSC applications are analyzed. Tables 4-9
present the extracted second-order perturbation interactions, providing
a comparative view of the stabilization energies across different dye
molecules. By combining NBO perturbation theory with previously
discussed electronic absorption spectral properties and electronic
structure analysis, a convincing justification of the dyes, as promising
DSSC candidates, is thus provided.

4. Results and discussion
4.1. Experimental results

4.1.1. Electronic absorption spectra

Electronic absorption spectra measured for the crude dye methanolic
extracts from Artemisia campestris, Haloxylon scoparium, Juniperus
phoenicea and Rosmarinus officinalis, in 190 to 800 nm range, are
depicted in Figs. 3(a) and (b). As stated above, the experimental spectra
are for the crude extract, while the TDDFT simulations are for individual
phytochemicals. The observed spectral features likely result from a
synergistic overlap of multiple dye molecules, including the ones
modeled here.

The spectra for various concentrated extracts, Fig. 3(a), demonstrate
peaks within the visible spectrum with notable similarity between the
absorption profiles for the four investigated botanicals. Two strong ab-
sorption bands are observed, one in the range 400-500 nm, and another
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spanning the range 650-700 nm.

Based on the absorption analysis yields, the crude extracts possibly
contain chlorophylls, flavonoids, anthocyanins, carotenoids and cou-
marins, as confirmed by the blueprints of each pigment. For instance,
chlorophyll absorbs at around 430, 660 and 670 nm [14]. Anthocyanin
and flavonoids contribute to the absorption, with anthocyanins affirmed
by absorbing between 450 and 700 nm [14,27] and flavonoids between
350 and 500 nm [14]. Zooming further, small bumps are observed in the
spectra, one at 540 nm indicating possible presence of betalains and
carotenoids [80,81], and one at 600 nm possibly related to chlorophyll b
[82,83].

Fig. 3(b) depicts results for the diluted extract solutions to have a
closer look at the crude dye extract behavior in the UV range. Relatively
strong UV absorptions, with peaks in the 200-400 nm range, confirm UV
activity.

The results demonstrate the capacity of the extract constituents to
capture radiations through a wide range, spanning both UV and reach-
ing the near IR regions. This is a useful feature for application in DSSCs
[12]. The results thus confirm the extracts usefulness in both sensitiza-
tion and UV protection. This highlights the potential importance of the
extracts in NDSSCs.

4.1.2. FTIR spectra

Solid state FTIR spectra are depicted in Fig. 4, for samples dried from
plant extracts under investigation, Artemisia campestris (ART), Halox-
ylon scoparium (HLX), Juniperus Phoenicea (JNP), and Rosmarinus offi-
cinalis (RSM). The Figure shows the similar vibrational modes. The
bands at ~3400 cm ™! are due to O—H stretching vibrations, probably
for phenolic compounds. Other intense sharp bands appear in all ex-
tracts at ~1600 cm ™!, due to C=C stretching vibration indicating the
aromatic nature of the dye components. Peaks in the range 1200-1700
cm ! also confirm the various hydroxyls, carbonyls and other functional
groups characteristic of phenolic and flavonoid compounds. These
functional groups provide the dual role of light absorption and electron
transfer. The functional groups are necessary to chemically bind dye
molecules with the TiO; surface OH groups in the DSSCs and to improve
electronic injection [84].

4.1.3. Thermogravimetric analysis (TGA)

TGAs of solid samples dried from crude dye extracts of Haloxylon
(HLX), Artemisia (ART), Juniper (JNP), and Rosemary (RSM), are pre-
sented in Fig. 5. The Figure shows a two-step mass loss process in all
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Fig. 3. Electronic absorption spectra of crude extracts from various extracts in methanol. (a) concentrated extracts and (b) diluted extracts. Spectra are shown for
extracts from Artemisia campestris (ART), Haloxylon scoparium (HLX), Juniperus phoenicea (JNP), and Rosmarinus officinalis (RSM).
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Fig. 4. FTIR spectra measured for solid-state residues obtained from various crude extracts. The extracts are taken from Haloxylon scoparium (HLX), Artemisia

campestris (ART), Juniperus phoenicea (JNP), and Rosmarinus officinalis (RSM).
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Fig. 5. TGA curves measured for solid residues derived from various crude extracts. The extracts are taken from Haloxylon scoparium (HLX), Artemisia campestris

(ART), Juniperus phoenicea (JNP), and Rosmarinus officinalis (RSM).

botanicals with similar behaviors. For instance, the first significant
weight loss at ~100 °C, is attributed to the evaporation of volatile
organic compounds and moisture from the solids. With increased tem-
perature, a notable decomposition phase begins at ~250 °C and con-
tinues to ~400 °C. This describes the breakdown of the complex organic
molecules, possibly phenolic constituents, which tend to be relatively
thermally stable. The residual masses beyond 450 °C indicate that the
extracts contain compounds that remain thermally stable even at higher

temperatures. The TGA results thus confirm thermal stability, which is
crucial for long-term performance under temperature.

4.1.4. Differential thermal analysis (DTA)

DTA results, Fig. 6, provide comparative thermal profiles for the four
solids obtained from the extracts of Haloxylon scoparium (HLX), Arte-
misia campestris (ART), Juniper phoenicea (JNP) and Rosemary offici-
nalis (RSM). Haloxylon presents a clear endothermic behavior in the
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Fig. 6. DTA curves measured for solid residues obtained from crude extracts. The extracts are taken from Haloxylon scoparium (HLX), Artemisia campestris (ART),
Juniperus phoenicea (JNP), and Rosmarinus officinalis (RSM).
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Fig. 7. TDDFT-simulated absorption spectra for the investigated dyes using the CAM-B3LYP/6-311G(d,p) level of theory in methanol. (a) Combined theoretical
spectra for Esculetin-6-O-glucoside, Scutellarein, 3-(2-N-Acetyl-N-methylaminoethyl)indol, and 3-p-Coumaroylquinic acid. (b-e) Comparison between theoretical
spectra (in methanol) and corresponding experimental electronic absorption spectra of the crude extracts from Artemisia campestris, Rosmarinus officinalis, Haloxylon
scoparium and Juniperus phoenicea, respectively.
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Fig. 7. (continued).

range 200-300 °C, describing the evaporation of residual moisture or
solvent, then, an exothermic behavior is detected at above 400 °C
indicating oxidation and combustion due to organic decomposition.
Artemisia exhibits wide endothermic peaks in the range 100 to 400 °C.
At above 400 °C a more significant exothermic process appears,
compared to Haloxylon, appears. Juniper behavior resembles Haloxylon
with a wider endothermic peak. The immense energy release with
thermal oxidation in Artemisia indicates a high organic content that
combusts efficiently. On the other hand, Rosemary shows a more
complicated thermal behavior with several exothermic peaks distrib-
uted over the whole temperature range with a sharp endothermic peak
at ~420 °C. DTA curves for the thermal characteristics of the studied
natural components, confirm their thermal stability and suitability for
DSSCs.

4.2. Theoretical results

4.2.1. Excited state analysis
The excited state transitions of the dyes Esculetin-6-O-glucoside,
Scutellarein,  3-(2-N-Acetyl-N-methylaminoethyl)indol and  3-p-

Table 1

DDFT results* for Esculetin-6-O-glucoside, Scutellarein, 3-(2-N-Acetyl-N-meth-
ylaminoethyl)indol, and 3-p-Coumaroylquinic acid in methanol. The dyes
represent key phytochemicals from Artemisia campestris, Rosmarinus officinalis,
Haloxylon scoparium, and Juniperus phoenicea, respectively.

Dyes Amax [nm] Oscillator strength f [arbitrary
_ unit]
TD-DFT
CAM-
B3LYP
Esculetin-6-O-glucoside 285.60 0.42
Scutellarein 298.89 0.64
3-g2-N-acetyl-N—methylammoethyl) 250.81 0.10
indol
3-p-Coumaroylquinic acid 292.54 1.02
Quercitin 309.85 0.59
Rutin 312.31 0.73

* TDDFT calculations performed at the CAM-B3LYP/6-311G(d,p) level with
solvent effects modeled using CPCM (methanol).
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Coumaroylquinic acid, dissolved in methanol, are described in Fig. 7 and
summarized in Table 1. The TD-DFT, by CAM-B3LYP functional with the
basis set 6-311G (d,p), is used. In Esculetin-6-O-glucoside from Arte-
misia, a maximum absorption peak is observed at 285.60 nm with an
oscillator strength of 0.42, suggesting a weaker absorption than both
reference dyes Quercitin and Rutin (f = 0.59, 0.73). The strong ab-
sorption in the UV region is depicted in Fig. 7(a). Scutellarein from
Rosmarinus Officinalis, Fig. 7(a), has a Amax at 298.89 nm being the
closest maximum to Quercitin (Ange = 309.85 nm), with a higher
oscillator strength of 0.64, as described in Table 1. This highlights its
good UV absorption, with peaks at around 240 nm and 300 nm in Fig. 8
(a). On the other hand, 3-(2-N-Acetyl-N-methylaminoethyl)indol from
Haloxylon scoparium shows absorption at Anyq, at 250.81 nm with an
extremely low oscillator strength of 0.10. 3-p-Coumaroylquinic acid,
from Juniperus phoenicea, extends its absorption into the near-UV region,
with a Amax of 292.54 nm and a highest oscillator strength of f = 1.02,
surpassing both Quercitin and Rutin (f = 0.59, 0.73).

The four compounds show good absorptions in the UV portion,
covering the wavelengths at 200, 220, 240, 280 and 300 nm, with
variably high oscillator strengths compared to reference dyes Quercitin
and Rutin. This feature, together with effective UV absorptions, makes
these dyes promising candidates to enhance both light-harvesting effi-
ciency and stability in DSSCs.

The experimental electronic absorption spectral results align with
the theoretical ones, as illustrated in Figs. 7(b-e). Furthermore, small
shifts are noticed with close enough consistency in all four spectra (a, b,
c and d) strengthening theoretical yields and confirming the presence of
the studied phytochemicals.

4.2.2. Electronic structural analysis

Properties of natural dyes follow clear patterns that indicate their
potential use in UV protection for DSSCs. While the experimental data
are based on crude dye extracts, the theoretical findings directly
describe the four dyes themselves, Esculetin-6-O-glucoside, Scutellarein,
3-(2-N-Acetyl-N-methylaminoethyl)indol and 3-p-Coumaroylquinic
acid. It is thus necessary to address how these can complement other
sensitizers in DSSCs, especially with regard to improved UV protection.

Basically, Table 2 describes the theoretical results with differences
among the electronic properties of the selected four phytochemicals

Chemical Physics 599 (2025) 112890

against the reference dyes Quercitin and Rutin [19]. Artemisia, repre-
sented by Esculetin-6-O-glucoside, has the lowest HOMO energy at
—7.72 eV, which indicates less charge recombination phenomena
leading to better charge transfer. Literature [85] also confirmed that
lower HOMO levels lead to lower recombination and charge losses, but
extremely low HOMO may negatively affect electron donating capa-
bility. Its LUMO value of —0.72 eV, supplemented with highest AE;y of
7.00 eV, indicates that the molecule has a wide energy gap, which
generally correlates with better photo stability but lower visible light
absorption. With a moderate oscillator strength (f = 0.42) this dye alone
may not exhibit high LHE. The dye is thus a suitable UV absorber but not
an effective sensitizer. Its Gibbs free energy is —1258.2 Hartree. This
means the dye is stable, with EA of 0.72 eV lower than those of Quercitin
and Rutin (EA = 1.30 and 1.07 eV, respectively), and may be used as a
UV protector, combined with another visible light sensitizer in a co-
sensitization mode. This shows the tendency to avoid absorption over-
lap, to ensure energy alignment between the used sensitizers for better
LHE and to decrease undesirable interactions between the dye mole-
cules. The AE;¢ value 3.28 eV places the LUMO well above the TiO:
conduction band edge (—4.0 eV), which facilitates electronic injection.
However, the relatively high gap compared to Quercitin and Rutin (4E;¢
= 2.70 and 2.93 eV, respectively) may lead to lower power conversion
efficiency (PEC). Note that Rutin with higher gap exhibits low PEC, of
0.71 %, compared to that of Quercitin with 2.15 % [19]. However, its
close AEgy value (2.92 eV) to Quercitin value at 2.87 eV confirms its
stability during redox reactions.

Rosemary, with Scutellarein dye, shows a slightly higher HOMO
energy at ~ — 7.64 eV and a LUMO value of —0.95 eV. This leads to an
energy gap of AEry = 6.69 eV that is slightly bigger than Quercitin (AEry
= 6.38 eV) [19] and Rutin (AE;g = 6.31 eV) [19]. This confirms its
slightly higher ability to absorb UV light, compared with Artemisia.
However, its high oscillator strength (f = 0.64) ensures better light ab-
sorption capability than both reference dyes Quercitin and Rutin (f =
0.59 and 0.73, respectively). The Gibbs free energy (—1678.39 Hartree)
being greater than that of Quercitin (Gibbs = —1639.16) is a better in-
dicator for higher thermodynamic stability. Among the investigated
dyes, its highest electron affinity (EA = 0.95 eV) that is closer to the
reference dyes Quercitin and Rutin (EA = 1.30 and 1.07 eV, respec-
tively), also indicates better electron acceptance ability. This is an

— 068 — HOMO
— LUMO
0
—().72
¥ —-().88
e —107
—-1.30

-2
3 AE=7.78
>
>
@
& - -

-4.20 AE=7.00 AE=6.69 AE=6.72 AE=6.31
AE=6.37|
-6
——-7.08
—_—7.38
7.72 —-7.64 ——-7.60 767
-8
Tio2 Artemisia Rosemary Haloxylon Juniper Quercitin Rutin

Fig. 8. HOMO-LUMO energy level diagram for various investigated dyes. Calculations are made using the CAM-B3LYP/6-311G(d,p) level of theory in meth-
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Table 2

Frontier orbital energy values and related descriptors obtained from CAM-B3LYP/6-311G(d,p) calculations* in methanol (CPCM) for the investigated dyes.
Natural dyes source HOMO LUMO f Mass Gibbs [eh] AE;c [eV] AEgy [eV] AEr g 1P [eV] EA [eV]

[eV] [eV] [g/Mol] [eV]

Artemisia -7.72 -0.72 0.42 340.28 —1258.2 3.28 2.92 7.00 7.72 0.72
Rosemary —7.64 —0.95 0.64 462.40 -1678.39 3.05 2.84 6.69 7.64 0.95
Haloxylon —7.08 0.68 0.10 216.28 —689.36 4.68 2.28 7.76 7.08 —0.68
Juniper —7.60 —0.88 1.02 338.31 —1221.90 3.12 2.80 6.72 7.60 0.88
Quercitin —7.67 -1.30 0.59 448.38 —1639.16 2.70 2.87 6.38 7.67 1.30
Rutin -7.38 -1.07 0.73 742.68 —2710.89 2.93 2.58 6.31 7.38 1.07

* All theoretical values are from the present calculations.

important property to stabilize the dye toward photo degradation,
making it suitable for co-sensitization. Among the investigated dyes,
Scutellarein with lowest AE;¢ of 3.05 eV, that is comparable with
Quercitin and Rutin (AE ¢ = 2.70 and 2.93 eV, respectively), exhibits
high charge transfer tendency. Scutellarein thus exhibits good compat-
ibility with TiO2 conduction band edge, in addition to higher compati-
bility with redox couple (I3/I") owing to the AEgy value of 2.84 eV.
Moreover, it exhibits slightly higher oxidative stability than Esculetin-6-
O-glucoside and other candidates.
3-(2-N-Acetyl-N-methylaminoethyl)indol from Haloxylon exhibits a
HOMO of —7.08 eV, highest LUMO of 0.68 eV and highest AE;y of 7.76
eV determining its lower charge injection capabilities. Its lowest oscil-
lator strength, f = 0.10, suggests that this compound would possess
lower efficiency as a sensitizer in visible light absorption. With its small
AEgp of 2.28 eV and low Gibbs free energy of —689.36 Hartree, it may be
more prone to instability under redox conditions. Further, its EA of
—0.68 eV underlines this and indicates that despite its strong UV ab-
sorption, careful consideration must be given toward its stability in
DSSCs. Furthermore, its extremely high AE;¢ (4.68 eV) suggests high
charge losses and charge recombination possibilities.
3-p-Coumaroylquinic acid resembles Rosemary dye. It has HOMO =
—7.60 eV and LUMO = —0.88 eV, with AE;y = 6.72 eV, slightly higher
than that of Scutellarein. This indicates a balance off between stability
and absorption. Its oscillator strength (f = 1.02) is also higher than all
dyes in this study, indicating a strong light absorption. This is supported
by its negative Gibbs free energy of —1221.90 Hratree, which means a
stable thermodynamic profile. Its electron affinity is equal to 0.88 eV,
suggesting similar redox activity and photostability in action with Scu-
tellarein, rendering this compound a good candidate for protection
against UV. Values of AE;¢ = 3.12 eV and AEgy = 2.80 eV predict it to be
efficient in redox reactions, but not the best electron donor.
Furthermore, Fig. 8 draws attention to the energy alignment of the
HOMO and LUMO levels of the investigated dyes relative to the TiO-
conduction band (CB) at —4.20 eV. Effective DSSC sensitizers must
possess a LUMO level higher (less negative) than the TiO2 CB to ensure
efficient electron injection, and a HOMO level low enough to enable
regeneration by the redox electrolyte. All dyes satisfy the condition for
electron injection, with LUMO energies ranging from —1.30 eV (Quer-
cetin) to +0.68 eV (Haloxylon). However, Haloxylon dye has the largest
HOMO-LUMO gap (AE = 7.76 eV), which correlates with poor light
absorption and low oscillator strength (f = 0.10), as previously dis-
cussed. In contrast, Quercetin and Rutin exhibit narrower gaps (AE =

6.37 eV and 6.31 eV, respectively), aligning well with their known
spectral properties and relatively higher calculated LHE values. Among
the newly studied dyes, Juniper’s 3-p-Coumaroylquinic acid displays a
favorable HOMO of —7.60 eV and LUMO of —0.88 eV (4E = 6.72 eV),
closely matching Rosemary’s Scutellarein (AE = 6.69 eV). Both show
LUMO levels well above the TiO2 CB, indicating good electron injection
capability, while their moderate band gaps and high oscillator strengths
suggest strong sensitization potential. Artemisia’s dye, with a AE of 7.00
eV and a very low LUMO of —0.72 eV, lies closer to the TiO2 CB limit,
possibly reducing injection efficiency. However, its broad UV absorption
and stability may support a complementary role as a UV-protective co-
sensitizer.

The electrochemical properties are summarized in Table 3, where the
dye appropriateness for DSSC applications is readily ascertained. The
values of the chemical hardness () confirm the trends that Artemisia
(—4.22 eV), Juniper (—4.24 eV) and Rosemary (—4.29 eV) are more
stable than Haloxylon (—3.20 eV), and are comparable to the reference
dyes Quercitin and Rutin (y = —4.48, —4.23 eV, respectively). Halox-
ylon, while having the lowest hardness, also has the smallest electro-
philicity index (w = 2.63), which may indicate that in some
configurations its reactivity can be an asset despite being unstable. On
the other hand, the electrophilicity index of Rosemary 5.51 is compa-
rable to that of Rutin 5.66, indicating that Rosemary balances stability
and reactivity better than Artemisia at 5.09. The LHE values indicate
that the potentials of both Rosemary 76.87 % and Juniper 90.45 % are
very strong toward effective light absorption, and can provide better
light harvesting than the reference dyes Quercitin and Rutin (LHE =
74.39 and 81.89 %, respectively). On the other hand, Artemisia exhibits
modest LHE of 62.05 %, while Haloxylon with the lowest value at 20.57
% could give complementary UV absorption at lower efficiencies. Fig. 9
provides a clearer representation of the LHE variation trends across the
studied dyes.

For Rosemary’s Scutellarein, the diffusion coefficient (Diff) 4.02 x
1071° m?/s resembles that for Quercitin 4.06 x 10~'° m?/s, while the
highest value is demonstrated by Haloxylon at 5.18 x 10~ % m?/s. This
indicates that the performance may not be exclusively controlled by the
diffusion process during the design of DSSCs based on such dyes.

Further analysis of the electrochemical properties, presented in
Table 3, gives more information on reactivity and stability for the four
dyes. Electronegativity y is a key parameter characterizing the ability of
a molecule to attract electrons. Rosemary, with Scutellarein, presents
the highest electronegativity value (y = 4.29 eV) among the investigated

Table 3

Electrochemical descriptors” of the investigated dyes calculated at the CAM-B3LYP/6-311G(d,p) level in methanol (CPCM).
Dye n M X [ - w0+ LHE Diff rDye

[eV] [eV] [eV] [ratio] [ratio] [ratio] [%] [m2/s] [m]

Artemisia —4.22 3.50 4.22 5.09 0.87 5.09 62.05 4.46 x 10710 2.47 x 1078
Rosemary —-4.29 3.35 4.29 5.51 1.03 5.32 76.87 4.02 x 10710 273 x 1078
Haloxylon -3.20 3.88 3.20 2.63 0.20 3.40 20.57 5.18 x 1071° 212 x 1078
Juniper —4.24 3.36 4.24 5.35 0.97 5.21 90.45 4.46 x 10710 2.46 x 1078
Quercitin —4.48 3.19 4.48 6.31 1.31 5.79 74.39 4.06 x 10710 2.70 x 1078
Rutin —4.23 3.16 4.23 5.66 1.11 5.33 81.29 3.44 x 10710 3.20 x 1078

* All values are based on the present calculations.

11



M.M. Taouti et al.

Chemical Physics 599 (2025) 112890

Light Harvesting Efficiency (LHE) of Dyes

[+]
S

LHE (%)

N
o

N
(=3

O

0 I I
&0 S)
N &

@
&S

o
R\
)

O

N

2
&
Qp

&
o

o
QQu

s &

N
Dye

Fig. 9. Theoretically calculated light-harvesting efficiency (LHE) values for various investigated dyes. Calculations are made using CAM-B3LYP/6-311G(d,p) level of

theory in methanol (CPCM).

dyes, that occurs within the range between the references, Quercitin and
Rutin (4.48 eV > 4.29 eV > 4.23 eV). It is thus the most electron-
withdrawing dye in the series, which provides stability in performance
with limited efficiency in donating electrons within a DSSC. 3-(2-N-
Acetyl-N-methylaminoethyl)indol has the lowest electronegativity for
Haloxylon with y = 3.20 eV, showing a higher tendency to donate
electrons. The molecule thus potentially acts as a stronger sensitizer
despite its lower stability.

Further exploration of performance traits is realized through the
quantification of electron-donating and electron-accepting powers, o™
and o™, respectively. Haloxylon dye has the lowest value of ®™, 3.40 eV,
among the series. With also a quite low electron-accepting power, o™
0.20 eV, this compound is a good electron acceptor making it a good
stabilizer through effective electron withdrawal. Rosemary, represented
by Scutellarein, strikes a balance of electron-donating and electron-
accepting powers, both with highest values: " = 5.32 and 0~ =
1.03 eV, respectively. This makes it a viable candidate against the
reference dyes Quercitin (o™ = 5.79 and @~ = 1.31 eV), and Rutin (o™
= 5.33 and o~ = 1.11 eV). Such a balance makes it a versatile co-
sensitizer, capable of both electron donation and acceptance under
appropriate conditions.

It is worth noting that Esculetin-6-O-glucoside and 3-p-Coumaroyl-
quinic acid, from Artemisia and Juniper, respectively, exhibit values
close to Rosemary and thus show similar behavior. For Esculetin-6-O-
glucoside and 3-p-Coumaroylquinic acid, the o' values respectively
are 5.09 and 5.21 eV, while the ®~ values are 0.87 and 0.97 €V, in same
respect. This highlights their similar behaviors in terms of stability and
reactivity.

The electron donation and accepting powers complement the above
analysis of light-harvesting efficiency and diffusion properties. The UV-
absorbing dyes, Scutellarein, and 3-p-Coumaroylquinic acid, have
stronger electron-accepting and electron-donating abilities and are
hence suited for DSSC stabilizing. These dynamics, in turn, suggest that
possible co-sensitization of these dyes with other good visible light
sensitizers, may optimize both light absorption and stability toward a
much more robust configuration.

Theoretically, the studied dyes provide protection mainly against UV
radiation, while experimentally crude extracts are more suited for
visible light absorption. Theoretical co-sensitization by the four dyes,
with their experimental extract sensitization, would contribute to
overall DSSC stability by reducing photo degradation under excessive
UV exposure. This conclusion is consistent with the FT-IR spectra,

12

electronic absorption spectra and TGA/DTA results, as the extracts
exhibit high thermal stabilities with strong visible absorptions. The UV-
protective complementary role of the proposed dyes is thus confirmed.

It is worth mentioning that combining multiple dyes for co-
sensitization in DSSCs can introduce undesirable effects that may
lower efficiency and stability [86]. Mainly, the key issues are summa-
rized in a number of chemical behaviors. These include dye aggregation
that hinders electron injection by n-n interactions, the spectral overlap
that limits effective light harvesting, charge recombination that be-
comes more prevalent with the additional interfaces, and inconsistent
anchoring that can lower electron injection efficiency. Energy level
mismatch and dye desorption may also negatively affect performance, as
do electrolyte incompatibility and the formation of degradation
byproducts. A lack of synergistic effects between UV and visible/NIR-
absorbing dyes can lead to minimal improvement or even lowered ef-
ficiency [87,88]. Thus, to optimize co-sensitization, it is essential to
select dyes with complementary energy levels, stable anchoring and
high absorption. Co-adsorbents or additives are needed to minimize
recombination, stabilize dye attachment and prevent degradation [89].
To that extent, the present investigated dyes may add to the plate of
available natural dyes ensuring co-sensitization applicability.

The theoretical findings here indicate that the proposed novel dyes
from Rosemary Officinalis, Juniper Phoenicea, Artemisia Campestris and
Haloxylon Scoparium (Scutellarein, 3-p-Coumaroylquinic acid,
Esculetin-6-O-glucoside and 3-(2-N-Acetyl-N-methylaminoethyl)indol)
have efficient UV absorption in the visible range combined with good
photo-electrochemical capabilities. This makes the dyes suitable for
sensitizers and UV protectors in DSSCs. On the other hand, experimental
findings, specifically electronic absorption spectra, support the presence
of possibly promising sensitizers that absorb in the visible range pointing
to the presence of flavonoids, carotenoids and betalains in the mixture.
These sensitizers can be used in co-sensitization with the theoretically
investigated dyes (Scutellarein, 3-p-Coumaroylquinic acid, Esculetin-6-
O-glucoside, 3-(2-N-Acetyl-N-methylaminoethyl)indol) to achieve
higher stability and performance through UV light harvesting by the UV
absorbers. In addition, thermal stabilities beyond 200 °C have been
demonstrated by TG-DTA. The results encourage using the extracted
systems in future production of new DSSCs. Theoretical testing of the
new device efficiencies and stabilities will be strongly recommended.

It is worth noting that the dyes are potentially useful as UV filters and
sunscreens in other applications [90]. For example, it is possible to use
Esculetin-6-O-glucoside in certain sunscreen formulae owing to its
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strong absorption in the lower UV range, as skin protectors. Scutellarein
and 3-(2-N-Acetyl-N-methylaminoethyl)indol can be incorporated into
various formulations to block UV radiation away from humans and in
protecting other sensitive electronic devices [91]. Therefore, there is
enough reason to expand the applications of such materials to DSSCs.

4.2.3. NBO analysis of electronic interactions

The NBO analysis is conducted to complement the HOMO-LUMO and
TDDFT results by quantifying the internal electronic interactions and
charge delocalization pathways within each dye. By identifying key
donor-acceptor interactions and evaluating their stabilization energies
(E(2)), it is possible to infer the degree of intramolecular charge transfer,
a crucial factor for efficient sensitization. These insights are then
correlated with the optical and electronic descriptors (f, AEr¢, LHE) to
validate dye performance predictions.

As mentioned in Section 3.3, the Natural Bond Orbital (NBO)
perturbation theory analysis provides deeper insights into the electronic
interactions governing charge transfer in the studied dyes. These in-
teractions are essential for evaluating the dye potential as DSSC sensi-
tizer and UV absorber [79]. The results, summarized in Tables 4-9,
highlight the top 5 most significant donor-acceptor interactions, which
directly influence charge delocalization and molecular stability. By
comparing the stabilization energies (E(2)) and electronic couplings (F
(i,j)) among the selected phytochemicals and the reference dyes, a clear
picture of their charge transfer properties and relative efficiency is
established. The NBO analysis complements HOMO-LUMO gap consid-
erations (Table 2) and TDDFT oscillator strengths (Table 1). This re-
inforces the rationalization of these dyes for DSSC applications by
linking charge transfer efficiency with their optoelectronic properties.

As depicted by the molecular structures, in Fig. 2 A, the electronic
delocalization in Esculetin-6-O-glucoside (Artemisia Campestris) is driven
by its extended n-conjugation and hydroxyl functional groups, facili-
tating charge redistribution. This is evidenced by the O3 LP(x) - 08-C22
BD*(rn*) interaction, which stabilizes at 48.10 kcal/mol (Table 4), sug-
gesting efficient charge movement across the molecule. However, its
relatively large HOMO-LUMO gap (7.00 eV, Table 2) limits its visible-
light absorption, positioning it more as a UV protector rather than a
standalone sensitizer. Despite its strong donor-acceptor interactions, the
minimal overlap with the visible spectrum indicates its primary role in
UV shielding rather than direct electron injection into TiOz. On the other
hand, the high stabilization energy supports its use in co-sensitization
strategies where UV absorption is needed alongside a strong visible-
light sensitizer. In contrast, Scutellarein (Rosmarinus Officinalis) (Fig. 2
B) exhibits a more extended conjugation system, leading to higher
charge delocalization than Esculetin-6-O-glucoside. The C32-C33 BD(n)
- C26-C28 BD*(n*) interaction stabilizes at 39.92 kcal/mol (Table 5),
complemented by the O1 LP(xn) - C20-C22 BD*(xn*) interaction at 39.64
kcal/mol (Table 5). These electronic interactions facilitate improved
charge mobility, enhancing its function as a sensitizer. A higher oscil-
lator strength (f = 0.64, Table 1) and a relatively smaller HOMO-LUMO
gap (6.69 eV, Table 2) further indicate its ability to efficiently absorb in
the UV-Vis regions. Compared to Quercetin, which displays 010 LP(x) -
C7-C9 BD*(n*) at E(2) = 26.62 kcal/mol (Table 8), Scutellarein exhibits
stronger donor-acceptor stabilization, reinforcing its potential as an
efficient sensitizer with dual absorption in UV and visible regions. The
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alignment of its LUMO level with the TiO> conduction band (Table 2)
further supports its viability as a DSSC sensitizer.

Expanding on these trends, the strongest electronic interactions
among the studied dyes are observed in 3-p-Coumaroylquinic acid
(Juniperus Phoenicea) (Fig. 2 D), where the O1 LP(n) - C2-O4 BD*(n*)
interaction stabilizes at 54.77 kcal/mol (Table 7). An additional strong
stabilization at 019 LP(x) - C15-020 BD*(n*) is also observed at 54.32
kcal/mol (Table 7). The presence of hydroxyl (-OH) and carboxyl
(-COOH) groups enhances its binding affinity to TiOz, ensuring effective
electron transport. These stabilization energies exceed those observed in
Quercetin and Rutin (Tables 8-9) and (Figs. 2 E-F), emphasizing its
superior performance in DSSCs. A high oscillator strength (f = 1.02,
Table 1) aligns with this observation, indicating that 3-p-Coumaroyl-
quinic acid functions as a highly effective primary sensitizer with
additional UV protection benefits. The overlap, of its excitation energies
(Table 1) with the visible spectrum and its optimized frontier molecular
orbitals, suggests a strong electron injection efficiency into TiO2. Unlike
the oxygen-based charge delocalization observed in the previous dyes,
3-(2-N-Acetyl-N-methylaminoethyl)indol (Haloxylon Scoparium) (Fig. 2
C) operates through nitrogen-centered interactions. The N3 LP(c) - C5-
C9 BD*(n*) and N3 LP(c) - C7-C8 BD*(n*) interactions (Table 6), with
stabilization energies of 36.74 kcal/mol and 35.79 kcal/mol, respec-
tively, suggest moderate charge delocalization. However, the presence
of a relatively high LUMO level (0.68 eV, Table 2) and a low oscillator
strength (f = 0.10, Table 1) limits its efficiency as a primary sensitizer.
Instead of being a direct sensitizer, Haloxylon charge retention proper-
ties may contribute to minimizing recombination losses when paired
with stronger dyes. Moreover, its limited visible-light absorption sug-
gests that it plays a secondary role rather than serving as a dominant
DSSC dye.

A comparative assessment with the reference dyes Quercetin and
Rutin confirms that the investigated phytochemicals generally exhibit
stronger electronic interactions. Quercetin, a well-established DSSC
sensitizer, presents moderate stabilization energies, including 010 LP(x)
- C7-C9 BD*(n*) at 26.62 kcal/mol (Table 8). On the other hand, Rutin
displays significantly weaker donor-acceptor interactions (012 LP(o) -
C34 RY*(1), E(2) = 8.65 kcal/mol (Table 9)), which can be attributed to
the presence of an additional glycosyl unit that disrupts its conjugation,
(Fig. 2 F). This lower electronic coupling explains its lowered DSSC ef-
ficiency (0.71 %) compared to Quercetin (2.15 %), as described earlier
[19]. While the observed correlation between stabilization energies and
DSSC efficiency is compelling, other factors, including dye aggregation,
anchoring efficiency and electrolyte interactions, also contribute to
overall device performance. The insights derived from NBO perturbation
theory align well with previous electronic structure analyses, including
HOMO-LUMO calculations (Table 2) and TDDFT results (Table 1),
where high oscillator strengths and favorable charge transport proper-
ties were observed. Fig. 10 summarizes key performance descriptors
such as stabilization energy, oscillator strength, injection driving force
(AE;c) and LHE as a heatmap. The Figure clearly highlights Juniper as
the most promising candidate across all evaluated metrics, while Hal-
oxylon remains an outlier with generally weaker photovoltaic in-
dicators. 3-p-Coumaroylquinic acid from Juniperus phoenicea shows the
highest E(2) stabilization energy (54.77 kcal/mol), corresponding to
intense n-conjugation and lone-pair resonance. This correlates with its

Table 4
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis for Artemisia.
Dye Donor Type Occupancy Acceptor Type.1 Occupancy E(2) E@()-E@G) F@,j)
kcal/Mol a.u. a.u.
03 LP () 2.00 08-C22 BD* (n*) 1.99 48.10 0.45 0.13
08 LP () 2.00 03-C22 BD* (c*) 1.99 40.99 0.71 0.15
Artemisia 03 LP () 2.00 Cle6-C17 BD* (n*) 1.97 31.80 0.45 0.11
C18-C20 BD (m) 1.97 Cl6-C17 BD* (n*) 1.97 31.49 0.37 0.10
Cl6-C17 BD (m) 1.97 C12-C19 BD* (n*) 1.97 31.25 0.37 0.10
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Table 5
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis for Rosemary.
Dye Donor Type Occupancy Acceptor Type.1 Occupancy E(2) EG)-E() F(,j)
kcal/Mol au. a.u.
C32-C33 BD (m) 1.98 C26-C28 BD* (n*) 1.97 39.92 0.36 0.11
o1 LP (n) 2.00 C20-C22 BD* (n*) 1.98 39.64 0.47 0.12
Rosemary C14-Cl16 BD (n) 1.97 C15-C18 BD* (n*) 1.97 36.64 0.37 0.10
011 LP (m) 2.00 C32-C33 BD* (n*) 1.98 36.21 0.44 0.12
05 LP (n) 2.00 C14-Cl16 BD* (n*) 1.97 34.90 0.42 0.12
Table 6
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis for Haloxylon.
Dye Donor Type Occupancy Acceptor Type.1 Occupancy E(2) E@-E@) F@,j)
kcal/Mol au. a.u.
N3 LP (o) 2.00 C5-C9 BD* (n*) 1.98 36.74 0.33 0.10
N3 LP (o) 2.00 C7-C8 BD* (n*) 1.97 35.79 0.32 0.10
Haloxylon C7-C8 BD (n) 1.97 C11-C15 BD* (n%) 1.98 24.55 0.29 0.08
C7-C8 BD (m) 1.97 C10-C13 BD* (n*) 1.99 24.17 0.30 0.08
C10-C13 BD (m) 1.99 C11-C15 BD* (n*) 1.98 24.01 0.30 0.08
Table 7
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis for Juniper.
Dye Donor Type Occupancy Acceptor Type.1 Occupancy E(2) E()-E@{) F@,j)
kcal/Mol a.u. a.u.
o1 LP (n) 2.00 C2-04 BD* (n*) 2.00 54.77 0.44 0.14
019 LP () 2.00 C15-020 BD* (n*) 2.00 54.32 0.45 0.14
Juniper 020 LP (n) 2.00 C15-019 BD* (6*) 1.99 39.11 0.73 0.15
C9-C11 BD () 1.98 C6-C7 BD* (n*) 1.97 37.76 0.37 0.11
012 LP () 2.00 C9-C11 BD* (n*) 1.98 36.09 0.45 0.12
Table 8
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis for Quercetin.
Dye Donor Type Occupancy Acceptor Type.1 Occupancy E(2) E()-E@{) F@,j)
kcal/Mol a.u. a.u.
010 LP (1) 2.00 C7-C9 BD* (n%) 1.98 26.62 0.48 0.10
C7-C9 BD () 1.98 C1-026 BD* (n*) 1.99 25.79 0.39 0.09
Quercetin C5-C6 BD () 1.98 C1-026 BD* (n*) 1.99 25.57 0.38 0.09
020 LP (n) 2.00 C12-C13 BD* (n%) 1.98 24.53 0.47 0.10
022 LP (m) 2.00 C11-C15 BD* (n%) 1.98 24.50 0.46 0.10
Table 9
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis for Rutin.
Dye Donor Type Occupancy Acceptor Type.1 Occupancy E(2) E(-E@) F(,j)
kcal/Mol a.u. a.u.
012 LP (o) 2.00 C34 RY* (1) 2.00 8.65 1.72 0.110
012 LP (1) 2.00 C34 RY* (1) 2.00 4.40 1.52 0.075
Rutin 05-H69 BD (o) 1.99 Cc22 RY* (1) 2.00 3.85 1.64 0.071
08 LP (o) 2.00 C24 RY* (1) 2.00 3.69 1.69 0.071
013 LP (o) 2.00 C38 RY* (1) 2.00 3.39 1.84 0.071

highest oscillator strength (f = 1.02), low AE;¢ value (3.12 eV), and
superior light-harvesting efficiency (LHE = 90.45 %). Similarly, Scu-
tellarein (Rosemary) exhibits strong n-n* interactions with E(2) values
around 39-40 kcal/mol, aligned with its favorable HOMO-LUMO
alignment (AE;c = 3.05 eV) and LHE (76.87 %). These trends suggest
that stabilization energies from NBO analysis can serve as indirect in-
dicators of charge-transfer efficiency and electronic performance in
DSSC dyes. In contrast, Haloxylon’s 3-(2-N-Acetyl-N-methylaminoethyl)
indol, while exhibiting moderate stabilization energies (35-36 kcal/
mol), has a high AE;¢ (4.68 eV) and very low LHE (20.57 %), indicating
poor sensitization potential despite internal electron donation. This
supports the conclusion that strong NBO stabilization is necessary but
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not sufficient for good photovoltaic behavior. It must also align with
proper orbital energy levels and absorption intensity.

5. Conclusion

Natural dyes from four globally recognized plants, Artemisia cam-
pestris, Rosmarinus officinalis, Haloxylon scoparium, Haloxylon scopa-
rium and Juniperus phoenicea, are collected from north Algeria in North
Africa, and are studied here. The low-cost and ecofriendly phytochem-
icals are comparatively assessed as possible future consideration as
sensitizers and UV protectors in dye sensitized solar cells, for the first
time. Experimentally, the plant extracts are thermally stabile beyond
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Summary of Key Performance Metrics for Dyes
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Fig. 10. Heatmap summarizing key performance descriptors for various investigated dyes. Calculations are made using the CAM-B3LYP/6-311G(d,p) level in

methanol (CPCM).

200 °C, and have functional groups -OH and -COOH with conjugated
n-systems. The extracts exhibit broad absorption ranges spanning both
UV and visible ranges (190 to 800 nm), indicating their suitability as co-
sensitizers. Theoretically, DFT and TDDFT are used to assess UV ab-
sorption, electronic features and stability of phytochemicals Esculetin-6-
O-glucoside, Scutellarein, 3-(2-N-Acetyl-N-methylaminoethyl)indol and
3-p-Coumaroylquinic acid, corresponding to the plants. The results
demonstrate efficient light harvesting in both the UV and visible ranges,
with some phytochemicals exhibiting strong UV absorption properties.
Comparisons with the reference dyes Quercetin and Rutin indicate
favorable electrochemical properties for DSSC applications. NBO
perturbation analysis further reveals key donor-acceptor interactions
and stabilization energies, reinforcing charge transfer efficiency.
Notably, 3-p-Coumaroylquinic acid (Juniperus) exhibits the highest
stabilization energy E(2) = 54.77 kcal/mol, confirming its role as a
primary sensitizer. Scutellarein (Rosemary) shows strong n-conjugation
and charge delocalization, enhancing its dual functionality. Esculetin-6-
O-glucoside (Artemisia) demonstrates superior UV absorption proper-
ties, making it more suitable for protection than direct sensitization. 3-
(2-N-Acetyl-N-methylaminoethyl)indol (Haloxylon) plays a stabilizing
role rather than serving as an efficient charge transporter. The integra-
tion of NBO perturbation theory with TDDFT results enable a deeper
understanding of charge-transfer mechanisms and stability factors in the
investigated phytochemicals. Notably, 3-p-Coumaroylquinic acid
(Juniperus) and Scutellarein (Rosemary) exhibit the highest stabiliza-
tion energies and oscillator strengths, correlating with superior light
harvesting energy and energy-level alignment with TiO-. These findings
are supported by comparative benchmarking with Quercetin and Rutin,
and help validate the computational screening approach. The study
effectively bridges experimental trends (for the extracts) with theoret-
ical predictions (for corresponding phytochemicals) offering valuable
guidance for isolation and co-sensitization in future DSSC
manufacturing.
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