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Abstract

Natural dyes have emerged as low-cost and environmentally friendly alternatives to synthetic sensitizers in dye-sensitized
solar cells (DSSC), although their efficiency remains comparatively limited. y-Mangostin is one of the major xanthone
pigments in mangosteen pericarp and has shown promising electron-donating behavior, yet its performance is restricted by the
absence of an anchoring group for strong adsorption onto semiconductor surfaces. This study aims to improve its photovoltaic
properties through theoretical modification by oxidizing the prenyl side chain into a carboxyl (-COOH) group using DFT and
TD-DFT (B3LYP/6-311+G**) computational methods. The results reveal that the modification decreases the HOMO and
LUMO energy levels and enhances intramolecular charge transfer, leading to broadened light absorption peaks toward longer
wavelengths. Upon carboxyl substitution, the electronic coupling parameter |Vgp| increases from 0,82 to 0,96 eV, while the
light-harvesting efficiency (LHE) improves from 0,32 to 0,53, indicating enhanced electron injection and photon absorption
capability. Although AGiyje slightly increases in magnitude (-2,85 eV compared with -3,30 eV), the overall results demonstrate
that y-mangostin+COOH is a more effective dye candidate than native y-mangostin. This work provides theoretical evidence
for designing structurally modified natural sensitizers toward higher DSSC efficiency.
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AHHOTaLus

[MpupoAHble KpacWTeNd CTald HeNOPOTOM W JKOJIOTMUecKW 0e30macHOM  albTepHAaTHBOW  CUHTETHUYeCKHM
CeHCHOU/IM3aTopaM B 1IBETO-CeHCHOMIM3UPOBaHHBIX COMHeUHbIX 1eMeHTax (DSSC), xoTs ux 3¢ ¢eKTHBHOCTh M10-TIPeXXHEMY
0CTaeTcsl OTHOCUTE/IbHO HU3KOM. Y-MaHrocTaH sIB/sieTCs OHUM M3 OCHOBHBIX KCAHTOHOBBIX IIMI'MEHTOB B KO)KYpe MaHT'OCTHHA
U [IleMOHCTPHpYeT MHOroo0Oelljalollyie AOHODHBIE CBOMCTBA, OFHAKO ero 3(¢eKTMBHOCTb OTrpPaHUYMBAETCS OTCYTCTBHEM
(UKCUpYFOLIel IPYNITBI /1715 POYHOM afcopOIMK Ha TTOBEePXHOCTH TMOIYNIPOBOAHUKA. Lle/bio JaHHOTO MCC/IeJOBaHVS SB/ISIeTCS
y/yuleHue ero GoTo3eKTpHUeCKUX CBOMCTB uepe3 TeopeTHYeCKyo MOAU(MHUKALIMIO MyTeM OKHC/IeHHs ITPeHUIBHON GOKOBOI
ternu B KapbokcunbHyro (—COOH) rpymmy ¢ HCIo/b30BaHWEM BbIUMC/HTENBHBIX MeTogoB DFT u TD-DFT (B3LYP/6-
311+G**). Pe3ynbraThl TIOKa3blBalOT, YTO MOJU(UKAIMsS CHIDKaeT SHeprernueckue ypoBHU HOMO u LUMO u ycunuBaer
BHYTPHMOJIEKY/ISIPHBIN TIepeHOC 3apsifia, YTo TIPUBOJUT K PACIIMPEHUIO TTUKOB TOIVION[eHHs] CBETa B CTOPOHY Ooee [JTMHHBIX
BosiH. ITocste 3aMenieHust KapOOKCHILHOM TPYTINON MapaMeTp J1eKTPOHHOM CBsi3u |V rp| yBesmunBaetcs ¢ 0,82 g0 0,96 3B, B T0
BpeMsi Kak 3¢ dekTuBHOCTD ynaBnuBanus ceeta (LHE) noebimaercs c 0,32 no 0,53, uTo yKa3bIBaeT Ha yCUIEHHE CTIOCOOHOCTH
K BBEJEHUIO 37IeKTPOHOB M TIOr7omieHuio ¢oToHOB. XoTs BenuurHa AGine. He3HAUHUTEIbHO yBennuuBaeTcs (-2,85 3B 1o
cpaBHeHuto ¢ -3,30 3B), obmwme pe3ynsTaThl MOKa3biBaloT, uto y-maHroctanH+COOH spnsiercs OGosee 3¢ ¢eKTUBHBIM
KaHJUZaTOM B KpaCHTe/, YeM MPUPOAHBIA y-MaHrocTaH. [JJaHHas paboTa MmpejoCTaBisieT TeopeTHUecKHe JOKa3aTenbCTBa JJist
pa3paboTKH CTPYKTYPHO MOAU(UIMPOBAaHHBIX HATypa/bHBIX CEHCHOWIN3aTOpOB, O0eCreunBaroLMX 0Oosiee BBICOKYHO
s¢dekrrBHOCTE DSSC.

KmoueBble cioBa: y-MaHroctad, DSSC, DFT/TD-DFT, npeHwI, MPUPOAHBIA CeHCUOUITHU3aTOP.

Introduction

Dye-sensitized solar cells (DSSCs) offer a promising photovoltaic technology owing to their simple fabrication, relatively
low production costs, and adaptability to various light conditions. Natural dyes have gained increasing attention as sustainable
alternatives to synthetic sensitizers due to their low toxicity and abundance [1]. Despite these advantages, natural dyes often
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suffer from poor chemical stability, limited anchoring capability, and narrow absorption ranges, resulting in lower efficiencies
compared with synthetic metal complexes and organic dyes [2].

Mangosteen (Garcinia mangostana) pericarp extract is among the most widely studied natural dye sources for DSSCs. It
contains xanthone derivatives—a-, -, and y-mangostin—that exhibit conjugated aromatic structures capable of absorbing
UV-visible radiation [3]. Among these, y-mangostin shows the greatest electron-donating potential and has been reported to
contribute significantly to observed photovoltaic activity. Extract-based DSSCs have achieved efficiencies ranging from 1,17%
[4] to 1,78% through solvent optimization [5]. However, these values remain much lower than the >10% efficiencies routinely
obtained using synthetic dyes.

A key structural drawback of y-mangostin is the absence of an anchoring group, such as -COOH, —-H2PO3, or —SO3H,
which is essential for strong adsorption onto TiO2 surfaces and efficient electron injection [6]. The prenyl group on y-
mangostin is susceptible to oxidation, allowing conversion to carbonyl or carboxyl functionalities [7]. Introducing a carboxyl
group is expected to improve binding strength, enhance electronic communication with TiO2, and potentially expand the
absorption spectrum [8]. Previous theoretical studies have shown that electron-withdrawing substituents, such as rhodanine-
acetic acid, significantly improve y-mangostin’s DSSC-related parameters [9].

Computational chemistry, particularly DFT and TD-DFT, has become indispensable for predicting electronic structures,
charge-transfer behavior, and photovoltaic descriptors relevant to dye performance. Novir et al. (2017) demonstrated that
B3LYP/6-311+G** provides reliable HOMO-LUMO energies, AGie, electronic coupling constants (|Vgze|), and light-
harvesting efficiencies (LHE) for organic dyes [10].

Despite the potential of structural modification, no study to date has examined y-mangostin prenyl-to-carboxyl oxidation
from a theoretical perspective. Considering that Indonesia is a major mangosteen producer [11], the utilization of mangosteen
pericarp—typically discarded as waste—as a renewable DSSC material is of national relevance and global interest.

This work aims to computationally assess whether introducing a —COOH anchoring group improves the photovoltaic
characteristics of y-mangostin. The insights gained are expected to support the rational design of high-performance natural
sensitizers.

Methods

2.1. Theoretical Background

The primary metric for evaluating the photovoltaic performance of Dye-Sensitized Solar Cells (DSSCs) is the power
conversion efficiency (n). It is determined by the following formula [12]:

_ VOCXJ SCX FF
n= P. 1
nc
In this equation, Vo represents the open-circuit photovoltage, Jsc denotes the short-circuit photocurrent density, FF is the
fill factor, and P, is the intensity of incident sunlight.

To improve 1, it is necessary to enhance Jsc, which can be estimated by integrating the following parameters [12]:

JSC = f L’IiE:(/l)d)injectr]colld/1 )

where LHE(A) represents the light harvesting efficiency at maximum wavelength, ¢ume is the efficiency of electron
injection, and e is the efficiency of electron collection, which only relate to the architecture of DSSC. The light harvesting
efficiency (LHE) is further defined as [12]:

LHE=1-10"/ (3)

Here, f represents the oscillator strength of the dye associated with the absorption maximum Aue. It is found that the higher
f value will produce the higher LHE for the sensitizer and therefore the higher value of Jsc.

The efficiency of electron injection @i« is a function of the driving force AGineq. A larger AGinee value typically results in
a higher Jsc. This driving force for the transition from the excited organic dye to the TiO, semiconductor conduction band is
calculated as [12]:

AG ooy = E¥e* — L2 @)

injec CB
In this equation, E** is the excited state oxidation potential, and is the reduction potential of the TiO E(‘I];)Z » conduction
band, taken as 4,1 eV. The value of is determined by [12]:

EVe* = E;  —E ©)

ex

where Eq. is the ground state oxidation potential (estimated as the negative Enomo of the dye) and E is the electronic
vertical transition energy related with Amax.
The performance is also influenced by the dye regeneration driving force AGregn, calculated by [12]:

AGregrn = Eredox - Edye (6)

where Eqox is the I7/I3~ potential of the redox couple (4,8 eV). Additionally, the coupling constant Vgp affects the electron
injection rate. It is derived from the following equations [13]:
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[Vep| = =32 7)
From this equation, it is found that the higher AEg, would lead to enhanced the |Vgp| which would increase the electron
injection in DSSCs. The AEgp can be calculated by Koopmans approximation as [13]:

_ dye dye dye dye TiO, | _ dye TiO,
AEgp = [ELUMO + 2EHOMO] - [ELUMO + Egomo t Ecs ] = Eymo ~ Eos ®)

For efficient charge transfer, the electron injection time must be shorter than the decay time to the ground state. Dyes with
a longer excited-state lifetime (r) minimize charge recombination. This parameter is calculated using Einstein transition
probabilities [14]:

1.499
U= 7xaE? ©)

where AE is the first excitation energy of the dye.

2.2. Molecular Design

Structures of y-mangostin and y-mangostin+COOH were constructed using Avogadro 1.2.0 and exported in ORCA (.inp)
format (Fig. 1).

OH OH
HO - HO Z

OH N OH (0]
OH

(2) (b)

Figure 1 - Molecular structures of y-mangostin (a) and y-mangostin+COOH (b)
DOI: https://doi.org/10.60797/CHEM.2026.9.2.1

It should be noted that explicit dye-TiO2 interfacial modeling, such as adsorption geometry optimization, binding energy
evaluation, or surface charge-transfer analysis, was not performed in this study. Therefore, dye-TiO2 binding strength and
anchoring configurations were not directly quantified. Any discussion related to surface anchoring is inferred from molecular
electronic structure descriptors and established DSSC design principles, and should be regarded as indicative rather than
conclusive.

2.3. Geometry Optimization and Electronic Properties

All geometries in this work were optimized use ORCA with DFT-B3LYP/6-311+G**, followed by TD-DFT calculations at
the same level to evaluate electronic properties. All calculations were performed in the gas phase to isolate the intrinsic
electronic effects of molecular modification. In practical DSSC environments, solvent polarity, electrolyte composition, dye
protonation state, and surface adsorption can significantly shift absolute orbital energies and electron-injection
thermodynamics. Therefore, absolute energy alignments and AGine. values reported here should be interpreted qualitatively.
Nevertheless, gas-phase calculations remain suitable for evaluating relative trends between structurally related dyes, which is
the primary focus of this study.

Results and Discussion

3.1. HOMO-LUMUO Analysis

HOMO and LUMO energy levels are essential parameters for evaluating molecular stability and the thermodynamic
feasibility of electron transfer. As shown in Figure 2, both y-mangostin and y-mangostintCOOH meet the energy alignment
requirements for electron injection in DSSCs. Electron transfer proceeds thermodynamically from the dye’s LUMO to the
conduction band (CB) of TiOz2, then to the external circuit, and finally back to the dye’s HOMO.
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Figure 2 - HOMO-LUMO energy levels of y-mangostin and y-mangostin+COOH
DOI: https://doi.org/10.60797/CHEM.2026.9.2.2

Efficient electron injection requires the dye’s LUMO energy to be higher than the TiO2 conduction band, located at -4,10
eV [6]. Both molecules satisfy this criterion, with energy differences of +2,62 eV for y-mangostin and +2,28 eV for y-
mangostin+COOH. These differences provide a substantial driving force (AG"*) for electron transfer from the dye to the TiO2
surface.

Electron regeneration from the electrolyte to the oxidized dye must also be thermodynamically favorable. This requires the
dye’s HOMO energy to lie below the redox potential of the I=/I3~ electrolyte (-4,80 eV) [6]. y-Mangostin (-5,75 eV) and y-
mangostintCOOH (-6,01 eV) both meet this requirement, providing spontaneous driving forces of -0,95 eV and -1,21 eV,
respectively.

The introduction of a —COOH group not only provides anchoring capability but also acts as an electron-withdrawing
substituent. This effect is reflected in the decrease of the HOMO energy from -5,75 to -6,01 eV, which enhances the driving
force for dye regeneration. A more negative regeneration driving force accelerates the recovery of oxidized dye molecules,
reducing the likelihood of charge recombination with electrons in TiOz [15].

3.2. UV-Vis Spectral Characteristics

The experimental UV-Vis spectrum of y-mangostin as shown in Figure 3 displays three main absorption regions,
characteristic of the xanthone chromophore. The band at 243 nm corresponds to a - 1* transition within the conjugated C=C
framework. A shoulder at approximately 265 nm is associated with n— o* transitions originating from ether (C—O—C) groups.
At longer wavelengths, absorptions between 317-352 nm are attributed to n— m* transitions of carbonyl groups (C=0),
consistent with typical xanthone electronic behavior. The broad extension to 352 nm indicates spectral widening due to
interactions between oxygen lone-pair orbitals and the delocalized m-system, suggesting an extended conjugation network [16].
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Figure 3 - UV-Vis spectra of y-mangostin (experimental), y-mangostin (computed), and y-mangostin+COOH (computed)
DOI: https://doi.org/10.60797/CHEM.2026.9.2.3

Figure 3 compares the experimental spectrum with TD-DFT (B3LYP/6-311+G**) computational results. The simulated
spectrum of y-mangostin (blue curve) aligns well with experimental features, exhibiting major bands at 251 nm and a
secondary band around 278 nm. Excited-state analysis shows that the 251 nm band arises primarily from the HOMO-1 —
LUMO+1 transition (53%), while the 278 nm band is governed by the HOMO-4 — LUMO transition (39%) as summarized in
Table 1. A lower-energy excitation at 327 nm originates from a mixture of HOMO-2 - LUMO (37%) and HOMO - LUMO
(85%) transitions, confirming the direct involvement of frontier orbitals.

Table 1 - Percentage contributions of electronic transitions for y-mangostin and y-mangostin+COOH

DOI: https://doi.org/10.60797/CHEM.2026.9.2.4

Dye A, nm Transition Type Contribution, %
251 HOMO-1 - LUMO+1 53
) 278 HOMO-4 - LUMO 39
y-mangostin
327 HOMO-2 - LUMO 37
HOMO - LUMO 85
. 260 HOMO-1 - LUMO+1 34
y-mangostin+COOH
321 HOMO-1 - LUMO 64

Upon the introduction of a -COOH group (black curve), the primary absorption band shifts to 260 nm, accompanied by
the emergence of a new band near 321 nm. This modification alters both orbital energies and excitation characteristics. The
260 nm band is dominated by a HOMO-1 — LUMO+1 transition (34%), while the 321 nm band arises mainly from a HOMO-
1 - LUMO transition (64%). These features indicate that —-COOH addition enhances the intramolecular charge transfer
character by promoting electron flow toward the carboxyl group, which acts as an electron acceptor [17].

The modification also reduces the HOMO-LUMO energy gap (from -5,58/-1,29 eV to -5,88/-1,66 eV), contributing to
light absorption at longer wavelengths. A smaller bandgap and stronger intramolecular charge transfer are favorable
characteristics for improving dye performance in DSSCs [6].
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Overall, the computational results successfully reproduce experimental spectral behavior and confirm that carboxylation
enhances electronic conjugation and transition directionality. y-Mangostin+COOH therefore possesses greater potential as a
natural sensitizer than native y-mangostin.

3.3. Charge-Transfer Characteristics

Charge-transfer behavior of y-mangostin and y-mangostintCOOH was evaluated using key photovoltaic parameters
including AGie: (electron-injection spontaneity), AGie (driving force dye regeneration), 7 (excited-state lifetime), |Vrp|
(electronic coupling constant), and LHE (light harvesting efficiency). The results are summarized in Table 2.

Table 2 - Calculated charge-transfer parameters

DOTI: https://doi.org/10.60797/CHEM.2026.9.2.5

Dye AGinjec, €V AGiegn, €V T, NS |Vre|, €V LHE

y-mangostin -3,30 -0,95 5,80 0,82 0,32
Y_

mangostin+COO -2,85 -1,21 3,01 0,96 0,53
H

y-Mangostin exhibits a AGipe« 0f -3,30 eV, whereas y-mangostin+COOH shows a value of -2,85 eV. Both negative values
indicate spontaneous electron injection into TiO2 [9]. Although y-mangostin has a slightly more negative value, the reduction
in magnitude for the -COOH derivative may indicate a more balanced injection process with lower energy loss as heat. Both
molecules exhibit a spontaneous driving force for dye regeneration AG:eg, with values of -0,95 eV for y-mangostin and -1,21
eV for y-mangostin+COOH.

Excited-state lifetimes decrease from 5,80 ns (y-mangostin) to 3,01 ns (y-mangostintCOOH), while the electronic
coupling constant |Vgp| increases significantly from 0,82 eV to 0,96 eV. The shorter excited-state lifetime (7) and increased
electronic coupling |Vre| parameter observed for y-mangostin+COOH suggest a molecular structure that is more favorable for
electron-transfer processes relevant to DSSC operation [10]. Although explicit dye-TiO2 adsorption was not computed, the
presence of a carboxyl group is widely recognized as an effective anchoring functionality in practical DSSC systems.
Therefore, the observed electronic trends indicate that y-mangostin+COOH is structurally better suited for surface attachment
and interfacial charge transfer, a hypothesis that should be further validated through explicit interfacial modeling or
experimental studies.

The Light Harvesting Efficiency (LHE) exhibits a substantial improvement, rising from 0,32 to 0,53. This enhancement is
further supported by the broader absorption spectrum of y-mangostin+COOH, as illustrated in Figure 3. Consequently, the y-
mangostintCOOH derivative generates a larger oscillator strength (f), leading to a higher LHE and a more efficient light-
harvesting capability

Collectively, the improved |Vgrp| and LHE values indicate that y-mangostintCOOH possesses electronic characteristics
favorable for DSSC sensitization. However, explicit interfacial electron-transfer processes at the dye-TiO2 interface were not
directly modeled and should be confirmed through future interfacial simulations or experimental studies.

Conclusion

Theoretical oxidation of the prenyl group in y-mangostin to introduce a carboxyl (-COOH) functionality modifies its
electronic structure in a manner favorable for DSSC sensitization. The substitution narrows the HOMO-LUMO gap, enhances
light-harvesting efficiency, and improves electronic descriptors associated with charge-transfer processes. Although explicit
dye-TiO, interfacial interactions were not modeled, the molecular electronic trends suggest that y-mangostintCOOH is
structurally better suited for surface anchoring in practical DSSC systems. These findings provide a theoretical foundation for
future interfacial simulations and experimental validation.
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