
Fluorescence Quenching Driven by PES-Guided Self-Assembly of
Ethoxy-Dibenzalacetone and Fullerene-Based Quenchers: A
Theoretical and Experimental Study
Vitória M. R. Vasconcelos,* Bruna B. Postacchini, Thiago Cazati, Hélcio S. dos Santos, Andrey Chaves,
Valder N. Freire, Cláudia Pessoa, Roner F. da Costa, Igor F. Vasconcelos, and Eveline M. Bezerra

Cite This: J. Phys. Chem. C 2026, 130, 5501−5515 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Photophysical properties of π-conjugated chromo-
phores are strongly influenced by their molecular environment,
which modulates the adiabatic and nonadiabatic energy dissipation.
This theoretical and experimental study investigates the chemical
reactivity descriptors and potential energy surfaces (PES) under-
lying the fluorescence quenching of the ethoxy-dibenzalacetone
derivative (DBAd) [(1E,4E)-1,5-bis(4-ethoxyphenyl)penta-1,4-
dien-3-one] by fullerene-based quenchers (C60 and PC61BM).
Quenching proceeds via the formation of predominantly static and
nonfluorescent complexes, supported by linear Stern−Volmer
behavior yielding association constants of (1.83 ± 0.05) × 104

and (2.27 ± 0.10) × 104 L·mol−1 for C60@DBAd and PC61BM@
DBAd, respectively, and by an unchanged DBAd excited-state
lifetime (∼0.20 ns) across quencher concentrations. Förster resonance energy transfer (FRET) contributes more prominently to
quenching in PC61BM@DBAd, consistent with the larger spectral-overlap integral, whereas photoinduced charge transfer (CT) is
comparatively more competitive in C60@DBAd, thermodynamically favored by the HOMO−LUMO alignment at the donor−
acceptor interface. PES analyses qualitatively support stable ground-state complexes with stronger short-range stabilization for
PC61BM@DBAd at intermolecular distances of ∼4.9 Å. Overall, DBAd channels excitation to fullerene acceptors through competing
nonradiative energy- and charge-transfer pathways, revealing that fluorescence quenching is driven by PES-guided ground-state
noncovalent self-assembly and highlighting C60@DBAd and PC61BM@DBAd complexes as potentially relevant for organic-fullerene
solar cells.

■ INTRODUCTION
Charge-transfer exciton (CTE) dissociation into free charge
carriers at donor−acceptor interfaces is crucial for photo-
current generation in organic-fullerene bulk heterojunction
devices.1 Photoexcited electron−hole pairs exhibit short
diffusion lengths and annihilate via photoluminescence
emission, thereby limiting photovoltaic efficiency.2,3 Despite
extensive efforts, understanding the mechanisms governing
nonradiative CTE dissociation pathways remains a long-
standing challenge in organic photovoltaics.4

Analogous to Marcus theory, in which electron-transfer
efficiency depends on donor−acceptor orbital overlap through
short-range exchange interactions that decay exponentially
with distance and on the molecular rearrangement energy,
CTE dissociation can be described within a similar kinetic
framework. In this process, separation requires overcoming the
exciton binding energy (EB) via coupling between donor and
acceptor potential energy surfaces (PES).5,6 Additionally,
Förster resonance energy transfer (FRET) allows exciton
migration over greater distances (∼10−100 Å) through

nonradiative dipole−dipole coupling, provided sufficient
spectral overlap between donor emission and acceptor
absorption.7,8

Thermodynamically, the probability of charge separation

scales is as follows: ( )exp
k T
EB

B
.9 Consequently, CTE

dissociation is hindered when the electron−hole binding
energy (EB) exceeds the thermal energy (kBT). Enhancing
donor−acceptor orbital overlap is therefore crucial for
promoting CTE dissociation. In contrast to ionized or hot-
carrier states, where excess kinetic energy facilitates charge
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separation,10 the CTE state remains Coulombically bound,
with the electron electrostatically confined to the hole.11

Fazzi et al.12 showed that relative molecular orientations
critically affect charge-transfer energies, with on-top arrange-
ments enhancing orbital overlap and promoting higher-energy
charge transfer, whereas on-edge conformations favor lower-
energy transfer. Similarly, Benatto et al.13 demonstrated that
the acceptor position relative to the donor modulates the
complex dipole moment and the driving force for electron
transfer. These previous studies suggest the central role of the
donor−acceptor PES in CTE dissociation and in suppressing
exciton recombination losses.14

In this work, we combined ab initio and molecular
mechanics levels of theory to investigate the chemical reactivity
descriptors of the ethoxy-dibenzalacetone derivative (DBAd)
[(1E,4E)-1,5-bis(4-ethoxyphenyl)penta-1,4-dien-3-one] and
fullerene-based acceptors (C60 and PC61BM), as well as the
ground-state classical PES obtained with the universal force
field (UFF) for the C60@DBAd and PC61BM@DBAd
supramolecular complexes, in order to elucidate the
fluorescence quenching mechanisms of DBAd. The interaction
energies and short-range DBAd-fullerene separations at the
ground state qualitatively support the formation of stable
donor−acceptor complexes, consistent with the predominantly
static quenching scenario revealed by steady-state fluorescence
and lifetime analyses.

This theoretical-experimental study has not previously been
applied to noncovalently bound DBAd-fullerene complexes.
Our analysis shows that, although quantum-chemical reactivity
descriptors indicate a more favorable charge-transfer driving
force for the C60@DBAd complex, the ground-state PES
analysis qualitatively reveals stronger noncovalent interactions
and shorter donor−acceptor distances for PC61BM@DBAd,
consistent with the larger association constant (Ks). Moreover,
the PES mapping suggests that the fullerene quencher can
already be adjacent to DBAd at the moment of photo-
excitation, which is consistent with a predominantly static
quenching involving the formation of nonfluorescent com-
plexes, with Ks comparable to those reported for other

supramolecular fullerene assemblies.15,16 Figure 1 summarizes
the photophysical and kinetic pathways underlying the
fluorescence quenching of DBAd by fullerene acceptors.

■ COMPUTATIONAL AND EXPERIMENTAL
PROCEDURE

Molecular Geometry Optimization
The initial atomic coordinates for the ethoxy-dibenzalacetone
derivative (DBAd, [(1E,4E)-1,5-bis(4-ethoxyphenyl)penta-1,4-dien-
3-one], PubChem CID 66815517) and the fullerene compounds (C60
and PC61BM) were constructed using ChemCraft18 and GaussView19

respectively, as shown in Figure 2. A conformational search was then
carried out with the Conformers module of the Biovia Materials
Studio20 software package, using the universal force field (UFF)21 and
a systematic grid scanning method to explore the accessible
conformational space of the molecules and identify representative
low-energy conformers.

The systematic grid search involved critical torsion angles, with
steric filters applied to discard geometries with atomic overlap (or
those with severe steric strain) and a smooth cutoff treatment for van
der Waals interactions. Low-energy conformers resulting from the
search were then subjected to geometric optimization at the molecular
mechanics level using the Smart algorithm to minimize within the
UFF force field, with convergence criteria reported in Table S1.

Subsequently, density functional theory (DFT) calculations22,23

were performed on the lowest energy conformer of DBAd, C60, and
PC61BM using the DMol3 module in the Biovia Materials Studio
package.20 These calculations employed the generalized gradient
approximation (GGA) with the BLYP exchange-correlation func-
tional24 complemented by Grimme’s dispersion correction (DFT-
D)25 to account for van der Waals interactions. The Kohn−Sham
electronic orbitals were expanded using the double numerical plus
polarization (DNP+) numerical basis with all-electron calculations
(no pseudopotentials). The numerical settings and self-consistent-
field (SCF) convergence criteria are summarized in Table S1.

Unconstrained geometry optimizations were performed until the
energy- and gradient-based convergence thresholds were satisfied (see
Table S1). Harmonic vibrational frequencies of the ground state were
calculated using analytical second derivatives within the harmonic
approximation in the DMol3 module of the Biovia Materials Studio20

software package at the same theoretical level as the DFT geometry
optimizations. All optimized structures were confirmed as true

Figure 1. Photophysical and kinetic schemes for fluorescence quenching in DBAd-fullerene donor−acceptor complexes. Free DBAd relaxes from
the first electronic state (S1) via radiative (kr) and nonradiative (knr) decay with an excited-state lifetime (τ0) of approximately 0.2 ± 0.002 ns.
Noncovalent ground-state association with the quenchers (C60 or PC61BM) forms C60@DBAd and PC61BM@DBAd complexes characterized by an
association constant (Ks). Upon photoexcitation, the preassociated complexes deactivate through charge-transfer exciton (CTE) and Förster
resonance energy transfer (FRET) pathways, yielding nonfluorescent states governed by the respective charge and energy transfer rates (kCT and
kET).
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minima on the potential energy surface by the absence of imaginary
vibrational modes.

Because pure GGA functionals such as BLYP do not describe long-
range dispersion interactions explicitly,25 an empirical DFT-D
correction was included to capture dispersion contributions that are
important for π-conjugated and supramolecular complexes.26 In
addition, the DNP+ basis has been reported to provide accuracy
comparable to widely used Gaussian double-ζ polarization basis sets
for molecular properties at a similar cost.27 Accordingly, the GGA/
BLYP-D2/DNP+ protocol represents a practical compromise
between computational cost and accuracy for the ground-state
description of DBAd, C60, and PC61BM.
Potential Energy Surface (PES) Scanning
The potential energy surface (PES) scanning for the C60@DBAd and
PC61BM@DBAd supramolecular complexes was carried out using the
Forcite module of the Biovia Materials Studio20 software package.
The PES calculations employed the universal force field (UFF)21 for a
qualitative evaluation of the noncovalent interaction energy under
nonperiodic conditions, as follows:

= +E E E E( )(C @DBAd)
interaction

C @DBAd C DBAd60 60 60 (1)

and,

= +E E E E( )(PC BM@DBAd)
interaction

PC BM@DBAd PC BM DBAd61 61 61 (2)

where E(C @DBAd)
interaction

60
and E(PC BM@DBAd)

interaction
61

are the interaction energies of
the complexes C60@DBAd and PC61BM@DBAd, respectively,
computed from single-point potential energies as the difference
between the complex energy and the sum of the isolated-molecule
energies; EDBAd, EC60

, and EPC BM61
denote the energies of the isolated

DBAd, C60, and PC61BM, respectively, evaluated with the same force-
field settings as used for the corresponding complex.

Geometric centroids (unweighted averages of the Cartesian
coordinates of all atoms, including hydrogens) were first computed

for each molecule optimized at the GGA/DFT/BLYP-D2/DNP+
level of theory to define the reference coordinates for the scan. Rigid-
body rotations and translations were then systematically explored to
map the PES. For the C60@DBAd, due to the topological symmetry of
C60, only the DBAd centroid was rotated in 5° increments over 360°
and translated up to 30 Å in 0.5 Å steps along each Cartesian axis to
achieve a comprehensive spatial sweep.

For the PC61BM@DBAd complex, the molecular centroids of
DBAd and PC61BM were rotated in 5° and 40° increments over 360°,
respectively, while DBAd was translated along each Cartesian axis up
to the same cutoff distance of 30 Å in 0.5 Å steps. The Euclidean
centroid-to-centroid distance and potential interaction energy
between DBAd and the fullerenes were recorded at each rotational-
translational step.

Finally, to provide an analytical representation of the interaction
potentials obtained from the classical PES scans, the Lennard−Jones
(LJ)28 and Mie29 functional forms were used to fit E(C @DBAd)

interaction
60

and

E(PC BM@DBAd)
interaction

61
as a function of the centroid-to-centroid distance. The

explicit equations and fitting details are provided in the Tables S2 and
S3.

Sample Preparation and Spectroscopic Measurements
The ethoxy-dibenzalacetone derivative (DBAd) [(1E,4E)-1,5-bis(4-
ethoxyphenyl)penta-1,4-dien-3-one] was obtained as a powder sample
via Claisen−Schmidt condensation. The molecular structure was
confirmed by nuclear magnetic resonance (NMR) spectroscopy, with
1H and 13C NMR spectra reported by Oliveira et al.30 The fullerene
compounds (C60 and PC61BM) were purchased with analytical-grade
purity from Merck Sigma-Aldrich.

Initially, stock solutions of C60 and PC61BM (7.0 × 10−4 mol·L−1)
were prepared in toluene (TOL, C6H5CH3), whereas DBAd was
prepared in ethanol (EtOH, C2H6O) at 1.68 × 10−5 mol·L−1. For
each sample, a fixed volume of 2000 μL of the DBAd solution was
used. Incremental additions of the C60 or PC61BM stock solutions
produced quencher concentrations ranging from 1.16 × 10−5 mol·L−1

(low concentration, LC) to 10.40 × 10−5 mol·L−1 (high
concentration, HC); detailed dilutions are provided in Table S6. All
solutions were homogenized for 5 min in an ultrasonic bath. The
uncertainties of the concentrations were calculated by uncertainty
propagation of mass and volume measurements, resulting in the stock
solution uncertainty (∼5%) being the dominant contribution to the
uncertainty of the working solution concentration.

UV−vis absorption spectra over the LC to HC concentration range
were recorded using a Shimadzu UV−vis 1900i spectrophotometer at
room temperature (25°C) in quartz cuvettes with a 10 mm optical
path length, over 280 to 480 nm. Steady-state fluorescence spectra
were acquired on a Horiba Fluorolog spectrofluorometer equipped
with a xenon lamp, operating in fast acquisition mode with a 0.2 nm
sampling interval and 5/5 nm excitation/emission slit widths. DBAd
was excited at 365 nm maximum absorption wavelength, and emission
spectra were recorded over 300−700 nm.

Time-resolved fluorescence decays were measured by time-
correlated single-photon counting (TCSPC) using a FluoTime 200
instrument (PicoQuant). Excitation at 401 nm was provided by a
pulsed diode laser operating at a 40 MHz repetition rate. Fluorescence
lifetimes were obtained by fitting the decay curves using a sum of
exponential functions deconvoluted with the instrument response
function (IRF), employing FluoFit software. The quality of the fits
was evaluated through analysis of weighted residuals and reduced chi-
square (χ2) values. The detection system consisted of a mono-
chromator coupled to a multichannel plate photomultiplier
(Hamamatsu R3809U-50). The excitation pulse width was ∼100 ps,
resulting in an overall instrumental time resolution of ∼64 ps.

Quenching effects were analyzed using the Stern−Volmer31

relation to distinguish between dynamic (collisional) and static
(ground-state complexation) quenching mechanisms32 as follows:

= + [ ]I
I

K Q10
(3)

Figure 2. Two-dimensional chemical structure of the ethoxy-
dibenzalacetone derivative (DBAd, C21H22O3) and three-dimensional
structures of the fullerene compounds (C60 and PC61BM, C72H14O2)
prior to geometry optimization. The carbon atoms of C60 and
PC61BM are depicted in different colors (C60 in pink and PC61BM in
purple), whereas hydrogen atoms are not explicitly shown. The
structures were created using the ChemCraft program,18 a graphical
tool for visualizing quantum chemistry computations (available at
https://www.chemcraftprog.com), and the GaussView program,19 a
graphical interface for Gaussian quantum chemistry computations
(available at https://gaussian.com/gaussview6/).
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where I0 and I are the steady-state fluorescence intensities of the
fluorophore in the absence and presence of the quencher, respectively,
[Q] is the quencher concentration, and K is the fluorescence
quenching constant.

For collisional quenching, K corresponds to the Stern−Volmer
quenching constant (KSV), defined as KSV = kq · τ0, where kq is the
bimolecular quenching rate constant and τ0 is the excited-state
lifetime in the absence of a quencher. In this scenario, a decrease in
excited-state lifetime is expected, as quenching introduces an
additional depopulation pathway for the excited state.8

Since purely dynamic (collisional) quenching reduces the steady-
state fluorescence intensity and the excited-state lifetime by the same
factor, the intensity ratio in (eq 3) can be replaced by the lifetime
ratio, τ0/τ, where τ is the excited-state lifetime in the presence of the
quencher. Accordingly,

= = + [ ]
I
I

k Q1 q
0 0

0 (4)

In contrast, static quenching arises from the formation of a
nonemissive ground-state complex. Under purely static quenching,
the lifetime of the uncomplexed (emissive) fluorophore remains
unchanged (τ = τ0), such that τ0/τ = 1, whereas the steady-state
intensity decreases with increasing [Q] and the Stern−Volmer
constant can be interpreted as an association constant (Ks).

8

The free energy change for charge transfer (ΔGCT) was estimated
using the Rehm−Weller33 equation, as follows:

=G E E E
e

r4 r
CT ox red exc

2

0 (5)

where Eox is the oxidation potential of the donor (in eV), Ered is the
reduction potential of the acceptor (in eV), and Eexc is the excitation
energy of the singlet state of the donor (in eV); e is the elementary
charge (1.602 × 10−19 C), ϵ0 is the vacuum permittivity (8.854 ×
10−12 F·m−1), ϵr is the relative dielectric constant of the ethanol/
toluene (EtOH:TOL) mixture (dimensionless), and r is the average
donor−acceptor distance. The dielectric constants of ethanol and
toluene under standard conditions were taken from reference,34 and ϵr
for the binary mixture was estimated by volumetric averaging using an
EtOH:TOL ratio of 2000:400 μL.

The Förster resonance energy transfer (FRET) mechanism was
investigated to determine the nonradiative energy transfer rate
constants (kFRET) between the donor and acceptor molecules. The
kFRET was calculated using the Förster35 equation:

i
k
jjj y

{
zzz=k

R
r

1
FRET

D

0
6

(6)

where τD is the excited-state lifetime of the donor in the absence of
the acceptor, R0 is the Förster radius (the donor−acceptor separation
distance at which the transfer efficiency is 50%), and r is the center-to-
center distance between the donor and acceptor, calculated here by
potential energy surface (PES) scanning.

The Förster radius (R0, in Å) was determined using the following
equation:

i
k
jjjjj

y
{
zzzzz= · ·

R
J

n
0.211

( )
0

2
D

4

1/6

(7)

where κ2 is the dipole orientation factor (ranging from 0 to 4, with an
isotropic value of 2/3 for freely rotating dipoles8), ΦD is the
fluorescence quantum yield of the donor in ethanol in the absence of
the acceptor, n is the refractive index for the ethanol-toluene mixture,
and J(λ) is the spectral overlap integral between the acceptor molar
absorptivity coefficient and the area-normalized emission spectrum of
the donor, defined as

J F d( ) ( ) ( )
0

D A
4

(8)

where FD(λ) is the area-normalized fluorescence emission spectrum of
the donor, εA(λ) is the molar extinction coefficient of the acceptor (in
L·mol−1·cm−1), and λ is the wavelength (in nm) corresponding to the
spectral overlap region between the donor emission and the acceptor
absorption. The refractive index (n) of pure ethanol and toluene
under standard conditions was obtained from standard referen-
ces.34,36,37 The relative refractive index used in (eq 7) for the binary
mixture was calculated as a volumetric average, considering an
EtOH:TOL ratio of 2000:400 μL.

The FRET efficiency is quantitatively defined as

=
+

R
R rFRET

0
6

0
6 6 (9)

where ηFRET represents the fraction of energy transferred from the
donor to the acceptor through dipole−dipole interactions.38 In the
present work, r is taken from donor−acceptor conformations inferred
from the PES analysis; therefore, ηFRET should be interpreted as an
upper-bound estimate for the supramolecular complexes rather than
as a solvent-averaged efficiency for freely diffusing species in solution.
Accordingly, ηFRET values indicate that FRET is feasible under
compact arrangements but do not imply that FRET is the exclusive or
dominant quenching pathway.

■ RESULTS AND DISCUSSION

Structural and Electronic Properties
Accurate geometric parameters are essential in molecular
modeling because they directly influence molecular phys-
icochemical and spectroscopic properties. In this study, the
bond lengths and angles of the ethoxy-dibenzalacetone
derivative (DBAd) and fullerene compounds (C60 and
PC61BM) were calculated using the GGA-DFT/BLYP/DNP
+ methodology. The geometric parameters, obtained under
nonperiodic boundary conditions, are listed in Table S4 and
are organized according to the atomic labeling scheme shown
in Figure 3. Geometry optimizations confirmed that all
structures correspond to true minima on the potential energy
surface, as indicated by the absence of imaginary vibrational
frequencies.39

Figure S2 and Table S5 show the theoretical Raman activity
modes for the optimized structures of DBAd, C60, and
PC61BM. At the fingerprint region, strong Raman bands at
1571 and 1626 cm−1 for DBAd are attributed to the stretching
of C�O coupled to C�C stretching modes of the enone
fragment.30 The delocalization induced by π-conjugation
results in shifts to lower wavenumbers compared to saturated
carbonyls, as also observed by Vasconcelos et al.41 For
fullerenes, DFT/BLYP-D2/DNP+ methodology reproduces
high- and low-wavenumber vibrations of the nondegenerate
(Ag) and degenerate (Hg) modes and captures C60-cage
deformation dynamics.42 Additionally, the C�O and C�C
stretching vibrations at 1720 and 1539 cm−1 correspond to the
phenyl-butyric acid methyl ester in the PC61BM, align with
other reports.43

After optimizing the geometries of the DBAd, C60, and
PC61BM, the Kohn−Sham orbitals were expanded to
determine the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
chemical reactivity descriptors.44 These orbitals play a crucial
role in understanding molecular reactivity and charge transfer
processes.23,45 The calculated isosurfaces, shown in Figure 4,
represent the spatial distribution of the molecular orbitals. In
these isosurfaces, the yellow and blue regions correspond to
the positive and negative phases, respectively, indicating the
sign of the wave function in different spatial regions.46
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The HOMO/LUMO isosurfaces highlight the electronically
dense regions that are most likely to contribute to donor−
acceptor electronic coupling through orbital overlap, a crucial
process for charge-transfer processes. The isosurfaces also
suggest orbital delocalization along the s-trans conjugated
molecular plane of DBAd and over the icosahedral surface of
the fullerene cages (C60 and PC61BM). Additionally, PC61BM
exhibited a slight overlap between the phenyl group and the
C60 sphere, which was attributed to favorable π-π stacking
interactions. These findings align with other studies reported in
the literature, such as d’Avino et al.,47 which states that
functionalization in PC61BM induces electronic disorder that
affects the distribution of HOMO and LUMO orbitals.

Table 1 shows the values of the HOMO and LUMO
energies for DBAd, C60, and PC61BM. The HOMO energy
values indicate that DBAd predominantly behaves as an
electron donor, with a value of −4.95 eV, which is higher than
those of C60 and PC61BM (−5.46 eV and −5.21 eV,
respectively). This difference in HOMO levels suggests that
DBAd has a greater propensity to donate electrons compared
to the fullerenes.47,48 Furthermore, the LUMO energy of
DBAd (−2.44 eV) is significantly higher than those of C60 and
PC61BM, reflecting a higher energy barrier for electron
acceptance.49 These observations reinforce the role of
fullerenes, with their lower LUMO values (−3.79 eV for C60
and −3.65 eV for PC61BM), as efficient electron acceptors.

Sworakowski52 experimentally determined the HOMO and
LUMO levels of C60 at −6.37 eV and −3.99 eV, respectively,
based on ultraviolet photoelectron spectroscopy (UPS) and
inverse photoelectron spectroscopy (IPES). Shafiq et al.53

reported that the electronic structure of PC61BM reveals
HOMO and LUMO energy levels at −6.10 eV and −3.70 eV,
respectively, in good energy-level ordering with GGA/DFT/
BLYP-D2/DNP+ level of theory employed herein; see Table 1.

The energy difference between the HOMO level of DBAd
and the LUMO level of the fullerenes is 1.16 eV for C60 and

Figure 3. Optimized structures of the ethoxy-dibenzalacetone
derivative (DBAd) and fullerene compounds (C60 and PC61BM)
obtained using the GGA/DFT/BLYP-D2/DNP+ level of theory. The
structures are represented in ball-and-stick format with atom labels.
The carbon atoms of C60 and PC61BM are depicted in different colors
(C60 in pink and PC61BM in purple), while noncarbon atoms are
colored according to their atom types (oxygen in red and hydrogen in
light gray). The figure was created using PyMOL40 (PyMOL
Molecular Graphics System, available at http://www.pymol.org).

Figure 4. Frontier molecular orbitals energy-level diagram and
isosurfaces of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) for the ethoxy-
dibenzalacetone derivative (DBAd) and fullerene compounds (C60
and PC61BM) generated with a ± 0.015 isosurface value. The yellow
and blue regions represent the positive and negative phases of the
molecular orbitals, respectively, indicating the sign of the wave
function in different spatial regions. The isosurfaces were generated
using Materials Studio20 (BIOVIA, Dassault System̀es, available at
https://www.3ds.com/products-services/biovia/products/materials-
studio/).

Table 1. Highest Occupied Molecular Orbital (HOMO),
Lowest Unoccupied Molecular Orbital (LUMO), Ionization
Potential (IP), Electron Affinity (EA), Fundamental Energy
Gap (EF), and Experimental Optical Gap (EOPT) Values for
the Ethoxy-Dibenzalacetone Derivative (DBAd) and the
Fullerene Compounds (C60 and PC61BM)

a

HOMO
(eV)

LUMO
(eV)

bIP
(eV)

cEA
(eV)

dEF
(eV)

eEOPT
exp

(eV)

DBAd −4.95 −2.44 4.95 2.44 2.50 2.9
C60 −5.46 −3.79 5.46 3.79 1.67 3.5
PC61BM −5.21 −3.65 5.21 3.65 1.56 3.4

aIP, EA, and EF descriptors were estimated within Koopman’s50

approximation from the Kohn−Sham frontier orbital energies.
bIonization potential (IP = −EHOMO) is the energy required to
remove an electron from the HOMO. cElectron affinity (EA =
−ELUMO) is the energy released when an electron is added to the
LUMO. dEF is the fundamental gap (EF = IP − EA). eExperimental
optical gap E( )OPT

exp determined using the Tauc plot method,51 which
involves plotting (absorption coefficient vs photon energy)γ in (eV·
cm−1)γ against photon energy (in eV) to extrapolate the linear portion
to the energy axis. Adopted γ = 2, considering indirect allowed
transitions. Data were acquired in a binary ethanol−toluene mixture
and expressed with one decimal place due to the resolution of the
spectrophotometer.
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1.30 eV for PC61BM. This larger donor−acceptor offset in the
PC61BM complex sets a higher upper bound for the open-
circuit voltage (VOC), although the experimentally observed
VOC also depends on interfacial energetic losses and non-
radiative recombination pathways.54,55 Therefore, interfacial
molecular conformations and donor−acceptor electronic
coupling, such as interactions between the icosahedral surface
of C60 and the π-conjugated molecular plane of DBAd,
influence VOC primarily through their impact on nonradiative
loss channels.54−56 Consequently, a larger HOMO−LUMO
offset does not necessarily translate into a higher measured
VOC if the associated losses are also increased.54,55

The frontier orbital energies, as well as the fundamental gap
(EF), are key parameters in understanding the rationalization
of charge transfer processes. EF is defined as the energy
difference between the ionization potential (IP) and the
electron affinity (EA) and can be approximated by the negative
of the HOMO and LUMO energies, respectively, following
Koopman’s approximation. Another critical parameter is the
optical gap (EOPT), which is typically smaller than EF because
EF describes ionized states, while EOPT is associated with
electron−hole bound states, such as excitons.11,57 These global
chemical reactivity descriptors are summarized in Table 1.

Although the EF of DBAd (2.50 eV) is larger than those of
the fullerenes (1.67 eV for C60 and 1.56 eV for PC61BM),
indicating its lower overall reactivity, the ionization potential
(IP) of DBAd is lower than that of the fullerenes. This suggests
that DBAd requires less energy to lose an electron.
Furthermore, the higher EA of the fullerene compounds
(3.79 eV for C60 and 3.65 eV for PC61BM) underscores their
strong ability to accept electrons.

Ground-State Noncovalent Interactions

Noncovalent interactions, including dispersion forces (van der
Waals and π-π stacking), hydrogen bonding, and dipole−
dipole interactions, govern the stability of donor−acceptor
assemblies and can influence both ground- and excited-state
electronic structure and photophysics.58 In this study, the
intermolecular interactions underlying the potential energy
surface (PES) of the ethoxy-dibenzalacetone derivative
(DBAd) with the fullerene compounds (C60 and PC61BM)
were qualitatively evaluated at the molecular mechanics level
using the universal force field (UFF)21 parameterized from
DFT/BLYP-D2/DNP+ optimized ground-state geometries.

Figure 5 presents the interaction energy profiles (in kcal·
mol−1) as a function of the centroid-to-centroid distance (in
Å) for the C60@DBAd and PC61BM@DBAd complexes,
obtained from classical PES scans along the Cartesian axes
(x, y, and z). The corresponding minimum-energy conforma-
tions identified along each axis are illustrated in subfig-
ures (a)−(f): C60@DBAd for the x, y, and z axis displacements
in (a), (c), and (e), respectively, and PC61BM@DBAd in (b),
(d), and (f). The C60@DBAd and PC61BM@DBAd interaction
profiles were fitted using Lennard-Jones and Mie potentials to
qualitatively capture the balance between attractive and
repulsive contributions to the intermolecular potential; see
Figure S1 and Tables S2 and S3.

In the C60@DBAd complex, the interaction energy along the
x axis is relatively weak, with an estimated value of −6.8 kcal·
mol−1 at a centroid-to-centroid distance of 10.5 Å. This weaker
interaction indicates limited π-π stacking at this separation;25

see Figure 5 a. The x-axis profile is characterized by longer

Figure 5. Potential energy surface (PES) mapping of the intermolecular interaction between the ethoxy-dibenzalacetone derivative (DBAd) and
fullerene compounds (C60 and PC61BM) using the Forcite module with the universal force field (UFF).21 The plots show the interaction energy
(kcal·mol−1) as a function of the centroid-to-centroid separation. The minimum-energy conformations identified along each Cartesian axis are also
shown, providing insight into the equilibrium configurations and relative stabilization of the DBAd-fullerene complexes.
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interaction intervals, highlighting the predominance of weak
but long-range attractive forces. Conversely, the PC61BM@
DBAd complex qualitatively demonstrates a stronger inter-
action along the x axis, with an interaction energy of −14.3
kcal·mol−1 and a reduced centroid-to-centroid distance of 7.4
Å. This enhanced affinity is associated with the butyric acid
methyl ester in PC61BM, which reduces the icosahedral
symmetry of the C60-fullerene cage and introduces local
asymmetries in the charge distribution.47 This functionaliza-
tion also shifts the center of mass of PC61BM relative to the
fullerene cage and enables more anisotropic short-range
interactions with the conjugated molecular plane of DBAd.

The intermolecular interactions along the y axis qualitatively
show energetically improved conformations. For C60@DBAd,
an interaction energy of −11.4 kcal·mol−1 is observed at a
centroid-to-centroid distance of 6.4 Å. These values indicate
favorable molecular docking, where the reduced intermolecular
distance enables more effective π-π interactions between the
conjugated DBAd and the icosahedral surface of C60. Similarly,
the PC61BM@DBAd complex suggests an even stronger
interaction, with a minimum energy of −16.5 kcal·mol−1 at a
centroid distance of 5.8 Å. This even shorter centroid distance
indicates enhanced van der Waals radius interaction between
the DBAd and the functionalized surface of PC61BM.58

The enhanced short-range interactions along the y axis can
suggest increased contributions from dispersive van der Waals
forces, which can promote greater delocalization at the DBAd-
fullerene donor−acceptor interface. However, despite the
reduced distances, the dominant interaction motif is T-shaped
rather than purely π-π stacking. This orientation minimizes
electrostatic repulsion between the π-systems, favoring
energetically more stable interaction geometries.59 This
interaction between topologies is particularly relevant for
charge-transfer processes, which facilitate electronic coupling
and can promote fast charge separation.60

Along the z axis, the C60@DBAd complex exhibits an
interaction energy of −12.4 kcal·mol−1 at a centroid-to-
centroid distance of 6.8 Å. The PC61BM@DBAd complex
suggests a stronger interaction of −17.4 kcal·mol−1 at a slightly
reduced centroid-to-centroid distance of 4.9 Å. Although this
interaction energy surpasses the values observed along the x
and y axes, the relatively larger centroid-to-centroid distance
for C60@DBAd along the z axis suggests a dipole−dipole
interaction influence with the carbonyl, in addition to the
orthogonal (T-shaped) noncovalent.61 For a detailed compar-
ison, see Figure 5 e and f. The interaction energy and centroid-
to-centroid distance corresponding to the lowest-energy
conformations along each Cartesian axis are summarized in
Table 2.

Although the intermolecular interactions were analyzed
exclusively using the universal force field (UFF)21 π-π stacking
is generally recognized as weakened by aromatic inter-ring
repulsive forces, especially at short distances.58,62 Despite this
limitation, the quasi-planar conjugated structure of DBAd still
permits favorable T-shaped interactions with C60, whereas
deeper minima are observed for PC61BM@DBAd; see Table 2.
Furthermore, while UFF includes Coulomb interactions via
assigned partial charges21 it does not consider polarization or
charge redistribution, which limits the description of
anisotropic short-range interactions.

In this context, the Lennard-Jones (LJ) and Mie functions
were employed as analytical representations of the UFF-
derived interaction profiles, enabling an interpretation in terms

of the well depth (ϵ), which reflects the relative stabilization at
the minimum, and the equilibrium separation (r), which
reflects the preferred centroid-to-centroid distance. Such
descriptors facilitate comparisons between C60@DBAd and
PC61BM@DBAd across scan directions, suggesting shorter
centroid-to-centroid distances and stronger interaction en-
ergies for the PC61BM@DBAd complexes. However, LJ
showed reduced fitting accuracy, particularly in the repulsive
region, whereas Mie provided more consistent correlations for
the same profiles; see Tables S2 and S3.

Additionally, the results provide useful qualitative estimates
of the relative conformational stability of the C60@DBAd and
PC61BM@DBAd complexes, whose methodology aligns with
other previous works.63−65 However, to build on these
findings, we recommend further computational studies
employing quantum methods. In particular, dispersion-
corrected DFT and, where appropriate, optimally tuned
range-separated hybrid functionals (OT-RSH) could be used
to refine interaction energies and to investigate charge-transfer
states in the C60@DBAd and PC61BM@DBAd complexes,
starting from the equilibrium conformations determined
herein.
Fluorescence Quenching and Excited-State Lifetime
Electronic spectra of the ethoxy-dibenzalacetone derivative
(DBAd) in the presence of fullerene compounds (C60 and
PC61BM) provide experimental insight into the interaction
mechanisms governing these molecular complexes. Figure 6 a
and c shows the UV−vis absorption spectra of the C60@DBAd
and PC61BM@DBAd in ethanol−toluene binary mixtures,
respectively. The spectra combine the absorption profile of
DBAd (black curve), which exhibits a band centered at 365
nm, with the absorption bands of C60 and PC61BM (blue-gray
curves) centered around 300 nm. The remaining colored
spectra show the evolution of absorbance as a function of
increasing concentrations of C60 or PC61BM, while the DBAd
concentration is kept constant at 1.4 × 10−5 mol·L−1. Figure
6 b and d defines the linear working range for C60@DBAd and
PC61BM@DBAd, considering fullerene concentrations from
low (LC) to high (HC) levels.

Table 2. Interaction Parameters for the Ethoxy-
Dibenzalacetone Derivative (DBAd) with the Fullerene
Compounds (C60 and PC61BM) Obtained from Classical
PES Scans Using the Universal Force Field (UFF)a

bC60@DBAd cPC61BM@DBAd

Axisd
ϵ (kcal·
mol−1) r (Å)

E (kcal·
mol−1)

ϵ (kcal·
mol−1)

r
(Å)

E (kcal·
mol−1)

X −6.8 10.5 1144.1 −14.3 7.4 1405.3
Y −11.4 6.4 1139.5 −16.5 5.8 1403.1
Z −12.4 6.8 1138.5 −17.4 4.9 1402.2

aThe table reports the interaction energy (ϵ) in kcal·mol−1, the
centroid-to-centroid distance (r) in Å, and the total complex energy
(E) in kcal·mol−1 for the minimum-energy conformations along the X,
Y, and Z displacement directions. bInteraction parameters at the
minimum-energy points obtained from the Cartesian PES scans for
C60@DBAd. cInteraction parameters at the minimum-energy points
obtained from the Cartesian PES scansfor PC61BM@DBAd. dX, Y,
and Z denote the translation axis used in the PES scan. For each axis,
the reported parameters correspond to the most stable configuration
(minimum interaction energy) identified over the sampled rigid-body
rotations and translations along that axis, and the associated centroid-
to-centroid distance. E (kcal·mol−1) denotes the total energy of the
complex at the reported minimum.
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The subtle shifts in the DBAd maximum absorption
wavelength (λabs

DBAd) observed in Figure 6 a and c suggest a
perturbation of the DBAd electronic environment upon
noncovalent association with C60 or PC61BM

8,66 consistent
with the stronger intermolecular interactions qualitatively
predicted by the potential energy surface (PES); see Figure
5 and Table 2. Additionally, no aggregation was observed that
could negatively affect the optical absorption of DBAd, except
in the case of C60@DBAd at concentrations above 3.47 × 10−5

mol·L−1. At this concentration, the high optical density caused
saturation in the absorption spectra, indicating the limited
solubility of C60 compared to functionalized PC61BM; see
Figure 6 b and d. This solubility limitation is attributed to the
highly hydrophobic surface of C60,

67 which impairs effective
solvation and interaction with the DBAd chromophore.
Furthermore, C60 tends to self-associate by noncovalent
autoaggregates, hindering its solubility.68

Figure 7 a and c shows the steady-state fluorescence spectra
of DBAd, excited at 365 nm, in ethanol−toluene binary
mixtures containing low (LC) to high (HC) concentrations of
the fullerene compounds (C60 and PC61BM), respectively. The
spectra exhibit a linear decrease in DBAd emission as the
concentrations of C60 and PC61BM progressively increase,
indicating a quenching mechanism driven by interactions
between DBAd and the fullerene quenchers.69 However, for
C60 aliquots exceeding 160 μL (4.63 × 10−5 mol·L−1), the high
optical density led to absorbance saturation, compromising the
experimental conditions and limiting the linear working range.
In contrast, the linearity observed in PC61BM@DBAd for all
concentration ranges confirms the absence of significant

aggregation and highlights the excellent solubility of this
functionalized fullerene in the binary solvent mixture.
Fluorescence intensity variations at the highest C60 and
PC61BM concentrations are listed in Figure S3.

DBAd shows measurable photoluminescence in ethanol,
whereas no detectable emission is observed in neat toluene
under identical instrumental settings. In polar protic media,
such as ethanol, solute−solvent interactions (including hydro-
gen bonding) can restrict conformational freedom and reshape
excited-state relaxation channels in α,β-unsaturated carbonyl
systems. Moreover, previous solvatochromic analysis of
DBAd41 indicates that a more polar environment stabilizes
the dipolar moment of the excited state relative to the ground
state, thereby favoring radiative deactivation. Importantly, the
ethanol/toluene ratio was kept constant throughout the
dilution series (see Table S6); therefore, the observed changes
in steady-state fluorescence are attributed to the increasing
quencher concentration rather than to variations in solvent
composition.

In the binary mixture, DBAd shows an absorption maximum
( )DBAd

abs at 365 nm and an emission maximum ( )DBAd
emi at 485

nm, corresponding to a Stokes shift (Δν̃) of 6,778 cm−1. The
fluorescence quantum yield (ΦDBAd) of DBAd in the same
solvent mixture is 0.3%, as determined by a comparative
method using Coumarin 6 (C20H18N2O2S, PubChem CID
10033470) in methanol as the reference standard under the
same instrumental conditions;71 the experimental absorption
factors and refractive-index correction details are provided in
Figure S5.

Figure 6. (a) Experimental UV−vis spectra of ethoxy-dibenzalacetone derivative (DBAd), C60, and C60@DBAd at concentrations ranging from low
(LC) to high (HC) levels of fullerene. (b) The linear working range for C60@DBAd shows the highest slope (41,000 ± 6,000), indicating rapid
saturation of absorbance at concentrations above 4.63 × 10−5 mol·L−1. (c) Experimental UV−vis spectra of DBAd, PC61BM, and PC61BM@DBAd
at varying concentrations from low (LC) to high (HC) levels of functionalized fullerene. (d) The linear working range for PC61BM@DBAd exhibits
the lowest slope (33,000 ± 400), highlighting the excellent solubility and dispersibility of PC61BM@DBAd solutions in the ethanol-toluene
mixture.
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Notably, the DBAd
emi remains unchanged at 485 nm upon

increasing the concentration of the C60 or PC61BM quenchers
(see Figure 7 a and c), indicating that the spectral signature of
the emissive DBAd population is preserved within exper-
imental resolution. This detected fluorescence predominantly
arises from unassociated DBAd molecules, whereas the
quenched fraction is rendered nonemissive through supra-
molecular association with the fullerene acceptors, followed by
efficient nonradiative deactivation. Accordingly, noncovalent
interactions govern charge and energy-transfer pathways in
these complexes,8 which exhibit supramolecular short-range
stabilization according to the qualitative PES analysis (see
Table 2).

Figure 7 b and d shows predominantly linear Stern−Volmer
behavior for C60@DBAd and PC61BM@DBAd in the ethanol/
toluene mixture, with slopes of (1.83 ± 0.05) × 104 and (2.27
± 0.10) × 104 L·mol−1, respectively. Time-resolved measure-
ments shown in Figure 8 reveal an essentially unchanged
DBAd excited-state lifetime (τ) of 0.20 ± 0.002 ns across the
quencher concentrations, supporting predominantly static
quenching. Accordingly, the Stern−Volmer slopes are
interpreted as ground-state association constants (Ks),
indicating strong binding and a slightly higher affinity for
PC61BM (2.27 × 104 L·mol−1). This trend is consistent with
the stronger ground-state noncovalent interactions predicted
by the PES analysis (see Table 2). TCSPC decays analyzed by
IRF-convoluted exponential fits for all concentration ranges are
shown in detail in Figure S4 and summarized in Table S7.

Additionally, the fluorescence decays are well described by a
monoexponential fit (short-dashed in Figure 8), indicating that
the TCSPC emission can be dominated by a single lifetime

Figure 7. (a) Experimental emission spectra of the ethoxy-dibenzalacetone derivative (DBAd) in the absence and presence of low (LC) to high
(HC) concentration aliquots of C60. (b) Stern−Volmer plot for C60@DBAd with an association constant (Ks) of (1.83 ± 0.05) × 104 L·mol−1,
where aggregation effects cause minor deviations at higher concentrations. (c) Experimental emission spectra of DBAd in the absence and presence
of low (LC) to high (HC) concentration aliquots of PC61BM. (d) Stern−Volmer plot for PC61BM@DBAd with an association constant (Ks) of
(2.27 ± 0.10) × 104 L·mol−1, confirming a linear quenching across the entire concentration range.

Figure 8. Time-resolved fluorescence decay of DBAd in C60@DBAd
(left) and PC61BM@DBAd (right) complexes reveals decay lifetimes
of approximately 0.20 ns across all quencher concentrations. The
absence of systematic variation in the decay lifetimes further supports
that the fluorescence quenching mechanism is predominantly static
due to ground-state supramolecular complex formation. The short-
dashed curves (ExpDec1) represent monoexponential fits to the
fluorescence decay profiles, based on the function = ( )I t I( ) exp t

0 ,
where I(t) is the fluorescence intensity at time t, I0 is the initial
intensity, and τ is the excited-state lifetime. The good agreement with
the monoexponential model indicates the dominance of a single
electronic relaxation pathway.
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under the evaluated experimental conditions. The essentially
unchanged lifetime upon increasing quencher concentration is
consistent with predominantly static quenching, in agreement
with the linear Stern−Volmer behavior (see Figure 7 b and d)
and with the favorable ground-state association inferred from
PES calculations for C60@DBAd and PC61BM@DBAd (see
Table 2). This assignment follows the principle that dynamic
(collisional) quenching decreases τ, whereas static quenching
reduces the steady-state intensity without altering the decay
kinetics8,32 see the details in eqs 3 and 4.

The Ks values found for the DBAd-fullerene complexes are
comparable to those reported in previous studies on
noncovalently linked assemblies of C60, C70, [6,6]-phenyl-
C70-butyric acid methyl-ester, and tert-butyl-(1,2-methanoful-
lerene)-61-carboxylate with a designed zinc phthalocyanine
(ZnPc) in toluene, which reported Ks values of 6.50 × 103 L·
mol−1 for C60@ZnPc and 2.22 × 104 L·mol−1 for C70@ZnPc.15

Similar values were also observed for noncovalent donor−
acceptor complexes based on (octakis-3,5-di-tert-
butylphenoxy)phthalocyanine with C60 and C70. The bonding
constants were 1.2 × 104 L·mol−1 for C60 and 2.4 × 104 L·
mol−1 for C70.
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Stern−Volmer uncertainties mainly arise from intensity
reproducibility and propagate directly to I0/I and the fitted
slope. Still, the regression was restricted to the linear regime
used to extract Ks, with fit statistics reported accordingly (see
Figure 7); the essentially unchanged DBAd lifetime within
experimental uncertainty supports predominantly static
quenching, reducing model ambiguity and justifying inter-
pretation of the Stern−Volmer slope as an effective association
constant in the accessible concentration range.

Using ΦDBAd and τ0, the radiative (kr = ΦDBAd/τ0) and
nonradiative (knr = (1 − ΦDBAd)/τ0) rate constants were
estimated as (1.49 ± 0.02) × 107 s−1 and (4.94 ± 0.07) × 109

s−1, respectively, indicating that nonradiative deactivation
dominates the excited-state decay of DBAd in the ethanol/
toluene mixture. Such a large knr is consistent with efficient

internal conversion in flexible π-conjugated chromophores and
provides a baseline for interpreting the additional quenching
channels introduced upon complexation with C60 or
PC61BM.72 Corbin et al.73 reported similar behavior for
hydroxylated chalcone derivatives, highlighting that extending
conjugation alone is insufficient to suppress nonradiative decay
without the presence of conformational rigidity.72

Consequently, the predominantly static fluorescence
quenching upon increasing fullerene concentrations (see
Figure 8) indicates that the dominant deactivation pathways
are enabled by preassociated DBAd-fullerene ground-state
complexes and are sufficiently efficient to compete within the
subnanosecond excited-state lifetime window of DBAd.
Because the TCSPC measurements are limited by the
instrument response function (IRF) and the short lifetime (τ
∼ 0.20 ± 0.002 ns), processes occurring faster than the
instrumental temporal resolution cannot be directly time-
resolved here. Nevertheless, the unchanged lifetime across
quencher concentrations supports that the quenching con-
tribution is consistent with ground-state complex formation
followed by efficient nonradiative deactivation upon excita-
tion.8,32,74

The free energy for photoinduced charge transfer (ΔGCT)
was estimated using the Rehm−Weller relation (eq 5),
combining the oxidation potential of the electron donor
DBAd, the reduction potential of the acceptors (C60 and
PC61BM), the relative dielectric constant of the ethanol/
toluene binary solvent mixture (ϵr = 20.65), and the first
singlet−singlet excited-state energy (ES1) of the DBAd
fluorophore. The ES1 was previously determined by the time-
dependent density functional theory (TD-DFT) method
within the polarizable continuum model (PCM) solvation.41

The ES1 is conventionally applied to π-conjugated organic
materials to estimate the theoretical optical gap E( )OPT

the ), which
approximately corresponds to the vertical excitation from the
electronic ground state (S0) to the first excited state (S1).
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Figure 9.Molar extinction coefficient (ϵ, in L·mol−1·cm−1) of the fullerene acceptors (C60 and PC61BM), normalized fluorescence emission spectra
of DBAd (arbitrary units), and the corresponding spectral overlap integral (J(λ) in L·mol−1· cm−1·nm4) for the C60@DBAd and PC61BM@DBAd
complexes. (a) C60 molar absorptivity and DBAd emission at the same baseline for donor−acceptor overlap. (b) PC61BM molar absorptivity and
DBAd emission at the same baseline for donor−acceptor overlap. (c) J(λ) for C60@DBAd. (d) J(λ) for PC61BM@DBAd. Normalization in parts
(a) and (b) is applied only for DBAd emission; J(λ) was computed using the ϵ(λ) in absolute units and the DBAd emission spectrum normalized to
unit area.
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The calculated ES1 values reported by Vasconcelos et al.41 were
3.67 eV in toluene, 3.74 eV in dichloromethane, and 3.76 eV in
acetonitrile; therefore, ES1 of 3.72 ± 0.05 eV was adopted as a
representative excitation energy for the ethanol/toluene
mixture. The uncertainty reflects the modest variation of ES1
across solvents with distinct dielectric constants within the
PCM solvation model.

The ΔGCT values obtained were −2.66 ± 0.05 eV for C60@
DBAd and −2.56 ± 0.05 eV for PC61BM@DBAd, indicating
that photoinduced charge transfer is thermodynamically
favorable for both supramolecular complexes, particularly for
the C60@DBAd complex due to its lower LUMO energy
(−3.79 eV); see Table 1. Comparatively, Curcio et al.75

reported less negative ΔGCT values of −0.45 eV for C60@DK1
and −0.41 eV for C60@DK2 in C60-difluoroboron β-diketonate
assemblies. This difference arises because DBAd exhibits a
higher-lying HOMO and a lower HOMO−LUMO gap
compared with the DK1 and DK2 derivatives, resulting in a
stronger thermodynamic driving force for charge transfer in the
DBAd-based complexes.

The Förster resonance energy transfer (FRET) rate
constants (kFRET) for the C60@DBAd and PC61BM@DBAd
were determined using the same method (eq 6). This analysis
employed experimentally derived parameters, including the
DBAd excited-state lifetime (τD) of 0.20 ns and the Förster
radius (R0, in Å) for each complex at the respective fullerene
quencher concentrations, calculated (eq 7). The kFRET also
considered an isotropic dipole-orientation factor (κ2) of 2/3, a
refractive index (n) of 1.385 for the ethanol/toluene mixture,
and the spectral overlap integral (J(λ), in L·mol−1·cm−1·nm4)
evaluated at each fullerene concentration according to eq 8.
The J(λ) values were computed from the overlap between the
molar extinction coefficient spectra of the fullerene acceptors
in absolute units and the DBAd emission spectrum normalized
to unit area after the same baseline correction, as shown in
Figure 9.

Table 3 summarizes the FRET parameters obtained for
DBAd at different fullerene-quencher concentrations. At 1.16
× 10-5 mol·L−1, PC61BM@DBAd exhibits a higher kFRET (1.24
× 1010 s−1) than C60@DBAd (1.51 × 109 s−1), consistent with
more efficient dipole−dipole coupling. This trend is supported

by the spectral overlap (Figure 9 d) and the shorter donor−
acceptor separation inferred from the PES analysis (4.9 Å),
both of which increase the FRET probability in the PC61BM@
DBAd complex. Nascimento et al.76 determined an R0 of
approximately 33 Å and kFRET of 6.0 × 1011 s−1 and 3.0 × 1012

s−1 range, highlighting the fast nature of energy transfer in the
coumarin-fullerene donor−acceptor dyads.

Qaiser et al.77 reported a Förster radius (R0 of 34 Å for a
C60-coumarin C440 donor−acceptor pair and a high transfer
efficiency under conditions associated with dimer formation. In
the DBAd-fullerene complexes, the calculated FRET parame-
ters are markedly smaller in absolute magnitude: R0 lies in the
4.24−5.59 Å range (see Table 3), and the corresponding
efficiencies (ηFRET) are moderate rather than near-unity
(∼0.12−0.22 for C60@DBAd and 0.31−0.67 for PC61BM@
DBAd). Consistently, PC61BM@DBAd exhibits larger kFRET
values than those of C60@DBAd at all quencher concen-
trations. The concentration dependence is primarily reflected
in the spectral overlap integral, J(λ), and hence in R0: for
PC61BM@DBAd, both J(λ) and R0 decrease systematically as
the quencher concentration increases, whereas for C60@DBAd
the values drop at low concentration and then remain
approximately constant within uncertainty at higher concen-
trations. Overall, the results support the idea that Förster-type
energy transfer is feasible for both C60@DBAd and PC61BM@
DBAd; however, they do not establish a FRET-only quenching
mechanism. In particular, at subnanometer separations,
through-space charge-transfer and exchange-mediated path-
ways can be competitive with dipole−dipole transfer. A
quantitative assessment of such non-FRET contributions
would require electronic-structure calculations on the relevant
low-energy donor−acceptor configurations.

Finally, both C60 and PC61BM exhibit predominantly UV
absorption, with intense bands around 330 nm arising from the
delocalized π-electrons of the fullerene cage (see Figure 4).
This limited spectral coverage restricts direct harvesting of the
visible portion of the solar spectrum.78 Upon supramolecular
complexation (C60@DBAd and PC61BM@DBAd), DBAd
absorbing at 365 nm and transfer the excitation to the
fullerene acceptor through competing efficient nonradiative
pathways, including Förster energy transfer and photoinduced

Table 3. Förster Resonance Energy Transfer (FRET) Parameters for the Ethoxy-Dibenzalacetone Derivative (DBAd) with
Fullerene Compounds (C60 and PC61BM) at Different Quencher Concentrations

ab

[C60] or [PC61BM] J(λ) R0 kFRET ηFRET

C60@DBAd 1.16 (6.32 ± 3.00) × 1011 5.37 ± 0.80 (1.51 ± 0.72) × 109 0.22 ± 0.09
2.31 (3.22 ± 1.51) × 1011 4.80 ± 0.71 (7.67 ± 3.61) × 108 0.13 ± 0.06
3.47 (2.80 ± 1.20) × 1011 4.72 ± 0.63 (6.67 ± 2.88) × 108 0.12 ± 0.05
4.63 (3.22 ± 1.23) × 1011 4.86 ± 0.59 (7.68 ± 2.94) × 108 0.13 ± 0.05
5.79 (3.30 ± 1.18) × 1011 4.89 ± 0.57 (7.87 ± 2.81) × 108 0.13 ± 0.04

PC61BM@DBAd 1.16 (7.59 ± 2.85) × 1011 5.59 ± 0.70 (1.24 ± 0.47) × 1010 0.67 ± 0.16
2.31 (3.81 ± 1.41) × 1011 4.99 ± 0.61 (6.23 ± 2.31) × 109 0.53 ± 0.15
3.47 (2.49 ± 0.91) × 1011 4.65 ± 0.56 (4.08 ± 1.48) × 109 0.43 ± 0.13
4.63 (1.69 ± 0.61) × 1011 4.36 ± 0.52 (2.76 ± 1.00) × 109 0.34 ± 0.11
5.79 (1.43 ± 0.52) × 1011 4.24 ± 0.51 (2.33 ± 0.85) × 109 0.31 ± 0.10

aThe parameters include the spectral overlap integral (J(λ), in L·mol−1·cm−1·nm4), Förster radius (R0, in Å), Förster transfer rate (kFRET, in s−1),
and dimensionless FRET efficiency (ηFRET).

bValues are reported as mean ± standard deviation (SD). The relative standard deviation (RSD) was
calculated as RSD(%) = 100 × SD/mean, and the average RSD was obtained by arithmetic averaging over all entries. Across all, J(λ) exhibited an
average RSD of 39.47%, R0 showed lower variability with an average RSD of 12.76%, kFRET presented high dispersion with an average RSD of
39.59%, and ηFRET displayed substantial relative dispersion with an average RSD of 34.50%. The variability in ηFRET is expected because it is a
derived quantity and propagates the uncertainties associated with J(λ) and R0 (and the assumed donor−acceptor distance r). Wavelengths (λ) are
expressed in nm; consequently, the spectral overlap integral J(λ) is reported in L·mol−1·cm−1·nm4. Intermolecular distances, including the donor−
acceptor separation r and the Förster radius R0, are reported in Å (1 nm = 10 Å).
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charge transfer (CT) and/or short-range exchange-Dexter
transfer (see Figure 1).

In particular, the larger spectral overlap and higher kFRET
values in PC61BM@DBAd (see Table 3 and Figure 9) support
a Förster contribution in this complex, whereas the
thermodynamically favorable driving force for CT and the
electronic coupling expected at short donor−acceptor
separations indicate that CT/Dexter channels can be
comparatively more competitive in C60@DBAd (see Tables 1
and 2). Overall, the coexistence of multiple quenching
channels in both assemblies is advantageous for organic solar
cells (OSCs), enabling efficient exciton harvesting by the
fullerene acceptors and providing additional routes for energy
and charge transfer. In this context, such DBAd-fullerene self-
assemblies can be combined with broadband UV−visible-
absorbing components to extend spectral harvesting and
promote charge generation in OSCs.

■ CONCLUSION
This theoretical and experimental study investigates the
ground-state potential energy surface (PES) between the
ethoxy-dibenzalacetone derivative (DBAd) and fullerene
compounds (C60 and PC61BM), which form supramolecular
complexes not previously investigated and potentially relevant
to next-generation organic solar cells. Specifically, the
interaction energy (ϵ) and intermolecular distance (r)
parameters were analyzed and correlated with the nonradiative
pathways of DBAd. Our results demonstrate that fluorescence
quenching occurs via a predominantly static mechanism,
supported by PES calculations that qualitatively suggest strong
noncovalent interactions in the PC61BM@DBAd and C60@
DBAd complexes. The proximity between donor and acceptor
enables efficient excitation energy and photoinduced charge
transfer from DBAd to the fullerene acceptors in both
assemblies, forming nonfluorescent ground-state complexes,
consistent with the unchanged excited-state lifetime of DBAd.
PC61BM@DBAd exhibits stronger short-range interactions and
greater spectral overlap, predominantly enhancing Förster
resonance energy transfer (FRET), while C60@DBAd favors
charge transfer (CT) due to a more favorable HOMO−
LUMO alignment. These findings highlight that combined
FRET and CT transfer processes can enhance exciton
dissociation and light harvesting in organic-fullerene solar
cells. Lastly, this work proposes future studies investigating
intermolecular interactions in the excited-state nonequilibrium
geometries using advanced quantum molecular dynamics to
provide deeper insights into the mechanisms underlying these
photophysical processes.
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