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ABSTRACT
Herein, we explore, from a theoretical perspective, the nonradiative photoinduced processes (charge separation and energy transfer) within a
family of donor–acceptor supramolecular complexes based on the electron-donor truxene-tetrathiafulvalene (truxTTF) derivative and a series
of curved fullerene fragments (buckybowls) of different shapes and sizes (C30H12, C32H12, and C38H14) as electron acceptors that success-
fully combine with truxTTF via non-covalent interactions. The resulting supramolecular complexes (truxTTF⋅C30H12, truxTTF⋅C32H12, and
truxTTF⋅C38H14) undergo charge-separation processes upon photoexcitation through charge-transfer states involving the donor and accep-
tor units. Despite the not so different size of the buckybowls, they present noticeable differences in the charge-separation efficiency owing
to a complex decay post-photoexcitation mechanism involving several low-lying excited states of different natures (local and charge-transfer
excitations), all closely spaced in energy. In this intricate scenario, we have adopted a theoretical approach combining electronic structure
calculations at (time-dependent) density functional theory, a multistate multifragment diabatization method, the Marcus–Levitch–Jortner
semiclassical rate expression, and a kinetic model to estimate the charge separation rate constants of the supramolecular heterodimers. Our
outcomes highlight that the efficiency of the photoinduced charge-separation process increases with the extension of the buckybowl backbone.
The supramolecular heterodimer with the largest buckybowl (truxTTF⋅C38H14) displays multiple and efficient electron-transfer pathways,
providing a global photoinduced charge separation in the ultrafast time scale in line with the experimental findings. The study reported
indicates that modifications in the shape and size of buckybowl systems can give rise to attractive novel acceptors for potential photovoltaic
applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0215339

INTRODUCTION

Photoinduced electron transfer (PET) is a key process in chem-
istry, biology, and materials science.1 In archetype donor–acceptor
(D–A) supramolecular complexes, PET takes place after a sequence
of primary steps (Fig. 1). Initially, the electron-donor molecule
generally absorbs a photon, generating an early excited state of local-
type character (D∗–A).2 Within this excited state, a favorable charge
separation (CS)—i.e., an electron transfer from the donor molecule
to the electron-acceptor moiety—occurs in a relatively fast timescale.
Consequently, the donor molecule becomes positively charged,

having lost an electron, while the acceptor molecule becomes neg-
atively charged, having gained an electron, thus forming a charge-
separated D+–A− state.3–5 PET plays a crucial role in several tech-
nological applications, such as fluorescent sensors for detection,
imaging and disease diagnosis,6–8 artificial photosynthesis,9,10 and
photovoltaic devices.11–14

In the context of organic solar cells (OSCs), identifying
molecular materials exhibiting efficient photoinduced CS processes
is essential as an initial requirement before implementation in
photovoltaic devices.5,15 OSCs are typically structured as donor–
acceptor heterostructures with a donating hole-conducting layer
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FIG. 1. Schematic representation of the charge-separation (CS), energy-transfer
(ET), and charge-recombination (CR) photophysical processes taking place in
donor–acceptor supramolecular complexes after photoexcitation. LE, CT, and GS
stand for local excited, charge transfer, and ground electronic states, respectively.

and an accepting electron-conducting counterpart.16,17 Fullerene
derivates have become the dominant acceptors in this field owing
to their excellent electron-transporting properties and favorable het-
erojunction morphology when combined with polymer donors.18,19

For instance, efficient bulk heterojunctions result from a combina-
tion of a conjugated polymer (e.g., TQ1 or P3HT) as electron-rich
donor systems20–22 and fullerene derivatives as electron-deficient
acceptor systems (PC61BM and PC71BM).19,21,23–25 Over the last few
years, OSCs based on non-fullerene acceptors (NFAs) have gained
prominence owing to the significant increase in power conversion
efficiency.26 Among these NFAs, derivatives of perylene diimides
(PDIs) with high photochemical stability,27 IT-4F,28 and Y614,29

exhibit favored charge-separation and transport characteristics.
Apart from NFAs, a novel category of fullerene fragments,

termed buckybowls owing to their curved bowl-shaped structure,
has been synthesized, giving rise to a family of electron acceptors of
different sizes and curvatures.30–34 Among this family, the C30H12,
C32H12, and C38H14 buckybowls shown in Fig. 2 have been shown
to mimic the photoinduced electron-accepting behavior of C60.
They successfully combine through non-covalent interactions
with the electron-donor truxene-tetrathiafulvalene (truxTTF)35

derivative, and the resulting supramolecular D–A complexes exhibit
efficient photoinduced CS processes followed by slower charge-
recombination (CR) events, making them potential candidates for
OSCs.36,37 However, despite the structural similarity of the buck-
ybowl acceptor, important differences are found between the

charge-separation rates reported for the three D–A
complexes.35,38–40 These differences motivated us to carry out
a comprehensive and detailed analysis at the molecular level to fully
understand the photoinduced charge-transfer properties of these
buckybowls as a function of their size and shape. This knowledge
can be useful for the design of not only enhanced buckybowl-based
acceptors but also other types of novel non-fullerene acceptors for
OSC applications.

In this study, we seek to gain insight into the kinetics of the
nonradiative photoinduced processes [CS and energy transfer (ET)]
experimented in solution by a family of D–A supramolecular com-
plexes (truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14), in
which the donor is the truxTTF molecule and the acceptors are
the buckybowls C30H12, C32H12, and C38H14 (Fig. 2). Our pri-
mary objective is to establish meaningful structure–property rela-
tionships that may contribute to a more rational design of novel
acceptors. To achieve this, we have adopted a computational proto-
col to accurately estimate the charge-separation in donor–acceptor
(D–A) supramolecular assemblies in solution based on a previous
study performed in our group.41 Our approximation combines the
Marcus–Levitch–Jortner (MLJ) semiclassical rate expression,42,43 a
multistate multifragment diabatization method, and state-of-the-
art electronic structure calculations at the density functional theory
(DFT) level to evaluate the key parameters of the rate expression,
including properly the solvent polarization of the electronic excited
states. Finally, all the results collected are merged into a kinetic
model that combines the different non-radiative deactivation path-
ways, providing global rate constants comparable to those measured
experimentally.

METHODOLOGY
Rate constant expression

To estimate the photoinduced electron-transfer events in
buckybowl-based donor–acceptor supramolecular complexes, we
used the Marcus–Levitch–Jortner (MLJ) electron-transfer rate
expression,

kij =
4∗π2

h
∣Vij ∣

2 1
√

4πλckBT
∑

n
PT(n)∑

m
∣FCInm(Seff )∣

2

× exp
⎡
⎢
⎢
⎢
⎢
⎣

(ΔGij + λc + (m − n)hνeff )
2

4λckBT

⎤
⎥
⎥
⎥
⎥
⎦

, (1)

where h is the Planck constant, V ij is the electronic coupling
between the initial i and final j electronic states, λc is the classical

FIG. 2. Chemical structures of truxTTF, C30H12, C32H12, and C38H14.
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reorganization energy including intramolecular and external (sol-
vent) components, kB corresponds to the Boltzmann constant, T is
the temperature, PT(n) represents the Boltzmann probability that
a vibrational state n on an initial electronic state i is occupied at
a certain temperature, and ΔGij is the Gibbs free energy differ-
ence between the initial and final states and is approximated by the
adiabatic energy difference ΔEij. Finally, the Franck–Condon (FC)
integral, referred to as FCInm(Seff), represents the overlap between
the vibrational wavefunctions of the initial (n) and final (m) states
in the electronic transition from the initial state i to the final state
j.44 The FCInm(Seff) integral is influenced by the Huang–Rhys (HR)
factor, denoted as Seff, which characterizes the relative displacement
along an effective quantum normal mode with a corresponding fre-
quency νeff. All the details of how the different parameters entering
Eq. (1) are computed can be found in Sec. S1 of the supplementary
material.

Computational details

The Gaussian16 package, specifically in its revision A03,45

was employed for all the electronic structure calculations, with
the exception of the optimization of the ground-state geome-
tries of the three supramolecular complexes: truxTTF⋅C30H12,36

truxTTF⋅C32H12,37 and truxTTF⋅C38H14.37 These geometries were
derived from previously published results at the revPBE0-D3/cc-
pVTZ level. For excited-state calculations, the TD-DFT approach
in its Tamm–Dancoff variant46 (TDA-DFT) was utilized due to its
lower wavefunction instabilities.47,48 This is particularly convenient
when the approach to compute the excited states is coupled to a
diabatization scheme based on a wavefunction property, as in the
method used in this paper (see below). The calculations employed
the optimally tuned LC-BLYP49,50 (OT-LC-BLYP) functional in
combination with the Pople’s 6-31G∗∗ basis set.51 The optimal
ω values within the OT-LC-BLYP density functional were calcu-
lated to be 0.15, 0.14, 0.19, and 0.16 bohr−1 for truxTTF, C30H12,
C32H12, and C38H14, respectively (see Sec. S1.1 of the supplementary
material). Solvent effects were incorporated using the polarizable
continuum model (PCM)52,53 with o-dichlorobenzene as the solvent.
For adiabatic energies of local excited (LE)- and CT-type excited

states, the energies were recalculated through single-point calcula-
tions using the state-specific PCM (SS-PCM) approach54 after using
the linear-response PCM for geometry optimization. This approach
ensures an accurate consideration of the CT stabilization arising
from environmental polarization and reorganization effects.

Electronic couplings (V ij) were determined employing a mul-
tistate multifragment diabatization scheme55 based on the fragment
particle-hole densities (FPHD) implemented in a homemade code
developed in our group. This program makes use of the overlap
matrix between the atomic basis functions, the molecular orbital
coefficients, and the excitation coefficients obtained from TDA-DFT
calculations.

RESULTS AND DISCUSSION
Supramolecular heterodimer structures

In prior investigations, the minimum-energy supramolec-
ular structures of the truxTTF⋅C30H12, truxTTF⋅C32H12, and
truxTTF⋅C38H14 D–A heterodimers were examined using the
revPBE0-D3/cc-pVTZ level.36,37 This exploration revealed differ-
ent configurations, characterized by either concave–concave or
concave–convex intermolecular dispositions. Depending on the
orientation of the truxTTF donor relative to the acceptor, short
intermolecular contacts of different natures (e.g., C⋅ ⋅ ⋅S or C⋅ ⋅ ⋅C)
are found, as illustrated in Figs. S5–S7. For the three com-
plexes, the most stable structure was found to correspond to the
concave–convex intermolecular orientation in which a dithiol ring
from the truxTTF donor resides within the basin of the bucky-
bowl acceptor (Fig. 3). These staggered structures exhibit enhanced
stability owing to the substantial number of CH⋅ ⋅ ⋅π and π–π inter-
actions. In addition, these structures display more favorable C⋅ ⋅ ⋅S
short intermolecular contacts within the 2.5–4.0 Å range compared
to their C⋅ ⋅ ⋅C counterparts.36,56

Electronic structure

As a first step, we analyze the electronic structure of the
D–A heterodimers to rationalize how the acceptor size influences

FIG. 3. Most stable staggered structures predicted for the truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14 supramolecular D–A heterodimers. Color code: carbon
atoms in green (truxTTF) and red (buckybowls), sulfur in yellow, and hydrogen in white.
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FIG. 4. HOMO and LUMO energies calculated at the LC-BLYP(ω = 0.16)/6-31G∗∗ level in o-dichlorobenzene for the isolated truxTTF donor and the buckybowl acceptors
(C30H12, C32H12, and C38H14), as well as for the respective supramolecular heterodimers (truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14).

the energy levels. Ground state DFT calculations at the LC-
BLYP/6-31G∗∗ level using an average ω of 0.16 have been per-
formed for a reliable comparison. LC-BLYP computations reveal,
as expected, that the highest-occupied molecular orbital (HOMO)
of the three acceptors is found to be lower in energy (−6.81,
−6.73, and −6.54 eV for C30H12, C32H12, and C38H14, respectively)
than the HOMO computed for the donor truxTTF (−5.76 eV).
This energy difference ensures that the HOMO is fully localized
on the truxTTF moiety for the three D–A complexes (Fig. 4).
The HOMO energies computed for the three heterodimers (−5.72,
−5.72, and −5.69 eV for truxTTF⋅C30H12, truxTTF⋅C32H12, and
truxTTF⋅C38H14, respectively) are indeed comparable to those of
isolated truxTTF (−5.76 eV). The lowest-unoccupied molecular
orbital (LUMO) calculated for the acceptor C30H12 (−0.55 eV),
C32H12 (−0.94 eV), and C38H14 (−1.09 eV) buckybowls are lower
in energy than the LUMO of truxTTF (−0.14 eV). Hence, the
LUMO of the three D–A heterodimers is localized on the accep-
tor moiety and is computed at energies (−0.54, −0.85, and −1.02 eV
for truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14, respec-
tively) similar to those of the isolated acceptors. Therefore, there is
a stabilization of the LUMO level when increasing the size of the
buckybowl unit due to the extension of the π-conjugated system.
To summarize, the three D–A complexes present similar HOMO
energies localized in the donor moiety and a noticeable LUMO sta-
bilization as the acceptor size increases. Consequently, a decrease
in the HOMO–LUMO energy gap is predicted upon increasing
the buckybowl size (5.18, 4.87, and 4.66 eV for truxTTF⋅C30H12,
truxTTF⋅C32H12, and truxTTF⋅C38H14, respectively), which sug-
gests a red-shift of the lowest excited states as a function of the
acceptor size.

Excited states and electronic couplings

An important parameter necessary to evaluate the CS rates
for the three heterodimers (truxTTF⋅C30H12, truxTTF⋅C32H12, and
truxTTF⋅C38H14) is the electronic couplings (V ij) between all

involved excited states. In a previous study, we showed that up
to six low-lying excited states of different natures [local excited
(LE) and charge transfer (CT)] participated in the photoinduced
CS process for the truxTTF⋅C30H12 dimer and that, in that con-
text, a multistate diabatization scheme was needed to obtain accurate
coupling predictions.41 The electronic couplings are here evaluated
at the Franck–Condon (FC) region (ground-state geometry of the
truxTTF⋅C30H12 dimer), since they are lowly sensitive to internal
changes of the D and A moieties, using the FPHD diabatization
method.55 This method, although slightly different from that used
previously,41 is also able to deal with multiple excited states at
a fixed geometry. Therefore, in line with our previous work, the
couplings V ij were evaluated at the FC region of the three D–A
complexes from DFT calculations using an optimally tuned long-
range corrected BLYP functional (OT-LC-BYLP/6-31G∗∗ level of
theory), where the ω parameter has been optimized for each indi-
vidual system. Calculations were performed within the TDA-DFT
approximation, including solvation effects (o-dichlorobenzene)
within the polarized continuum medium (PCM) approach (see
Sec. S1 in the supplementary material for further methodology
details).

To explore the effect of the buckybowl size, we first analyzed the
low-lying electronic excited states relevant to the CS process in the
three D–A complexes. Figure 5 summarizes the values of the ver-
tical excitation energies (ΔE), the oscillator strengths (f), and the
charge difference between the donor and acceptor moieties (Δq)57

calculated for the lowest-energy excited states potentially involved
in the CS process (see Sec. 2.2 and Table S1 in the supplementary
material for detailed information). The Δq value is used as a descrip-
tor to do a first characterization of the adiabatic states as LE or
CT. States with Δq > 1e indicate a significant CT character, whereas
states with Δq < 1e are characteristic of LE excitations involving
only the truxTTF donor or the buckybowl acceptor. As stated above,
truxTTF⋅C30H12 presents six low-lying singlet excited states relevant
to the CS process. Starting from the ground state (GS), three elec-
tronic transitions to these states (GS → CT1, GS → CT2, and GS
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FIG. 5. (a) Representation of D–A net-charge difference (Dq, top) and oscillator
strength (f , bottom) as a function of the excitation energy (ΔE) calculated for the
truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14 complexes at the OT-LC-
BLYP/6-31G∗∗ level in o-dichlorobenzene within the PCM approach. Solid lines
represent CT states, and dashed lines represent LE states. (b) Attachment (top)
and detachment (bottom) densities calculated for the GS→ CT1 and GS→ LE1D
transitions of the truxTTF⋅C30H12 heterodimer.

→ CT3) exhibit a significant charge transfer from the donor to the
acceptor and are calculated at 2.69, 2.89, and 2.97 eV, respectively.
The CT character of these transitions is corroborated by their low
oscillator strengths, the Δq values (1.22, 1.62, and 1.63e for CT1,
CT2, and CT3, respectively), and the attachment/detachment den-
sities calculated for all of them [Fig. 5(b), Table S1, and Fig. S11(a)].
The lowest electronic transition (GS → CT1) does not hold a pure
CT character and is rather mixed with a local excitation in the
truxTTF donor, as indicated by the Δq value (1.22e) and the attach-
ment/detachment densities [Fig. 5(b)]. In addition to the CT-type
transitions, the three lowest-energy LE-type excitations (GS→ LE1D,
GS→ LE2D, and GS→ LE3D, where D stands for the donor) localized
on the truxTTF unit are predicted at 2.79, 3.02, and 3.05 eV, respec-
tively, and show small Δq values in the 0.14–0.45e range [Fig. 5(b),
Table S1 and Fig. S11(b)]. Whereas the first GS → LE1D transition
exhibits a small oscillator strength (f = 0.042), the GS→ LE2D and GS
→ LE3D excitations correspond to bright transitions (f = 0.482 and
0.579, respectively), consistent with the electronic transitions already
reported for isolated truxTTF.36 Therefore, the photoinduced CS
process is expected to be initiated in states LE2D and LE3D after light
absorption.

Similar to truxTTF⋅C30H12, truxTTF⋅C32H12 and
truxTTF⋅C38H14 also present a complex scenario with several
LE- and CT-type states below or close in energy to the bright
states [Fig. 5(a) and Table S1]. The low-lying CT excitations (GS
→ CT1, GS → CT2, and GS → CT3) are in general predicted at
lower energies than those found for truxTTF⋅C30H12, especially

TABLE I. Absolute electronic couplings V ij (meV) between local (LE) and
charge-transfer (CT) excited states calculated using the FPHD diabatization for
truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14.

truxTTF⋅C30H12

V ij (meV) CT1 CT2 CT3

LE1D 47.4 0.3 9.1
LE2D 27.5 3.8 8.6
LE3D 16.2 10.3 6.4

truxTTF⋅C32H12

V ij (meV) CT1 CT2 CT3

LE1D 47.8 12.7 4.0
LE2D 44.3 1.8 20.2
LE3D 12.0 31.1 15.9
LE1A 36.6 6.3 2.04

truxTTF⋅C38H14

V ij (meV) CT1 CT2 CT3 CT4

LE1D 14.4 23.9 18.1 9.5
LE2D 29.5 19.8 19.6 29.1
LE3D 13.8 29.0 29.6 11.8
LE1A 53.7 7.2 0.1 28.5

for the lowest-energy GS → CT1. This is in line with the smaller
HOMO–LUMO energy gap computed for truxTTF⋅C32H12 and
truxTTF⋅C38H14. Unlike truxTTF⋅C30H12, the increase in the
acceptor size causes the appearance of a new LE excitation (GS
→ LE1A, where A stands for the acceptor) localized on the bucky-
bowl with a small f . This opens the energy transfer (ET) between the
D and A units as a new pathway to consider before the CS process
can occur (see Fig. 1). It should be noted that for truxTTF⋅C38H14,
the description of the low-lying excited states in terms of LE- or
CT-type character is more complex due to the significant mixing, as
indicated by the Δq values and the attachment/detachment densities
(Table S1 and Figs. S12 and S13).

Tables I and S2 gather the electronic couplings (V ij) cal-
culated between all the low-lying singlet excited states for
the three truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14
supramolecular complexes. These couplings, computed with the
FPHD-based method, are in good agreement with those obtained
using the multistate multi-FED-FCD (FED: fragment exciton
difference and FCD: fragment charge difference) diabatization
scheme58–60 (Table S3). Note that there are only a few multistate
methods able to diabatize simultaneously LE and CT states, the
multi-FED-FCD scheme being the first one (as far as we know)
reported in 2018. As there is not a unique set of diabatic states,
which are extremely dependent on the chosen property to find the
adiabatic-to-diabatic rotation matrix, the good agreement between
both schemes, FPHD and multi-FED-FCD, shows the robustness of
both diabatization processes.
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As previously discussed,41 truxTTF⋅C30H12 displays values of
V ij in the 0–47 meV range, with the highest couplings correspond-
ing to those between the LE states with the lowest-energy CT
(47.4, 27.5, and 16.2 meV for VLE1D-CT1, VLE2D-CT1, and VLE3D-CT1,
respectively). These V ij values are consistent with the nature of
the CT1 state with a non-negligible mixing with LE excitations,
as suggested by the value of Δq [1.22, Fig. 5(a)] and the attach-
ment/detachment densities [Figs. 5(b) and S11]. Whereas this trend
is mainly preserved for truxTTF⋅C32H12, truxTTF⋅C38H14 displays
significant electronic couplings (>10 meV) between almost all the
excited states. For truxTTF⋅C32H12 and truxTTF⋅C38H14, the exci-
tonic interactions between the LE-type states localized on the D and
A units give rise to small couplings in the 0.1–8.0 meV range (Table
S2), with higher values being found for truxTTF⋅C38H14. Therefore,
the truxTTF⋅C38H14 heterodimer with the largest buckybowl holds
moderate/high excitonic/electronic couplings, which may promote
multiple ET and CT processes before the ultimate CS according to
the coupling V ij values.

Gibbs free energy difference and reorganization
energy

To estimate the electron- and/or energy-transfer rate constants
using the MLJ rate expression [Eq. (1) in the Methodology Section],
the Gibbs free energy difference (ΔG) between the initial and final
electronic states and the reorganization energy (λ) have to be com-
puted. In line with previous works,41,61 ΔG is approximated to the
adiabatic energy difference (ΔE) between the respective electronic
states. In a rigorous manner, the calculation of ΔE would imply the
geometry optimization of all the singlet excited states involved in
the transfer process, which becomes unaffordable by using the TDA-
DFT approach due to the energy proximity and similar nature of the
relevant excited states. Instead, and based on our previous work,41

FIG. 6. Schematic diagram showing the adiabatic energy differences (ΔE), com-
puted within the TDA-DFT/SS-PCM approach for the lowest-energy CT (in red)
and LE (in green/blue for donor/acceptor) excited states of truxTTF⋅C30H12,
truxTTF⋅C32H12, and truxTTF⋅C38H14. Energy-transfer (ET) and charge-separation
(CS) processes are indicated.

we have used the optimized structure calculated for the lowest-
energy CT state of the respective heterodimer and that computed
for the lowest-energy LE state of the isolated D and A units to esti-
mate the adiabatic energies of all involved excited states. In addition,
the energies were corrected using the state-specific PCM (SS-PCM)
approach, which is more accurate in capturing the stabilization of
each excited state by solvent effects, especially for CT-type states (see
Sec. S2.4 in the supplementary material for additional details).

Figure 6 displays the adiabatic energy differences, relative to
the electronic ground state, estimated for all the relevant excited
states of the truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14
complexes (see Table S4 for the ΔE values). For the three het-
erodimers, the CT states are lower in energy than the LE states upon
considering the solvent effects within the SS-PCM approach. Never-
theless, significant differences between the three heterodimers are
found. Whereas for truxTTF⋅C30H12, bearing the smallest bucky-
bowl, the CT states below the LE states are concentrated in a range
of values lower than 0.4 eV, the CT states of truxTTF⋅C32H12 and
truxTTF⋅C38H14 spread over a range of around 0.6 and 1.1 eV,
respectively (Fig. 6 and Table S4).

Regarding the reorganization energy, the MLJ rate expression
[Eq. (1)] includes a classical reorganization energy (λc) associ-
ated with the electron-transfer reaction (intramolecular and solvent
degrees of freedom) and incorporates quantum effects (e.g., tunnel-
ing) through an effective vibration (see Sec. S1.4 for full details).
For the CS process (starting from LED states of the truxTTF),
similar λc values were estimated for the three truxTTF⋅C30H12,
truxTTF⋅C32H12, and truxTTF⋅C38H14 complexes (1.07, 1.15, and
1.05 eV, respectively). For truxTTF⋅C32H12 and truxTTF⋅C38H14, the
λc values inferred for the CS pathways from the LEA state localized

TABLE II. Relevant parameters (V ij , ΔG, and λc in eV, υeff in cm−1 and Seff) and
estimated rate constants (k in s−1) for the most relevant charge-separation pathways
in the truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14 heterodimers.

Transition ΔG λc V ij υeff Seff k

truxTTF⋅C30H12

LE1D → CT1 −0.576 1.07 0.047 690 3.12 1.2⋅ × 1012

LE2D → CT1 −0.803 1.07 0.027 690 3.12 2.9⋅ × 1012

LE3D → CT1 −0.830 1.07 0.016 690 3.12 1.3⋅ × 1012

truxTTF⋅C32H12

LE1D → CT1 −0.763 1.15 0.048 705 3.77 2.8⋅ × 1012

LE2D → CT1 −0.948 1.15 0.043 705 3.77 9.3⋅ × 1012

LE3D → CT2 −0.661 1.15 0.045 705 3.77 9.3⋅ × 1011

LE1A → CT1 −0.670 1.48 0.037 741 1.77 1.5⋅ × 1011

truxTTF⋅C38H14

LE1D → CT1 −1.129 1.05 0.014 630 3.36 4.1⋅ × 1012

LE1D → CT2 −0.713 1.05 0.024 630 3.36 1.3⋅ × 1012

LE2D → CT1 −1.263 1.05 0.030 630 3.36 2.3⋅ × 1013

LE2D → CT2 −0.846 1.05 0.020 630 3.36 2.5⋅ × 1012

LE3D → CT1 −1.292 1.05 0.015 630 3.36 5.7⋅ × 1012

LE3D → CT2 −0.875 1.05 0.029 630 3.36 6.2⋅ × 1012

LE1A → CT1 −1.208 1.41 0.005 663 1.41 3.9⋅ × 1013
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on the buckybowl were also found to be similar (1.48 and 1.41 eV,
respectively). As λc has similar values for the three heterodimers, the
difference in the rate constants will be more determined by the cou-
plings and effective vibrations, but especially by the adiabatic ΔE
offset, which covers a wider range of energies as the acceptor size
increases (see Sec. S2.5 in the supplementary material for further
discussion).

Charge-separation (k CS) and energy-transfer (k ET)
rate constants and kinetic model

After the collection and discussion of the parameters needed
to estimate the MLJ rates [Eq. (1)], the rate constants for the dif-
ferent charge-separation (kCS) and energy-transfer (kET) pathways
were evaluated for the three supramolecular heterodimers (Tables II
and S8–S10). Figure 7(a) shows a schematic picture of the kinetic
relevance of the different CS channels for the three complexes. For
truxTTF⋅C30H12, the CS process is found to be fast from any of the
LED excited states (LE1D, LE2D, and LE3D) to the lowest-energy CT1
state. The rate constants calculated for these LED → CT1 processes
are in the 1.2–2.9 × 1012 s−1 range (Tables II and S8), in good accord
with the reported experimental rate (6.6 × 1011 s−1).36 It is likely
that the most prominent CS pathway results from the LE1D → CT1
channel after an internal conversion (generally ultrafast) from the
bright LE2D and LE3D states to LE1D. Similar to truxTTF⋅C30H12,
the fastest CS rates calculated for truxTTF⋅C32H12 are associated
with the LE1D → CT1 and LE2D → CT1 electron-transfer pathways

with rates of 2.8 and 9.3 × 1012 s−1, respectively (Tables II and
S9). Similarly, a secondary efficient CS channel involving a hot CT
state (LE3D → CT2) was also found (9.3 × 1011 s−1). Interestingly,
the LEA-type excited state, localized on the buckybowl and absent
in truxTTF⋅C30H12, also gives rise to a relatively fast CS process
via a LE1A → CT1 transition with a rate of 1.5 × 1011 s−1. Nev-
ertheless, the possibility of a fast energy transfer between the LED
and LEA states before the CS event is unlikely according to the ET
rates, which are several orders of magnitude smaller than those com-
puted for a direct CS (Tables II and S9). Unlike truxTTF⋅C30H12
and truxTTF⋅C32H12, the CS process for truxTTF⋅C38H14 (the com-
plex with the largest buckybowl acceptor) can occur more efficiently
through multiple transitions with fast kCS constants in the 1.3 ×
1012–3.9 × 1013 s−1 range (Tables II and S10). This is in line with
the experimental timescale for the CS event (0.8 ps, 1.3 × 1012 s−1).37

Interestingly, the LE1A → CT1 pathway, starting from an excitation
localized on the buckybowl, is obtained to be the most efficient chan-
nel (3.9 × 1013 s−1). However, this pathway is not expected to be the
dominant one since the LED excitations centered on the truxTTF
moiety exhibit higher oscillator strengths, and the kET constants cal-
culated for the D → A ET processes are significantly slower than
those predicted for the LED → CT CS processes (e.g., 2.5 × 109

and 3.2 × 109 s−1 for LE2D → LE1A and LE3D → LE1A, respectively,
Table S10).

To obtain a global picture of the CS event, a simple kinetic
model including all the previously computed kCS and kET rate
constants was built up for truxTTF⋅C30H12, truxTTF⋅C32H12, and

FIG. 7. (a) Scheme representing the CS and ET pathways for truxTTF⋅C30H12 (left), truxTTF⋅C32H12 (center), and truxTTF⋅C38H14 (right) complexes. The thickness of the
arrows indicates the relevance of the decay channels, according to Tables S8–S10. (b) Time evolution of the population of the different electronic states according to their
nature (CT, LED, LEA, and GS) calculated for the three complexes according to the kinetic model proposed (see Sec. S3 in the supplementary material for further details).
Time (x-axis) is represented on a logarithmic scale.
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truxTTF⋅C38H14 (see Sec. S3 in the supplementary material for
further details). Figure 7(b) displays the time evolution of the pop-
ulations of the different electronic states according to their nature
(LED, LEA, CT, and GS) calculated for the three D–A complexes,
whereas Fig. S17 shows the population of each excited state as a
function of time. In a broad perspective, the kinetic model shows
that the photoinduced CS process, estimated from the 50% increase
in population of the CT states, occurs in the sub-ps timescale
(0.3, 0.2, and 0.035 ps for truxTTF⋅C30H12, truxTTF⋅C32H12, and
truxTTF⋅C38H14, respectively). The reciprocal of these half-life
times provides global kCS values of 3.3 × 1012, 5.0 × 1012, and
2.9 × 1013 s−1 for truxTTF⋅C30H12, truxTTF⋅C32H12, and
truxTTF⋅C38H14, respectively, that nicely reproduce the higher
decay rate constant experimentally reported for truxTTF⋅C38H14
(3.3 × 1012 s−1) compared with truxTTF⋅C30H12 (6.6 × 1011 s−1)
and truxTTF⋅C32H12 (6.3 × 1011 s−1). A more detailed analysis
(Fig. S17) reveals that the main CS mechanism for the three
heterodimers results from electronic transitions from LED states
(centered on truxTTF) to the lowest-energy CT1, in accordance
with the high population of this CT state until its decay to the
ground state (recombination). Nevertheless, for truxTTF⋅C32H12
and truxTTF⋅C38H14, bearing more extended buckybowls, CS can
also occur via hot CT states (as a secondary route) with small but
non-negligible populations of CT2 and CT3.

Overall, our findings suggest that the buckybowl size influences
the efficiency of the global photoinduced CS process. In particular,
CS becomes more efficient as the backbone of the buckybowl accep-
tor becomes more extended. Therefore, truxTTF⋅C38H14 exhibits
the fastest CS event (approximately ten times faster than that esti-
mated for truxTTF⋅C30H12 and truxTTF⋅C32H12), in line with the
multiple and efficient CS channels discussed above. However, it
should be noted that the final CS rate results from a very subtle bal-
ance between many parameters, and no linear dependency between
size and CS efficiency has to be expected. The energy of the CT states
will decrease for larger buckybowls, thus increasing the ΔELE−CT dif-
ference that will be optimal to reach the resonance condition with
the reorganization energy (ΔELE−CT + λ = 0). In addition, larger
curvatures will be translated into different supramolecular arrange-
ments that may affect the electronic couplings in an unpredictable
way. In contrast, the moderate differences between the buckybowls
investigated here and the similar structural arrangements displayed
by the supramolecular D–A complexes they form with truxTTF
make the size of the acceptor a key parameter in determining the
differences found in the CS efficiency.

CONCLUSION

In this work, we have gained theoretical insight into
the photoinduced process (charge separation and energy trans-
fer) within a family of donor–acceptor supramolecular com-
plexes, where the electron-acceptor units are buckybowl sys-
tems of increasing size (C30H12, C32H12, and C38H14) and
the electron-donor fragment is the truxene-tetrathiafulvalene
(truxTTF) molecule. To estimate the charge-separation rate con-
stants of the truxTTF⋅C30H12, truxTTF⋅C32H12, and truxTTF⋅C38H14
supramolecular heterodimers, we have adopted a theoretical
approach combining electronic structure calculations performed at

the (time-dependent) DFT level, a multistate multifragment diaba-
tization method, the Marcus–Levitch–Jortner (MLJ) semiclassical
rate expression, and a simple kinetic model. Our outcomes high-
light that even a moderate modification in the buckybowl size
impacts largely the photoinduced charge separation event, mak-
ing this process more efficient as the size of the buckybowl grows
among the acceptor series here studied. The truxTTF⋅C38H14 com-
plex (bearing the largest buckybowl) exhibits multiple and efficient
electron-transfer channels, providing a global photoinduced charge
separation in the ultrafast sub-ps timescale in good agreement with
the reported experimental findings. This work, therefore, points out
that the proper tuning and control of the buckybowl molecular shape
and size can be seen as an attractive approach for novel acceptors
that, combined with proper electron-donor systems, may give rise
to efficient photoinduced charge separation, which is interesting for
potential photovoltaic applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed information about
the theoretical protocol employed and additional data and figures.
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