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Carbon dots (CDs) are complex carbon-based nanomaterials with exceptional photoluminescence
characteristics and great promise for sustainable metal-free photocatalysis. However, their structural het-
erogeneity poses a major challenge for the rational design and prediction of photocatalytic performance.
To overcome this limitation, we propose a bottom-up strategy centered on CD-inspired systems with
well-defined molecular architecture. Specifically, we computationally screened 5700 stacked polycyclic
aromatic hydrocarbon aggregates, as representatives of CD aromatic domains, to identify donor—accep-
tor pairs capable of efficient charge separation under photoexcitation. Using a few carefully chosen mole-
cular descriptors and a computationally efficient protocol, we identified best candidate systems for oxi-
dative and reductive quenching pathways. Subsequent time-dependent density functional theory analysis
confirmed that these systems exhibit key photocatalytic features: a charge-transfer character in the
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lowest excited state, well-separated bright local excitations, favorable redox potentials, and propensity for
extended aggregation with core-surface charge separation. Our approach not only offers a practical
design route for CD-like photocatalysts but also provides the fundamental understanding needed to
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1. Introduction

Carbon dots (CDs) have emerged as compelling photolumines-
cent nanomaterials exhibiting many attractive features such as
biocompatibility, low toxicity, and excellent water
dispersability."”* In addition, they can easily be prepared either
by top-down approaches from various carbon sources (e.g., gra-
phene or carbon soot), using accessible molecular precursors
or via biomass processing,>* rendering them both cost-
effective and environmentally friendly. Although the most
exploited property of CDs is their intense and tunable
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engineer tunable, efficient, and sustainable donor—acceptor photocatalytic systems.

photoluminescence,”” in some cases, the photoexcitation of

CDs can lead to the generation of charge-separated spin-active
species, ie. electrons and holes (e /h"), thus forming oxidative
or reductive sites exploitable as photocatalysts (PCs).*° The
size and composition of CDs can vary widely depending on the
choice of precursors, reaction conditions, post-synthetic
functionalization, and environmental factors,>'® which
enables devising CDs with tailored photophysical properties.
This also holds promise for designing PCs with finely tunable
redox characteristics, thus opening a pathway towards highly
efficient, selective, profitable and sustainable catalysis. A
major challenge that still hampers the coherent rational
design of CDs for light-emitting and photocatalytic appli-
cations is the complex multicomponent arrangement of
CDs," ™ which can hardly be resolved at the atomistic level by
current experimental techniques.

The intricate character of photoluminescence of CDs,
usually involving both excitation-dependent and excitation-
independent components with multi-exponential decays as
well as the formation of charge-separated spin-active species in
some CDs, strongly suggests that they contain multiple chro-
mophoric centers that effectively communicate with each
other upon CD photoexcitation."® Although the exact structure
of these centers has not yet been fully resolved, there is strong

This journal is © The Royal Society of Chemistry 2025
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experimental evidence on their chemical nature. The highly
intense excitation-independent photoluminescence
ponent has been associated with the formation of small mole-
cular fluorophores."®?® On the other hand, the changes in
absorption and photoluminescence spectra occurring during a
carbonization phase of CD formation have been attributed to
the emergence of extended w-conjugated aromatic
domains,>™®® which can contain heteroatoms and various
chemical functional groups. Specifically, polycyclic aromatic
hydrocarbons (PAHs) of variable sizes, doping patterns and
functionalization have been suggested as viable models of
those aromatic domains in CDs, providing important insights
into CD behavior.>*™? For instance, Fu et al.*' showed that a
mixture of polymer-embedded PAHs (anthracene, pyrene and
perylene) can mimic the optical excitation and emission
characteristics of CDs. Moreover, an ensemble of functiona-
lized N-doped PAHs of variable sizes was successfully
employed to consistently describe both the photo-
luminescence behavior and the generation of electron-hole
pairs in catalytically active r-aspartic acid-based CDs.*

In this study, we follow a similar design strategy with the
aim to propose structurally well-defined functionalized
N-doped PAH-based complexes, enabling the formation of
long-living charge-separated excited states in CDs critical for
photocatalysis. To screen a large number of PAH complexes,
we introduce a computationally efficient selection procedure
based on relevant single molecular descriptors followed by a
more detailed analysis of the best candidates using time-
dependent density functional theory (TD-DFT) methodology.
We also carefully investigate aggregation preferences and
optical properties of complexes composed of four selected
PAH species in order to devise CD-like systems, featuring a
core-shell arrangement with the separated e~/h" pair in their
lowest excited state. Subsequently, the performance of individ-
ual stacked PAH aggregates is reflected upon considering
monomer descriptors and structural arrangements to further
elucidate the underlying effects driving their optical and redox
properties. The general ability of the proposed procedure to
screen for stacked donor-acceptor complexes with tunable
characteristics is scrutinized and validated.

com-

2. Methods

Design strategy

PAH aggregates can act as potential PCs following either oxi-
dative quenching or reductive quenching mechanisms®
(Fig. 1). Based on the preferred pathway, we will distinguish
between OxQ and RedQ systems, respectively. In the former,
the photo-excited PC (OxQ¥*) rapidly relaxes into a low-lying
charge transfer (CT) state with increased electron density in an
outer region of the system. Such a site can function as an elec-
tron donor to species in its vicinity, which are either substrate
(SUB) or sacrificial acceptor (SA) molecules. The oxidized cat-
ionic form (OxQ") is then reduced back to the neutral state
during the dark reaction. The SUB can also enter the cycle in
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this stage, resulting in its oxidation in the dark process. In the
case of the RedQ mechanism, the photo-excitation of the PC
leads to electron transfer into the inner region creating a hole
at the shell. Photoexcited RedQ* species can thus serve as elec-
tron acceptors. The requirements for a specific PC may sub-
stantially differ depending on the quenching pathway and the
nature of the SUB system. From a thermodynamic point of
view, this imposes criteria on the ordering of the standard
redox potentials (E°) of respective half-reactions. For example,
in the case of the oxidative quenching mechanism involving
SUB reduction and a sacrificial donor (SD) for the OxQ' —
OxQ regeneration process, it is required that E°(OxQ'/OxQ*) <
E°(SUB/SUB™) < E°(SD'/SD) < E°(0xQ'/OxQ). The individual
redox potentials can be approximated by respective electron
affinities (EAs) and ionization potentials (IPs) of the species in
their ground state (GS) and - in the case of OxQs - also in
their excited state (ES). For an ideal PC, the IP/EA* and EA/IP*
values should straddle the reduction and oxidation potentials
of the other systems involved in the photocatalytic process,**>=>®
with EA* and IP* denoting the respective properties in ES.
Although the criteria on the individual redox potentials ensure
thermodynamic feasibility of the photocatalytic cycle, other
characteristics such as efficient light absorption, a long
enough half-life of the charge separated state, and the accessi-
bility of the active site for the activation and the release of
involved species also need to be considered in practical appli-
cations. Graphitic carbon nitride (g-C3N,) is an exemplary
case, which fulfills thermodynamic requirements for the
water-splitting reaction even in a pristine form, but requires
further modifications®”*® for boosting its photocatalytic
activity.

Our design strategy for the identification of functioning
OxQ/RedQ dimer pairs involves multiple steps (Scheme 1).
First, key molecular descriptors of isolated monomers are uti-
lized to identify complementary stacked PAH pairs presumably
featuring the significant charge-transfer (CT) characteristic of
their lowest singlet excited state (S;). Descriptors ensuring this
requirement are the energies of the highest occupied mole-
cular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the two individual components. We label
the donor and acceptor subsystems of such a CT state as A and
B, respectively. The required energy order of the frontier mole-
cular orbitals (MOs) is Erumo) > Erumom) > Enomo() >
Exomos) (Fig. 1c). Ideally, the 'CT state should be long-living,
i.e., featuring a sufficiently high vertical excitation energy and
low oscillator strength (f) to decrease the probability of (non)
radiative decay pathways, or able to efficiently transform into a
triplet state (3CT) via an intersystem crossing (ISC) event. The
'CT state is presumably formed via internal conversion(s) of a
bright local excitation (LE) in A. Irrespective of the type of
quenching, these characteristics of the CT and LE states
impose further criteria for the selection of suitable PAH pairs:

(1) The difference between Exomo(s) and Exomoe) should
be high enough to ensure sufficiently pure CT state (with a
hole created on A) with low oscillator strength, resulting from
weak spatial overlap of HOMO and LUMO in the complex;
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Fig. 1 (a) Oxidative quenching mechanism with the photo-excited OxQ* system serving as the electron donor in the bright phase of the cycle with
subsequent regeneration from OxQ" in the dark phase. (b) Reductive quenching mechanism with the photo-excited RedQ* system acting as an elec-
tron acceptor in the bright phase with subsequent regeneration from RedQ™ in the dark phase. SUB, SD, SA stand for substrate, sacrificial donor and
sacrificial acceptor, respectively. (c) Molecular orbital (MO) representation of the AB complex and formation of an exciplex characterized by inter-
molecular CT produced via internal conversion following a local excitation (LE) of A.
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Scheme 1 Stepwise schematic representation of the applied design strategy for the identification of functioning OxQ/RedQ dimer pairs. Initial
library of PAH molecules is subject to a series of screening and ordering procedures to obtain a smaller selection of the best performing OxQ and
RedQ systems. These are then subject to aggregation analysis and, finally, TD-DFT property validation for dimers and extended tetramer systems.
Approximate property evaluation based on monomer descriptors is also available and discussed.

(2) The difference between the Eyomo—ErLumo gaps of A and (3) The Erymo(aErumos) gap should be >0.3 eV to attain a
B should be large enough to allow for an addressable LE of A CT state with e~ localized on B, as a commonly assumed
featuring high oscillator strength, i.e. high absorptivity of the empirical lower limit for efficient charge separation of the
AB complex; donor-acceptor pair in studies of organic solar cells,>™**
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although the value was subject to debate*>*® and would
require further validation for a wider range of donor-acceptor
complexes;

(4) the IP(A)-EA(B) difference should be tentatively >2.0 eV,
so that the vertical excitation energy of the CT state was
sufficiently large to avoid a non-radiative decay.

In addition, the AB* complex needs to be effectively
quenched by donating a hole or an electron to SUB/SA/SD in
oxidative quenching or reductive quenching processes, respect-
ively. The plausibility of a redox reaction between AB* and
SUB/SA/SD can be qualitatively assessed in terms of adiabatic
IP and EA values of A and B, which include the MO relaxation
in the subsystems accompanying the formation of the CT
state. Therefore, two additional descriptors for selecting suit-
able PAH pairs were introduced. For OxQs, it is desirable to
keep IP(A) and EA(B) low enough to achieve sufficient stability
of the hole on A and high reductive potential of B, respectively.
Reverse requirements, ie., relatively high IP(A) and EA(B), were
imposed for RedQs. For specific applications, quantitative
thresholds on IP(A) and EA(B) can be introduced to ensure
that the GS and ES redox potentials are thermodynamically
compatible with the full photocatalytic cycle. However, since
the aim of this study is to propose a general screening protocol
rather than to optimize the PC for a specific reaction, we have
not imposed any specific criteria for IP(A) and EA(B).

To identify the best-performing systems, the systems were
ranked with respect to four key descriptors, aimed at maximiz-
ing the charge-transfer (CT) characteristic while maintaining
the optimal redox properties of AB* for the electron exchange
with SUB/SA/SD:

a
R, Ry
R1 R2
d R
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N N
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g R h R
N _
N N\ /
N
R R

View Article Online

Paper

(1) The gap between Enomor) and Epomom (AHOMO)
should be maximized;

(2) IP(A) should be minimized (OxQ)/maximized (RedQ);

(3) EA(B) should be minimized (OxQ)/maximized (RedQ);

(4) The difference between Epyomo—Erumo gaps (AHL)
should be maximized.

Based on this evaluation, 15 best candidates per quenching
type were selected for further analysis, which was focused on
examining the aggregation properties. First, the preferences
for forming AA, BB, and AB stacks were addressed to identify
PAH pairs favoring the AB arrangement. To this end, the
lowest energy conformers of each type were found and their
complexation energies were computed (see Computational
details). Then, the feasibility of the aggregation in proper
stacking arrangement resulting in e /h" located on the surface
of OxQ*/RedQ* was assessed by exploring the stability of PAH
tetramers. In particular, the systems preferring the BAAB and
ABBA arrangements for the oxidative and reductive quenching
pathways, respectively, were sought after. Finally, full quantum
chemical analysis of electronic transitions and redox poten-
tials of the best OxQ and RedQ systems was performed.

Input dataset of PAHs and computational details

Input dataset of the monomer systems contained various
derivatives of (nitrogen-doped) anthracene, pyrene, and pery-
lene (Fig. 2). Several electron-donating groups (-CHjz, -OMe,
-NH,, and -N(Me),) and electron-withdrawing substituents
(-CN, -CHO, -F, and -COOMe) were considered. We note
that the fluoro-substitution was considered due to the antici-
pated significant effects on the electronic structure of PAH

R
_— R=1) H
N 2)  CN, CHO, F, COOMe"
Y4 3)  NH,, CH,, N(Me),", OMe"
R

Fig. 2 Monomer systems of PAH investigated in this study. In cases where both R; and R, functional group positions are listed, only one of these
options was utilized for one molecule. For all PAH cores, only one type of substituent was applied at the same time. Functional groups denoted with
a superscript a were investigated for both undoped and N-doped pyrene cores.
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derivatives, but the potential for their practical application
would be limited by expected increased toxicity and low biode-
gradability of fluorinated compounds. The doping sites and
substituent positions were selected based on the experimental
availability of analogous systems and potential follow-up
experimental studies.”” > Overall, the selected set of mono-
mers was intended to provide a representative and chemically
meaningful subset of the broader PAH chemical space, balan-
cing structural diversity, synthetic feasibility, and coverage of
key electronic features (e.g., IP, EA, and orbital alignment) rele-
vant to photocatalytic applications. This is further supported
by the broad and continuous distribution of key descriptors
(AHOMO, IP, EA, AHL), demonstrating the dataset’s tunability
and relevance for CT-based photocatalysis. All investigated
structures were optimized at the wB97XD/def2-SVP/vacuum
level of theory. The monomer properties used as descriptors in
further analyses were calculated at the same level and included
Enomo, Erumo, IP and EA; with the latter two evaluated in the
adiabatic regime. The calculations were carried out using the
Gaussian16 program.>®

The complexation energies of PAH dimers and tetramers
were computed at the DFTB3-D3 level with the ob3 parameter
set’”® using the DFTB+ program.’® To identify the lowest
energy conformer for each dimer, the centers of mass of
monomers were set at a starting Z-axis distance of 3.2 A and
scanned at the 45° mutual rotation grid. Starting from these
grid points, the systems were optimized, and the lowest energy
conformer was used for further evaluation. For the optimiz-
ation of tetramers, the starting structures were generated using
the grid point settings, which resulted in the lowest energy AA,
AB and BB complexes. Given the expected dominance of dis-
persion-interaction components, we also analyzed the corre-
lation between the complexation energies and the respective
molecular volumes of subsystems represented by the cavity
volume values obtained using IEF-PCM calculations with
default settings in Gaussian16. To complement the static cal-
culations and explore the formation of larger aggregates, mole-
cular dynamics (MD) simulations were performed at 300 K
using GROMACS (version 5.1.2)%° with the OPLS-AA®' force
field and an explicit dichloromethane (DCM) solvent model
(see section S5 in the SI for more details). This solvent was
selected as it was used for absorbance and emission spectra
measurements of similar systems.*”3%¢*

Unless stated otherwise, electronic singlet transitions of
studied systems were analyzed using TD-DFT with the ®B97XD
functional and the def2-SVP/def2-TZVP basis sets as
implemented in Gaussian16. The excited-state computations
applying the simplified time-dependent (sTD)**®* approach
and simplified Tamm-Dancoff approximation (sTDA) in com-
bination with the ®B97X-D3 functional were performed with
the ORCA 5.0.3 program.®>®® Using the same program suite,
the spin-orbit coupling terms were evaluated within Tamm-
Dancoff approximation (TDA) at the wB97X-D3/def2-TZVP/
vacuum level with the scalar relativistic ZORA Hamiltonian.
Whenever applied, the solvent effects of DCM on electronic
transitions and geometry were taken into account by using the

22838 | Nanoscale, 2025, 17, 22834-22848
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universal solvation model based on the solute electron density
(SMD)®” with the solvent excluding surface cavity. While the
SMD model captures bulk solvation effects, it does not
account for specific interactions or dynamic environmental
factors such as solvent reorganization, which may influence
the energetics and mechanism of intermolecular charge trans-
fer. Nevertheless, as a continuum approach, it provides a con-
sistent approximation of time- and ensemble-averaged sol-
vation effects, appropriate for evaluating ground- and excited-
state properties within the present framework, which focuses
on comparisons among a diverse set of molecular assemblies
built from similar building blocks.

For the decomposition of electronic transitions into LE and
CT contributions, fragment-based analysis of correlated elec-
tron-hole pairs was used as defined by Plasser et al.®*”7° and
implemented in the Theodore package.”* In this analysis,
omega matrices (£2) for selected fragments and electronic tran-
sition are defined as follows:

Q%; _ Z Z (Sl/zDOISl/Z)a/}Z

aEA EB

relying on the Lowdin population analysis, with one-electron
transition (D) and overlap (S) matrices evaluated in the atomic-
orbital basis set and a and f labeling individual atomic orbi-
tals. The molecular fragments were defined as A and B mole-
cules in case of dimers, or alternatively as surface and core
molecules that constituted the investigated BAAB and ABBA
tetramer structures of OxQ and RedQ systems, respectively.
The amount of the net charge that shifted from the fragment
AtoB (Ag;) is then defined as follows:

a2, = (-~ 2y /"

with the sum Q% = >~ Q% close to 1 for the excited-state func-
AB

tion defined as single-electron transition. The character of the
transition is reflected in the individual 2% components, which
distinguish between LE (2234, £25;) and CT (23, £25,) contri-
butions. These data were supplemented by charge-transfer
diagnostics’>”* that evaluates the measure of CT excitation
length (Dcr) and the amount of transferred charge (gcr) based
on the variation in GS and ES electron densities.

The redox strengths of selected systems in their GS were cal-
culated using a well-established protocol for the prediction of
redox potentials of organic compounds.”*”® The employed
®B97XD functional was shown to perform reasonably well for
the redox properties of extended PAHs”® as well as zirconocene
organo-metal complexes.”® For the redox potential in ES, a pro-
tocol based on a simplified Jablonski diagram proposed by
Adamo and Jacquemin was utilized.””’®® The absolute redox
potential value of the saturated calomel electrode, E°(SCE) =
4.522 V,®®2 was used as a reference throughout this work.
Further details of the applied procedure are described in the
SI (section S2).

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion
Selection of PAH pairs

The determined monomer properties (Table S1) formed a data-
base for the selection of PAH pairs, fulfilling the posed criteria
for mutual arrangement of the frontier orbital energies and IP
and EA values of subsystems (the computed values for the best
pairs are listed in Tables S2 and S24 in the SI). In total, 298 and
276 PAH pairs complied with the given requirements for oxidative
and reductive quenching mechanisms, respectively. In the case of
0OxQ, the four monitored descriptors (AHOMO, IP(A), EA(B) and
AHL) spanned the ranges (in eV) of (0.56, 2.96), (5.21, 6.74), (0.06,
1.39) and (0.35, 1.72), respectively. For the RedQ systems, the
respective values spanned the intervals (0.54, 2.49), (6.78, 9.31),
(1.52, 3.04) and (0.35, 1.07). The relatively large spans of values
indicate high potential for the tunability of both optical and
redox properties of PAH aggregates as PC species.

Subsequently, the filtered libraries were subject to further
screening. Within the proposed strategy (Scheme 1), we utilized a
system ranking with respect to the pre-set descriptors. To reiter-
ate, the ranking should identify systems featuring strong CT
characteristics of the lowest ES, good addressability of LE, high
redox strength of the photoexcited aggregate and sufficient half-
life of the 'CT state. Accordingly, individual dimers were ordered
to reduce the library to the highestranked 15 systems (listed in
Fig. S2 and S17). The performance of individual dimers within
the reduced sets is visualized using the heatmap representation
(Fig. 3; the performance of the whole sets is shown in Fig. S3 and

a
1.0
0xQ-1 '08
’ -2/A
0xQ-3 0.4 H,N NH.
eS¢
OxQ-4 0.0 Q
0xQ-5 H,N NH
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0xQ-7
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OxQ-11
i
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2

2
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S18). For deeper characterization and discussion of the subsets,
we now focus on OxQ and RedQ systems, in turn.

Selection of OxQ systems

Among the 15 best performing OxQ systems, three amino
derivatives repeatedly occurred as A molecules, namely,
1,3,6,8-tetraaminopyrene, 1,3,6,8-tetra(dimethylamino)-2,7-dia-
zapyrene, and 1,3,6,8-tetraamino-2,7-diazapyrene, displaying
low IP(A) values (5.21, 5.33, and 5.38 eV, respectively) featured
as donors within the subset. This was in line with the number
of studies, which argued for the amination of (N-doped) PAH
cores as a means to increase the reductive potential of the
system.®*"®° Paired with these donors were various acceptor B
molecules. The most prominent were either N-doped pyrene
molecules or non-doped PAH cores (predominantly pyrene)
with -F or -OMe substituents, but systems with other func-
tional groups (-CH; and -COOMe) were also identified within
the subset. As expected, electron-withdrawing groups in
general increased EA values compared to their respective
unsubstituted PAHs (Table S1). However, fluorinated deriva-
tives featured an irregular trend. While the EA of 2,7-fluoropyr-
ene (0.68 eV) was larger than that of pyrene (0.27 eV), 1,3,6,8-
tetrafluoropyrene showed reverse behavior (0.09 eV) despite
the LUMO energy decrease (0.22 eV with respect to pyrene).
This observation can be explained by the ambiguous nature of
the fluorine substituent, which displays negative inductive (-I)
and positive mesomeric (+M) effects. In the case of the tetra-
substituted derivative, this results in a reordering of frontier

wos

N
\ /
\¢ &7

RedQ-15

AH

IP(A) EA(B) AHL

Fig. 3 Descriptor-performance heatmaps of the ordered (a) OxQ and (b) RedQ systems and the respective monomer molecules constituting the
OxQ-2 and RedQ-2 dimers selected for deeper analysis. Color representation was set to vary from red (1.0, optimal) to white (0.0, suboptimal)
descriptor values scaled according to eqn (S1). The scaling reflected the performance of systems according to the descriptors for the whole respect-
ive libraries (see full evaluation in the SI; Fig. S3 and S18). The notation OxQ-X/Y is used with X representing the number position of the dimer and Y
notes whether the molecule is considered as A or B constituent of the agglomerate.

This journal is © The Royal Society of Chemistry 2025
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MOs after accepting an electron. The extra electron enters a
MO more localized in the molecular core, which is electron
depleted due to the —I effect of fluorines (see the electrostatic
potential map in Fig. S1), whereas in pyrene, it occupies a
different MO, which enables better delocalization of the nega-
tive charge, and thus leads to higher EA.

The analysis of monomer descriptors was further sup-
plemented by information about the stacking preferences in
terms of dimer interaction energies (Table S3). Assuming
equal amounts of the constituents, the formation of two AB
complexes should be more favorable than (or comparable to)
the formation of AA and BB dimers. Furthermore, in the case
of extended stacking of OxQ systems, the monomers need to
prefer assemblies with the potential to create a reductive site
on the surface after excitation. For tetramer structures, this
translates into the requirement for the interaction energy of
AA to be the highest out of the three possibilities to ensure the
preference for forming BAAB stacks. From the subset of the 15
systems, only four pairs meet both listed criteria. From the per-
spective of molecular constituents, 1,3,6,8-tetraaminopyrene
(OxQ-1 and OxQ-2) and 1,3,6,8-tetraamino-2,7-diazapyrene
(0xQ-6 and OxQ-12) function as donor A molecules. Both
molecules are combined with either 1,3,6,8-tetrafluoropyrene
(0xQ-1,6) or 1,3-diazapyrene (OxQ-2,12) as acceptor B mole-
cules. For deeper analysis and characterization in the following
section, we will focus on the second system termed OxQ-2
(Fig. 3a), skipping OxQ-1 featuring extensive fluorine content
that would limit its practical applicability.

Formation of a charge-transfer state in OxQ-2

Having selected the PAH pairs with the most promising
characteristics for the oxidative quenching mechanism, we
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explored the nature and the ordering of their excited states,
starting with the OxQ-2 system. Unless stated otherwise, the
electronic transitions were analyzed at the ®B97XD/def2-TZVP/
vacuum level using the DFTB/vacuum optimized geometries,
which was found to be a reasonable protocol compared to
more accurate approaches for the lowest excited state and
bright transitions with f> 0.1 (see the SI for comparisons). The
sTDA method also provided fair accuracy compared to TD-DFT.
Although a state-switching was observed in several cases, it
was limited to energetically higher singlet states.

The formation of the stacked dimer markedly affects the
electronic transitions compared to its isolated constituents
(Fig. 4 and Table S7). The most notable distinction is the emer-
gence of an intermolecular CT state as the energetically lowest
(2.37 eV) singlet excited state. The roles of A and B molecules
as electron donors and acceptors, respectively, can be clearly
distinguished from the electron density difference (EDD) plot
(Fig. 4b) and the associated LE and CT components (Fig. 4c).
Furthermore, the transition exhibits a low oscillator strength
(0.06), suggesting its longer lifetime and thus increased
chance for reactivity. The optimization of the GS geometry at
the ©B97XD/def2-SVP/vacuum level introduces only a small
(0.04 eV) redshift in S, — S; transition energy and reduces its
oscillator strength to 0.05. In DCM, the CT state is slightly
stabilized (to 2.29 eV) and its oscillator strength increases to
0.11, as evaluated at the ®wB97XD/def2-SVP/SMD(DCM) level,
which significantly decreases the half-life of the state. The
characteristic of S, — S; however remains unchanged, with the
dominant CT contribution preserved after solvation (Fig. S8b).
For higher ESs, the EDD plots of S, - S, and Sy — S; tran-
sitions closely resemble the two lowest transitions (So — S;
and S, — S,, respectively) of the isolated A monomer. While
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C § 0.6 1 A-B
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(@) Singlet (S) excitation energies of OxQ-2 in form of its monomer constituents, AB dimer and BAAB tetramer, computed at the TD-

®B97XD/def2-TZVP/vacuum (a), TD-0B97XD/def2-SVP/SMD(DCM) (), and sTDA-wB97X-D3/def2-TZVP/vacuum (y) levels. For geometry optimiz-
ation, DFTB/vacuum (a, y) and ®B97XD/def2-SVP/SMD(DCM) (p) approaches were employed. Electronic transitions with computed an oscillator
strength of >0.1 are shown in red. (b) EDD plots of the marked transitions with blue and red regions marking electron depletion and increase,
respectively. EDD plots are based on ®B97XD/def2-SVP/vacuum densities. (c) Decomposition of individual singlet transitions into LE and CT com-
ponents. For the tetramer, the contributions were scaled to obtain 1.0 after summation.
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the former keeps the low oscillator strength and is energeti-
cally mostly unaffected, the latter is notably red-shifted (from
3.38 eV to 3.27 eV) and displays reduced but still significant
oscillator strength (from 0.49 to 0.21). The S, — S¢ transition
is also bright (f = 0.27) and closely resembles the bright S, —
S; transition (f = 0.28) of the isolated B molecule, albeit it is
red-shifted (from 4.03 eV to 3.78 eV).

The stability of the excited OxQ-2 system could be signifi-
cantly increased, provided that ISC to a triplet state would be
efficient. To explore the feasibility of such an event, we exam-
ined the singlet-triplet (S-T) energy splitting and the respect-
ive spin-orbit couplings (SOCs) in the optimized S; structure.
In DCM, the geometry relaxation of the S, state results in sig-
nificant stabilization of the lowest singlet transition, with a
vertical de-excitation energy equal to 1.43 eV and f = 0.00. The
TD-DFT calculations revealed T; and T, states as closest to the
S, state, displaying —0.08 eV and 0.17 eV shifts, respectively.
Despite the relatively small AEgr between the S; and Ty, the
spin-orbit coupling matrix element (SOCME) between those
two states was found to be exceedingly small (0.02 cm™"), and
thus, the ISC event is unlikely for the OxQ-2 system.

Finally, the formation of CT states in larger aggregates was
explored. As model systems, tetramers composed of two A and
two B molecules, in which the surface and the core are already
distinguishable while remaining computationally accessible
for QM evaluation, were considered. The comparison of inter-
action energies of optimized clusters (Table S4) revealed the
BAAB stack as preferential at the DFTB level. Subsequently, the
electronic transitions were analyzed at the sTDA-oB97X-D3/
def2-TZVP/vacuum level, which performed well for the dimer
(Table S7). In BAAB, the S; and S, states are of CT character-
istics, with e~ and h* localized at the surface and the core,
respectively (Fig. 4c). The oscillator of the S, state significantly
increased upon aggregation to BAAB (f = 0.15) compared to
the AB dimer (f'= 0.10), which is an undesirable effect decreas-
ing the half-life of the 'CT state. Similar enhancement of the
'CT oscillator strength due to the solvation and extended
aggregation was also found for the other analyzed OxQ (Tables
S13 and S15) and RedQ (Tables S29 and S31) systems. A higher
bright transition (S, — Ss) of OxQ-2/BAAB has an energy of
3.34 eV (f=0.16) and dominant LE on the AA core (Fig. 4c). It
resembles the LE transition on the molecule A of the AB
dimer, with similar energy (3.30 eV) and oscillator strength
(0.21).

Formation of a charge-transfer state in other OxQ systems

The increased brightness of the 'CT state of OxQ-2 in DCM
and after aggregation into the tetramer BAAB structure limits
the usability of this system. Therefore, other OxQ systems were
also analyzed before further characterization of associated
redox properties. As mentioned, OxQ-1 was skipped due to
fluorine substitution of the acceptor. Nonetheless, we offer the
analysis of its electronic transitions in the SI (section S3.2).
Within the subset of the selected 15 OxQ systems, only
0xQ-6 and OxQ-12 fulfilled the criteria on the dimer inter-
action energies. However, both systems have the same consti-

This journal is © The Royal Society of Chemistry 2025
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tuting A and B subunits as OxQ-1 and OxQ-2 (Fig. S2) with a
slight difference in A molecule (2,7-N-doping of the pyrene
core), and thus, presumably share the same issues. Indeed,
OxQ-12 containing 1,3-diazapyrene (B) displays even a larger
oscillator strength for the dimer (f = 0.13) than OxQ-2 (f =
0.10) (Table S7). We therefore extended the subset until a
system fulfilled all discussed criteria, which was OxQ-32.
While a higher positioned OxQ-29 also displayed a proper
stacking behavior, a bright S, — S; transition (f = 0.10) was
evaluated at the SsTDA-wB97X-D3/def2-TZVP/vacuum level.
0OxQ-29 is composed of the same donor A molecule as OxQ-2,
which is paired with 2,6,8-trimethyl-1,3-diazapyrene (B). The
presence of the 1,3-diazapyrene core thus consistently resulted
in an increased oscillator strength of the S, state of AB stacks.
From the analysis of all investigated systems, including both
OxQs and RedQs (vide infra), a connection of increased oscil-
lator strength was related to the formation of slightly slipped
AB stack structures and subsequent nonsymmetric partition of
e~ and h' within the fragments and significant projected
“drift” Dcr components (Tables S10, S16, S22 and S36).

The electronic transitions of OxQ-32, composed of 1,3,6,8-
tetraaminopyrene (A) and 2,7-dicyanopyrene (B) (Fig. 5), are
shown in Fig. 6 with detailed description provided in the SI
(section S3.3). The S; state of the dimer has a clear CT charac-
ter (Fig. 6¢) and small oscillator strength (f= 0.02) (Table S19)
in the vacuum. Although the DCM environment slightly
increases the oscillator strength (f = 0.05) (Table S19), the
value remains <0.1 and the transition can still be considered
as dark. The major CT character of the S; state is also
maintained upon the solvation (Fig. S16b). So — S, (f = 0.16)
and Sy — Se (f = 0.14) represent LEs on A and B constituents,
respectively, that are separated by about 0.19 eV. Analysis of
the potential ISC upon relaxation to the S; state in DCM
(Table S20) reveals a relatively small (0.06 eV) separation
between the S, and energetically higher T, states. However, the
SOCME for this pair is nil (0.00 cm™"), which prevents the
potential ISC event. The aggregation of OxQ-32 into energeti-
cally favorable BAAB assembly (Table S4) affects the electronic
spectra only to a small degree (Fig. 6). Indeed, the S, — S;
transition keeps the dominant CT character and negligible
oscillator strength (f = 0.01) and is only marginally (0.05 eV)

e
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Fig. 5 Descriptor-performance heatmap of OxQ-2 and OxQ-32, S| to
Fig. 3. The scaling reflected the performance of descriptors for the
whole OxQ library (see full evaluation in the SI; Fig. S3).
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(a) Singlet (S) excitation energies of OxQ-32 in form of its monomer constituents, AB dimer and BAAB tetramer, computed at the TD-

®B97XD/def2-TZVP/vacuum (a), TD-0B97XD/def2-SVP/SMD(DCM) (p) and sTDA-wB97X-D3/def2-TZVP/vacuum (y) levels. For geometry optimiz-
ation, DFTB/vacuum (a, y) and ®B97XD/def2-SVP/SMD(DCM) (B) approaches were employed. Electronic transitions with a computed oscillator
strength of >0.1 are shown in red. (b) EDD plots of the marked transitions with blue and red regions marking electron depletion and increase,
respectively. EDD plots were based on ®B97XD/def2-SVP/vacuum densities. The AB(So — Sg)* plot is represented by So — S; transition, given the
state switching due to differences in used basis set (Table S19). (c) Decomposition of individual singlet transitions into LE and CT components. For

the tetramer, the contributions were scaled to obtain 1.0 after summation.

red-shifted compared to the dimer at the sTDA-wB97X-D3/
def2-TZVP/vacuum level. The energetically lowest bright S, —
Sg transition (f = 0.14) is shown to be of mixed CT(core —
surface) and LE(core — core) characteristics, with a slightly
larger contribution from the latter. MD simulations at 300 K
confirmed the presence of long-lived AB aggregates in OxQ-32.
However, the formation of extended BAA...-type architecture
was hampered by the disordered aggregation of the A mole-
cules (see section S5 in the SI). Nonetheless, OxQ-32 exhibits
superior performance to OxQ-2 as similar aggregation behavior
is expected due to the presence of the same A component.

Redox potentials of OxQ systems

To make the oxidative quenching mechanism operate, the for-
mation of a charge-separated excited state needs to be sup-
plemented by thermodynamic readiness of the electron-trans-
fer processes between PC and SA/SUB. The latter can be
described by means of redox potentials of the systems involved
(Fig. 7). As an example of an electron acceptor SUB, we con-
sidered anthraquinone (AQ) with a computed value of E°(AQ/
AQ7) = —1.49 V in DCM. In the GS, all of the previously dis-
cussed OxQ systems have similar E°(OxQ"/OxQ), with —0.72 V,
—0.69 V and —0.64 V computed for OxQ-1, OxQ-2 and 0OxQ-32,
respectively, as AB dimers in DCM. Clearly, each of these
display too high redox potentials to reduce the AQ prior to
excitation. The small spread of the values can be related to the
presence of the same donor A molecule.

The electronic excitation of the complexes to their respect-
ive S; states, including geometry relaxation, introduced a sig-
nificant negative shift of redox potentials. The most negative
E°(0xQ'/0xQ*) value was computed for OxQ-1, with the redox

22842 | Nanoscale, 2025,17, 22834-22848

potential reaching —3.04 V. For OxQ-2 and OxQ-32, close
values of —2.54 V and —-2.53 V were computed, respectively.
Therefore, each of the excited OxQ* systems can be expected to
readily reduce AQ. While the lowering of OxQ redox potentials
upon excitation can be largely attributed to the S; — S, de-exci-
tation energy (1.94 eV, 1.38 eV, and 1.51 eV for OxQ-1, OxQ-2
and OxQ-32, respectively), the reorganization energy also plays
an important role (0.38 eV, 0.48 eV, and 0.38 eV). From a per-
spective of monomer constituents, it is evident that the largest
shift of E°(OxQ'/OxQ) redox potential upon excitation of the
dimer was computed for OxQ-1 with the smallest EA(B).
Similar lowering of the ES redox potential relative to the GS
was predicted for OxQ-2 and OxQ-32 with comparable EA(B)
values.

Tuning of OxQ redox potentials

To design versatile reaction-specific CD-based photocatalytic
systems, it is desirable to evaluate the possibility of tuning the
redox potentials of designed PAH-based aggregates.
Depending on the selection of SD, the ground-state E°(OxQ'/
OxQ) may be required to be shifted to more positive values, to
enable the regeneration of the PC. However, harder to reduce
SUBs may impose criteria on further decrease of E°(OxQ'/
OxQ*) of the photo-excited PC. For screening purposes, it is
important to identify the monomer characteristics that are
most relevant for the redox properties of the complex.

The GS E°(0xQ"/0xQ) can be related to the adiabatic IP(A)
value under the assumption that the dominant portion of gen-
erated h" is localized on the subsystem A. Therefore, the IP(A)
value in DCM solvent, which was obtained by a single-point
SMD calculation using the gas phase geometry and was shifted

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Redox potentials of the investigated OxQ and RedQ dimers in DCM in their GS (black) and ES (red). Both values computed for the dimers
(dots) and those approximated based on monomer descriptors (crosses) are visualized. All computed values were evaluated given E°(SCE) = 4.522 V.

by E°(SCE), can serve as a basis for the E°(OxQ'/OxQ) approxi-
mation. For the OxQ-1, OxQ-2 and OxQ-32 systems, the donor
A constituent is the same (1,3,6,8-tetraaminopyrene) with the
approximate E°(OxQ'/OxQ) = —0.62 V. This is in good agree-
ment with —0.72 V, —0.69 V and —0.64 V computed for the
0xQ-1, OxQ-2 and OxQ-32 dimers, respectively.

The ES E°(OxQ'/OxQ*) can be related to EA(B) in DCM.
Evidently from eqn (S5), the same descriptor is also obtained
if E°(0OxQ'/0OxQ) is approximated by IP(A) and the shift due to
the sum of vertical fluorescence energy and reorganization
energy is considered to equal IP(A)-EA(B) in the adiabatic
regime. The latter assumption becomes more appropriate as
the CT(A — B) character of the S; state increases. Under these
approximations, the values of —2.98 V, —1.99 V and —2.20 V
were calculated for OxQ-1, OxQ-2 and OxQ-32, respectively,
which were in fair agreement with the dimer values of —3.04 V,
—2.54 V and —2.53 V. Despite the evident trend of increased
agreement with the enhanced IP(A)-EA(B) difference, this
observation is not directly related to the amount of inter-
molecular CT(A — B) contribution to S; — S, deexcitation.
Indeed, the analysis of this transition in DCM shows A%'qag
values of 0.94, 0.95 and 0.88 evaluated from £ matrices and
gcr values of 1.20, 1.21 and 1.12 for OxQ-1, OxQ-2 and OxQ-32,
respectively. Clearly, other factors like mutual spatial position-
ing of interacting monomers significantly affect the properties
of the systems, and more complex interplay of descriptors
would need to be considered for the accurate prediction of ES
redox potential for OxQ systems in general.

Selection of RedQ systems

RedQ systems can be explored in the same spirit as those pro-
posed for the oxidative quenching pathway. Here we will focus
on the main points, with more detailed discussion available in
the SI. Fig. 3 shows a heatmap of 15 best performing RedQ
systems according to the set descriptors. Interestingly, a com-
parison of the highly ranked OxQs and RedQs revealed that

This journal is © The Royal Society of Chemistry 2025

about half of the acceptor B monomers of the former were also
present as donor A moieties in the latter group. Namely,
unsubstituted pyrene, 1,3-diazapyrene, 2,7-diazapyrene and
2,7-disubstituted pyrenes with methyl, fluorine, methoxy and
methoxycarbonyl groups were included in both subsets, acting
as reactive centers in the 'CT state of PAH pairs. A RedQ-2
complex containing pyrazino[2,3-g]quinoxaline and 1,3,6,8-tet-
racyano-2,7-diazapyrene as A and B subsystems, respectively,
was selected for further analyses, as RedQ-1 did not satisfy the
stacking preference criteria (Table S25).

Formation of a CT state in RedQ systems

Analysis of the electronic transitions of RedQ-2 confirmed the
lowest transition (2.96 eV) as an intermolecular CT state
(Fig. S19) with dominant HOMO — LUMO character and nil
oscillator strength (0.00) in the vacuum (Table S29). While the
DCM solvent did not significantly affect the S, — S; transition
energy, the oscillator strength increased dramatically to a value
of 0.37. This was related to a considerable decrease of
Enomo(ayEnomo) (from 0.68 eV to 0.10 eV) after transferring
from the vacuum to DCM, which caused a notable reduction
in the CT character of the S, — S, transition in favor of a more
pronounced LE component, which was also evident from EDD
plots (Fig. S22 and S23) and state-decomposition plots
(Fig. S25). This contrasted with the investigated OxQ systems
discussed above for which AHOMO after solvation remained
large (>1.5 eV). An increase in the oscillator strength and domi-
nancy of the LE character of the S; state of the RedQ-2 dimer
was also observed for ABBA tetramers (Fig. S19¢), showing that
not only solvation, but also extended aggregation is detrimen-
tal for achieving a long-living charge-separated state of
RedQ-2.

These observations significantly diminish the applicability
of the RedQ-2 system. Within the subset of the 15 RedQ
systems, only RedQ-4, RedQ-8 and RedQ-9 fulfilled the dimer
interaction criteria. However, the AHOMO values were again
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very low in DCM (0.43, 0.40 and 0.19 eV, respectively). This
also reflected poorly on the oscillator strengths of their S, — S,
transitions with f = 0.40, 0.26 and 0.47, respectively
(Table S25). We have therefore extended the computation of
the dimer interaction energies, skipping molecules with a fluo-
rine substituent, until another system fulfilling the criteria was
identified. The first confirmed system was RedQ-30, with 1,3-
diazapyrene and pyrazino[2,3-g]quinoxaline-5,10-dicarbonitrile
as A and B molecules, respectively (Fig. 8). The AHOMO value
was sufficiently high (0.94 eV in DCM), and the system dis-
played S, state with nil oscillator strength (0.00) (Table S33).
We note that despite the evident connection of low AHOMO
values to the high oscillator strength of the dimer presented
here, this parameter is not the sole descriptor that ensures the
vanishing f of the 'CT state. Indeed, as discussed in the pre-
vious section, the OxQ-2 system also displayed slightly bright
transition in DCM (f = 0.11) despite the pronounced AHOMO
value (2.32 eV). Remarkably, while the slightly higher f of 'CT
transition in OxQ-2 was attributed to the formation of a
slipped AB stack (Table S10), this effect was not present in
RedQ-30 despite the similar - albeit less - drifted confor-
mation adopted by its AB dimer (Table S36). Ciofini’s charge-
transfer diagnostic DCT (Tables S10 and S36) and £ matrix-
based state decompositions (Tables S11 and S37) of the
respective 'CT states showed that the crucial difference lied in
the greater asymmetry of h" and e~ partition in the case of
OxQ-2. However, a larger dataset would be needed to find out
whether some qualitative criteria on the maximum mutual
special drift (or other parameters) can be imposed to ensure
vanishing f for similar systems during the system screening.
The lowest electronic transitions of the RedQ-30 dimer and
its monomer constituents are shown in Fig. 9, with a detailed
overview presented in the SI (section S4.2). From the EDD
plots (Fig. 9b) and associated LE and CT contributions
(Fig. 9¢) it is evident that the S, state has dominant CT(A — B)
character. The energetically lowest bright transition (S, — S,)
has a distinct LE(B — B) nature, with comparable energy to S,
— S; transition of the isolated B molecule, but with slightly
reduced oscillator strength. The bright state with dominant LE
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Fig. 8 Descriptor-performance heatmap of RedQ-2 and RedQ-30,
supplementary to Fig. 3. The scaling reflected the performance of
descriptors for the whole RedQ library (see full evaluation in the SI;
Fig. S18).
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(A — A) was not observed for the AB dimer, as expected from
the high energy (>4 eV) of the bright state of the isolated A
molecule (Table S6). Analysis of the triplet states of the
RedQ-30 dimer in its S; geometry in DCM (Table S34) revealed
a moderate energy gap between S; (2.27 eV) and energetically
lower T, (2.00 eV) states, whereas T; (2.45 eV) was slightly
closer in terms of energy. The evaluated SOCME between the
S; and T; states (AEgr = 0.18 eV) was largest across all investi-
gated systems (0.25 cm ™), yet remains small and thus the ISC
event is unlikely. The improbability of ISC is thus a consistent
finding across all systems that were characterized in this study.

The effects of extended aggregation on electronic tran-
sitions were also investigated at the tetramer level. It is clear
from the analysis (Table S35) that the ABBA stacking order is
the most preferred with defined surface-donor and core-accep-
tor regions. The aggregation only marginally (0.04 eV) stabil-
izes the energy on the S; state, and the transition keeps nil
oscillator strength (f = 0.00) and has dominant CT(surface —
core) contribution. However, the energy of the energetically
lowest bright transition is largely blue-shifted to 3.60 eV when
compared to the dimer (3.36 eV) and has a mixed LE(core —
core) and CT(surface — core) character (Fig. 9). Despite this,
the ABBA aggregate keeps the potential for selective excitation
to the S, state, with the next bright transition (Sy — Sio; f =
0.17) substantially distanced at 4.11 eV. These findings were
further supported by room-temperature MD simulations,
which confirmed the formation of stable AB aggregates and
the emergence of larger ABB...-type architecture featuring
exposed A molecules (see section S5 in the SI).

Redox potentials of RedQ-30

Evaluated redox potentials of RedQ-30 are shown in Fig. 7. For
the solvated dimer in the GS, the E°(RedQ-30/RedQ-307) of
—0.61 V was obtained. Upon excitation and relaxation to the S;
state, the redox potential is increased significantly to E°
(RedQ-30*/RedQ-307) = 2.08 V. Based on these redox poten-
tials, the photo-excited RedQ-30(AB)* should display more
than sufficient thermodynamic characteristics for the oxi-
dation of commonly used SD triethanolamine (TEOA) with the
evaluated redox potential of E°(TEOA'/TEOA) = 0.73 V.

Based on monomer descriptors, IP(A) and EA(B), the redox
potentials for RedQ systems can be approximated to allow for
potential screening. The GS E°(RedQ-30/RedQ-307) value is
related to EA(B) under the assumption that the received e~
becomes localized solely on the B constituent and its stability
is not significantly affected by intermolecular interactions
within the stack. In DCM, this leads to an estimate of —0.58 V
for RedQ-30, which is in excellent agreement with the values
evaluated for dimer (—0.61 V). For the excited complex, the in-
solvent IP(A) value represents the thermodynamic readiness
for e” to be accepted by the photoexcited system. Given this,
the monomer-based E°(RedQ-30*/RedQ-307) of 2.39 V was eval-
uated, which is in good agreement with the quantity computed
for the dimer by DFT calculations (2.08 V).

This journal is © The Royal Society of Chemistry 2025
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(a) Singlet (S) excitation energies of RedQ-30 in the form of its monomer constituents, AB dimer and BAAB tetramer, computed at the TD-

®B97XD/def2-TZVP/vacuum (a), TD-wB97XD/def2-SVP/SMD(DCM) () and sTDA-wB97X-D3/def2-TZVP/vacuum (y) levels. For geometry optimiz-
ation, DFTB/vacuum (a, ) and ®B97XD/def2-SVP/SMD(DCM) (b) approaches were employed. Electronic transitions with a computed oscillator
strength of >0.1 are shown in red. (b) EDD plots of the marked transitions with blue and red regions marking electron depletion and increase,
respectively. EDD plots were based on ®B97XD/def2-SVP/vacuum densities. (c) Decomposition of individual singlet transitions into LE and CT com-
ponents. For the tetramer, the contributions were scaled to obtain 1.0 after summation.

4. Conclusions

We proposed a computational protocol for the identification of
stacked PAH complexes possessing essential characteristics for
photoredox catalytic applications such as the CT character of
the S; state, addressable bright local excitations, convenient
redox properties, and readiness for aggregation preserving the
core-surface charge separation in the lowest excited state. The
well-defined structures allow for the elucidation of fundamen-
tal photophysical processes occurring in the otherwise highly
complex CD architecture by using both advanced theoretical
approaches and modern time-resolved spectroscopies. While
real CDs often exhibit significant heterogeneity, the n-stacked
PAH complexes and aggregates explored here represent model
systems that capture key structural and electronic motifs found
in CD-like materials. As such, the protocol offers a bottom-up
design framework for constructing donor-acceptor architec-
ture with high structural interpretability—a feature that can
aid in correlating molecular-level properties with experimental
CD behavior. Pertinent molecular descriptors, such as IP, EA,
and frontier orbital energies, have been used to filter and rank
a library of PAH derivatives with nitrogen doping sites and
functionalization positions selected based on the experimental
availability of analogous systems. The dataset of 5700 D-A
pairs was split to account for alternate oxidative and reductive
quenching mechanisms, with 15 highest ranked OxQ and
RedQ systems initially considered for further DFT analysis.
Among the OxQ systems, NH, functionalization was predomi-
nantly observed in best-performing electron donors, whereas
the RedQ systems frequently showed the presence of CN
groups on the electron acceptors. In contrast, the complemen-
tary acceptors (in OxQ) and donors (in RedQ) exhibited greater

This journal is © The Royal Society of Chemistry 2025

chemical diversity, spanning a wider range of sp” domain
sizes, nitrogen doping patterns, and substitution motifs. This
diversity highlights the high potential for tuning the electronic
and structural properties of the resulting donor-acceptor com-
plexes. To further refine the candidate selection, dimer inter-
action energies were evaluated to identify systems with stack-
ing preferences that ensure favourable D-A paring, coupled
with the resolved core-surface tetramer arrangement. Fulfilling
all imposed criteria, the highest ranked OxQ-2 (1,3,6,8-tetraa-
minopyrene/1,3-diazapyrene) and RedQ-2 (pyrazino[2,3-g]qui-
noxaline/1,3,6,8-tetracyano-2,7-diazapyrene)  systems
initially characterized in the vacuum, and showed promising
photo-physical properties. However, the introduction of the
DCM solvent environment and extended aggregation resulted
in worsened performance of both systems due to significantly
increased oscillator strength (to >0.1) of respective S; states. In
the case of OxQ-2, this was associated with the tendency to
form slightly slipped AB stacks with uneven partition of h" and
e~ within the A and B fragments, whereas RedQ-2 displayed a
loss of CT character of the S; state connected to a decrease in
the AHOMO descriptor in DCM. These observations under-
score the importance of control of both structural and elec-
tronic features, particularly n-n stacking geometry and the
frontier MO gap thresholds, for achieving desirable character-
istics of critical ESs. With these in mind, the OxQ-32 (1,3,6,8-
tetraaminopyrene/2,7-dicyanopyrene) and RedQ-30 (1,3-diaza-
pyrene/pyrazino[2,3-g]quinoxaline-5,10-dicarbonitrile) systems
were identified as suitable alternatives exhibiting improved
performance with dark charge-separated S; states that per-
sisted in the solvent as well as upon aggregation to the tetra-
mer structure. In addition, the energetically lowest bright tran-
sitions remained in the near-UV region (3.4-3.6 eV). From a

were

Nanoscale, 2025, 17, 22834-22848 | 22845


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr02170g

Open Access Article. Published on 08 September 2025. Downloaded on 2/28/2026 8:37:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

thermodynamic standpoint, the photo-excited OxQ-32 and
RedQ-30 complexes have shown significant reductive and oxi-
dative power, respectively, and featured a modest redox poten-
tial shift due to the excitation (1.9-2.7 V). Within the pro-
cedure, monomer descriptors were able to screen the redox
potentials of those systems with errors up to 0.03 Vand 0.33 V
for GS and ES, respectively. Overall, our results showed that
the proposed protocol allows for the identification of PAH-
based donor-acceptor complexes with predictable and tunable
optical and redox properties.
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