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in chromophore dimers through the lens of
excitonic coupling: a case study of naphthalimide
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Intersystem crossing (ISC) efficiency is primarily governed by the magnitude of spin–orbit coupling,

which is typically enhanced by heavy-atom effects and molecular symmetry effects. Recent studies

have suggested that charge transfer and/or excitonic coupling between neighboring chromophore

units, either covalently linked or spatially associated, can also play a key role in this process. Here, we

demonstrate a molecular design strategy to enhance triplet generation based on excitonic coupling in

covalently linked homodimers. A series of naphthalimide dimers bridged by chalcogen linkers (O, S, Se)

was synthesized to systematically modulate interchromophoric electronic communication, probed by

spectroscopic and theoretical investigation. Our results show that the oxygen-linked dimer (Napht2[O])

exhibits minimal changes in absorption and emission spectra relative to the parent monomer.

In contrast, Napht2[S] and Napht2[Se] dimers display pronounced excitonic signatures, accompanied by

luminescence quenching and enhanced singlet oxygen generation, attributed to ISC enhancement.

Time-dependent density functional theory calculations, combined with excitonic analysis based on

transition density matrix, revealed how dimerization-induced modifications in excited-state character are

crucial for maximizing ISC rates. Our findings demonstrate that increasing excitonic coupling through

heavier chalcogen bridges can dramatically accelerate ISC in homodimers by inducing changes in

excited-state character between singlet and triplet states, without invoking a full charge-separation step.

Beyond these specific results, this work highlights excitonic coupling as a versatile handle for

engineering ISC in molecular assemblies, opening new perspectives for the design of photoactive

materials for optoelectronics, photocatalysis, and photodynamic applications.

1. Introduction

Excited singlet-to-triplet Intersystem crossing (ISC) plays a
pivotal role in a variety of applications, ranging from organic
electronics to therapeutic applications.1–6 In organic light-
emitting devices, for example, molecules showing efficient
and reversible singlet-to-triplet ISC can be used to improve
device efficiency, which is otherwise limited by spin statistics
and the forbidden character of the radiative T1 - S0 transi-
tion.7–9 In artificial photosynthesis or photocatalysis, intersys-
tem crossing is essential for the generation of a long-lived

excited state, enabling more efficient charge separation10–12

and photoinduced electron or energy transfers,13–15 respec-
tively. In chemical biology, ISC leads to the production of
various reactive oxygen species, which find potential therapeu-
tic applications in photodynamic therapy (PDT).16–18

Intersystem crossing efficiency is primarily determined by
two key factors: the magnitude of the spin–orbit coupling (SOC)
and the energy difference between the lowest singlet excited
state and the triplet manifold.19 Different strategies can be
used to improve SOC in molecules.20,21 A classical way is
introducing heavy atom substituents (such as I, Os, Pt, Ru, Ir
etc),22 which enhances SOC through relativistic effects, a phe-
nomenon known as ‘‘heavy atom effect’’.23,24 However, ISC
enhanced by the heavy-atom effect often implies higher syn-
thetic costs and can lead to dark toxicity effects in the context of
PDT applications.25

Another way of enhancing ISC involves the change in
the character of the excited states involved in the process.

a Faculty of Chemistry and Pharmacy, Sofia University ‘‘St. Kliment Ohridski’’,

1 J. Baurchier blvd., 1164, Sofia, Bulgaria
b Univ Angers, CNRS, MOLTECH-ANJOU, SFR MATRIX, F-49000 Angers, France
c ENS de Lyon, CNRS, Laboratoire de Chimie UMR 5182, F-69342 Lyon, France
d Institut Universitaire de France, 5 rue Descartes, 75005 Paris, France
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According to El-Sayed’s selection rules, which are based on
orbital symmetry considerations, the forbidden nature of the
ISC process can be alleviated if there is a change in the
molecular orbital type during the process. Typically, molecules
featuring a low-lying np* singlet excited states (as in aromatic
ketones, such as benzophenones, quinone, or phenalenone)
undergo efficient ISC to a pp* triplet state.26–28 However,
synthesizing triplet photosensitizer molecules that operate via
this mechanism can be challenging. Alternatively, the magni-
tude of SOC can be tuned by lowering molecular symmetry
through distortions of the aromatic framework.29–34 Further-
more, other less conventional mechanisms to promote ISC have
also been reported, including ISC via higher singlet states or via
doubly excited states in molecular dimers.35

Recently, a number of reports have demonstrated the pos-
sibility of using small molecular dimers (typically bodipy)36–39

or heterodimers (bodipy/poly(hetero)aromatic)40–43 to promote
efficient ISC. In compact electron donor/acceptor dyads, where
the donor and acceptor adopt a mutually orthogonal orienta-
tion, this effect is often attributed to the so-called photoin-
duced spin–orbital charge-transfer enhanced ISC (SOCT-ISC).44,45

According to this model, a long-lived charge-separated state (CSS)
is formed directly upon photoexcitation, and the change in orbital
angular momentum accompanying charge recombination (CR) is
proposed to compensate for the change in electron-spin angular
moment required for ISC.39,46 This strategy, however, usually leads
to low-energy 3LE or CT states, which may limit ISC. Although the
presence of a CSS has been backed up by transient spectroscopic
evidence in some of the depicted systems,47 the SOCT-ISC model
does not provide a fully comprehensive theoretical framework,
particularly when applied to homomolecular dimers.

In covalently linked homomolecular dimers, the donor and
the acceptor units of the dyad have the same structure. Upon
photoexcitation, one unit can act as the donor and the other as
the acceptor, promoting a symmetry-breaking charge-transfer
(SBCT)-induced ISC.35,48 In this scenario, the molecular sym-
metry is disrupted, resulting in a high energy CT state with the
hole (cation) and the electron (anion) localized in different
units. Since the chromophore units usually adopt an orthogo-
nal geometry, SBCT-ISC can be considered as a special case of
the SOCT-ISC.6,49,50 Furthermore, given that the donor and the
acceptor are structurally equivalent, the same structural unit,

the energy of the CT state tends to be higher than in conven-
tional SOCT-ISC systems. Despite its mechanistic appeal, exam-
ples of molecules showing SBCT-ISC and efficient ISC are still
scarce. Notably, a few examples involving naphthalimide
dimers and derivatives were recently reported by Jing et al.49

and Tian et al.51 Yet, the fundamental aspects at the mole-
cular level underlying SBCT-ISC in such systems are not fully
understood.

In a recent work, we explored the concept of dimerization-
induced intersystem-crossing in homomolecular dimers of
benzothioxanthene imide (BTI) derivatives.52 Combining
experimental and theoretical efforts, we reported a remarkable
ISC efficiency in a series of BTI dimers covalently or supramo-
lecularly linked. The observed efficiency was found to dynami-
cally depend on the angular orientation between the two dimer
subunits (referred as through-space excitonic coupling). In the
present work, we extend these concepts and propose that SOCT-
ISC could also be envisioned in the framework of the classical
excitonic model, with the bound electron–hole pair becoming
delocalized over the two chromophore units, giving rise to
mixed charge-resonant excitonic states.53 Within this picture,
excitonic coupling generates a new subset of singlet and triplet
excited states, featuring partial or complete delocalization of
the excitation across both subunits.

To that end, we synthesized and characterized a series of
naphthalimide dimers interconnected through a chalcogen
linker at their 4-carbon position (Fig. 1). We show that when
oxygen is used as a linker (Napht2[O]), the position of the
absorption and emission maxima of the naphthalimide dimer
remains nearly unchanged compared to the monomeric refer-
ence compound Napht[O]Me. In contrast, the sulfur (Napht2[S])
and selenium (Napht2[Se]) analogs exhibit a clear Davydov
splitting of their absorption spectrum and redshift of the
emission characteristic of excitonic coupling. Remarkably,
these features are accompanied by an almost complete quench-
ing of luminescence and a concomitant rise in the singlet
oxygen quantum yield, suggesting that excitonic coupling
between the two covalently linked fluorophores facilitates ISC.
This hypothesis is backed up by time-dependent density func-
tional theory (TDDFT) calculations and, in particular, by transi-
tion density matrix (1TDM) analyses, which confirm that
excitonic and charge transfer interactions play a central role

Fig. 1 Structure of the three dyes investigated in the present study, Napht2[X] (X = O, S, Se), along with reference monomeric compound NaphtOMe.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
1/

20
26

 1
0:

51
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00935b


This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys.

in enabling efficient ISC in these metal-free small organic
molecules.

2. Results and discussion
2.1. Synthesis

The synthesis of the naphthalimide dimers Napht2[O], Napht2[S],
and Napht2[Se] is depicted in Scheme 1. For all three target
compounds, our approach is based on nucleophilic aromatic
substitutions, initially forming the phenolate anions and the
corresponding sulfur and selenium analogs. The resulting
anionic forms rapidly react with the corresponding dimer.

Regarding the Napht2[O] dimer, it was readily prepared in
one step from 4-bromo-1,8-naphthalimide 1a upon interaction
with water, in the presence of cesium fluoride, in DMSO. In this
case, several stepwise reactions take place: Halex reaction to
4-fluoro-1,8-naphthalimide, conversion to phenolate, and rapid
dimerization. Despite many successive reactions, the reaction
proceeded smoothly and in a moderate yield of 53% on a gram
scale. This was considered satisfactory regarding the successive
reactions taking place in situ, as described above. Increasing
the amount of water and base did not affect the rate and yield of
the reaction.

Excess sodium sulfide hydrate was used as the nucleophile
for the synthesis of the sulfur analog Napht2[S]. The higher
nucleophilicity of the sulfide anion allows the reaction to be
carried out at lower temperature. Following workup of the
reaction and purification by column chromatography, the
Napht2[S] dimer was isolated in 49% yield on a gram scale,
comparable to Napht2[O].

A similar strategy was used for the synthesis of Napht2[Se].
Due to solubility issues of the target compound when using
naphthalimide 1a as a starting reactant, analog1b, bearing a
2-ethylhexyl in place of the octyl substituent on the nitrogen,
was synthesized. This modification was later confirmed not to
significantly affect the spectroscopic or photophysical proper-
ties of Napht2[Se]. Compound 1b reacted smoothly with a

solution of previously prepared disodium diselenide in dry
NMP. The reaction proceeded rapidly in 1 h at 90 1C. After
workup and purification by column chromatography, the
Napht2[Se] dimer was isolated in 61% yield, which is compar-
able to the yields obtained for the other two dimers. Detailed
synthetic procedures, along with NMR (Fig. S1–S7) and HRMS
(Fig. S8–S10) are provided in the SI.

2.2. Spectroscopy

All spectra were recorded in chloroform, in ca. 5 � 10�5 mol L�1

concentration for the absorption spectra and molar extinction
coefficient determination, and 2–5 � 10�6 mol L�1 for emission
spectroscopy. The main spectroscopic features are summarized
in Table 1 and illustrated in Fig. 2, which shows the absorption
and normalized emission spectra recorded for Napht2[O],
Napht2[S], and Napht2[Se]. This figure also displays the com-
puted spectra for the three molecules obtained using the
nuclear ensemble approach (NEA) based on a Wigner distribu-
tion of the corresponding minima.54 Although the calculated
spectra exhibit a systematic blueshift relative to the experi-
mental spectra, all the key spectral features and overall patterns
are well reproduced. The shift in the computed spectra mainly
reflects limitations of the underlying electronic-structure
method used to compute excitation energies. The NEA
approach is primarily intended to reproduce spectral band
shapes, relative intensities, and vibronic broadening through
thermal sampling of nuclear geometries, rather than using a
single geometry to broaden the absorption spectrum (typically,
band maxima are redshifted relative to the vertical excitation by
an average of 0.11 eV).55 Individual absorption, emission, and
phosphorescence spectra (recorded at 77 K) are provided in the
SI Fig. S11.

The absorption spectrum of Napht2[O] is dominated by a
main band peaking in the UV (labs = 360 nm), with an onset
near 400 nm. This band shows a clear vibronic progression,
characteristic of a localized pp* excited state (LE), as confirmed by
quantum chemical calculations discussed later. Molar extinction

Scheme 1 Synthesis of the naphthalimide dimers Napht2[O], Napht2[S], and Napht2[Se].
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coefficient is high, ca. 29 000 L mol�1 cm�1. The emission band
almost mirrors the absorption, with maximum in the violet edge of
the visible spectrum (lem = 405 nm). It shows a similar LE
character and associated vibronic progression, with a high emis-
sion quantum yield (jf = 0.65).

Overall, the absorption and emission spectra of Napht2[O]
closely resemble those of the reference compound NaphtOMe
(Fig. S12), exhibiting similar absorption maxima (labs = 360 nm)
and vibronic progression. The emission of NaphtOMe is
slightly redshifted (lem = 430 nm), with the (0–2) vibronic
transition becoming dominant, while the (0–1) transition
remains the primary feature in Napht2[O]. This pattern is well
reproduced by the calculated spectra of the reference com-
pound (Fig. 4). Notably, NaphtOMe shows a significantly higher
fluorescence quantum yield (jf = 0.82).

Napht2[S] and Napht2[Se] show drastically different spectro-
scopic properties. Their UV absorption and emission spectra
mainly consist of two intertwined bands, consistent with what
has been recently reported for related naphthalimide dimers.51

In both cases, a broad and structureless band appears signifi-
cantly redshifted (labs B 390 nm, in comparison with the
maximum monitored for Napht2[O], which appears at 323 nm).
The band tails in the visible, with an onset near 450 nm. Mean-
while, a structured band with a vibronic progression similar
to that seen in Napht2[O] is observed, but the main vibronic
transition appears blueshifted to ca. 345 nm. Molar extinction
coefficient of the broad band is significantly reduced to 22 500
and 20 000 L mol�1 cm�1 (at labs = 390 nm) for Napht2[S] and

Napht2[Se], respectively. While the overlap of the two bands
makes a comparison difficult, the intensity of the structured band
appears much weaker in Napht2[S] and Napht2[Se] in comparison
with Napht2[O].

The computed theoretical spectra exhibit features that clo-
sely resemble those observed experimentally in the absorption
spectra. While Napht2[O] shows a maximum peaked at 327 nm,
Napht2[S] and Napht2[Se] show two partially overlapping bands
(peaked at 351/312 nm for S and 355/312 nm for Se) with lower
intensity compared to the oxygen analog. This characteristic
band splitting (Davydov splitting),53 along with the apparent
reduction in the oscillator strength of the lowest vertical
absorption (Table 2) supports the hypothesis of a pronounced
intramolecular excitonic coupling,56–59 in the systems contain-
ing sulphur and selenium, which appears to be negligible in the
Napht2[O].

To exclude the possibility that the observed excitonic cou-
pling arises from intermolecular aggregation, concentrated
(10�4 M) solutions of each compound were prepared and
measured by UV-vis spectroscopy. Then, spectra were recorded
upon successive dilution to ca. 1.5 � 10�6 M (Fig. S13–S15).
Superimposition of the spectra recorded in each case at both
extremes of concentrations shows perfect overlap, which con-
firms that the observed effect is of a pure intramolecular
nature.

As a result of this excitonic coupling process, luminescence
is substantially redshifted (lem = 462 nm).60 In the meantime,

Table 1 Main spectroscopic features of studied compounds

Compound
labs

(nm)a
lem

(nm)a jf
ab jD

ac tf (ns)ad
Stoke’s
shift (cm�1)

Napht2[O] 362 406 0.65 0.13 3.16 2994
Napht2[S] 380 462 0.016 0.97 o0.3 4670
Napht2[Se] 389 463 o0.01 0.77 o0.3 4108

a Chloroform used as a solvent. b Quinine sulfate in aqueous H2SO4

0.1 M used as a reference (jf = 0.55). c Phenalenone in chloroform used
as a reference (jD = 0.97). d TCSPC measurement, excitation source
wavelength 395 nm (NanoLED), emission wavelength 450 nm.

Fig. 2 Absorption (full line) and normalized emission (dashed line) spectra obtained experimentally (left) and calculated (right) for the dimers Napht2[O]
(black), Napht2[S] (red) and Napht2[Se] (blue).

Table 2 Calculated vertical absorption and emission energies and
respective oscillator strengths at the TDDFT level in PCM/chloroform.
Emission from the S2 state is showed only for comparison of the shift

State
Evert (eV)
(S0 - Sn) f

Evert (eV)
(Sn - S0) f

Stokes’
shift (nm)

Napht2[O] S1 3.86 0.911 3.35 0.942 49
S2 4.07 0.245 3.76 0.137

Napht2[S] S1 3.57 0.679 2.99 0.730 67
S2 3.79 0.188 3.54 0.276

Napht2[Se] S1 3.52 0.572 3.02 0.581 58
S2 3.70 0.221 3.50 0.330
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luminescence quantum yield vanishes, dropping to 0.015
for Napht2[S] and almost 0 for Napht2[Se]. For the latter
compound, the red edge of the spectrum reveals a weak band
which, by comparison with subsequent 77 K experiments (see
below), we attribute to RT phosphorescence.

Luminescence lifetime, which is 3.2 ns for Napht2[O], is
shortened below the detection limit of our time-correlated
single-photon counting (TCSPC) measurement (o0.2 ns) for
the two other compounds. Altogether, this evolution suggests
that strong non-radiative processes are taking place, the nature
of which will be discussed in the following.

Excited state triplet phosphorescence signatures were moni-
tored, using solutions of Napht2[Se], Napht2[S], Napht2[O], and
NaphtOMe in glassy 2-methyltetrahydrofuran at 77 K. In all
cases, the phosphorescence character of the band was ascertained
by applying a time gate of 60 ms between the excitation and
collection of the data, using the ‘‘phosphorescence’’ mode of our
spectrofluorimeter (Fig. S16). For Napht2[S] and Napht2[Se], a
similar phosphorescence signature with a peak emission around
580 nm and a distinctive vibronic progression was detected. As
expected, a weaker blue-shifted (ca. 545 nm) signal was monitored
for Napht2[O], in line with a less effective ISC. NaphtOMe shows a
very different spectrum, in the shape of an ill-defined 525 nm
centered broad phosphorescence band of weak intensity, witnes-
sing the very different nature of the triplet manifold in the latter.

Because the singlet and triplet excited-state emissions exhibit
distinctive signatures at 77 K, it is possible to quantify their
relative intensities when recording data without time gating
(Fig. S17). This ratio is primarily determined by two factors:
(i) the magnitude of spin–orbit coupling between the lowest-
lying singlet state (S1) and the triplet manifold at lower energies,
and (ii) the radiative rate (oscillator strength) associated with
the T1 - S0 phosphorescence. Interestingly, while the emission
spectrum of Napht2[O] displays only the characteristic fluores-
cence signature (blue-shifted by a few nanometers relative to the
RT spectrum), both fluorescence and phosphorescence bands
are clearly observed for Napht2[S], with comparable intensities.
In contrast, the 77 K spectrum of Napht2[Se] is dominated by
phosphorescence, with only a negligible residual fluorescence

contribution, indicating highly efficient intersystem crossing
to the triplet state and subsequent emission from T1 at low
temperature.

To estimate an approximate experimental yield for excited
singlet-to-triplet intersystem crossing quantum efficiencies,24

singlet oxygen quantum yield measurements were undertaken
in chloroform (see SI, materials and methods for details,
Fig. S18 for measurements). Phenalen-1-one (jD = 0.97 in
chloroform) was used as a reference. While NapthOMe shows
no significant singlet oxygen production (jD o 0.02), a notice-
able increase is seen for Napht2[O] where jD reaches 0.13. This
singlet oxygen generation quantum yield is drastically increased
to 0.97 for Napht2[S], while Napht2[Se] slightly drops to jD = 0.77.
The faint room-temperature luminescence observed for the latter,
including a participation of room-temperature phosphorescence
together with the intense phosphorescence at 77 K, suggests that
additional radiative and non-radiative deactivation pathways con-
tribute to its excited-state decay. In fact, singlet oxygen generation
depends not only on ISC efficiency, but also on the competition
between triplet-state deactivation channels. Although Napht2[Se]
likely undergoes faster ISC because of its larger spin–orbit cou-
pling, the same effect can also enhance phosphorescence and
non-radiative triplet decay, thereby shortening the triplet lifetime
available for energy transfer to oxygen. Therefore, the slightly
lower FD value of Napht2[Se] does not indicate less efficient ISC,
but rather stronger competition from intrinsic triplet-state decay
pathways.

2.3. Quantum chemical calculations

Altogether, these results clearly show that intersystem crossing
efficiency can be tuned by adequate coupling of these basic
naphthalimide fluorophores into homomolecular dyads. To
better understand the origin of this phenomenon and its
dependence on the bridging chalcogen atom, we performed
quantum chemical calculations at the TDDFT level for the three
dimers show in Fig. 1. In all cases, we substituted the long alkyl
chains with a methyl group.

The ground state minimum reveals that the two chromo-
phore units are nearly perpendicular to each other (Fig. 3).

Fig. 3 Equilibrium geometries calculated for the S0 and S1 at the TDDFT level and central dihedral angle (in degrees) as indicated in the figure’s inserts.
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This observation is consistent with previous naphthalimide
dimers reports exhibiting either SBCT or SOCT-ISC.49,51 Upon
relaxation to the S1 minimum, slightly less orthogonal geome-
tries are observed. This structural change is accompanied by a
modest increase in oscillator strength for the vertical transition
to the ground state. Interestingly, the dihedral change govern-
ing the relative orientation between the two counterparts of the
dimer is larger for Napht2[O] than in the sulfur and selenium
analogs, which would suggest a larger Stokes shift for this
compound. However, such an increase in the shift is not
observed experimentally or theoretically, implying that factors
beyond molecular reorganization influence the emission red-
shift, in agreement with our hypothesis of the excitonic nature
of the transition.

The calculated lowest vertical excitations and emission are
shown in Table 2, while the corresponding natural transition
orbitals (NTOs) associated to the electronic transitions are
shown in Fig. S19. These analyses reveal notable differences
between the oxygen-based molecules and sulphur- and
selenium-based analogs. While for Napht2[O], a strong oscilla-
tor strength is observed for the S0 - S1 vertical excitations, the
intensity of this transition is significantly reduced for the
sulphur and selenium analogs. This reduction is attributed to
the nature of the excited state: the NTOs for both S1 and S2

states for Napht2[O] reveal that the hole and electron are
localized on the same naphthalimide unit, characteristic of a
local excitation. By contrast, in Napht2[S] and Napht2[Se], the
hole is localized on a single naphthalimide unit, and the
electron is delocalized over the entire molecule, which
indicates some degree of charge separation. This suggests
significant electron–hole separation in S1 of the S and Se
dimers, i.e. a CT character. The reduced electron–hole overlap
explains the lower oscillator strength of S1 in these molecules,
as CT-type excitations are less allowed, as the spatial separation
reduces the electron–hole overlap.61

Notably, for the three dimers, the S0 - S2 transition also
exhibits significant oscillator strength, which may explain the
appearance of the pronounced double peak in the absorption
spectra. However, while the S0 - S2 oscillator strength remains
weak for Napht2[O], it markedly increases for the S and Se
analogs. The analysis of the NTOs indicates that both excita-
tions are delocalized over the whole molecule, although some

degree of charge transfer character can be expected for the S1

state of Napht2[Se]. Interestingly, for Napht2[Se] and Napht2[S],
these excitations are predominantly dominated by HOMO–
LUMO and HOMO–LUMO+1 transitions, whereas the S2 state
of Napht2[O] acquires a pronounced degree of multiconfigura-
tional character.

As already shown above, for the dimers, the simulated
spectra based on a Wigner distribution54 show similar features
as the experimental spectra. These spectra include vibrational
resolution and are usually redshifted in comparison to vertical
excitations.55 In Fig. 4, we show a comparison of the simulated
spectra for the dimers and for their respective reference mono-
mers. While Napht2[S] and Napht2[Se] show a clear splitting of
the lowest-energy absorption band into two components, char-
acteristic of a Davydov splitting, the monomers show only a
single band, with their maxima overlapping with the more
redshifted part of the dimer spectra. Napht2[O], by contrast,
shows a single absorption band similar to the monomer,
essentially indicating little to no excitonic character. Conse-
quently, the dimer and monomer absorption and emission
spectra for the oxygen analog have almost perfect overlapping
peaks. On the other hand, for the sulphur and selenium
derivatives, the emission spectra of the dimer is clearly red-
shifted in comparison to the monomer.

To investigate the ISC, we computed the singlet–triplet
energy gap and the spin–orbit coupling (SOC)62 values for the
three molecules. As this energy gap is highly sensitive to the
level of theory, we also calculated the energies at the ab initio
CC2 level (Table S1) using geometries optimized at the TDDFT
level, in order to benchmark the energy differences. Based on
previously published benchmarks,63–65 the expected standard
deviation of CC2 and TD-DFT with CAM-B3LYP functional
(using the Tamm–Dancoff approximation) for excited state
energies is approximately 0.2 eV, while the uncertainty of CC2
for singlet–triplet gaps may be smaller than 0.1 eV. TDDFT
calculations, using the CAM-B3LYP-D4 functional, which are
summarized in Fig. 5, show a good agreement with the CC2
results. In all molecules, T1 and T2 states lie below the S1

minimum. For Napht2[O], the S1-T2 energy gap is 1.02 eV, while
for Napht2[S] and Napht2[Se], the energy gap is reduced to 0.72
and 0.69 eV, respectively. At the CC2 level, these energy
gaps are, respectively, 0.94, 0.66, and 0.60 eV. For these three

Fig. 4 Absorption (full line) and normalized emission (dashed line) spectra computed with the nuclear ensemble approach for the monomers (displayed
as lines without area filling) and for the dimers (displayed with filled areas).
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molecules, the T3 state is also computed only slightly higher in
energy than S1 (Fig. 5 and Table S1), suggesting that this triplet
state could also be involved in the ISC. In parallel, the SOC
values for Napht2[O] are found to be significantly lower than
those for the sulfur and selenium analogs. Together, the
reduced energy gaps and enhanced SOC values strongly suggest
a more favorable ISC process in Napht2[S] and Napht2[Se],
consistent with experimental data.21

2.3.1 Accessing the dynamical nature of dimerization-
induced SOC. Since the connection between the chalcogen
and the two naphthalimide units is a single bond, it can freely
rotate giving rise to other stable conformers that may exhibit
larger SOC values. Some of us have previously shown that the
molecular freedom imposed by the molecular bridge can
increase SOC and remarkably enhance ISC.52 To investigate
the dependency of the SOC values with the molecular geometry,
we performed a relaxed scan around the central dihedral angle
for each molecule. Fig. 6 shows the relative energies and the
SOC values along the rotation around this dihedral angle.
Although the SOC values vary with the geometry, we observe
that the S1–T2 coupling intensity consistently remains between
0 and 1 cm�1 for Napht2[O], between 3 and 8 cm�1 for

Napht2[S], and between 15 and 35 cm�1 for Napht2[Se]. The larger
SOC values for the two latter explain why fluorescence quantum
yield is essentially absent for these molecules. Indeed, it has been
shown that, for instance, the phosphorescence-fluorescence effi-
ciencies ratio of pp* transitions for halogenated hydrocarbons
increases approximately with the square of the SOC constant.66

Interestingly, for Napht2[S] and Napht2[Se], near-orthogonal con-
formations exhibit a pronounced increase in SOC values, consis-
tent with similar observations reported for other types of dimers.52

At present, the origin of these variations is not fully understood,
but they may reflect geometry-dependent selection rules or state-
mixing effects governing SOC in these dimers.

Combining the effects of a smaller singlet–triplet energy gap
and significantly larger SOC values observed for Napht2[S] and
Napht2[Se] indicates that the ISC rate for these molecules
should be several orders of magnitude higher than for Napht2[O].
To definitely dismiss the possibility that the enhanced ISC is
solely from the heavier-atom effect and to confirm its origin in
excitonic coupling within the dimer, we calculated the singlet–
triplet energy gaps and SOC values for the corresponding mono-
mers. In these cases, one of the naphthalimide units was
substituted by a methyl group (as described previously), resulting

Fig. 5 (Left) Vertical energies calculated at the S0 and S1 minimum at the TDDFT level (left). Natural transition orbitals associated to the dominant
transitions for the two lowest singlet states at the S1 minimum (center), the bottom being the hole and the top the electron. Spin–orbit couplings, in cm�1,
between the S1 and the three lowest triplet states calculated at the S1 minimum geometry (right).
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in the reference compound Napht[O]Me (synthesized and stu-
died experimentally, vide supra), and into Napht[S]Me and
Napht[Se]Me. Vertical excitation energies and NTOs for these
compounds can be seen in the SI (Table S2 and Fig. S20). Looking
at the first two excitations, we observe that the S0 - S2 transition
has oscillator strengths below 0.05 in all cases, in striking contrast
to the corresponding dimers. Comparing the SOC values calcu-
lated for the dimers and monomers, we observe that it vanishes in
all cases (Table S3) for the monomers, reaching maximum values
of 0.18 cm�1 for S1–T2 of Napht[Se]Me. This trend is in line with
the results obtained experimentally for Napht[O]Me. Regarding
the character of the excitations, the NTOs analysis indicates that
all transitions correspond to local excitations and they are all
equivalent in nature (Fig. S20).

The difference in excitation character when compared to the
dimers is also evident from the electron density difference plots
(Fig. S21 and S22). These results indicate that the increased ISC

rates in Napht2[S] and Napht2[Se] cannot be attributed solely to
the internal heavier-atoms, and strengthen the hypothesis that
intramolecular excitonic coupling caused by dimerization plays
a key role in facilitating ISC.

2.3.2 Excitonic analysis based on the transition density
matrix. To further test this hypothesis and characterize the
nature of the excitations in the dimers, we calculated the
transition density matrix (1TDM) using the fragment-based
analysis available in TheoDORE67 program. These analyses
allows for an unambiguous assignment of the excitation type,
whether it corresponds to a local excitation (LE), charge
transfer (CT), excitonic resonance (ER), charge resonance
(CR) exciton, or a mixed ER + CR state. In this procedure,
the molecule is divided into fragments (in this case, into two
fragments represented in Fig. 7b): one of them contains the
Napht[X] unit, and the other one contains the Napht (for the
dimer) or the methyl group (for the monomer).

Fig. 6 Relaxed scan at the S1 geometries: (a) relative energies between the lowest excited states and the ground state calculated along the rotation of
the central dihedral angle (C–X–C–C) at the TDDFT level. (b) Respective spin–orbit couplings between S1 and the lowest triplet states calculated along
the relaxed scan.
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Fig. 7a illustrates the different types of excitations and the
main descriptors used in this work to classify them.67,68 The
white and blue squares are a graphical representation of
the hole and electron population over the two fragments and
are derived from the one-electron transition density matrix
(1TDM) between two electronic states, the so-called O-matrix.
From this matrix, other descriptors can also be derived: the CT
number (charge transfer number), ranging from 0 (local excita-
tion) to 1 (full charge transfer); PR (participation ratio), which
stands for the exciton delocalization and indicates the number
of fragments involved in the excitation (PR B 1 indicates fairly
localized states, while PR B 2 indicates a delocalized state);
POS (average position of the excitation in the dimer), where
POS = 1 or POS = 2 means that the excitation is localized on
either one or the other fragments, while POS = 1.5 means that
the average position is between the two chromophores. Com-
bined, these descriptors allow to identify and precise classify
the nature of the excited states. A localized excitation (LE),

or Frenkel exciton, is characterized by the electron–hole pair
confined in the same fragment (fragment 1 in the example),
while a pure charge transfer (CT) state shows the electron and
the hole localized in different fragments. An excitonic reso-
nance (ER) refers to the coherent sharing of an excitation
between the two chromophores without significant charge
transfer, i.e. the electron and hole remain in the same frag-
ment. Charge resonance (CR), on the other hand, describes
coherent mixing of CT configurations where the charge dis-
tribution between the chromophores is indistinguishable,
i.e. when the electron and hole are on different fragments.
Physically, it corresponds to a superposition of two opposite CT
states (or charge resonant exciton states), where there is a
partial charge separation, but overall neutrality is restored via
resonance. Finally, a mixed ER + CT state can also be formed.

Table 3 reports the numerical values of the 1TDM descrip-
tors. A common feature observed upon comparison with the
monomer is that dimerization enables delocalization of the

Fig. 7 (Left) Schematic representation of the different types of excited states distributed over two fragments used on the TheoDORE program.
(a) Representation of the distribution of the hole (red) and electron (violet) over the fragments. (b) Molecular fragments used in the fragment-based
analysis. (c) Electron–hole correlation plots of the Omega matrices for the individual states of the dimer.

Table 3 Main descriptors used to evaluate the character of the excitations. CT (charge transfer), PR (participation ratio), POS (position of the exciton in
the dimer). Superscripts (0) indicate the geometry of the ground state and (1) the geometry of the first excited singlet state. *Indicates that T2 in the
monomer in higher in energy than S1 state

Dimer Monomer

Napht2[O] Napht2[S] Napht2[Se] Napht[O]Me Napht[S]Me Napht[Se]Me

S1
(0) CT 0.04 0.29 0.35 0.12 0.33 0.43

PR 1.44 1.64 1.66 1.14 1.45 1.53
POS 1.81 1.72 1.71 1.07 1.19 1.24

S1
(1) CT 0.25 0.43 0.49 0.12 0.31 0.39

PR 1.98 1.85 1.74 1.14 1.42 1.51
POS 1.55 1.54 1.51 1.06 1.18 1.22

T2
(1) CT 0.06 0.07 0.04 0.08* 0.20* 0.26*

PR 2.02 1.66 1.21 1.11 1.28 1.36
POS 1.47 1.73 1.91 1.05 1.12 1.15

T1
(1) CT 0.09 0.19 0.18 0.10 0.19 0.20

PR 2.00 1.81 1.39 1.11 1.24 1.25
POS 1.54 1.34 1.17 1.05 1.11 1.11
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excitation across the two identical fragments, an effect that
becomes progressively more pronounced from O to S to Se
analogs. Despite this increased delocalization, the CT number
remains below 0.5, consistent with either a localized excitation
or an excitonic resonance state. Additionally, a PR approaching
2 indicates that both fragments significantly contribute to the
excitation, while the POS near 1.5 suggests that the exciton is
symmetrically delocalized between the two units.

As illustrated in Fig. 7, the different kinds of excitations can
be distinguished based on the 1TDM descriptors. Fig. 7c shows
the graphical representation of the O-matrix for the vertical
excitations (at the S0-min) and for the S1, T1, and T2 states at the
S1 optimized geometry. Starting with the Napht2[O] dimer, one
can observe that both the S1 and S2 vertical excitations corre-
spond to localized excitations, which is also clearly seen in the
NTOs shown in the SI Fig. S19. At the S1 minimum, however,
this state, as well as the T1 and T2 states, can be classified as
excitonic resonance states.

The situation is markedly different for Napht2[S] and
Napht2[Se], which behave similarly. At the S0 minimum, both
compounds show a significant increase in the CT number for
the vertical S1 and S2 excitations. While this increase alone may
not justify classifying these states as pure CT, the presence of
both partial charge separation and delocalization suggests a
mixed ER + CR. Upon relaxation to the S1 minimum, this mixed
character becomes more pronounced, evolving into a clear
mixed ER + CT state. Crucially, the T2, which is the state
energetically closest to S1 and, therefore, the most accessible
for the ISC, shows a different feature, with a more localized
Frenkel-exciton character, particularly for the Napht2[Se]. This
change in state character between S1 and T2 is expected to
increase the SOC, thereby enhancing the ISC. This could be
seen as an analogy to the SBCT-ISC mechanism, where the
required change in angular momentum is compensated by the
change from a 1CT to 3LE state in order to promote ISC. Mixed
Frenkel exciton and CT states are a hybrid that present inter-
mediate properties, with peaks partially shifted and NTOS
partially separated. The presence of mixed interactions also
supports the decrease of fluorescence observed for S and Se
compounds.69

To confirm that the enhanced ISC observed in the dimers
arises from changes in excited-state character rather than
simply from the presence of heavier elements (S or Se), we
performed the same 1TDM-based analyses for the monomers.
The results are summarized in Table 3 and in SI Fig. S24. In the
monomer, fragment 1 corresponds to the Napth group (as it
was for the dimer), while fragment 2 consists of the �XMe unit.
For all three monomers, the T2 state lies above S1, indicating
that ISC is likely to occur from S1 to T1. The descriptors reveal
that Napht[O]Me maintains a purely localized excitation char-
acter across all relevant states. In Napht[S]Me and
Napht[Se]Me, both S1 and T1 also exhibit predominantly local
excitation character, although S1 shows a slightly larger CT
number compared to T1. These results confirm that the
enhanced ISC observed in the dimers arises from dimerization-
induced changes in excited-state character between S1 and T2,

rather than being solely due to the presence of the heavier S or
Se atoms.

Overall, a clear trend is observed: the oxygen-based systems
exhibit the most localized excitations, sulfur analogs show
intermediate behavior, and selenium promotes the greatest
electronic delocalization and CT mixing. This progression
reflects the more diffuse and polarizable character of the
orbitals of heavier chalcogens which may facilitate stronger
coupling and charge redistribution between units.

Altogether, these results provide new evidence that tuning
the inter-units electronic coupling in simple homomolecular
fluorophore dyads can induce strong intramolecular excitonic
couplings. In turn, such interactions offer an effective strategy
to modulate intersystem crossing efficiency, demonstra-
ting how molecular design at the fragment level can control
excited-state dynamics.

Our mechanistic interpretations are based on the strong
consistency between steady-state spectroscopic measurements
and quantum-chemical calculations, which together support
the role of excitonic coupling in promoting ISC. Nevertheless,
we acknowledge that ultrafast spectroscopic investigations
would be valuable to further validate and refine the proposed
mechanism.

3. Conclusions

By means of nucleophilic aromatic substitutions on 4-bromo-
1,8-naphthalimide derivatives, we synthesized three accessible
homomolecular dyads of a naphthalimide fluorophore, simply
differing by their bridging chalcogen atom (O, S, Se), and thor-
oughly investigated the spectroscopic and photophysical properties
of these dyads experimentally and theoretically. By systematically
comparing the effects of different chalcogens, we demonstrated
that sulfur and selenium analogs exhibit pronounced excitonic
coupling and different degrees of charge resonance, which facilitate
ISC more effectively than their oxygen counterparts.

The differences in excitonic coupling behaviour translate
into a marked change in the spectroscopic features of the dyads
when going from Napht2[O] to Napht2[S] and Napht2[Se], with a
characteristic splitting of the lowest energy transition, broad-
ening of the red-shifted band, and redshift of the emission
band. TDDFT calculations reproduce this phenomenon well
and enable deeper analyses of the factors controlling the ISC in
the three molecules. Examination of transition density matrices
and NTOs shows that the degree of excitonic charge delocaliza-
tion critically depends on the nature of the chalcogen bridge,
while ruling out any isolated participation of a chalcogen-
mediated heavy atom effect. As a consequence of this excitonic
charge delocalization, excited singlet-to-triplet ISC is strongly
favored for the third and fourth row chalcogen-bridged
Napht2[S] and Napht2[Se], as it can be seen by the very marked
decrease in their luminescence quantum efficiency and con-
comitant increase in singlet oxygen generation efficiency.

Quantum chemical calculations unveiled how the dimeri-
zation-induced changes in excited-state character are crucial for
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maximizing ISC rates. This detailed analysis allowed us to
propose an alternate mechanism for enhancing ISC in organic
dimers when compared to typical SBCT-ISC pathways docu-
mented in the literature. In Napht2[O], S1 and S2 are essentially
localized excitations with minimal inter-unit coupling, whereas
in Napht2[S] and Napht2[Se], S1 becomes a delocalized excitonic
state with partial CT character, and S2 acquires a more localized
character. Importantly, no long-lived full charge-separated state
was observed in these dimers; instead, the S1 state itself has a
mixed excitonic and charge resonance character.

In contrast with SOCT-ISC and SBCT-ISC mechanisms,
where ISC is associated with the formation of a full charge-
separated state arising from the near orthogonal orientation
between donor and acceptor, our proposed mechanism does
not require a long-lived fully charge-separated intermediate.
Instead, a strong electronic coupling between the two chromo-
phore units generates mixed excited states with combined
excitonic-resonance and partial CT character. Changes in the
nature of the interacting singlet and triplet states are accom-
panied by changes in molecular orbital momentum, which
increases spin–orbit coupling and promotes ISC. Thus, while
SOCT-ISC and SBCT-ISC are primarily driven by charge separa-
tion/recombination dynamics, the present mechanism is better
described as coupling-induced state mixing ISC (CISM-ISC)
within an exciton manifold. It provides an alternative frame-
work for understanding ISC enhancement in compact homo-
dimers where complete charge separation is energetically
unfavorable or not experimentally observed.

In summary, we demonstrated that by increasing exciton
coupling through heavier chalcogen bridges, one can dramati-
cally accelerate ISC in such homodimers by inducing a change
in the character between the excited singlet and triplet state,
without invoking a full charge separation step. This study
further unveils the role of excitonic coupling in the obtention
of large spin–orbit coupling, and makes the evaluation of the
magnitude of the latter a powerful predictive computational
tool for the assessment of the potential of a given dyad
compound for triplet harvesting and singlet oxygen generation.
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