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gonality as a recipe for efficient
intramolecular charge generation in core
substituted NDI derivatives

Hugh C. Britton,†*ab Alberto M. Santa Daŕıa, †c Chao Lyu,†b Andras B. Augusztin,b

Lewis M. Cowen,b Dejan-Krešimir Bučar, b Alethea B. Tabor, b

Bob C. Schroeder, b Sandra Gómez *d and Jose M. Marin-Beloqui *ef

One of the primary drawbacks of organic materials, compared to their inorganic counterparts in various

optoelectronic applications, is their lower charge generation efficiency, which stems from their

inherently higher exciton binding energy. Therefore, new out-of-the-box approaches need to be

introduced to the field. Herein, we propose a new approach to increase the charge formation of

naphthalenediimide (NDI) derivatives by inducing a large torsional angle between the NDI core and the

core-attached substituent, deconjugating the resulting extended p-system. To study the extent of this

change, transient absorption spectroscopy characterisation has been performed on a set of derivatised

NDI molecules where the core-attached substituents have been systematically altered to modulate the

resulting torsional angle. The data indicates an enhanced charge generation with core-attached

substituents from phenyl to anthracenyl which increase in both size and degree of rotational inhibition.

State-of-the-art excited state simulations using the TD-B3LYP/def2-SVP level of theory were performed

to calculate absorption spectra and to parametrise potential energy surfaces to run non-adiabatic

quantum dynamics simulations for the two extreme NDI systems, showing crucial differences due to the

influence of charge transfer states. This opens the possibility for a new family of NDI molecules with

implications for a wide range of applications such as photovoltaics, transistors and catalysis.
Introduction

The transfer of electrons is at the heart of a myriad of chemical
and physical processes such as photosynthesis, radical reac-
tions, catalysis and organic electronics. However, most organic
materials lack the ability to efficiently generate charges upon
external stimuli, particularly by photoexcitation. The main
reason for this low efficiency is the large exciton binding energy,
which hinders the separation of the singlet exciton into free
charges. This is a major reason why organic materials, despite
their obvious advantageous properties such as exibility,
transparency, and low-cost manufacturing, have not been
widely adopted.
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Efficient generation of charges in organic materials typically
relies on using two materials, with one serving as the donor and
the other as the acceptor.1–3 But the use of two different mate-
rials is accompanied by amyriad of associated problems such as
poor miscibility,4 lack of morphology control,5 energy losses6

and stability.7 These problems highlight the utmost importance
of new approaches to generate charges and thus obtain organic
molecules able to yield free charge carriers without the need for
a second material.

To this end, we conduct a detailed investigation of the excited
state dynamics, focusing on charge generation enabled by the
orthogonality between a central naphthalenediimide (NDI) core
and its substituents. The NDI core was selected as it is a building
block commonly used in literature due to its ability to generate
negative charges. This ability, paired with its outstanding
oxidative stability, has granted it a large presence in the eld of
organic photovoltaics and eld effect transistors.8–13 Numerous
strategies aimed at enhancing the charge generation in NDI
molecules have focused on the substitution at the imide
nitrogen.14–17 In instances where substituents have been attached
to the NDI naphthalene core, prevalent approaches have
predominantly employed electron donating moieties such as
thiophenes and amines to facilitate charge generation by raising
their highest occupied molecular orbital (HOMO) level.18–22 This
Chem. Sci.
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reliance has been rooted in electronic effects, diverging from our
geometric approach, to decrease the electronic coupling between
the core and the substituents. Literature provides an instance in
which an anthracene moiety is conjugated to the NDI core;
however, an amine functional group is also affixed to the NDI
core. Consequently, the predominant contribution to charge
generation is attributed to the donor characteristics of the amine
group, rather than the anthracene substituent.23 Other examples
of NDI core substitution found in literature focus on the
attachment of halogen substituents to the NDI core to induce
triplet formation by an increase of the spin–orbit coupling
through the heavy atom effect.23,24 However, the effects of
attaching diverse aromatic groups to the NDI core on the
geometry and charge generation have not previously been
explored.

Charges generated by the molecules presented in this work
offer a distinct advantage over other examples in literature
where orthogonal charge formation is shown. In their vast
majority, such charges are formed either in larger molecules
like polymers,25 where the charge separation is more accessible
than in a small molecule, or through strong donor units, again
relying on electronic effects.23,26 Accordingly, Wu et al. pub-
lished a work where they synthesise a strong donor character
unit of indacenodithiophene (IDT) sandwiched between two
orthogonal NDI units with the ability to generate charges.27

However, the IDT unit large donor strength makes impossible
to isolate the role of orthogonality in the charge generation
process. In our work, the charge generation occurs in small
single-molecules with the orthogonality between the main NDI
core and the core substituent as the main relevant actor.

Herein we report a series of NDI core substituted molecules
with large aromatic substituents. We synthesised a series of ve
NDI analogues – NDI-Ph (phenyl), NDI-Th (thiophenyl), NDI-
Mes (mesityl), NDI-Nap (naphthalenyl) and NDI-An (anthra-
cenyl) – with a range of aromatic groups of differing sizes
(Scheme 1). We anticipated that as the size of the aromatic
moieties increased, the steric hindrance between the NDI and
the anking substituents would also increase, thus inducing
a larger orthogonality and reduced p-orbital overlap. Further-
more, in some cases congurationally stable biaryl atro-
pisomers could result, particularly for large analogues or with
Scheme 1 Synthesis of core-substituted NDI dicarboxylic acids NDI-Ph
colours of the final products.

Chem. Sci.
large ortho-substituents. The core substitution with larger
aromatic moieties introduces a signicant steric hindrance
between the substituent and the imide carbonyls, resulting in
a nearly orthogonal torsional angle between both aromatic
units and a dramatically reduced p-orbital overlap.

Unravelling the identity of the charged states observed in the
different NDI derivatives upon excitation, presents a challenge. The
main reason for this is that the differences between charge transfer
and separated charge states are oen minimal in terms of their
spectral characteristics.28 Results indicate, however, that we cannot
associate these charges to twisted intramolecular charge transfer
(TICT) states. Molecules that undergo TICT change their ground
state geometry, upon excitation, to a twisted geometry in favour of
a more energetically favourable charge transfer (CT) state.29–31 The
NDI derivatives herein presented maintain their orthogonality in
ground and excited states. CT generation in TICTmolecules are very
solvent sensitive, as the viscosity and intermolecular interactions
play a major role in the geometry evolution upon excitation.32,33

Although some TICT systems can exhibit ultrafast charge transfer,
their dynamics generally rely on signicant excited-state geometry
relaxation, which can constitute an efficiency loss pathway, unlike
the largely rigid orthogonal structures studied here.

Transient absorption spectroscopy (TAS) was chosen to
characterise the charge generation process in the presented
series of NDI derivatives. In short, TAS is a technique with two
different light sources, where one excites the sample whereas
the other one probes the photogenerated excited species.
Moreover, creating a delay between the two light sources is
possible to obtain information about the time evolution of the
photogenerated excited species. This technique is widely used
in the eld to study the excited state behaviour in organic
molecules34,35 as the TAS signal is proportional to the number of
charges created due to the Beer–Lambert law.36–38

The implications of the geometric orthogonality approach
for charge generation extend beyond applications where
charges are the ultimate goal, such as catalysis, photovoltaics,
and transistors. Charges also serve as key intermediates in
processes like singlet ssion, thermally activated delayed uo-
rescence, and triplet formation, enabling diverse applications
including LEDs and bioimaging.39–42
, NDI-Mes, NDI-Th, NDI-Nap and NDI-An. Insert shows the range of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Results
Synthetic procedures

As limited studies have previously been reported on aromatic
core-substituted NDIs, it was necessary to develop a exible and
robust synthetic route that would deliver the NDI analogues in
good yield and high purity. Initially the syntheses of the
substituted NDIs were attempted by reacting known dibromide
dianhydride Br2NDA with b-alanine in AcOH to give imide
Ala2NDI in >70% (SI Scheme S1).43–45 Unfortunately, Ala2NDI
was highly insoluble in all organic solvents, preventing subse-
quent introduction of aryl substituents directly to the NDI core
via standard Pd-mediated approaches. This was attributed to
well-known insolubility of NDI core substrates exacerbated by
the carboxylic acid side chains (chosen to allow subsequent NDI
functionalisation for a variety of applications).10,46–48

This necessitated a change in the synthetic approach. The
anhydride core Br2NDA was observed to be notably more
soluble in a range of organic solvents. However, the sensitive
anhydride and bromide functionalities precluded the use of
bases in coupling reactions and attempted coupling under
standard Suzuki and Sonagashira conditions resulted in
decomposition and byproducts.49,50 On the other hand, the
neutral Stille reaction conditions provided a viable solution to
this issue and following precedent, microwave coupling condi-
tions at high temperature to aid solubility, delivered known 1a
and the novel anhydrides 1b–e in 51–95% yields.51–55 The
aromatic core-substituted NDI anhydrides 1a–e were highly
coloured, most notably a brilliant purple for 1e containing
anking anthracene units. In the nal step, the desired imide
was introduced through condensation with b-alanine to yield
NDI-Ph, NDI-Mes, NDI-Th, NDI-Nap and NDI-An in 66–88%
yields spanning a similar range of vibrant colours.
Spectroscopic analysis

Fig. 1 shows the ground state absorbance of the various NDI
derivatives in 2-methyltetrahydrofuran (2-MeTHF) solutions. It
is possible to see the characteristic NDI core bands with little
Fig. 1 Ground state absorbance of 2-methyltetrahydrofuran (2-
MeTHF) solutions of NDI-Ph (black), NDI-Nap (red), NDI-Th (purple)
and NDI-An (blue).

© 2026 The Author(s). Published by the Royal Society of Chemistry
variations among them (375, 377 and 379 nm for NDI-Ph, NDI-
Nap and NDI-Th, respectively). For NDI-An, the NDI core tran-
sitions are slightly obscured by the anthracene bands.

In addition, there is another band at longer wavelengths
which is associated in literature with NDI CT bands.15,23,56 We
see a larger displacement to the red of this band when the size
of the carbon-only substituent is increased phenyl < naphtha-
lene < anthracene. The lower energy absorption band for the
thiophene substituted molecule is positioned between the
anthracene and the naphthalene. The presence of this longer
wavelength band is in line with a more effective separation of
the electronic distribution between HOMO and the lowest
unoccupied molecular orbital (LUMO) levels, associated with
CT states. This effective separation stabilises the LUMO and
raises the HOMO levels, and, therefore, decreases the bandgap
of this electronic transition.57–59 The larger red-shi for NDI-Th
can be explained rstly in light of the electron rich nature of the
thiophene ring. This larger donor nature leads to more efficient
orbital mixing with the electron decient NDI core, resulting in
a reduced optical bandgap. Secondly, due to the smaller ve-
membered thiophene ring, the steric hindrance between the
thiophene and NDI core is reduced, leading to a more planar
overall structure, facilitating electron delocalisation.

To conrm the assignment of these bands to CT states, we
represented Mulliken dependence60–62 of the CT frequency with
the oxidation potential of the substituents obtained from
literature63–65 (Fig. S2). We have used oxidation potential since
the NDI donor remains constant, and the oxidation potential
represents a close measurement of the donor strength.66 A
linear dependence between the CT frequency and the oxidation
potential is associated with an unequivocal CT nature of the
corresponding absorption band.67 However, as seen in our case,
the dependence was not well tted to a line, indicating that the
charged species associated with these bands did not share the
same origin. This deviation from linear dependence could be
originated by a signicant decoupling of the NDI core and the
substituent. This decoupling is in line with the small
displacement (0.03 eV from NDI-Ph to NDI-Th) seen for the NDI
core bands in the ground state absorbance spectra.

To investigate this decoupling between the donormoiety and
the acceptor NDI core, we performed cyclic voltammetry (CV) on
the NDI compounds (see SI). The reduction of all ve
compounds led to the same electron affinity (EA), 3.8 eV, which
we can approximate to the LUMO level. This EA is similar to
other pristine-like NDI molecules in literature.66 The results of
the Mulliken dependence indicated that the obtention of the
ionization potential from the EA and the bandgap would not be
precise, since the CT band seems to be originated by different
species. The same EA for all the molecules is consistent with
a large decoupling between the NDI core and the substituent, or
that it is just extended to the rst couple of carbons of the
substituent.

We then conducted photoluminescence (PL) studies
(Fig. S3). Upon excitation at 365 nm, NDI-Ph and NDI-Nap
exhibit a uorescence band near 420 nm, along with a second
emission band at ca. 550 nm observed for NDI-Nap, NDI-An,
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00456c


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

7/
20

26
 6

:1
6:

37
 A

M
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and NDI-Th, while NDI-Ph lacks this red-shied emission. This
red-shied emission intensies with larger substituents.

While NDI derivatives are known to form aggregates that
could inuence optical properties, we conrmed the absence of
such effects in our system. To exclude potential aggregation
effects in our characterisation, we measured the absorbance of
NDI-An (the paradigmatic system in this study) across
a concentration range spanning two orders of magnitude,
including the concentration where the further characterisation
is performed (Fig. S3b). The spectra show no changes in the
relative absorbance of the NDI core and the CT band, nor any
baseline variations. This result conrms the absence of aggre-
gation within the concentration range investigated along this
work.
Fig. 2 Femtosecond transient absorption data of 2-MeTHF solutions of (
(b) 415 and (e) 550 nm. Excitation density was maintained at 0.25 mW. Jab
An upon photoexcitation. (g) Decay Associated Spectra (DAS) of the spec
molecules studied. (h) Percentage of decay of the initial electronic st
percentage of other states over time in logarithmic scale for NDI-Ph
dynamics method ML-MCTDH on TD-B3LYP precomputed potentials o

Chem. Sci.
To better understand how the optical properties relate to
charge behaviour, fs-TAS was performed in 2-MeTHF solutions.
Fig. 2 shows the results with the smallest and the largest
substituent, NDI-Ph andNDI-An, respectively. TheNDI-Nap and
NDI-Th, the intermediate size molecules are shown in the SI.
Two different excitation wavelengths were selected for the TAS
experiments: one matching the absorbance of the NDI core (at
375 nm) and the other one exciting the lower absorbance band
associated to the CT transition (in the range of 420–550 nm).

Upon exciting NDI-Ph at 375 nm, a large band at 480 nm that
extends in the 550–800 nm region with a broad absorption is
observed. This band decays with a lifetime of 0.5 ps to leave only
the broad band centred at 650 nm with a lifetime of 1.3 ns.
Upon excitation of NDI-Ph at the band at 415 nm, a similar TA
spectrum was obtained with identical bands (see Fig. 2a and b).
a and b) NDI-Ph and (d and e) NDI-An upon excitation at (a and d) 375,
lonski diagram of the excited state dynamics of (c)NDI-Ph and (f)NDI-
ies obtained by global analysis treatment of the ps-TAS data for all the
ate after the pump/light irradiation of the low energy transition and
(left) and NDI-An (right). Calculated using the wavepacket quantum
n full dimensionality.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, upon excitation of NDI-An at 375 nm
(Fig. 2d), where anthracene and the NDI core both absorb,
a narrow band is observed at 600 nm at 0.2 ps. This 600 nm
narrow band decays with a lifetime of 1 ps. In addition, there is
a spectral feature with a band at 470 nm that extends into the
infrared. This 470 nm feature rises at the same time the 600 nm
band decays. This 470 nm band is almost identical toNDI-Ph TA
spectrum at early times. However, in this case, the spectral
feature at 470 nm is much more dened, with additional bands
at 590, 638, 700 and 785 nm. When exciting the NDI-An band at
550 nm, only the dened feature with the 470 nm band is seen.
Under both excitation wavelengths the dened 470 nm feature
fully decays with a lifetime of 26 ps.

To help elucidate the photoexcitation mechanism we per-
formed global analysis on the TA data for all the molecules
studied (Fig. S2). This analysis provided three different species:
a broad band centred at 650 nm, the multiband feature with the
maximum absorbance at 470–480 nm and the narrow band at
600 nm. First, we can rule out the presence of triplet species as,
their absorbance spectrum does not match 3NDI absorbance in
the literature, neither Tn nor T1.15,24,68 Also, the triplet lifetime is
expected to be much larger (microsecond timescale) due to the
forbidden triplet to singlet ground state transition. The dened
multiband TA feature with its maximum at ca. 470 nm, is
assigned to a NDI charged species due to its similarity to the
NDI radical anion spectrum measured in literature.15,69 Then,
the next species, the sharp band at 600 nm can be either asso-
ciated with the absorbance of the anthracene or NDI core
singlet exciton due to its similarity to the anthracene15,70,71 and
pale NDI24,72 singlet absorbance seen in literature.15,68,69 The
ground state absorbance of pristine NDI and anthracene
molecules in the same region makes difficult to calculate the
percentage of light absorbed by either unit. However, the
similarity of the ground state absorbance of NDI-An to the
anthracene absorbance, with that particular vibronic progres-
sion, we can infer that a larger portion of light is going to be
absorbed by the anthracene unit. This larger absorption of the
anthracene unit suggests the 600 nm band to be associated with
the anthracene singlet. Finally, the global analysis provides
a featureless broad band at 650 nm that does not appear for
NDI-An which position is slightly displaced (0.16 eV) relative to
the localised NDI singlet exciton seen in literature: a sharp band
at 600 nm.24,72 However, this state is accessible by excitation at
lower energies NDI-Ph and NDI-Nap, conrming it does not
originated from the pristine NDI core singlet. We instead assign
this species to a relaxed singlet with a signicant CT character.
While the electronic density is primarily localised on the NDI
core, it is expected to extend to the rst carbon atoms of the
phenyl and naphthalene substituents, in line with a larger
coupling of these substituents and the NDI core (see in the
Calculations section). The substantial CT character, combined
with an extended conjugation facilitated by the substituent's
carbon atoms, explains both the observed red shi and the
broader spectral prole compared to the unsubstituted NDI
singlet. The lifetime of this species, which matches the
measured PL lifetime (Fig. S3), hence, suggests this species as
the origin for the PL for NDI-Ph and NDI-An. The assignment
© 2026 The Author(s). Published by the Royal Society of Chemistry
for the PL to a state with a large CT character, as opposed to
a localised state (LE), is in agreement with a less vibronically
dened PL spectrum and the red-shi seen for our compounds
in comparison to the pristine NDI PL seen in literature.24,72

Therefore, we can safely assign our band at 650 nm to a relaxed
singlet with a large CT character. Therefore, we hypothesise that
upon excitation of the NDI-Ph at 375 nm, the NDI core singlet is
swily, in less than 100 fs since it is not seen in the fs-TAS,
transformed into a hot CT state. This hot CT state would be
in equilibrium with the NDI charged species, but upon relaxa-
tion, this equilibrium is no longer possible. Then, this relaxed
CT state decays into ground state with 1 ns lifetime. This
relaxation in the ps timescale, which hinders the transfer to
another state, agrees with other molecules seen in literature.73,74

The direct excitation of the CT state, at 415 nm, populates the
hot CT state, and the TA spectrum gave similar results. TheNDI-
Nap shows a similar trend to NDI-Ph, but NDI-Nap shows
a lower weight of the hot CT state when excited at longer
wavelengths (Fig. S5). This lower weight of the hot CT state is
coherent with a more stable CT state given by the larger exten-
sion for the conjugation. In addition, it is possible to see a ps
decay of the NDI-Nap relaxed CT state in line with a vibrational
relaxation process. Therefore, the NDI-Nap data further
supports the assignment of this 650 nm band to a relaxed CT
state.

Following the assignment made in the last paragraph, the
lack of NDI singlet excitons upon exciting NDI-An became
apparent, while there is a considerable formation of singlet
excitons, with large CT character, in NDI-Ph, with the NDI-Nap
remaining as an intermediate case. In addition, this assignment
also explains the differences seen for different excitation
wavelengths for NDI-An: exciting the NDI-An anthracene
moiety, the anthracene singlet exciton is formed, which is
swily transformed into charged NDI moiety in the hundreds of
femtosecond timescale. The fast generation of charges seen for
all the molecules studied in this work is remarkable, but it is
a sensible affirmation if we see other more conjugated NDI
molecules in literature.75–77 As discussed earlier, there appears
to be a pattern in the charge generation depending on the
substituent where the NDI derivative with the largest substit-
uent, NDI-An, generates a larger portion of charges in
comparison with the NDI derivative with the smaller phenyl
substituent, NDI-Ph.
Theoretical calculations

We performed calculations to better understand the behaviour
of these molecules. First, we have performed time-dependent
density-functional theory (TD-DFT) calculations using TD-
B3LYP-D3/def2-SVP method on all molecules. Interestingly, in
all cases the LUMO orbital has exactly the same topology,
strongly localised on the NDI core unit (Fig. S15 and S16). This
is a clear indication of the decoupling of the NDI core and the
substituent, and agrees with the experimental CV data,
demonstrating the validity of the calculations. To quantify the
electronic coupling associated with charge-transfer processes in
the NDI-H simplied models, we employed the generalized
Chem. Sci.
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Mulliken–Hush (GMH) and fragment charge difference (FCD)
schemes as implemented in Q-Chem (more information can be
found in the SI). These calculations yielded electronic coupling
values (HDA, FCD/GMH) of 0.353/0.326 and 0.031/0.032 eV for
NDI-Ph and NDI-An, respectively. As expected, these values
correspond to the largest and smallest couplings among the
series, respectively. Our calculated NDI-Ph coupling values
completely match with others, calculated from experimental
data, found in literature.23 In contrast, in the same reference,
Gurzadyan et al. nd a coupling value for a structurally similar
system to NDI-An that falls within the same range as our value
for NDI-Ph. In their system, the intrinsic donor character of
anthracene is masked by the more strongly donating amine
substituent. Consequently, all their H2N-NDI derivatives exhibit
nearly identical ground-state absorption spectra, indicating the
amine dominates the electronic properties. The low coupling
value we calculate for NDI-An is, in fact, consistent with systems
where coupling is deactivated by meta-substitution or orthog-
onal geometries, further validating the accuracy of our
computational approach.78–80

To conrm the assignment done in the fs-TAS section,
excited state simulations, upon excitation of the lowest energy
band, were performed using the ORCA81 and Q-Chem82 soware
packages at the TD-B3LYP/def2-SVP level of theory. These
calculations provided the necessary parameters for subsequent
non-adiabatic quantum dynamics simulations. To perform
non-adiabatic quantum dynamic calculations, the ML-
MCTDH83 method was used as implemented in the Quantics
package,84 aer constructing potential energy surfaces based on
linear vibronic coupling models (see SI for calculation
details).85,86 As shown in Fig. 2h, NDI-Ph showed the presence of
LE singlet states alongside CT states whereas NDI-An showed
only CT states. NDI-Ph shows a dependent exchange of two
different states, namely S1 and S4, with LE and CT character,
respectively, which represent the largest population in the rst
femtoseconds (95% of the population upon excitation).
According to the topology of this S1 state (pAQbenz, Fig. S11), the
CT character is not that pronounced as for NDI-An, which
agrees with the relaxed CT state seen in fs-TAS. In addition,
there is a certain population of a purer CT character (HOMO
strongly localised over the phenyl group) state, S3, which can be
associated with the charged species seen in the fs-TAS. On the
other hand, there is only two singlets, with CT character, with
enough population on the calculated dynamics of NDI-An,
which interconvert one into another (CT1 and CT2). Then,
according to these calculations CT1 and CT2 coexist in the rst
picosecond, but the CT2 is transforming into the CT1. According
to the topology of these states (Fig. S14), the CT1 and CT2 are
very similar, with most of the electronic density localised over
the anthracene moiety, but CT1 shows the anthracene accom-
modating the positive charge with the NDI core oxygen through
space. Therefore, the dynamics seen for NDI-An upon excitation
of the CT band show the excitation of the anthracene moiety to
then stabilise the positive charge through space with the NDI
oxygen. Interestingly, despite nding isoenergetic triplet energy
levels in our calculations (Fig. S17), the calculated dynamics did
not show any population in the picosecond timescale of triplet
Chem. Sci.
states unlike in other NDI derivatives from literature.24 Spin–
orbit coupling (SOC) calculations on NDI-Ph and NDI-An
(Fig. S18) conrm the lack of triplet state population due to
a very low SOC between excited singlet and triplet states.
Crystallographic structural analyses

The differences in excited state dynamic with the substituent
size led us to further study their molecular structure using
single crystal X-ray diffraction analyses, which was then further
probed using computational approaches (see the Discussion
section). Single crystals of NDI-Th, NDI-Ph and NDI-An were
grown through solvent diffusion of diethyl-ether into THF
solutions of the NDI derivatives. X-ray diffraction studies have
shown that NDI-Th and NDI-Ph crystallise as isomorphous THF
solvates in the monoclinic P21/n space group. The crystal-
lisation of NDI-An resulted in the concomitant formation of two
solvates – a diethyl-ether solvate and a diethyl-ether-THF
solvate. Both crystallise in the triclinic P�1 space group (see
Section 6 in the SI document).

In all crystal structures, the NDI derivatives feature a non-
planar conformation with various degrees of tilting between the
NDI core and the anking substituents. Specically, the disor-
dered thiophenyl groups in NDI-Th are tilted about 69° (in both
occupancy sites), the phenyl groups in NDI-Ph ank the NDI
core at a 65° angle, while the anthracenyl groups in both
discovered NDI-An crystal forms assume angles in the range of
84–88°, almost perpendicular to the NDI core (Fig. 3). We note
that no crystal form screens have been pursued to evaluate the
existence of NDI derivatives with ‘at’molecular structures. But
based on the crystallographic and computational analyses, we
reason that, in the solid state, the studied NDI derivatives (and
particularly those with bulkier substituents) favour more
orthogonal arrangements of the NDI core and the substituent. It
is therefore, expected that, in solution, the media where the
spectroscopic characterisation has been made, the orthogonal
conformation still persists. The largely orthogonal conforma-
tion of the studied molecules is consistent with the charge
generation discussed previously. Free rotation, with a subse-
quent increase of electronic coupling, would reduce free charge
generation efficiency and/or increase charge recombination
losses.
Discussion

To calculate the extent of the orthogonality impact in the charge
generation, further calculations were performed to quantify the
steric hindrance of the substituent on these molecules (Fig. 4a).
The calculations show the expected behaviour with a larger
rotational energy barrier with a larger substituent. Interestingly,
the calculated potential scan is not fully symmetrical. This is
due to the rapid localisation of the electronic density on one of
the oxygens, and therefore creating an asymmetry in the NDI
core. That is also the reason why the energy minimum, for
instance, for the NDI-Ph, is not exactly zero but around 60°
(matching the XRD data). Of all the NDI derivatives, the NDI-Th
displayed the lowest rotational energy barrier due the smaller
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Single crystal X-ray structures of: (a)NDI-Th, (b)NDI-Ph, and (c)
NDI-An. The circular insets highlight the orthogonal structural
arrangement of the NDI core and the flanking substituent. The black
inset in panel (d) shows the orthogonal structure of NDI-Anmolecules
in the diethyl-ether solvate, while the red insets show similar confor-
mations in the two crystallographically independent molecules of the
diethyl-ether-THF solvate. All solvent molecules, minor occupancy
sites and hydrogen atoms are omitted to enhance clarity of the
presentation. The thermal ellipsoids are drawn at the 50% probability
level.

Fig. 4 (a) Unrelaxed potential energy scan modifying the torsional
angle between the NDI core and one of the substituents. (b) Transient
absorption spectroscopy results of aNDI-Mes 2-MeTHF solution upon
excitation at 375 nm with a power of 0.25 mW.
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size of the thienyl substituent leading to the lowest steric
hindrance. This is in stark contrast to NDI-An which presents
the highest energetic barrier to rotation, due to the signicant
© 2026 The Author(s). Published by the Royal Society of Chemistry
steric hindrance between the NDI core and the anthracene
moiety, largely preventing free rotation (Fig. 4a).

The increase in the oxidation potential, due to larger
conjugation of the substituent,87 and, therefore, the stronger
donor character, may emerge as an explanation for more effi-
cient charge formation, either in place of or alongside orthog-
onality. To rule out this possibility we synthesised an additional
NDI molecule with a mesityl group as substituent (NDI-Mes, see
its spectroscopic analysis in Fig. S5). The mesityl has a consid-
erably lower oxidation potential than anthracene, actually its
oxidation potential, directly related with the donor strength,
places it below the naphthalene.64,65 However, despite its lower
oxidation potential and a much lower conjugation length it
possesses a large steric hindrance (with a similar calculated
steric hindrance to NDI-An, Fig. 4a).

We have conducted TAS characterisation of this novel
molecule under identical conditions to the other four (Fig. 4b
and S5). As seen, right upon excitation, only the feature with
a band at 480 nm which extends to the NIR, associated previ-
ously with charges, appears. This feature decays with a 14 ps
lifetime. Interestingly, the NDI-Mes charges have a less dened
spectrum. We hypothesise that the origin for this less dened
spectrum is a lower effective charge separation, i.e., shorter
distance between charges, for this state than for NDI-An.35 This
is in agreement with the much lower size of the mesityl group in
comparison to anthracene which makes the separation of the
positive and negative electronic densities less effective.
However, in this case, there is a signal originated at large times
(over 50 ps) which is assigned to NDI triplet state.15,24,68 In
previously reported systems, such triplets typically originate
from the higher-lying local singlet state via efficient intersystem
crossing (ISC), which can occur in less than 200 fs. In NDI-Mes,
however, triplet formation does not proceed through ISC from
a local state. Instead, it occurs via charged species, a mecha-
nism also observed in other NDIs functionalized with amines or
imide-substituted group.15,72 Nevertheless, the ISC efficiency in
NDI-Mes is notably lower, as evidenced by the signicantly
weaker triplet signal compared to those earlier examples. This
conclusion rests on the reasonable assumption that the relative
absorptivity of the excited species in NDI-Mes is comparable to
that in the previously reported NDI derivatives.

As stated before, the introduction of this mesityl substituted
molecule to this work neglects the oxidation potential, as
experimental gure of merit for the donor strength, of the
substituents as the main origin for the charge generation
process (Fig. S7). The use of the pure donor oxidation potential
as donor strength character was pertinent since the molecules
showed considerable decoupling between the donor and
acceptor moieties, as indicated by the CV measurements and
calculations. Indeed, the CV revealed only a 50 meV variation in
reduction potential across the molecules of greatest interest,
which could still introduce some error into the relationship.

Since substituent donor strength was not enough to justify
these molecules behaviour, we focused on the substituent
orthogonality. To quantify the orthogonality and the charge
generation relationship we need a suitable way to assess
a charge generation yield. However, the TA spectra reveal no
Chem. Sci.
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Fig. 5 Relationship between the charge lifetime and the rotational
barrier between the NDI core and the substituents of the studied
molecules NDI-Ph (black square), NDI-Nap (red circle), NDI-An (blue
triangle) and NDI-Mes (green diamond). An exponential fitting has
been added to help the eye (dashed line). The value for the rotational
barrier is the energy difference between the most stable conformation
and the molecule with a −30° angle between the core and the
substituent.
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detectable NDI singlet exciton signal at even the shortest
measured delay (200 fs). Given an NDI singlet lifetime of 1 ps (a
literature-based conservative estimation for solvent varia-
tion),24,72 at 200 fs, a signicant portion of the initial NDI singlet
population, calculated to be ca. 80%, should still remain. This
lack of signal suggests an ultrafast charge generation process,
thereby negating its suitability as a comparative metric. Then,
we have used the charge lifetime as better approximation to
distinguish between them. Still, charge lifetime does not
express, by itself, the charge generation yield but it is directly
related to the charge stability and is a valuable comparison for
application matters. This approximation is particularly valuable
for the NDI-An, since co-excitation remains an issue to properly
characterise the charge generation yield. Fig. 5 shows the rela-
tionship between the charge lifetime and the rotational ener-
getic barrier. As seen, there is a correlation between the charge
lifetime and the orthogonality. A monotonic increase in the
calculated rotational barrier (Fig. 4a) increases the observed
Table 1 Experimental and calculated spectroscopic and electrochemica

a Decay rate from charged species in TAS. b Calculated energetic barrie
substituent. c Oxidation potentials taken from literature vs. Ag/AgCl.
conditions.64 d Calculation details are provided in SI.

Chem. Sci.
charged-state lifetime (Fig. 5), suggesting that restricted rota-
tion may play an important role in stabilizing the CT state.

The NDI-Th does not follow the trend as the charge genera-
tion process in this molecule is not driven by geometry
constraints but rather on electronic effects given by the large
donor nature of the thiophene (as explained in the ground state
absorbance discussion). The NDI-Th results suggest that charge
generation in common literature NDI examples are not driven
by molecular geometry but by electronic effects by introduction
of either a donor or an acceptor atom/group.

We also performed calculations to investigate the relation-
ship between the experimental charge decay rate with the DG
(Table 1), following Marcus theory formalism (Fig. S8). We have
calculated the DG as the electronic difference of the minimum
of the S1 (with large CT character in all cases) and the S0 of
truncated derivatives, to optimise the computation time. We
estimate that changes in geometry from these two states would
be minimal, and, therefore, changes in entropy should be
negligible. This DG is compared to the experimental charge
relaxation rate for all compounds. Performing the calculations
in vacuum typically leads to larger reorganisation energies.
However, applying the same vacuum conditions to all
compounds preserves a consistent systematic error and allows
us to isolate the inuence of backbone torsion, minimizing any
contributions from solvent effects. In this work, the rates follow
a trend in the normal region of the Marcus theory with a faster
decay rate for a larger −DG. To place these observations within
the Marcus framework, it is useful to recall that the intra-
molecular charge-transfer rate depends not only on the free
energy and reorganisation energy but also on the electronic
coupling. Although the free-energy variations follow the ex-
pected trend, they cannot fully explain the large differences in
charge relaxation. The geometric orthogonality modulates
orbital overlap and thus the electronic coupling, providing
a clearer explanation for the charge-distribution efficiency than
free-energy changes alone.

As explained in the introduction, to unequivocally unravel
the identity of the charges generated in these molecules repre-
sents a challenge due to their similarities in terms of spectral
properties.28 The small size of the molecules presented in this
work seems to be insufficient to generate a separated charge
l data for the studied molecules

r from unrestricted calculation at 30° between the NDI core and the
These values are also in agreement with potentials under other

© 2026 The Author(s). Published by the Royal Society of Chemistry
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species. However, the NDI-An and, to a lesser extent, NDI-Mes
charges spectra show a larger denition and a slight shi in
comparison with NDI-Ph and NDI-Nap charges. This suggests
the formation of a larger effective separation of this CT state if
not the formation of separated charges in line with other
examples in literature where the difference between the CT and
the separated charges are also a slight shi in the spectrum.28

The present work about intramolecular charge generation
underpins a broad range of applications. Intramolecular charge
generation usually constitutes the initial step in photocatalysis,
generating the reactive species required for the reaction of
interest.88,89 Efficient charge generation is also central to
photovoltaics, where charges must be created and extracted
before recombination occurs. This is especially critical in single-
component photovoltaics, which avoid the donor:acceptor
interfacial recombination that typically limits device perfor-
mance.90,91 Furthermore, radicals play an important role in
a large number of biological processes, and, hence, a fast
radical formation is of great interest in the eld of
bioapplications.42,92
Conclusions

In conclusion, we have studied the implications of torsion-
modulated on intramolecular charge generation in NDI mole-
cules, focusing on the steric hindrance with lower donor
strength building blocks. The solution study in TAS probes the
formation of these charges prior the signal detection limit
(hundreds of femtoseconds). A larger rotational barrier of the
substituent correlates with longer-lived charged states, since
reduced electronic coupling stabilises this species. In addition,
the lifetime of the as-created charges is increased with the
rotational barrier following an exponential growth, with an R2

value of 0.885. The introduction of this new recipe for charge
generation is the rst step in the production of a new family of
molecules for single-component devices with better industrial
scalability as it does not rely in very complex donor–acceptor
design. However, the implications of this new approach for
charge generation does not stop here as it has implications for
a much broader range of applications from bioapplications,
organic electronics to catalysis.
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