View Article Online

View Journal

M) Checs tor updates

Chemical
Science

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: H. C. Britton, A.
Martin Santa Daria, C. Lyu, A. B. Augusztin, L. Cowen, D. Bucar, A. B. Tabor, B. C. Schroeder, S. Gomez
and J. M. Marin-Beloqui, Chem. Sci., 2026, DOI: 10.1039/D6SC00456C.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Chemical
Science

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY i I - I
OF CHEMISTRY rsc.li/chemical-science

(3


http://rsc.li/chemical-science
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6sc00456c
https://pubs.rsc.org/en/journals/journal/SC
http://crossmark.crossref.org/dialog/?doi=10.1039/D6SC00456C&domain=pdf&date_stamp=2026-03-27

Page 1 of 12

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:46:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Chemicat Science

View Article Online
DOI: 10.1039/D6SC00456C

Geometric Orthogonality as a Recipe for Efficient Intramolecular
Charge Generation in Core Substituted NDI Derivatives

Hugh C. Britton,*®Pt Alberto M. Santa Daria,*t Chao Lyu,’t Andras B. Augusztin,® Lewis M. Cowen,?
Dejan-Kre$imir Bucar, Alethea B. Tabor,? Bob C. Schroeder,? Sandra Gdmez*<4 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 n-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
reactions, 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 flexibility,
transparency, and low-cost manufacturing, have not been
widely adopted.

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.' But the use of two different
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materials is accompanied by a myriad of associated problems
such as poor miscibility,* lack of morphology control,> energy
losses® and stability.” 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 field of
organic photovoltaics and field effect transistors.8-13 Numerous
strategies aimed at enhancing NDI molecules’ charge
generation have focused on the substitution at the imide
nitrogen.’*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 Thjs 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
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Scheme 1: Synthesis of core-substituted NDI dicarboxylic acids NDI-Ph, NDI-Mes, NDI-Th, NDI-Nap and NDI-An. Insert shows the range of colours of the final

products.

the donor characteristics of the amine group, rather than the
anthracene substituent.2? 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.?32* 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,?> where the charge separation is more accessible
than in a small molecule, or through strong donor units, again
relying in electronic effects.?326 In this line, Wu et al. published
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.?’
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 five
NDI analogues — NDI-Ph (phenyl), NDI-Th (thiophenyl), NDI-Mes
(mesityl), NDI-Nap (naphthalenyl) and NDI-An (anthracenyl) —
with a range of aromatic groups of differing sizes (Scheme 1).
We predicted that as the size of the aromatic moieties
increased, the steric hinderance between the NDI and the
flanking substituents would also increase, thus inducing a larger
orthogonality and reduced m-orbital overlap. Furthermore, in
some cases configurationally stable biaryl atropisomers could
result, particularly for large analogues or with large ortho-
substituents. The core substitution with larger aromatic
moieties introduces a significant steric hindrance between the
substituent and the imide carbonyls, resulting in a nearly
orthogonal torsional angle between both aromatic units and a
dramatically reduced m-orbital overlap.

2| J. Name., 2012, 00, 1-3

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 often minimal in terms
of their spectral characteristics.?® 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.2°31 The NDI
derivatives herein presented maintain their orthogonality in
ground and excited states. CT generation in TICT molecules are
very solvent sensitive, as the viscosity and intermolecular
interactions play a major role in the geometry evolution upon
excitation.3233 Although some TICT systems can exhibit ultrafast
charge transfer, their dynamics generally rely on significant
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 field to study the excited state behaviour in organic
molecules3435 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 fission, thermally activated delayed
fluorescence, and triplet formation, enabling diverse
applications including LEDs and bioimaging.3°42

This journal is © The Royal Society of Chemistry 20xx


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

Page 3 of 12

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:46:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Results
Synthetic procedures

As limited studies have previously been reported on aromatic
core-substituted NDIs, it was necessary to develop a flexible and
robust synthetic route that would deliver the NDI analogues in
good vyield and high purity. Initially the syntheses of the
substituted NDIs were attempted by reacting known dibromide
dianhydride Br,NDA with B-alanine in AcOH to give imide
Ala;NDI in >70% (Supporting Information Scheme S$1).43-45
Unfortunately, AlazNDI was highly insoluble in all organic
solvents, preventing subsequent 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).1046-48

This necessitated a change in the synthetic approach. The
anhydride core Br,NDA 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.*>>° On the other hand, the
neutral Stille reaction conditions provided a viable solution to
this issue and following precedent, microwave coupling
conditions 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 1le containing
flanking anthracene units. In the final step, the desired imide
was introduced through condensation with 8-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

Figure 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
variations among them (375, 377 and 379 nm for NDI-Ph, NDI-
Nap and NDI-Th, respectively). For NDI-An, the NDI core
transitions 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.!>?356 We see a
larger displacement to the red of this band when the size of the
carbon-only substituent is increased
phenyl<naphthalene<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
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.>’-3° The larger red-shift for NDI-Th can be explained
firstly in light of the electron rich nature of the thiophene ring.
This larger donor nature leads to more efficient orbital mixing

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Ground state absorbance of 2-Methyltetrahydrofuran (2-
MeTHF) solutions of NDI-Ph (black), NDI-Nap (red), NDI-Th (purple) and
NDI-An (blue).

with the electron deficient NDI core, resulting in a reduced
optical bandgap. Secondly, due to the smaller five-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 confirm the assignment of these bands to CT states, we
represented Mulliken dependence 6062 of the CT frequency
with the oxidation potential of the substituents obtained from
literature®3-%> (Figure S2). We have used oxidation potential
since the NDI donor remains constant, and the oxidation
potential represents a close measurement of the donor
strength.®® A linear dependence between the CT frequency and
the oxidation potential is associated with an unequivocal CT
nature of the corresponding absorption band.®’” However, as
seen in our case, the dependence was not well fitted 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 significant 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 donor moiety and
the acceptor NDI core, we performed cyclic voltammetry (CV)
on our molecules (see Supplementary Information). The
reduction of all five 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.®®
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
first couple of carbons of the substituent.

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

J. Name., 2013, 00, 1-3 | 3


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

=215 -Chemical Scie

elargins

ARTICLE Journal Name
View Article Online
a) b) ) DOI: 10.1039/D6SC00456C
NDI-Ph Exc 375 nm NDI-Ph Exc 415 nm
15 1 —0.2ps 20 ps 15 —02ps =20 ps NDI-LE? = ko0
0.5 ps —— 50 ps ] ——0.5ps —50 ps S
12 4 1 ps =380 ps 12 4 1 ps 80 ps | 5
w5 ps =100 ps ——5 DS 100 . ; T2 == NDI
9 4] =10 ps ===1ns 8 ¢ =10 ps =1 ns NDI-CT Vib.
4 5 NS < ] =—5ns Relax
E E
g 6
2 ] 375 nm 13ns |0.5ps
-
B 415 nm
5 0
§- T T T T T 1 T T T 1 T T T 1 1 s0
=) 450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800 NDI Ph
S Wavelength (nm) Wavelength (nm) E
. d) e) ] f)
<5 NDI-An Exc 375 nm NDI-An Exc 550 nm An NDI
o E 15 ——0.2 ps =20 ps 15- ——02ps ——20ps oo ————- b e D e
o 5 ——0.5 ps =50 ps 1 ——0.5ps ——50 ps I’ 1\ 1
< Q 12 4 1ps w80 ps 12 4 1ps ——80ps i S, 4 I} 1
™5 ———5ps =100 ps ——5ps ——100 1 ps 1
Q= o o g 1 ] P
I o o) o 9 ~—10ps ——1ns 1 | .' 1
S8 E g ] —sns | 1 (T NDI"|
S 3 1 I h 4 I
E 1 ! | 1
§ 2 | 375 nm | 11550 nm | 26 P
% % 1 [ I :
S E 1 Sy I\ So 7
g g \..______’ e e e
O 450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
8¢ NDI-An
o = Wavelength (nm) Wavelength (nm)
N 'g h
g 9
5 = 104 gzlaxed CT . 100 4 NDI-Ph cT/s, cT, cT,
P~ === Charged Species s LE./S
o) ; ° —LE/S;
s 5 = Anthracene Singlet = ]
~ S 0.8 = 80+ ——CT,/S,
N 2 K] 1 "
Y% o g ] LEJS,
° S 06 S 60
B § a b a ]
5 = E e 1
= S 04/ o 404
= E= = 1
i 5
% E 0.2 = ]
< = 0.0+ 0
@ 450 500 550 600 650 700 750 800 0.01 01 1 001 01 1
< Wavelength (nm) Time (ps) Time (ps)
§_ Figure 2. Femtosecond transient absorption data of 2-MeTHF solutions of (a),(b) NDI-Ph and (d),(e) NDI-An upon excitation at (a), (d) 375, (b) 415 and (e)
(e} 550 nm. Excitation density was maintained at 0.25 mW. Jablonski diagram of the excited state dynamics of (c) NDI-Ph and (f) NDI-An upon photoexcitation.

(g) Decay Associated Spectra (DAS) of the species obtained by global analysis treatment of the ps-TAS data for all the molecules studied. (h) Percentage of
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scale for NDI-Ph (left) and NDI-An (right). Calculated using the wavepacket quantum dynamics method ML-MCTDH on TD-B3LYP precomputed potentials

on full dimensionality.

while NDI-Ph lacks this red-shifted emission. This red-shifted
emission intensifies with larger substituents.

While NDI derivatives are known to form aggregates that could
influence optical properties, we confirmed 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)
concentration range spanning two orders of magnitude,
including the concentration where the further characterisation
is performed (Figure S3b). The spectra show no changes in the
relative absorbance of the NDI core and the CT band, nor any
baseline variations. This result confirms the absence of
aggregation within the concentration range investigated along
this work.

across a

4| J. Name., 2012, 00, 1-3

To better understand how the optical properties relate to
charge behaviour, fs-TAS was performed in 2-MeTHF solutions.
Figure 2 shows the results with the smallest and the largest
substituent, NDI-Ph and NDI-An, respectively. The NDI-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

This journal is © The Royal Society of Chemistry 20xx
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spectrum was obtained with identical bands (see Figure 2a and
b).

On the other hand, upon excitation of NDI-An at 375 nm (Figure
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 to NDI-Ph TA
spectrum at early times. However, in this case, the spectral
feature at 470 nm is much more defined, with additional bands
at 590, 638, 700 and 785 nm. When exciting the NDI-An band at
550 nm, only the defined feature with the 470 nm band is seen.
Under both excitation wavelengths the defined 470 nm feature
fully decays with a lifetime of 26 ps.

To help elucidate the photoexcitation mechanism we
performed global analysis on the TA data for all the molecules
studied (Figure 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 T, nor T1.132468 Also, the
triplet lifetime is expected to be much larger (microsecond
timescale) due to the forbidden triplet to singlet ground state
transition. The defined 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.'>%° Then, the next species, the sharp band at 600 nm
can be either associated with the absorbance of the anthracene
or NDI core singlet exciton due to its similarity to the anthracene
157071 and pale NDI?**72 singlet absorbance seen in
literature.1>86% 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
progression, 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.?*72 However, this state is
accessible by excitation at lower energies NDI-Ph and NDI-Nap,
confirming it does not originated from the pristine NDI core
singlet. We instead assign this species to a relaxed singlet with
a significant CT character. While the electronic density is
primarily localised on the NDI core, it is expected to extend to
the first 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 shift and the broader spectral
profile compared to the unsubstituted NDI singlet. The lifetime

This journal is © The Royal Society of Chemistry 20xx
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of this species, which matches the measured PL lifgtime {Eigure
S3), hence, suggests this species as the ofigih foF&HEPASFOPNDI-
Ph and NDI-An. The assignment 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 defined PL spectrum and the
red-shift seen for our compounds in comparison to the pristine
NDI PL seen in literature.2472 Moreover, the PL of NDI-Ph and
NDI-Nap find their maxima over 410 nm, whereas pristine NDI
shows its maxima below 400 nm, showing a larger PL red-shift
in comparison with the red-shift seen in the. 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 swiftly, 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 relaxation, 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.”>74 The direct excitation of the CT
state, at 415 nm, populates the hot CT state, and the TA
spectrum gave similar results. The NDI-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 (Figure S5). This
lower weight of the hot CT state is coherent with a more stable
CT state given by the larger extension 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 swiftly 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.”>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 substituent, NDI-An, generates a
larger portion of charges in comparison with the NDI derivative
with the smaller phenyl substituent, NDI-Ph.

Theoretical Calculations

We perform calculations manifold to better understand the
behaviour of these molecules dynamics. First, we have
performed TD-DFT calculations using TD-B3LYP-D3/def2-SVP
method on our molecules. Interestingly, in all cases the LUMO
orbital has exactly the same topology, strongly localised on the
NDI core unit (Figure S15-16). 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

J. Name., 2013, 00, 1-3 | 5


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

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:46:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemical Science

calculations. To quantify the electronic coupling associated with
charge-transfer processes in the NDI-H simplified models, we
employed the generalized Mulliken-Hush (GMH) and fragment
charge difference (FCD) schemes as implemented in Q-Chem
(more information can be found in the supplementary
information). These calculations yielded electronic coupling
values (Hpa, 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.?® In contrast, in the same reference,
Gurzadyan et al. find 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 H,N-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
orthogonal geometries, further validating the accuracy of our
computational approach.”8-80

To confirm the assignment done in the fs-TAS section, excited
state simulations, upon excitation of the CT band, were
performed using the ORCA%! and Q-Chem?? software 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-MCTDH?3
method was used as implemented in the Quantics package,®*
after constructing potential energy surfaces based on linear
vibronic coupling models (see Sl for calculation details).8>86 As
shown in Figure 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 first
femtoseconds (95% of the population upon excitation).
According to the topology of this S; state (maqpenz, Figure 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, Ss, 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 (CT: and CT;). Then,
according to these calculations CT; and CT; coexist in the first
picosecond, but the CT; is transforming into the CT;. According
to the topology of these states (Figure S14), the CT; and CT; are
very similar, with most of the electronic density localised over
the anthracene moiety, but CT; shows the anthracene
accommodating 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
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Figure 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-An molecules in the
diethyl ether solvate, while the red insets show similar conformations 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 shown at the 50% probability level.

the NDI oxygen. Interestingly, despite we found isoenergetic
triplet energy levels in our calculations (Figure S17), the
calculated dynamics did not show any population in the
picosecond timescale of triplet states unlike in other NDI
derivatives from literature.?* Further spin-orbit coupling (SOC)
calculations on NDI-Ph and NDI-An (Figure S18) confirm 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 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 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 crystallisation 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 PT space group (see section 5 in the Sl
document)

In all crystal the NDI
arrangement far from planar between the NDI core and the
flanking substituent. Specifically, the disordered thiophenyl
groups in NDI-Th are tilted about 69° (in both occupancy sites),
the phenyl groups in NDI-Ph flank 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, relative to the NDI core (Figure 3). We note that
no crystal form screens have been pursued to evaluate the
existence of NDI derivatives with ‘flat’ molecular structures. But
based on the crystallographic and computational analyses, we
reason that the studied NDI derivatives (and particularly those

structures, derivatives feature an
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Figure 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 a NDI-Mes 2-MeTHF solution upon

excitation at 375 nm with a power of 0.25 mW.
with  bulkier substituents) favour orthogonal
arrangements of the NDI core and the substituent, in the solid
state. It is therefore, expected that, in solution, the media
where the spectroscopic characterisation has been made, the
orthogonal conformation still persists. The largely orthogonal
conformation of the studied molecules is consistent with the
charge generation discussed previously. Free rotation, with a
subsequent increase of electronic coupling, would reduce free
charge generation efficiency and/or increase charge
recombination losses.

more

Discussion

To calculate the extent of the orthogonality impact in the charge
generation, density functional theory (DFT) calculations were
performed to quantify the steric hindrance of the substituent
on these molecules (Figure 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 degrees (matching the XRD data). Of

This journal is © The Royal Society of Chemistry 20xx
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all the NDI derivatives, the NDI-Th displayed,thelowest
rotational energy barrier due the small&p!'si2é 069/ BlReCERIETDH
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 significant steric hindrance
between the NDI core and the anthracene moiety, largely
preventing free rotation (Figure 4a).

The increase in the oxidation potential, due to larger
conjugation of the substituent,®” and, therefore, the stronger
donor character, may emerge as an explanation for more
efficient charge formation, either in place of or alongside
orthogonality. To rule out this possibility we synthesised an
additional NDI molecule with a mesityl group as substituent
(NDI-Mes, see its spectroscopic analysis in Figure S5). The
mesityl has a considerably lower oxidation potential than
anthracene, actually its oxidation potential, directly related
with the donor strength, places it below the naphthalene.t46>
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, Figure 4a).
We have conducted TAS characterisation of this novel molecule
under identical conditions to the other four (Figure 4b and S5).
As seen, right upon excitation, only the feature with a band at
480 nm which extends to the NIR, associated previously with
charges, appears. This feature decays with a 14 ps lifetime.
Interestingly, the NDI-Mes charges have a less defined
spectrum. We hypothesise that the origin for this less defined
spectrum is a lower effective charge separation, i.e., shorter
distance between charges, for this state than for NDI-An.3> 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.'>2468 |n
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 mechanism
also observed in other NDIs functionalized with amines or
imide-substituted group.>72 Nevertheless, the ISC efficiency in
NDI-Mes is notably lower, as evidenced by the significantly
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 figure of merit for the donor strength, of the
substituents as the main origin for the charge generation
process (Figure S7). The use of the pure donor oxidation
potential as donor strength character was pertinent since the
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molecules showed considerable decoupling between the donor
and acceptor moieties, as indicated by the CVs 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
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
variation),?*72 at 200 fs, a significant 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.
Figure 5 shows the relationship between the charge lifetime and
the rotational energetic barrier. As seen, there is a correlation
between the charge lifetime and the orthogonality. A
monotonic increase in the calculated rotational barrier (Figure
4a) increases the observed charge-state lifetime (Figure 5),
suggesting that restricted rotation may play an important role
in stabilizing the CT state.

The NDI-Th does not follow the trend as the charge generation
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
section). 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 relationship
between the experimental charge decay rate with the AG,
following Marcus theory formalism (Figure S8). We have
calculated the AG as the electronic difference of the minimum
of the Si (with large CT character in all cases) and the So 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 AG 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 influence 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 -AG. To place these observations within

the Marcus framework, it is useful to recall that the
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Lifetime Energ.etlc Substltuer)t Calculated
Molecule (ps)® Barrier Ox. Potential AG® (eV)?
P (Hartree)® (eV)e
NDI-Th 20.4 0.00187 1.5463 @
NDI-Ph 0.5 0.00358 2.08% -2.057
NDI-Nap 23 0.0053 1.34% -1.703
NDI-Mes 14 0.01394 1.556° -1.688
NDI-An 25 0.01461 0.84°65 -1.010

2 Decay rate from charged species in TAS.

b Calculated energetic barrier from unrestricted calculation at 30 degrees between
the NDI core and the substituent.

¢ Oxidation potentials taken from literature vs Ag/AgCl. These values are also in
agreement with potentials under other conditions.®*

d Calculation details are provided in Supporting Information

Table 1. Experimental and calculated spectroscopic and electrochemical
data for the studied molecules.

intramolecular 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
expected 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 represents
a challenge due to their similarities in terms of spectral
properties.?® The small size of the molecules presented in this
work seems to be insufficient to generate a separated charge
species. However, the NDI-An and, to a lesser extent, NDI-Mes
charges spectra show a larger definition and a slight shift 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

This journal is © The Royal Society of Chemistry 20xx
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examples in literature where the difference between the CT and
the separated charges are also a slight shift in the spectrum.?8
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.888% 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
performance.®%°! 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 field of
bioapplications.#292

Conclusions

In conclusion, we have studied the implications of torsion-
modulated on intramolecular charge generation in NDI
molecules, 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 R?
value of 0.885. The introduction of this new recipe for charge
generation is the first 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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