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Chiral diketopyrrolo[3,4-c]pyrrole dyes with
different substitution symmetry: impact of
adamantyl groups on the photo-physical
properties in solution and thin filmsf

3 Claudio Vatteroni,? Francesca Romana Lauro, (2°

® Gennaro Pescitelli, ©® Jozef Kraj¢ovi¢ 2 *2 and
xb.c

Martin Ciganek,
Francesco Zinna,
Gianluigi Albano

Here we propose a comparative study on four chiral 1,4-diketo-3,6-dithienylpyrrolo([3,4-clpyrrole (DPP)
dyes with different substitution symmetry on the lactam moieties: (i) symmetrically N-substituted dyes
1-2, bearing two (S)-B-citronellyl (DPP-CT) or (S)-2-methylbutyl (DPP-MT) chains; (ii) non-symmetrically
N-substituted dyes 3—4, where an adamantylmethyl appendage replaced one of the (S)-p-citronellyl
(DPP-ACT) or (S)-2-methylbutyl (DPP-AMT) chains. The four molecules were synthesized and subjected
to detailed investigation of their photo-physical properties in solution (absorbance, fluorescence, cyclic
voltammetry) and thin films (absorbance, electronic circular dichroism, optical microscopy), evaluating
the impact of different chiral moieties (citronellyl vs. 2-methylbutyl chains) and of different substitution
patterns exerted by the adamantane moiety (symmetrical vs. non-symmetrical DPPs). Special emphasis
was given to the chiroptical study of thin films, discussing the origin of different supramolecular arrange-
ments in the solid state. Putting together experimental and computational results, we rationalize the chir-
optical behavior of these systems in comparison with that of other classes of DPP dyes recently investi-

rsc.li/obc gated by our group.

Introduction

In the last few decades, organic m-conjugated systems have
gained extraordinary development as semiconducting
materials in optoelectronics,’ spintronics® and nanotechno-
logy.® Compared to traditional inorganic semiconductors, they
provide all the advantages of plastic-like materials, including
ease of processing, mechanical flexibility and easy disposal.*
However, the most appealing aspect of these systems is that all
the properties required for the technological applications
(molar extinction coefficients, fluorescence quantum yield,
HOMO-LUMO band gap, magnetism, etc.) can be finely tuned
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through modifications in the chemical structure,” for example
tweaking the n-conjugation length of the chromophore or
incorporating in topical positions electron-donating or elec-
tron-withdrawing functional groups or other specific moi-
eties.® All these structural modifications at molecular level
then allow for a fine tuning of the solid-state arrangement at
all hierarchical levels, nanoscopic (first-order supramolecular
aggregates, 1-10 nm),” mesoscopic (larger scale morphologies,
10-1000 nm)® and microscopic (local domains, >1 pm),” which
in turn influence all the above-mentioned functional pro-
perties. Therefore, a thorough understanding of the structure-
property relationships in thin films is crucial for optimizing
the performance of these materials as active layers in devices
for technological applications.

To achieve precise control over the solid-state organization
of organic n-conjugated materials in thin films, a combi-
nation of chemical design strategies and processing tech-
niques is required. On the one hand, the extraordinary pro-
gress in the development of highly efficient transition metal-
promoted synthetic methodologies for carbon-carbon bond
formation has greatly expanded the structural diversity of
these systems: traditional cross-coupling reactions between
organic halides and organometallic reagents,'® more sustain-

This journal is © The Royal Society of Chemistry 2025
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able direct C-H activation strategies'' and emerging cross-
dehydrogenative coupling (double C-H bond activation)
methods.'® On the other hand, many external factors such as
deposition techniques (drop casting vs. spin coating), post-
deposition treatments (solvent vs. thermal annealing), and
other environmental conditions can strongly influence the
solid-state arrangement at all hierarchical levels,"® complicat-
ing a correct rationalization of the intimate structure—property
relationships.

Thin films of organic n-conjugated materials are often
characterized by a marked polymorphism: multiple aggrega-
tion pathways (e.g., kinetic vs. thermodynamic states),"* each
of them exhibiting different structural features and physico-
chemical properties, take place under different working con-
ditions (in terms of deposition technique and post-deposition
treatments) or, in some cases, also co-exist in the same sample
segregated in local domains.”® The relative weight and distri-
bution of these polymorphs are typically very dependent on
external stimuli, which may lead to even dramatic changes in
the functional properties of interest,'* and are therefore very
difficult to rationalize without a precise knowledge of the inti-
mate structure. Given the complexity of these materials, a
thorough characterization of thin films at different hierarchi-
cal scales is essential for elucidating their organizational pat-
terns - including local polymorphisms - and correlating them
with functional properties. In this regards, optical microscopy
(OM) and polarized optical microscopy (POM) are used for the
characterization of thin films at the micrometric scale,'®> while
electron microscopy (TEM and SEM) and atomic force
microscopy (AFM) allow for investigating samples at the meso-
scopic scale.'® However, none of them can provide insight into
the supramolecular organization at the nanoscopic scale, thus
necessitating the integration of advanced spectroscopic and
diffraction methods to achieve a comprehensive structural
understanding.

In recent years, the development of chiral organic
n-conjugated systems has provided new lifeblood to this
research field."” The possibility to combine all the above-men-
tioned features of m-conjugated materials with the properties
of chirality has found three main advantages. First, the
functionalization of these compounds with chiral moieties
could represent a valid tool for controlling their solid-state
organization at different hierarchical levels. The introduction
of enantiopure appendages (such as terpene, a-amino acid or
monosaccharide units) as side chains in topical positions of
the m-conjugated backbone prevents undesirable disordered
structures of chromophores and promotes their organization
at all hierarchical levels under the effect of intermolecular
forces. At nanoscopic scale, they could be arranged into first-
order supramolecular three-dimensional (3D) chiral architec-
tures, showing tilted stacks of the component molecules under
clockwise or counterclockwise orientation.'® By preventing a
perfect co-facial stacking between adjacent n-conjugated units,
this could reasonably ensure longer exciton lifetime'® and
lower fluorescence aggregation-caused quenching (ACQ).>°
These first-order supramolecular helices can be then further
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organized at mesoscopic scale into larger 3D chiral structures,
like helical fibers or twisted ribbons.?’ However, in some
cases, chiral n-conjugated molecules can also self-assemble at
microscopic scale to give locally anisotropic domains with two-
dimensional (2D) chirality.*® It is worth emphasizing that a
perfect structural control is not trivial here: competition
between several weak non-covalent interactions can lead to
many local minimum energy supramolecular architectures,
resulting in multiple aggregation modes in dynamic tran-
sitions from one another, depending on experimental pro-
cedures for thin films fabrication.

A second relevant advantage associated with the develop-
ment of chiral organic n-conjugated materials is the birth of a
variety of cutting-edge technological applications, only thanks
to their unique properties. One of them is the chirality-
induced spin selectivity (CISS) effect,”® which can be applied
in spintronics or in spin-controlled electrochemical reactions,
such as oxygen evolution reaction (OER) or oxygen reduction
reaction (ORR).>* Other very relevant applications in organic
optoelectronics are strongly related to their chiroptical activity:
this is the case for circularly polarized (CP) organic light-emit-
ting diodes,> organic field-effect transistors®® and organic
photodetectors.”’” In addition to these, enantiopure chiral
magnets,?® chiral electrochemical sensors®* and stimuli-
responsive materials in optical information storage and pro-
cessing®® must also be added. Studies about potential opto-
electronic applications of thin films of chiral organic
n-conjugated materials are still emerging, with plenty of room
for improvement.*!

However, the most relevant advantage related to the study
of chiral organic n-conjugated materials as thin films is the
possibility of characterizing them by means of chiroptical
spectroscopies, particularly electronic circular dichroism
(ECD). In fact, ECD spectroscopy is very helpful in providing
information on the solid-state organization at different hier-
archical levels. In fact, it is sensitive to the arrangement of
adjacent chromophores at the nanoscopic scale, discriminat-
ing and recognizing 3D-chiral supramolecular structures
which would appear indistinguishable to non-polarized light
investigation.®> At the same time, ECD may provide some
clues to higher hierarchical levels of organization, detecting
the presence of microscopic local structures exhibiting 2D
chirality.® For the sake of completeness, it is also worth
mentioning the existence of spatially resolved ECD tech-
niques: localized chiroptical spectroscopy (LCS) and circu-
larly polarized microscopy (CPM), revealing polymorphs
which would be indistinguishable by means of conventional
om.*

For thin films of chiral n-conjugated compounds, the
measurement of ECD spectra is much more complex than
solution, due to the potential presence of macroscopic aniso-
tropies, linear dichroism (LD) and linear birefringence (LB),
often responsible for significant interference contributions to
the emergent ECD signals. According to the Mueller matrix
theory, a mathematical model for understanding the physical
meaning of emerging chiroptical signals in polarization spec-
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troscopy,®® the experimental ECD in thin films can be
expressed as follows:

. 1
ECD =~ CDiso + 2 (LD'-LB—LD-LB') + ... (1)

CDiso’® is the intrinsic component of the experimental
ECD signal, invariant upon sample rotation or flipping with
respect to the instrument optical axis. This term is pro-
portional to the rotational strength of electronic transitions
(the same characterizing ECD signals in solution), and for this
reason it is also called “true CD”. It is an expression of 3D-
chiral structures at molecular and/or first-order supramolecu-
lar level (nanoscopic scale).

The second term of eqn (1), typically named LDLB>® or even
“apparent CD”,*” “pseudo CD”*® and “polarity reversal of ellip-
ticity”,*® is the non-reciprocal component of the experimental
ECD signal. It is invariant upon sample rotation around the
instrument optical axis but inverts its sign by sample flipping.
LDLB does not arise from the combined effect of electric and
magnetic dipole transition moments at nanoscopic scale (as
for CDiso), but rather from the coupling between LD and LB in
locally anisotropic domains at microscopic scale, when their
principal axes are non-parallel and non-orthogonal to each
other. These domains are 2D-chiral, each of them responsible
for local chiroptical signals, whose sign depends on the skew
angle g between the two linear terms: positive if 0° < # < 45°,
negative if —45° < g < 0°. Such domains may be randomly
oriented in the plane, thus making macroscopic linear aniso-
tropies negligible when averaged on the whole sample. LDLB
then arises from the prevalence of domains with a well-
defined enantiomeric face adhering onto the glass surface
during thin film preparation.*® The origin, as well as possible
applications, of non-reciprocal chiroptical properties of thin
films has been recently theoretically and experimentally inves-
tigated by several research groups.*' In this context, a semiclas-
sical theory combining Mueller matrix analysis and a Lorentz
oscillator model was recently developed by Tempelaar et al.,
offering insight into the supramolecular arrangement of
n-conjugated dyes able to generate LDLB.*?

According to the Mueller matrix theory,?
leading to optical artifacts are negligible, CDiso and LDLB
could be extracted by taking, respectively, the semi-sum and
the semi-difference of ECD spectra recorded for the front
(organic layer towards light source) and the back face (organic
layer towards detector):*

> if other terms

CDiso = = X (ECDgont + ECDpack) (2)

LDLB = = X (ECDg;ont — ECDpack) (3)

STEECTIN

To quantitatively evaluate their relative weights, it is also
possible to define the p ratio between the integrated areas of
the absolute values of semi-difference ([|LDLB|) and semi-
sum ([|CDiso|). These very simple mathematical operations
allow one to assess both intrinsic and non-reciprocal terms by
using a benchtop spectropolarimeter, avoiding the need for

6720 | Org. Biomol. Chem., 2025, 23, 6718-6737

View Article Online

Organic & Biomolecular Chemistry

dedicated and costly equipment, such as artifact-free spectro-
polarimeters** or Mueller Matrix polarimetry (MMP)*®
technique.

1,4-Diketo-3,6-di(hetero)arylpyrrolo[3,4-c]pyrroles (DPPs) are
a class of organic n-conjugated compounds®® that have been
extensively used as high-performance industrial pigments in
coatings, varnishes and plastics,*” mainly thanks to their excel-
lent thermal and photostability.”® More recently, they have
attracted significant attention as building blocks of functional
and smart materials, with applications in a variety of solution-
processed organic electronic devices. Such interest stems from
the electronic deficient nature of the DPP core, which facili-
tates the design of donor-acceptor materials with narrow band
gaps.” DPP-based m-conjugated materials exhibited excellent
charge-carrier mobilities in organic field-effect transistors
(OFETs)* and high power conversion efficiencies in organic
solar cells (OSCs).”" At the same time, outstanding optical pro-
perties such as strong oscillator strength, tuneable absorption
and high photoluminescence quantum yields make them
good candidates as fluorescent probes in sensing and bio-
imaging,>” as well as two-photon-absorbing materials.>

Structurally, the DPP unit is a planar bicyclic scaffold incor-
porating two strong electron-withdrawing lactam moieties,
which can be easily functionalized by Pd-catalyzed cross-coup-
ling reactions on the (hetero)aryl groups at positions 3 and 6
or by nucleophilic substitution reactions with the nitrogen
atoms under basic conditions. The N-substitution of lactam
moieties of DPPs with groups of different steric hindrance and
polarity may have a large impact on their solubility, as well as
on their photophysical properties in solution and thin films.>*
In particular, the DPP core is typically functionalized with two
identical moieties, thus resulting in chromophores of C,j, sym-
metry group. However, recent research has increasingly
focused on non-symmetrically N-substituted DPP dyes, where
distinct appendages are introduced at each lactam moiety.
Notably, in 2018 Zhang et al. have reported a remarkable
charge mobility enhancement for =n-conjugated DPP-based
copolymers by simply replacing one branched alkyl chain with
a linear one at each DPP unit.>> More recently, Bronstein et al.
also highlighted substantial changes in the optical properties
of DPP dyes with different substitution symmetry.>¢

Despite the large interest in DPP-based compounds, the
development of chiral DPP dyes remains surprisingly underex-
plored. Some DPP derivatives incorporating helicene,””
binaphthyl,®® pyrido-fused myrtanyl,>® ethyl lactate®® or
B-citronellyl®® groups at the terminal positions of the
n-conjugated backbone were investigated in solution and/or
thin films by ECD and other related spectroscopies. However,
chiroptical studies on DPPs modified with chiral substituents
on the lactam moieties are still in their early stages. For
instance, in recent studies by Meskers et al.®* and Wiirthner
et al., DPP dyes N-substituted with chiral appendages were
synthesized and characterized in solution and thin films by
several techniques, yet no chiroptical spectroscopies were
used. Only in the past few years have the first chiroptical
studies emerged for this class of chiral DPPs.®* However, all

This journal is © The Royal Society of Chemistry 2025
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these investigations have so far been limited to systems
where identical chiral groups are attached to both lactam moi-
eties. To the best of our knowledge, no examples of non-sym-
metrically N-substituted chiral DPP dyes have been reported to
date.

In this work we propose a comparative study on four chiral
1,4-diketo-3,6-dithienylpyrrolo[3,4-c]pyrroles dyes 1-4 with
different substitution symmetry on the lactam moieties: (i) the
symmetrically N-substituted DPPs 1-2, functionalized with two
enantiopure (S)-p-citronellyl (DPP-CT, 1) or (S)-2-methylbutyl
(DPP-MT, 2) chains; (ii) the non-symmetrically N-substituted
DPPs 3-4, where an adamantylmethyl appendage replaced one
of the two (S)-p-citronellyl (DPP-ACT, 3) or (S)-2-methylbutyl
(DPP-AMT, 4) chains on the lactam moieties (see Fig. 1). The
choice of such chiral appendages is due to multiple reasons.
First, they can be easily introduced on the =n-conjugated
chromophore starting from (S)-(—)-p-citronellol and (S)-(—)-2-
methylbutanol, which are in turn available in Nature as a com-
ponent of, respectively, rose oils and fusel 0il.®> Second, both
moieties can transfer their molecular asymmetry (stereogenic
centre at the C2/C3 of the branched chain) to supramolecular
or larger scale mainly through dispersion forces and steric
effects. Furthermore, we aim to investigate how the position of
the stereogenic center on branched alkyl chains may impact
on the solid-state arrangement of DPP dyes, and thus on their
photophysical properties. For non-symmetrically N-substituted
DPP dyes 3-4, the bulky and compact methyladamantane
appendage was selected as it could have a significant impact
on the solid state arrangement, thus resulting in a highly
ordered molecular packing of DPPs responsible for an excep-
tional ambipolar charge transport.®®

The four target molecules 1-4 were synthesized and sub-
jected to a detailed investigation of their photophysical pro-
perties in solution (absorbance, fluorescence, cyclic voltamme-
try (CV)) and thin films (absorbance, ECD, OM, POM), evaluat-
ing the impact of different chiral moieties (citronellyl vs.
2-methylbutyl chains) and of different substitution pattern due
to the combination of chiral and adamantane moieties (sym-
metrical vs. non-symmetrical DPPs). Special emphasis was
given to the chiroptical study of thin films, discussing the
origin of different supramolecular arrangements in the solid
state, and therefore of the emerging ECD spectra, also with the
support of time-dependent density functional theory (TD-DFT)
calculations (Fig. 1).

Results and discussion

The synthetic pathway for obtaining the four final chiral DPP
dyes products 1-4 is depicted in Scheme 1. It involves a bimo-
lecular nucleophilic substitution (Sx2) reaction, where a DPP
pigment molecule with monosubstituted amide nitrogen (8 or
9) is converted using basic conditions (potassium carbonate)
to the corresponding N-anion, which then acts as a nucleo-
phile to attack the electrophilic centre in an alkyl halide (5) or
an alkyl tosylate (6 and 7).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Aim of the work. Four chiral DPP dyes with different substitution
symmetry on the lactam moieties were investigated: symmetrically
N-substituted 1-2, functionalized with two enantiopure (S)-p-citronellyl
(DPP-CT, 1) or (S)-2-methylbutyl (DPP-MT, 2) chains; non-symmetrically
N-substituted 3—4, where an adamantylmethyl appendage replaced one
of the two (S)-p-citronellyl (DPP-ACT, 3) or (S)-2-methylbutyl (DPP-AMT,
4) chains. The compounds were characterized: (a) in solution, by means
of absorbance, fluorescence and cyclic voltammetry (CV); (b) in thin
films, by means of absorbance, ECD, OM and POM. The impact of
different chiral moieties and different substitution symmetry exerted by
the adamantane moiety was unravelled also thanks to computational
analysis (TD-DFT calculations).

The preparation of these electrophilic alkylating agents
started from readily commercially available alcohols (R-OH) in
the form of (adamantan-1-yl)methanol, (S)-(—)-p-citronellol
and (S)-(—)-2-methylbutanol. While in the case of the prepa-
ration of 1-(bromomethyl)adamantane (5) the transformation
of the alcohol to the alkyl bromide using 48% hydrobromic
acid at reflux was used, chiral alcohols were converted to the
corresponding (S)--citronellyl and (S)-2-methylbutyl tosylates
6-7 using milder conditions.
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Scheme 1 Synthetic pathway for the preparation of four chiral DPP dyes 1—-4 investigated in the present work.

The preparation of chiral DPP products started from 3,6-di
(thiophen-2-y1)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (8) as
the basic DPP pigment, prepared by the well-known succinic
method using thiophene-2-carbonitrile and diisopropyl succi-
nate as starting materials under strongly basic conditions.***
Symmetrical DPPs 1 and 2 were prepared by direct alkylation
of 8 using a 5-molar excess of K,CO; base and a 3.5-molar
excess of alkyl tosylates 6 and 7, respectively, in DMF at
125 °C. Although tosylates are generally better leaving groups
than halides and the substitution should therefore proceed
more efficiently, the yields of products 1 and 2 were relatively
low (18% and 12%, respectively). This is due to the ambident
nature of the nucleophilic DPP anion, where the negative
charge delocalizes between the nitrogen and oxygen atoms
and the reaction produces undesirable by-products, i.e. N,O-
and 0,0-alkylated derivatives, as previously reported.®®” The
preparation of non-symmetrical DPPs 3 and 4 started with the
synthesis of mono-N-alkylated derivative 9, for which adaman-
tylmethyl bromide 5 was used. Due to its neopentyl character,
which increases steric hindrance and thus makes the course of
the Sx2 reaction more difficult, it allows the preparation of the

6722 | Org. Biomol. Chem., 2025, 23, 6718-6737

monosubstituted product 9 in sufficient yield (15%). In par-
ticular, a 3-molar excess of base and a 1.5-molar excess of alkyl
bromide 5 were used to carry out the reaction, in DMF at
140 °C (that is, a temperature 15 °C higher than the reaction
with alkyl tosylates). Finally, the mono-N-alkylated DPP 9 was
treated with alkyl tosylates 6 and 7 under the same reaction
conditions used for the preparation of symmetrical derivatives,
and the desired non-symmetrical DPPs 3 and 4 were obtained
in 9% and 31% yields, respectively.

As for other similar 1,4-diketo-3,6-dithienylpyrrolo[3,4-c|pyr-
roles previously reported in the literature,®* the four chiral
compounds 1-4 appear in the form of dark purple powders.
All of them showed quite good solubility in chlorinated sol-
vents, whereas in highly polar solvents (such as MeOH and
H,O0) their solubility was low.

We started our comparative study evaluating the optical pro-
perties of four chiral DPP dyes 1-4 in solution: the UV-Vis
absorption and photoluminescence emission spectra in CHCl;
are depicted in Fig. 2. At first glance, UV-Vis absorption
spectra of four dyes appear roughly similar, although it is poss-
ible to appreciate minor variations between systems with

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Optical investigation of chiral DPP dyes 1-4 in CHCIls solution. Absorbance (blue) and photoluminescence (red) spectra of: (a) DPP-CT; (b)
DPP-MT; (c) DPP-ACT; (d) DPP-AMT. For absorbance measurements: cell length 1 cm; sample concentration 10~> M. For photoluminescence
measurements: sample concentration 107> M, excitation wavelength 467 nm.

different substitution pattern. In particular, all the compounds
showed the most prominent broad band between 400 and
600 nm, with maximum absorbance at 549 nm for symmetrical
DPPs 1-2 and 540 nm for non-symmetrical DPPs 3-4. In
analogy to other dyes of similar structure previously reported
in the literature, this band could be attributed to a * — x* tran-
sition localized on the DPP moiety,®” rather than to an intra-
molecular charge-transfer (CT) transition from thiophene
rings to the DPP.®® Quite interestingly, the vibrational structure
associated with this band was also found to be different
depending on the nature of the substituent, with the
N-methyladamantane group causing less resolved vibrational
structure. At higher energy we found two smaller bands, poss-
ibly associated to other electronic transitions involving the
n-conjugated backbone: a broad band between 300 and
400 nm, with maximum at 340 nm (for symmetrical systems
1-2) or 341 nm (for non-symmetrical systems 3-4), and a
sharp peak centred at 292 nm. A computational analysis was
run on the N,N-dimethyl model of 1-4, here indicated as
DPP-Me (see Fig. S1 in ESIf). As expected, the lowest energy

This journal is © The Royal Society of Chemistry 2025

structure has coplanar aromatic rings with a s-trans orien-
tation, i.e., with S atoms directed towards the closest N atoms.
The major UV band is calculated at 520 nm at B3LYP/def2-
TZVP level and corresponds to a n-n* transition delocalized on
the =-conjugated skeleton; the transition electric dipole
moment is oriented approximately along the C3-Cé6 direction
of the DPP ring. Other higher energy transitions are also pre-
dicted, with different orientation, including a transverse one
(i.e., directed along the C=O/C=O direction) for the band
<300 nm.

Moving on to photoluminescence spectra, in all cases we
found a strong emission band between 500 and 700 nm, exhi-
biting a quite specular profile to the low energy UV-Vis absorp-
tion band (thus slightly more resolved for symmetrical DPPs),
with maximum centred at 564 nm (for symmetrical systems
1-2) or 563 nm (for non-symmetrical systems 3-4). As a result,
the four chiral dyes also showed modest Stokes shift values:
15 nm for 1-2, 23 nm for 3-4. Remarkable differences were
also found in the fluorescence quantum yields ®: symmetri-
cally N-substituted DPP-CT and DPP-MT showed higher values
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(69% and 76%, respectively) than non-symmetrically
N-substituted DPP-ACT and DPP-AMT (57% and 39%, respect-
ively). A more efficient nonradiative decay for DPP-ACT and
DPP-AMT is in line with larger broadening observed in the
absorption spectra. On the contrary, both the nature of chiral
groups and the molecular symmetry did not impact the values
of optical band gaps (Egpt), estimated from the absorption
onset (Aonser) in the UV-Vis spectra (obtained from the inter-
cept of the red-side slope of low energy absorption band with
the wavelength axis): for all the compounds, it was determined
as about 2.18 eV.

All the most relevant optical properties of chiral DPP dyes
1-4 measured in CHCIl; solution are summarized in Table 1,
while all the plots for the determination of molar extinction
coefficients ¢ (Fig. S2-S5%), fluorescence quantum yields @
(Fig. S6-S971) and UV-Vis absorption onset Aopnget (Fig. S10T) can
be found in ESL.}

To gain more insight into the impact of different chiral
alkyl chains, as well as of the adamantyl moiety on the HOMO
and LUMO energy levels of DPP dyes, their electrochemical
properties in solution were investigated by means of CV
(Fig. 3). All the compounds showed four electrochemical pro-
cesses: two in oxidation, two in reduction. However, quite
interestingly their reversibility was found to be dependent on
the nature of chiral alkyl group, rather than on the substi-
tution symmetry of DPP moiety. For DPP-CT and DPP-ACT,
bearing the (S)-p-cytronellyl chain, both the first oxidation and
the first reduction were electrochemically and chemically
reversible, while the other two processes were irreversible
(Fig. S11 and S12 of ESIf). More details about the observed
electrochemical processes were obtained by repeating CV
experiments of DPP-CT at different scanning rates (Fig. S13 of
ESIt): according to the Randles-Sevcik equation,®® the linearity
between the peak current and the square root of scanning rate
testified a diffusive nature for first oxidation and first
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reduction processes. Furthermore, linear sweep voltammetry
(LSV) experiments carried out on both DPP-CT and DPP-ACT
(Fig. S14 and S15 of ESIT) revealed comparable current intensi-
ties for the oxidation processes, indicating that the same
number of electrons is involved. It can thus be reasonably
assumed that both the oxidation processes are monoelectro-
nic. Moving on DPP-MT and DPP-AMT, functionalized with (S)-
2-methylbutyl chain, not only first oxidation and first
reduction, but also the second oxidation are electrochemically
and chemically reversible processes; only the second reduction
was found irreversible (Fig. S16 and S17 of ESI}). This quite
unexpected result suggested that the second oxidation in
DPP-CT and DPP-ACT actually involved the double bond of the
(S)-p-cytronellyl chain, which is not present in DPP-MT and
DPP-AMT. However, CVs at different scanning rates revealed
also for DPP-MT (Fig. S18 of ESIt) a diffusive nature for first
oxidation and first reduction processes.

Beyond these significant differences between (S)-
p-cytronellyl- and (S)-2-methylbutyl-functionalized DPPs con-
cerning the nature of the electrochemical processes, only
minimal variations were found in the values of oxidation and
reduction potentials, and consequently also in the HOMO and
LUMO energy levels (see Table 2 for details). In particular,
symmetrical DPP dyes 1-2 exhibited electrochemical band gap
Eg values slightly lower (1.99 eV for DPP-CT, 2.01 eV for
DPP-MT) than non-symmetrical DPP dyes 3-4 (2.05 eV for
DPP-ACT, 2.04 eV for DPP-AMT). In this regard, for the model
compound DPP-Me used in the computational analysis we also
calculated a HOMO-LUMO energy gap (Eg ©) of 2.46 €V in
vacuo (see Fig. S19 of ESIf), slightly higher than those evalu-
ated experimentally.

To conclude the characterization of the four chiral dyes in
solution, we also studied their optical and chiroptical behav-
iour in conditions of potential solution aggregation, induced
by the use of solvent mixtures consisting of a good (CHCls)

Table 1 Optical properties of chiral DPP dyes 1-4 measured in CHCl3 solution

Chiral DPP dye Amax @ (nm) "8 (10* M~ em™) Amax € () @7 (%) Stokes shift’ (nm eV ) Aonset” (Nm) EZ ¢ (eV)
DPP-CT 549 2.57 564 69 15/0.06 569 2.18
340 0.95
292 2.04
DPP-MT 549 2.87 564 76 15/0.06 570 2.18
340 1.14
292 2.31
DPP-ACT 540 2.02 563 57 23/0.09 569 2.18
341 0.87
292 1.64
DPP-AMT 540 2.18 563 39 23/0.09 569 2.18
341 0.98
292 1.84

“Wavelength of the absorbance maximum. ? Molar extinction coefficient corresponding to A%92*. “ Wavelength of the emission maximum (exci-

abs

tation wavelength: 467 nm). ¢ Fluorescence quantum yield determined by the relative method using rhodamine B in absolute ethanol as the refer-

ence. °Stokes shift defined as AT2% — A2,

Onset wavelength determined from the intercept of the red-side slope of the absorbance main band

with the wavelength axis. ¢ Optical band gap evaluated as Eg" = 1240/Zonset-
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Fig. 3 Electrochemical investigation of chiral DPP dyes 1-4 in solution. Cyclic voltammograms of: (a) DPP-CT; (b) DPP-MT; (c) DPP-ACT; (d)
DPP-AMT, recorded on a Pt disk (surface: 0.07 cm?) working electrode in CH,Cl,/n-BusNPFg 0.2 M solution. Sample concentration 1073 M; scanning

rate 100 mV s7%.

Table 2 Electrochemical properties of chiral DPP dyes 1-4 measured
in CH,Cl,/n-BusNPFg 0.2 M solution

Chiral DPP Eon e HOMO” Eon € LUMO? BC
dye V) (ev) V) (eV) (ev)
DPP-CT 0.43 —5.53 -1.56 —3.54 1.99
DPP-MT 0.44 —5.54 -1.57 -3.53 2.01
DPP-ACT 0.46 —5.56 -1.59 -3.51 2.05
DPP-AMT 0.44 —5.54 -1.59 -3.51 2.04

“ Oxidation potential determined from the onset of the oxidation wave
of the DPP dye vs. the ferrocene/ferrocenium (Fc/Fc') reference.
PHOMO energy level estimated by the empirical equation HOMO =
—e(E3? + 5.1 V). “Reduction potential determined from the onset of the
reduction wave of the DPP dye vs. the ferrocene/ferrocenium (Fc/Fc")
reference. “LUMO energy level estimated by the empirical equation
LUMO = —¢(E%%, + 5.1 V). ¢ Electrochemical band gap evaluated as E§1 =
(B — EXR).

and a poor solvent (MeOH) in different ratios. In general, spec-
tral profiles recorded with the progressive addition of a polar
protic solvent could provide a step-by-step picture of the self-

This journal is © The Royal Society of Chemistry 2025

assembly processes occurring in solution. Unfortunately, all
the UV-Vis absorption and ECD spectra of 1-4 (see Fig. S20-
S23 of ESIf) showed only negligible differences with those
recorded in pure chloroform: the four DPPs, both symmetrical
and non-symmetrical ones, would not undergo aggregation in
CHCIl;/MeOH mixtures. This result is not completely surpris-
ing: similarly to that previously reported in the literature for
other symmetrically N-substituted chiral 3,6-dithienyl-DPPs of
similar structure,®*®
region of m-electron delocalization, especially if compared to
the length of the branched chiral alkyl chains and to the high
steric hindrance of the adamantylmethyl appendage. This is
responsible for only very modest m-interactions, easily over-
whelmed by conformational disorder and entropy effects
associated with the chiral alkyl chains and/or the bulky ada-
mantane moiety.

If in solution we found that both the chiral alkyl chain and
the substitution symmetry may have a significant impact on

compounds 1-4 exhibited a very small

the photophysical properties, this was even more evidently in
thin films, where our comparative study was mostly focused.
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All the samples were prepared by spin-coating technique,
depositing about 100 pL of a 2.0 x 107> M CHCl, solution of
each dye on square glass slides, followed by fast evaporation of
the solvent while spinning the plates (time 30 s, rate 1000
rpm, acceleration 1000 rpm s~ '). All the obtained films,
appearing macroscopically as dark purple semi-transparent
layers, were then subjected to a detailed optical and chiroptical
investigation. Since solid-state organization in thin films may
be strongly dependent not only on the intimate chemical struc-
ture of the material, but also on post-deposition operations,
for each chiral DPP dye we compared the chiroptical properties
of samples before (as-cast) and after prolonged solvent or
thermal annealing. Under each condition, ECD spectra of thin
films were recorded for the front face (organic layer towards
light source) and the back side (organic layer towards detec-
tor), in order to evaluate the contribution of the above men-
tioned intrinsic (CDiso) and non-reciprocal (LDLB) terms.

ECD spectra and chiroptical properties of thin films of 1-4
as-cast and under the best experimental conditions of anneal-
ing are depicted in Fig. 4 and Table 3; all the UV-Vis absorp-
tion, ECD and dissymmetry factor g.,s spectra of samples
under all the investigated conditions can be found in Fig. S24~
S39 of ESL.{ For some of these samples, OM images in bright
field and under cross-polarized filters were also acquired,
depicted in Fig. 5 and Fig. S40-S46 of ESL.{

Starting our discussion from the symmetrically
N-substituted DPP-CT dye, the UV-Vis absorption spectrum of
the as-cast sample (Fig. S24 of ESI}) exhibited three main
bands, similarly to that found in solution. However, a clear
difference from the solution spectrum concerns the lowest
energy band, which is red shifted by 30-40 nm and character-
ized by a shoulder between 600 and 650 nm. This is presum-
ably an “aggregation band”,”® suggesting the presence of
strong intermolecular interactions between adjacent
n-conjugated chains. This was then confirmed by ECD charac-
terization (Fig. 4a, continuous lines), where we found an asym-
metric, positive exciton couplet between 420 and 650 nm,
corresponding to the lowest energy absorption band of the = —
n* transition on the DPP moiety, and two further positive
bands at higher energy, associated to the other electronic tran-
sitions. Moreover, the spectral profiles recorded for the two
faces of the film were very similar, which suggested an almost
pure CDiso contribution associated to 3D chiral structures at
nanoscopic level. In particular, the positive ECD couplet could
indicate the occurrence of a right-handed supramolecular
arrangement between adjacent DPP moieties. A positive
couplet might also be seen around 300 nm for the transverse-
polarized transition. We recall that for a pack of helically
stacked chromophores with rectangular shape, the exciton
chirality defined by longitudinal-polarized transitions coincide
with that defined by transverse-polarized transitions. To study
the impact of post-deposition treatments, thin films of DPP-CT
were then subjected to solvent annealing, by keeping the
sample in a close chamber saturated with CHCIl; vapours.
Quite interestingly, if annealing for 10 minutes did not have
relevant impact on the chiroptical features (Fig. S25 of ESIT),
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after a longer time more significant variations in the ECD
spectra were appreciated (Fig. S26 and S27 of ESI}). In particu-
lar, after 40 minutes (Fig. 4a, dashed lines), the two positive
bands in the high energy region (between 280 and 375 nm)
reversed their sign; at the same time, the positive ECD couplet
at lower energy evolved into a single broad positive band.
These variations did not significantly impact the p ratio (which
increased from 0.20 to 0.32), thus confirming a predominant
intrinsic CDiso term (due to 3D chiral structures). Therefore,
annealing is responsible of a significant change in the solid-
state organization, where a supramolecular helical arrange-
ment has been presumably replaced, or accompanied, by struc-
tures involving a chiral intramolecular twist of the
n-conjugated moiety. In general, in closely packed supramole-
cular arrangements of chiral n-conjugated moieties, a combi-
nation of intra-molecular (intra-chain) twist and supramolecu-
lar (inter-chain) twist should always be expected.*®”" It is
worth emphasizing that such differences in the solid-state
arrangement were appreciated only thanks to the superior
capability of ECD measurements in providing information
about the first level of supramolecular organization, which
may be very difficult to identify with other spectroscopy or
microscopy technique. Indeed, no appreciable differences were
found comparing OM images of DPP-CT before and after
annealing (Fig. 5a and Fig. 540, S41 of ESIY). Similar result was
observed when thin films of DPP-CT were subjected to thermal
annealing at 100 °C, although slightly longer times (1-2 h)
were needed (Fig. S28 and S29 of ESI}). In contrast, in the ECD
spectra of samples after 1 month of ageing (Fig. S30 of ESI})
only very small variations compared to as-cast thin films were
observed. This proved that, even in freshly prepared samples,
the DPP-CT molecules were arranged in an energetically stable
aggregation state, although the molecular mobility provided by
annealing facilitated an evolution towards the most thermo-
dynamically stable organization.

Moving on to DPP-MT, a simple change in the position of
the stereogenic center on chiral alkyl chains, by keeping the
same substitution symmetry on the DPP moiety, resulted in
significant variations of the solid-state organization in thin
films. Also in this case, the absorption spectrum of as-cast
sample (Fig. S31 of ESI{) showed major differences with
respect to solution, especially on the lowest energy band:
although it also fell between 450 and 600 nm, the shape was
here quite different, with a maximum at 514 nm and a further
peak at 560 nm (the latter potentially identifiable as “aggrega-
tion band”). Interestingly, this band also appeared very dissim-
ilar from that of as-cast thin films of DPP-CT, thus suggesting
the possible occurrence of different solid-state aggregates.
Indeed, this was further confirmed by the chiroptical investi-
gation. The ECD spectra of as-cast DPP-MT (Fig. 4b, continu-
ous lines), characterized by an almost pure intrinsic CDiso (p =
0.27, with minimal changes between front and back faces
likely due to reproducibility issues related to a sample off-set),
revealed a rather complex profile. Besides a large asymmetric
positive ECD couplet between 450 and 600 nm, corresponding
to the above-mentioned n — n* transition band in the absorp-
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Fig. 4 Chiroptical investigation for thin films of chiral DPP dyes 1—4 prepared by spin coating technique under the most relevant experimental con-
ditions. ECD spectra recorded for: (a) DPP-CT, before (continuous lines) and after (dashed lines) annealing (CHClz, 40 min); (b) DPP-MT, before (con-
tinuous lines) and after (dashed lines) annealing (CHCls, 10 min); (c) DPP-ACT, before (continuous line) and after (dashed lines) annealing (110 °C,
30 min); (d) DPP-AMT with no annealing. For panels (a)—(c): blue lines are spectra recorded for the front face (organic layer towards light source),
red lines are spectra recorded for the back face (organic layer towards detector).

tion spectrum, a further negative band was found above
600 nm, not present for DPP-CT, likely associated with scatter-
ing. Other differences with respect to freshly prepared spin-
coated samples of DPP-CT were observed in the higher energy
region, with a second positive ECD couplet between 300 and
400 nm (in correspondence with the absorption band centred
at around 350 nm), and a sharp negative ECD signal at
289 nm. If the positive sign of the two asymmetric ECD
couplet could suggest the existence, also for as-cast samples of
DPP-MT, of 3D chiral supramolecular structures with a right-
handed helicity, we can still imagine important structural
differences compared to DPP-CT films under the same con-
ditions. The higher intensity and more pronounced vibronic
pattern seen for DPP-MT indicates a higher degree of supramo-
lecular order, possibly associated with the shorter and less flex-
ible chain. Another relevant difference of DPP-MT with respect

This journal is © The Royal Society of Chemistry 2025

to DPP-CT concerns the impact of post-deposition operations
(Fig. S32-S34 of ESIt). In particular, after only 10 minutes of
solvent annealing in a closed chamber saturated with CHCl;
vapours, in the UV-Vis absorption spectrum (Fig. S32 of ESIY)
we found a strong decrease of the “aggregation band” at
560 nm, suggesting a partial dissolution of solid-state aggre-
gates, yielding a situation where DPP molecules are more
distant and held together by weaker intermolecular inter-
actions. In fact, even in the corresponding ECD spectrum
(Fig. 4b, dashed lines) we observed a strong decrease in the
chiroptical signals, confirming a partial loss of aggregation. At
the same time, we also found some changes in the spectral
shape with respect to the as-cast sample: if the positive couplet
between 400 and 550 nm is still present, a disappearance of
the negative band above 600 nm and a sign reversal of bands
at higher energy was observed. Longer time of solvent anneal-

Org. Biomol. Chem., 2025, 23, 6718-6737 | 6727


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob00782h

Open Access Article. Published on 12 6 2025. Downloaded on 2026-02-26 11:34:41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 3 Chiroptical properties of chiral dyes in thin films prepared by
spin-coating technique

Chiral DPP dye  Annealing” amax b () max e (1072)  pt
DPP-CT No Front: 299 0.51 0.20
Back: 299 0.38
CHCl3, 40 min Front: 293 —0.32 0.32
Back: 293 —0.65
DPP-MT No Front: 518 0.84 0.27
Back: 518 0.54
CHClj;, 10 min Front: 460 -0.27 0.33
Back: 460 -0.27
DPP-ACT No n.a. n.a. n.a.
110 °C, 30 min Front: 530 -0.15 1.52
Back: 489 0.22
DPP-AMT No n.a. n.a. n.a.

“Experimental details of solvent or thermal annealing (if any) per-
formed before absorbance and ECD measurements. ” Wavelength of
the maximum ECD intensity. ‘Maximum dissymmetry factor value,
defined as g.,s = (Ellipticity (mdeg)/32 980)/Absorbance, calculated at
amax 4 Ratio of the integrated areas of the absolute value of semi-differ-
ence ([ |LDLB|) and semi-sum ([ |CDiso]).

fresh)
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iresh)

esSi)

ally annealed

r 500 pm
e

Fig. 5 Microscopy investigation for thin films of chiral DPP dyes 1-4
prepared by spin coating technique under the most relevant experi-
mental conditions. OM images of: (a) DPP-CT, before (up) and after
(down) annealing (CHClz, 40 min); (b) DPP-MT, before (up) and after
(down) annealing (CHCls, 10 min); (c) DPP-ACT, before (up) and after
(down) annealing (110 °C, 30 min); (d) DPP-AMT, with no annealing. All
images were recorded in bright field; only for DPP-ACT after annealing
(panel c, down), the image under cross-polarized filters is also shown.

ing (Fig. S33 of ESIt) simply resulted in a further decrease of
chiroptical signals. As in the case of DPP-CT, OM images of
thin film samples of DPP-MT acquired before and after solvent
annealing (Fig. 5b and Fig. S42, S43 of ESIf) did not exhibit
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any remarkable change in the organic layer texture. Similarly,
1 h of thermal annealing at 170 °C (Fig. S34 of ESIf) also
resulted in an almost complete disappearance of all ECD
bands, except for a very weak couplet between 450 and
550 nm. In contrast, no changes were appreciated after
1 month of ageing (Fig. S35 of ESIT). This aspect is in common
with DPP-CT: for as-cast thin films of DPP-MT, molecules were
arranged in a thermodynamically stable aggregation state,
which can be disturbed only by increasing the molecular
motion in the presence of solvent vapours or at high
temperatures.

If the different nature of the enantiopure branched chain
already had a significant impact on the optical and chiropti-
cal properties of symmetrical DPP dyes 1-2 in thin films, a
change in the substitution symmetry by replacing one of
these chiral chains with an adamantylmethyl appendage
resulted in a totally different (chiro)optical behaviour, indi-
cating the occurrence of a different solid-state organization.
Starting with the study of DPP-ACT, differences with its sym-
metrical analogue DPP-CT already emerged in the UV-Vis
absorption spectrum of the as-cast film (Fig. S36 of ESIT).
Surprisingly, the spectral profile was almost entirely coinci-
dent with that recorded in CHCI; solution: no appreciable
bathochromic shift was observed, nor the “aggregation band”
previously found at low energy for both symmetrical dyes.
This would indicate the presence of DPP-ACT molecules in
the isolated state, or sufficiently distant from each other to
result in a quasi-isolated form despite the thin film state.
Such hypothesis was confirmed by the ECD spectrum of the
same sample (Fig. 4c, continuous blue line), exhibiting no
chiroptical signal. Although the formation of neither achiral
aggregates nor a racemate of right- and left-handed helical
supramolecular structures cannot be excluded, both the
lower molecular symmetry and the steric hindrance of the
adamantane appendage may have favoured totally disordered
solid-state structures, or alternatively ordered ones with an
intermolecular distance much greater than that of symmetric
systems. A further puzzling aspect came from thermal anneal-
ing of the same sample: by keeping it in an oven at 110 °C for
30 min, we observed the appearance of some weak dichroic
signals in the ECD spectrum (Fig. 4c, dashed lines and
Fig. S37 of ESI{), exhibiting a predominant non-reciprocal
LDLB contribution, as testified by the p ratio value (1.52). The
increased molecular mobility acquired at high temperatures
allows DPP-ACT molecules to organize into 2D chiral micro-
scopic domains, although the weak dichroic signals could
suggest only a very slight prevalence of domains leaning on
the glass substrate with a well-defined enantiomeric face. In
this specific case, even OM measurements were useful: if the
as-cast sample (Fig. 5¢, up and Fig. S44 of ESIt) showed a very
homogeneous texture, without any notable LD and LB, after
thermal annealing we observed the appearance of small
grains, few pm sized, exhibiting moderate LB under cross-
polarized filters (Fig. 5c, down and Fig. S45 of ESI}). These
grains could represent the above mentioned 2D chiral micro-
scopic domains, characterized by interacting local LD and

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob00782h

Open Access Article. Published on 12 6 2025. Downloaded on 2026-02-26 11:34:41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

LB, responsible for the predominant non-reciprocal chiropti-
cal signal.

Even in the case of non-symmetrical DPP-AMT dye, the
UV-Vis absorption spectrum of the as-cast thin film (Fig. S38
of ESIT) was very similar to that one recorded in CHCI; solu-
tion, and no dichroic signal was detected in the corresponding
ECD spectrum (Fig. 4d). We hypothesize here the same behav-
iour reported above for DPP-ACT, with a solid-state organiz-
ation involving molecules sufficiently distant from each other
to result in a quasi-isolated form. Behaviour similar to
DPP-ACT also occurred in the OM investigation (Fig. 5d and
Fig. S46 of ESIT), where no structure was observed. However, a
difference between the two non-symmetrically substituted dyes
occurred after thermal annealing: keeping the DPP-AMT
samples for 1 h at 120 °C, no difference was observed in both
absorption and ECD spectra (Fig. S39 of ESIt). Therefore, even
more than for DPP-ACT, in thin films of DPP-AMT the quasi-
isolated solid state is such energetically stable, that it did not
undergo any modification even by thermally increasing the
molecular motions.

The present optical and chiroptical study of the four DPP
dyes revealed that the nature of chiral alkyl chain, both in
terms of length and position of the stereogenic center, can
lead to important variations in the solid-state organization
(DPP-CT vs. DPP-MT, as well as DPP-ACT vs. DPP-AMT).
However, the most substantial differences came from compar-
ing dyes of different substitution pattern: from 3D chiral struc-
tures of the symmetrically substituted DPP-CT and DPP-MT, to
disordered/isolated or, possibly, 2D chiral structures of the
non-symmetrically substituted DPP-ACT and DPP-AMT. While
a simulation of (chiro)optical properties of large and dis-
ordered supramolecular assemblies remains a formidable
task,*® we substantiated the observation that bulky adamantyl
groups disrupt the tendency to aggregation by running meta-
dynamics simulations by CREST (conformer-rotamer sampling
tool),”? coupled with semi-empirical tight binding calculations
at GFN2-xTB level.”> We built small oligomers (dimers and
trimers) of DPP-MT (2) and DPP-AMT (4) included in an ellip-
soid wall potential designed to model non-covalent inter-
actions (NCI). The results for the trimers are analysed in
Fig. S47 of ESI} in terms of plane-to-plane distance and incli-
nation between proximate DPP moieties (1-2 and 2-3 units),
while representative snapshots are shown in Fig. 6. It emerges
that DPP-MT is able to reach more compact and ordered aggre-
gates, with DPP moieties at stacking distance (<3.8 A) and
almost parallel to each other. The simulations also highlight
that, in the stacks, the DPP moieties are tilted toward alternat-
ing opposite directions, rather than aligned with each other.
This situation prevents a simple interpretation of exciton-
coupled ECD spectra in terms of staircase-like helical stacks.

These results are in line with the different chiroptical
behaviour observed for the present and other classes of DPP
dyes recently investigated by our research group,**”®” as sum-
marised in Fig. 7. Th,-DPP-Th, derivatives, where the central
DPP core is connected to two lateral 2,2"-bithienyl units, tend
to adopt a staircase-like aggregate structure (Fig. 7a), thus
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Fig. 6 Representative snapshots from the CREST simulations of: (a)
DPP-MT; (b) DPP-AMT.

(@)

Fig. 7 Pictorial representation of the aggregation modes observed for
three different classes of DPP dyes recently investigated by our group:
(@) Th,-DPP-Th, derivatives, (b) Anth-Th-DPP-Th-Anth derivatives, (c)
Th-DPP-Th derivatives.

favouring exciton coupling between first neighbours which
dominates the CDiso.®” In the case of Anth-Th-DPP-Th-Anth
derivatives, where two lateral (9-anthracenyl)thienyl moieties
are present, exciton-coupled ECD is hampered by an almost
perfect alignment between DPP units (Fig. 7b), which instead
strengthens the LDLB terms.*°” Finally, for the present Th-
DPP-Th derivatives, the alternating tilted orientation between
DPP moieties (Fig. 7c) downplays exciton coupling with
respect to Th,-DPP-Th,, yielding ECD spectra with less
evident couplets or showing contribution from intra-chain
mechanism.

Conclusions

In conclusion, here we have carried out a comparative study on
four chiral 1,4-diketo-3,6-dithienylpyrrolo[3,4-c]pyrrole (DPP)
dyes, focusing on how the nature and symmetry of
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N-substitution affect their photo-physical (and, in particular,
chiroptical) properties. Our results clearly demonstrate that
both types of chiral side chains (p-citronellyl vs. 2-methylbutyl)
and the substitution pattern (symmetrical vs. non-symmetri-
cal) play crucial roles, particularly in dictating the solid-state
organization at different hierarchical levels of these dyes in
thin films.

On the one hand, symmetrically substituted derivatives
(DPP-CT and DPP-MT) exhibit the propensity to form more
ordered, 3D chiral aggregates. On the other, the introduction
of a bulky adamantyl group in the non-symmetrical derivatives
(DPP-ACT and DPP-AMT) appears to disrupt such organization,
leading instead to more disordered or possibly 2D chiral
arrangements.

This interpretation is further supported by metadynamics
simulations: while the two symmetrically substituted DPPs can
form compact, tilted, yet organized aggregates, the non-sym-
metrically substituted systems display only a reduced tendency
to stack efficiently. More importantly, the observed alternating
tilt between DPP units within the aggregates prevents straight-
forward interpretation of their ECD signatures in terms of con-
ventional helical stacking, indicating a more complex excitonic
landscape.

When compared to other previously investigated DPP
dyes having different lateral n-conjugated units, the Th-
DPP-Th framework investigated here reveals a distinct chir-
optical behaviour. Unlike Th,-DPP-Th, derivatives, where
3D-chiral staircase-like assemblies, promoting strong exciton
coupling, are responsible for intrinsic CDiso terms, or Anth-
Th-DPP-Th-Anth systems, where tight alignment favours the
occurrence of 2D-chiral structures responsible for strong
non-reciprocal LDLB contributions, the alternating orien-
tation observed in Th-DPP-Th compounds reduces the
strength of exciton coupling, thus generating weaker intrin-
sic CDiso contributions in the ECD spectra, characterized by
less evident couplets and contributions due to intra-chain
mechanism.

Overall, this work underscores the delicate interplay
between molecular design, supramolecular organization and
photo-physical properties, offering valuable insights for the
future development of functional organic materials with the
desired chiroptical properties in thin films.

Experimental section
Synthetic procedures

General information. 3,6-Di(thiophen-2-yl)-2,5-dihydropyr-
rolo[3,4-c]pyrrole-1,4-dione (8) was prepared by the succinic
method according to our previous work.”* All other commer-
cially available reagents and solvents were purchased as follow.
From BLD Pharmatech GmbH: (adamantan-1-yl)methanol
(98%), (S)-3,7-dimethyloct-6-en-1-ol, (S)-(—)-2-methylbutanol,
pyridine (98%). From Merck KGaA: p-toluenesulfonyl chloride
(TsCl, 99%), filter aid Celite® (R566, Supelco, pH > 8.5), N,N-
dimethylformamide (anhydrous, 99.8%), potassium carbonate
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(anhydrous, 99.99%). From PENTA, spol. s r.o.: hydrobromic
acid (p.a., 48%), hydrochloric acid (p.a., 35%), sulphuric acid
(96%), ethyl acetate (p.a., 99%), petroleum ether (p.a., distilla-
tion range 40-65 °C), dichloromethane (DCM, p.a., 99.8%), tri-
ethylamine (Et;N, p.a.), diethyl ether (p.a., 99.5%), toluene (p.a.,
99%), n-heptane (p.a., 99%), methanol (p.a., 99.8%), chloroform
(p-a., 99.8%). From Lach-Ner, spol. s r.0.: sodium hydrogen car-
bonate (p.a.), sodium chloride (p.a.), sodium sulfate (p.a., anhy-
drous). All of them were used as received without any further
purification. Flash chromatography was carried out using Merck
silica gel 60 (pore size 60 A, 220-440 mesh).

'H-NMR and C-NMR spectra were recorded from solu-
tions in deuterated CDCl; solvent on Benchtop NMR Spinsolve
80 MHz or FT-NMR spectrometer Bruker AVANCE™ III
500 MHz, and chemical shifts () are given in parts per million
(ppm) relative to tetramethylsilane (TMS) as an internal refer-
ence. Melting points were determined on a Kofler apparatus
(type KB T300 equipped with an optical system with a 40x
magnification) and the temperature was not calibrated.
Elemental analysis of pure products was performed on a
Elementar Vario Micro Cube CHNS-analyzer.

1-(Bromomethyl)adamantane (5). (Adamantan-1-yl)methanol
(6.7 g, 40.30 mmol, 1.0 eq.) was stirred in 48% hydrobromic
acid (37 mL, 8.0 eq.) at reflux for 18 h. The biphasic reaction
mixture was then cooled to RT and washed with chloroform (3
x 30 mL). The collected organic phases were then washed with
96% sulphuric acid (2 x 30 mL), followed by saturated NaHCOj3
solution (2 x 150 mL), then with distilled water (2 x 200 mL),
finally with brine (120 mL) and then dried over anhydrous
Na,S0, and filtered through filter aid (Celite). After removal of
the solvent under vacuum, the obtained crude mixture was
purified by crystallisation in methanol (50 mL) to get pure
product 5 as a white crystal material (4.42 g, yield 48%).
Analytical data are in agreement with those previously reported
in the literature.”> Melting point 42 °C (lit. 41-45 °C).”?
'H-NMR (80 MHz, CDCl;, ppm): § = 3.15 (s, 2H), 1.99 (m, 3H),
1.67 (m, 6H), 1.56 (m, 6H).

(S)-3,7-Dimethyloct-6-en-1-yl 4-methylbenzenesulfonate (6). (S)-
(-)-B-Citronellol (0.49 g, 3.15 mmol, 1.00 eq.) was stirred in
DCM (7 mL) and Et;N (0.38 g, 3.76 mmol, 1.20 eq.) under
argon atmosphere. After that, TsCl (0.67 g, 3.53 mmol, 1.12
eq.) was added to the reaction mixture and it was stirred at
room temperature for 5.5 hours. The reaction was then
quenched with saturated aqueous NaHCOj; solution (4 mL)
and extracted with DCM (3 x 5 mL). The collected organic
phases were then dried over anhydrous Na,SO, and filtered
through Celite. After removal of the solvent under vacuum, the
obtained crude mixture was purified by flash chromatography
(eluent petroleum ether/ethyl acetate 20:1, Ry = 0.38) to get
pure product 6 as a colourless liquid (0.84 g, yield 86%).
Analytical data are in agreement with those previously reported
in the literature.”® "H-NMR (80 MHz, CDCl;, ppm): & = 7.78 (d,
J = 8.2 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 5.12-4.89 (m, 1H), 4.05
(t, J = 6.4 Hz, 2H), 2.43 (s, 3H), 1.95-1.75 (m, 2H), 1.66-1.60
(m, 4H), 1.58-1.35 (m, 5H), 1.30-1.23 (m, 1H), 1.17-1.07 (m,
1H), 0.80 (d, J = 5.8 Hz, 3H).
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(S)-2-Methylbutyl ~ 4-methylbenzenesulfonate (7). (S)-(—)-2-
Methylbutanol (1.07 g, 12.10 mmol, 1.00 eq.) was stirred in
pyridine (7 mL) under argon atmosphere and the reaction
mixture was cooled to 0 °C. After that, TsCl (2.76 g,
14.49 mmol, 1.20 eq.) was added to the reaction mixture and it
was stirred at 0 °C for 20 hours. The reaction was then
quenched with ice-water (80 mL) and extracted with diethyl
ether (3 x 15 mL). The collected organic phases were then
washed with distilled water (2 x 45 mL), followed by 2 M HCI
solution (1 x 45 mL), then with saturated aqueous NaHCO;
solution (1 x 45 mL), finally with brine (45 mL) and then dried
over anhydrous Na,SO, and filtered through Celite. After
removal of the solvent under vacuum, the obtained crude
mixture was purified by flash chromatography (eluent pet-
roleum ether/ethyl acetate 15: 1, R; = 0.47) to get pure product
7 as a colourless liquid (2.64 g, yield 90%). Analytical data are
in agreement with those previously reported in the literature.””
'H-NMR (80 MHz, CDCl;, ppm): § = 7.81 (d, J = 8.3 Hz, 2H),
7.36 (d, J = 8.2 Hz, 2H), 3.87 (d, J = 5.9 Hz, 2H), 2.47 (s, 3H),
1.91-1.00 (m, 3H), 0.94 (s, 3H), 0.87-0.72 (m, 3H).

2-(Adamantan-1-yl)methyl-3,6-di(thiophen-2-yl)-2, 5-dihydropyr-
rolo[3,4-c[pyrrole-1,4-dione (9). 3,6-Di(thiophen-2-yl)-2,5-dihy-
dropyrrolo[3,4-c]pyrrole-1,4-dione (8) (0.85 g, 2.83 mmol, 1.0
eq.) and anhydrous K,CO; (1.17 g, 8.49 mmol, 3.0 eq.) were
stirred at 60 °C for 1 h in anhydrous DMF (60 mL) and under
argon atmosphere. Then, reagent 5 (0.97 g, 4.25 mmol, 1.5 eq.)
was added in one portion to the reaction mixture, and it was
stirred at 140 °C for 20 h. After that, the reaction mixture was
poured into distilled water (350 mL), and the formed precipi-
tate was filtered off and washed first with distilled water (3 x
150 mL) to remove unreacted K,CO; and residual DMF. The
filter cake was then washed with hot chloroform (3 x 180 mL)
to dissolve the product and separate it from the unreacted
starting material 8. The chloroform filtrate was then concen-
trated to give the crude product, which was further purified
twice by flash chromatography (eluent DCM/n-heptane 4:1, R¢
=0.39, —1:1) to get pure product 9 as a dark red solid (0.21 g,
yield 15%). Melting point >340 °C. "H-NMR (500 MHz, CDClj,
ppm): 5 = 8.54 (dt, J = 3.9; 1.0 Hz, 1H), 8.37 (dt, J = 3.9; 1.0 Hz,
1H), 8.25 (s, 1H), 7.61 (ddd, J = 4.9; 3.9; 1.0 Hz, 2H), 7.26-7.23
(m, 2H), 3.93 (s, 2H), 1.89 (s, 2H), 1.63 (s, 1H), 1.57-1.47 (m,
10H), 1.25 (s, 4H), 0.90-0.83 (m, 1H).

2,5-Bis((S)-3, 7-dimethyloct-6-en-1-yl)-3,6-di(thiophen-2-yl)-2, 5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP-CT, 1). 3,6-Di(thio-
phen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (8)
(0.16 g, 0.53 mmol, 1.0 eq.) and anhydrous K,CO; (0.37 g,
2.65 mmol, 5.0 eq.) were stirred at 60 °C for 35 min in anhy-
drous DMF (7.5 mL) and under argon atmosphere. Then,
reagent 6 (0.57 g, 1.84 mmol, 3.5 eq.) was added dropwise to
the reaction mixture, and it was stirred at 125 °C for 17 h. After
that, the reaction mixture was reduced by vacuum distillation,
then suspended in methanol (20 mL), filtered and the
obtained filter cake was washed with water (3 x 15 mL), metha-
nol (3 x 15 mL) and toluene (3 x 25 mL). The toluene filtrate
was then washed in a separator funnel with distilled water (3 x
80 mL), brine (80 mL) and then dried over anhydrous Na,SO,
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and filtered through Celite. After removal of the solvent under
vacuum, the obtained crude mixture was purified by flash
chromatography (eluent toluene, R¢ = 0.55) followed by recrys-
tallization in n-heptane/DCM (2.5: 0.5 mL) to get pure DPP-CT
product 1 as a dark violet-red crystal material (54.5 mg, yield
18%). Melting point 121 °C. "H-NMR (500 MHz, CDCl;) 6 =
8.90 (dd, J = 3.9, 1.2 Hz, 2H), 7.63 (dd, J = 5.0, 1.2 Hz, 2H), 7.28
(dd, J = 5.0, 3.9 Hz, 2H), 5.08 (tdt, J = 5.8, 2.9, 1.5 Hz, 2H),
4.19-4.02 (m, 4H), 2.07-1.90 (m, 4H), 1.81-1.71 (m, 2H), 1.67
(d, J = 1.4 Hz, 6H), 1.64-1.53 (m, 10H), 1.41 (dddd, J = 13.4,
9.5, 6.4, 5.2 Hz, 2H), 1.24 (dddd, J = 13.4, 9.4, 7.5, 5.9 Hz, 2H),
1.02 (d, J = 6.3 Hz, 6H). >C-NMR (126 MHz, CDCl;) § = 161.50,
140.19, 135.33, 131.51, 130.76, 129.88, 128.76, 124.72, 107.98,
40.94, 37.10, 36.85, 31.04, 25.85, 25.60, 19.55, 17.82. Anal.
caled for C3,H.4N,0,S,: C, 70.79; H, 7.69; N, 4.86; S, 11.12;
found: C, 70.73; H, 7.74; N, 4.85; S, 11.11.
2,5-Bis((S)-2-methylbutyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyr-
rolo[3,4-c[pyrrole-1,4-dione (DPP-MT, 2). 3,6-Di(thiophen-2-yl)-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione  (8)  (0.21 g,
0.70 mmol, 1.0 eq.) and anhydrous K,CO; (0.48 g, 3.50 mmol,
5.0 eq.) were stirred at 60 °C for 35 min in anhydrous DMF
(10 mL) and under argon atmosphere. Then, reagent 7 (0.59 g,
2.45 mmol, 3.5 eq.) was added dropwise to the reaction
mixture, and it was stirred at 125 °C for 23 h. After that, the
reaction mixture was reduced by vacuum distillation, then sus-
pended in methanol (25 mL), filtered and the obtained filter
cake was washed with water (3 x 15 mL), methanol (3 x 15 mL)
and toluene (3 x 25 mL). The toluene filtrate was then washed
in a separator funnel with distilled water (3 x 100 mL), brine
(80 mL) and then dried over anhydrous Na,SO, and filtered
through Celite. After removal of the solvent under vacuum, the
obtained crude mixture was purified by flash chromatography
(eluent toluene, Ry = 0.14) followed by recrystallization in
n-heptane/DCM (2.5: 0.5 mL) to get pure DPP-MT product 2 as
a deep violet crystal material (37.3 mg, yield 12%). Melting
point 190 °C. "H-NMR (500 MHz, CDCl,) & = 8.96 (dd, J = 3.9,
1.2 Hz, 2H), 7.62 (dd, J = 5.0, 1.2 Hz, 2H), 7.27 (dd, J = 5.0, 3.9
Hz, 2H), 4.05-3.92 (m, 4H), 1.93 (dddd, J = 15.4, 8.3, 6.9, 4.6 Hz,
2H), 1.50 (dqd, J = 13.5, 7.5, 4.5 Hz, 2H), 1.29-1.16 (m, 2H),
0.95-0.88 (m, 12H). *C-NMR (126 MHz, CDCl;) § = 161.88,
140.50, 135.65, 130.73, 130.06, 128.63, 107.97, 47.75, 35.56,
27.12, 16.74, 11.38. Anal. calcd for C,,H,3N,0,S,: C, 65.42; H,
6.41; N, 6.36; S, 14.55; found: C, 65.47; H, 6.44; N, 6.36; S, 14.54.
2-((Adamantan-1-yl)methyl)-5-((S)-3, 7-dimethyloct-6-en-1-yl)-
3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c[pyrrole-1,4-dione
(DPP-ACT, 3). 2-(Adamantan-1-yl)methyl-3,6-di(thiophen-2-yl)-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (9) (0.16 g, 0.36 mmol,
1.0 eq.) and anhydrous K,CO; (0.15 g, 1.08 mmol, 3.0 eq.) were
stirred at 60 °C for 35 min in anhydrous DMF (5.5 mL) and
under argon atmosphere. Then, reagent 6 (0.17 g, 0.54 mmol,
1.5 eq.) was added dropwise to the reaction mixture, and it was
stirred at 125 °C for 21 h. After that, the reaction mixture was
reduced by vacuum distillation, then suspended in methanol
(25 mL), filtered and the obtained filter cake was washed
with water (3 x 15 mL), methanol (3 x 15 mL) and toluene
(3 x 25 mL). The toluene filtrate was then washed in a separa-
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tor funnel with distilled water (3 x 100 mL), brine (80 mL) and
then dried over anhydrous Na,SO, and filtered through Celite.
After removal of the solvent under vacuum, the obtained crude
mixture was purified by flash chromatography (eluent toluene,
Ry = 0.21) followed by recrystallization in n-heptane/DCM
(1.0:0.4 mL) to get pure DPP-ACT product 3 as a bright red
crystal material (19.4 mg, yield 9%). Melting point 144 °C.
'H-NMR (500 MHz, CDCl,) & = 8.92 (dd, J = 3.9, 1.2 Hz, 1H),
8.57 (dd, J = 3.8, 1.2 Hz, 1H), 7.63 (dd, J = 5.0, 1.1 Hz, 1H), 7.58
(dd, J = 5.0, 1.2 Hz, 1H), 7.26 (ddd, J = 19.9, 5.0, 3.8 Hz, 2H),
5.12-5.05 (m, 1H), 4.09 (dddd, J = 37.0, 14.4, 10.7, 5.2 Hz, 2H),
3.92 (s, 2H), 1.99 (ddp, J = 21.7, 14.2, 6.9 Hz, 2H), 1.88 (q, ] =
3.1 Hz, 3H), 1.77 (ddt, ] = 16.4, 9.2, 4.6 Hz, 1H), 1.67 (d, J = 1.4
Hz, 3H), 1.64-1.52 (m, 12H), 1.49 (d, J = 2.9 Hz, 5H), 1.45-1.36
(m, 1H), 1.24 (dddd, J = 13.4, 9.4, 7.4, 5.9 Hz, 1H), 1.01 (d, J =
6.4 Hz, 3H). >’C-NMR (126 MHz, CDCl;) § = 162.40, 161.56,
141.41, 140.53, 135.48, 134.68, 131.51, 130.79, 130.52, 129.84,
128.79, 128.19, 124.72, 108.85, 107.70, 52.81, 41.03, 40.93,
37.11, 36.86, 36.84, 36.80, 31.06, 28.51, 25.86, 25.60, 19.55,
17.83. Anal. caled for C35H,,N,0,S,: C, 71.63; H, 7.21; N, 4.77;
S, 10.93; found: C, 71.68; H, 7.16; N, 4.79; S, 10.92.

2-((Adamantan-1-yl)methyl)-5-((S)-2-methylbutyl)-3,6-di(thiophen-
2-y1)-2,5-dihydropyrrolo[3,4-cJpyrrole-1,4-dione ~ (DPP-AMT,  4).
2-(Adamantan-1-yl)methyl-3,6-di(thiophen-2-y1)-2,5-dihydropyr-
rolo[3,4-c]pyrrole-1,4-dione (9) (0.21 g, 0.47 mmol, 1.0 eq.) and
anhydrous K,CO; (0.19 g, 1.39 mmol, 3.0 eq.) were stirred at
60 °C for 40 min in anhydrous DMF (6.8 mL) and under argon
atmosphere. Then, reagent 7 (0.17 g, 0.70 mmol, 1.5 eq.) was
added dropwise to the reaction mixture, and it was stirred at
125 °C for 21 h. After that, the reaction mixture was reduced by
vacuum distillation, then suspended in methanol (25 mL), fil-
tered and the obtained filter cake was washed with water (3 x
15 mL), methanol (3 x 15 mL) and toluene (3 x 25 mL). The
toluene filtrate was then washed in a separator funnel with dis-
tilled water (3 x 100 mL), brine (100 mL) and then dried over
anhydrous Na,SO, and filtered through Celite. After removal of
the solvent under vacuum, the obtained crude mixture was
purified by flash chromatography (eluent toluene, Ry = 0.20)
followed by recrystallization in n-heptane/DCM (2.5: 1.0 mL) to
get pure DPP-AMT product 4 as a dark red crystal material
(74.8 mg, yield 31%). Melting point 181 ©°C. 'H-NMR
(500 MHz, CDCl;) & = 8.96 (dd, J = 3.9, 1.2 Hz, 1H), 8.58 (dd, J =
3.8, 1.2 Hz, 1H), 7.62 (dd, J = 5.0, 1.2 Hz, 1H), 7.58 (dd, J = 5.0,
1.2 Hz, 1H), 7.30-7.21 (m, 2H), 4.03-3.89 (m, 2H), 3.93 (s, 2H),
1.97-1.86 (m, 2H), 1.62 (dt, J = 12.4, 2.9 Hz, 4H), 1.58-1.50 (m,
5H), 1.50 (s, 3H), 1.49 (s, 3H), 1.27-1.22 (m, 1H), 0.95-0.85 (m,
6H). *C-NMR (126 MHz, CDCl;) § = 162.37, 161.94, 141.41,
140.83, 135.71, 134.78, 130.77, 130.47, 130.03, 129.81, 128.63,
128.20, 108.67, 107.85, 53.55, 52.82, 47.71, 41.02, 36.85, 36.80,
35.55, 32.03, 28.51, 27.12, 22.83, 16.76, 14.25, 11.38. Anal.
caled for CsoH;,N,0,S,: C, 69.46; H, 6.61; N, 5.40; S, 12.36;
found: C, 69.50; H, 6.57; N, 5.41; S, 12.35.

Characterization

Characterization in solution. UV-Vis absorbance measure-
ments in solution were performed at room temperature with a
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Jasco V-650 spectrophotometer. Stock solutions of each dye in
CHCI; were 1.0 x 10> M, while working solutions were 1.0 x
10~° M. Molar extinction coefficients ¢ were calculated at three
different wavelengths of maximum absorbance, by using four
working solutions of the chiral DPP dye at different concen-
trations, from 1.25 x 107° M to 1.0 x 10~> M. Absorption onset
wavelengths (Aonser) Were determined from the intercept of the
red-side slope of the absorbance main band with the wave-
length axis. Optical band gap (Eg™") was evaluated as Eg’ =
1240/ Aonset-

Fluorescence emission measurements in solution were per-
formed at room temperature using a Horiba Jobin Yvon
FluoroLog®-3 fluorescence spectrophotometer, with tempera-
ture control to within +0.1 °C, at excitation wavelength of
467 nm. Stock solutions of each chiral DPP dye in CHCI; were
107> M, while working solutions were 10~> M. Fluorescence
quantum yields @, determined by the relative method using
rhodamine B in absolute ethanol as the reference, were calcu-
lated by using five working solutions of the chiral DPP dye in
CHCI; at different concentrations, from 1.0 x 107° M to 5.0 x
107° M.

Cyclic voltammetry (CV) measurements were performed
at room temperature with a PalmSens4 potentiostat instru-
ment interfaced with a laptop equipped with the PSTrace5
electrochemical software, using a three-electrode home-built
electrochemical cell. A Pt disk (surface: 0.07 cm®) was used
as working electrode (WE), a Pt wire (BASi) as counter elec-
trode (CE) and a leak-free Ag/AgCl/KCl (3.4 mol L") (eDAQ)
as reference electrode (RE). The experiments were carried
out under Ar using a 0.2 M solution of n-Bu,NPF, in anhy-
drous CH,Cl, as the supporting electrolyte. A proper
amount of chiral DPP dyes 1-4 was dissolved in the sup-
porting electrolyte solution, in order to achieve a final
sample concentration of 1.0 x 10~®> M. CV measurements
were carried out with a scanning rate of 100 mV s'. Only
for symmetrical DPP dyes 1 and 2, CV experiments were
also repeated at other different scanning rates (ranging
from 20 mV s™' to 1000 mV s '). The measured potentials
were subsequently referenced to the Fe/Fc' (ferrocene/ferri-
cenium) redox couple, which was added as an internal stan-
dard. Under the present experimental conditions, the one-
electron oxidation of ferrocene occurred at E, = +0.43V vs.
Ag/AgCl/KCl (3.4 mol L™"). Linear sweep voltammetry (LSV)
measurements were acquired in a similar way, with a Pt
rotating disk electrode as WE, a Pt wire as CE and a leak-
free Ag/AgCI/KCI (3.4 mol L") as RE, using a scanning rate
of 20 mv s,

Electronic circular dichroism (ECD) measurements
under solution aggregation were performed at room temp-
erature with a Jasco J-1500 spectropolarimeter. For each
chiral DPP dye, solution aggregation was induced using
solvent mixtures of CHCl; as good solvent and THF as
poor solvent in different ratio. Stock solutions of each
dye in the good solvent (CHCl;) were 10™> M, while solu-
tion aggregation samples in CHCl;/MeOH mixtures were
1.0 x 107> M.

This journal is © The Royal Society of Chemistry 2025
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Characterization in thin films. Thin film samples were pre-
pared by spin coating 100 pL of a 2.0 x 107> M solution of each
chiral DPP dye in CHCl; on a square glass slide, using a
WS-650MZ-23NPPB (Laurell Technologies Corp., North Wales,
PA, USA) spin-coater, under the following conditions: duration
30 s; spinning rate 1000 rpm; acceleration 1000 rpm s .
Solvent annealing was carried out by keeping thin film
samples for a selected time (between 10 min and 40 min) in a
closed chamber saturated with CHCl; vapours. Thermal
annealing was carried out by keeping thin film samples for a
selected time (between 30 min and 2 h) in an oven at a selected
temperature. Ageing was carried out by keeping thin film
samples under air and in the dark for 1 month.

UV-Vis absorbance spectra in thin films were recorded at
room temperature using a Jasco V-650 spectrophotometer.

ECD spectra in thin films were recorded at room tempera-
ture using a Jasco J-1500 spectropolarimeter. In all cases, at
least 3 independent thin film samples were prepared and sub-
jected to full ECD analysis. Invariance of ECD signals upon
sample rotation was first testified, by rotating thin film sample
by 90°, 180° and 270° around the optical axis: in no cases were
found significant variations. Then, for each sample two
different measurements were recorded: one with the organic
layer facing the light source (front) and one with the organic
layer facing the detector (back). The semi-sum and semi-differ-
ence of front and back ECD spectra were calculated in order to
obtain intrinsic CDiso and non-reciprocal LDLB contributions,
according to eqn (2) and (3). For each thin film, the dissymme-
try factor g,ps Spectrum was calculated as “ECD spectrum/
UV-Vis absorbance spectrum?”, i.e., as gaps = (Ellipticity (mdeg)/
32 980)/Absorbance.

Optical microscopy (OM) images of thin films were
obtained at room temperature using a ZEISS SteREO Discovery
V8 microscope equipped with a Canon PowerShot A640
camera.

Computational details

Chromophore modelling. All calculations were run with
Gaussian16 program,’® using a simplified model for 1-4 with
the N-alkyl moieties replaced by methyl groups (DPP-Me). The
geometry was built in GaussView in the possible isomeric
forms relative to the orientation between the DPP and thienyl
rings, and optimized at B3LYP-D3BJ]/6-311+G(d,p) level.
TD-DFT calculations were then run at B3LYP/def2-TZVP level,
including 16 roots. Non-Covalent Interactions (NCI) and
Natural Transition Orbital (NTO) analyses were run with
MultiWfn v3.8.7°

Oligomer modelling. The starting structures of compounds
DPP-MT (2) and DPP-AMT (4) were built with GaussView and
pre-optimized with molecular mechanics with UFF. Dimers
and trimers of DPP-MT (2) and DPP-AMT (4) were then built in
GaussView placing DPP rings at stacking distance (~4 A) and
optimized with semi-empirical tight binding method at GFN2-
xTB level using the xtb package.®® Metadynamics simulations
were run on dimers and trimers by CREST (conformer-
rotamer sampling tool)’? coupled with xtb. An ellipsoid wall
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potential was added, with automatically selected parameters,
to model non-covalent interactions. CREST results were ana-
lysed with Visual Molecular Dynamics (VMD) package.®*
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