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Aggregation Modes of Chiral Diketopyrrolo[3,4-clpyrrole
Dyes in Solution and Thin Films
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*l and Gianluca M. Farinola®

Abstract: The chiroptical features of chiral diketopyrrolo[3,4-
clpyrrole (DPP) derivatives have been only marginally inves-
tigated to date. In this regard, we have synthesized ad hoc
four chiral DPP dyes, functionalized with enantiopure alkyl
groups from natural sources either on the lactam moieties or
on the terminal positions of the m-conjugated backbone, to
promote an efficient self-assembly into chiral supramolecular
structures. For each of them, the aggregation modes has
been investigated by absorbance and ECD spectroscopies in
conditions of solution aggregation and on thin films,

considering the effects of deposition technique (drop casting
vs. spin coating) and post-deposition operations (solvent and
thermal annealing). The effect of the structure of lateral -
conjugated units attached to the central DPP scaffold, as well
as that of the position of the alkyl chiral group, has been
assessed. ECD revealed superior capability, compared to
absorbance spectroscopy, to provide information on the
aggregation modes and to detect the possible co-existence of
multiple aggregation pathways.

/

Introduction

The development of organic electronics is largely based on the
design and synthesis of m-conjugated polymers and molecules,
which are easily processable and exceptionally tuneable,!” used
as efficient active layers of devices such as organic field-effect
transistors (OFETs)"? or organic light-emitting diodes (OLEDs)."”
One of the most appealing features of organic m-conjugated
systems compared to traditional inorganic semiconductors is
that their intrinsic physico-chemical properties (absorbance and
fluorescence, electron delocalization, HOMO-LUMO gap, charge
and exciton transport, etc.)” can be finely tuned for the desired
technological application by tailoring their molecular structure.
At the same time, such properties are largely dependent on the
solid state organization at different hierarchical levels, from the
first-order supramolecular arrangement™ up to the mesoscopic
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scale. In this respect, m-conjugated system are often charac-
terized by competing aggregation pathways during thin film
preparation, leading to polymorphic local aggregated phases
(e.g. kinetic vs. thermodynamic states) featuring different
optoelectronic properties.”” Mastering this feature is of para-
mount importance to obtain reproducibly the desired proper-
ties from the same materials.

The control of aggregation states of m-conjugated systems
in thin films is crucial for the technological development of
devices based on active layers of organic semiconductors. In
this context, a privileged role is played by chirality: the
introduction of stereodefinite chiral elements in m-conjugated
molecules can drive their organization at all hierarchical levels
and can prevent undesirable disordered structures.” Further-
more, in chiral supramolecular architectures, such as helices,
spirals or chiral sheets, the perfect parallel and co-facial stacking
between adjacent m-conjugated units is prevented, which is
often desirable, for example to ensure longer exciton lifetime.”
The chirality of these first-order supramolecular structures is
often transferred to a larger scale, with the generation of
twisted ribbons, helical fibers and other typical chiral nano/
mesoscopic local textures."” Moreover, molecular and structural
chirality opens the way to innovative technological applications:
detection and production of circularly polarized (CP) light,""
enantiopure chiral magnets,'? optical information storage and
processing,"® chirality-induced spin selectivity (CISS),"* enantio-
selective (electro)chemical sensing,"™ and so on.

Electronic circular dichroism (ECD) represents a fundamental
technique for the characterization of chiral m-conjugated
systems in solution and thin films, for clarifying and also
predicting their structure-property relationship.”! ECD signals
are particularly sensitive to the arrangement of adjacent
chromophores, providing information about the first level of
supramolecular organization at the nanometric scale.'® More
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importantly, ECD can be applied seamlessly from solution to LDLB = '/, x (ECDjgoni—ECDyuct) @)

solid films, passing through intermediate aggregation states,
providing a tool able to discriminate and recognize structures,
which would appear indistinguishable to non-polarized light
investigation.”” The development of sophisticated computa-
tional models often provides further insight into the structure-
property relationship of such systems."”

However, it is worth to emphasize that ECD measurements
on thin film samples are typically more complex than for
isotropic solutions, due to the potential interference of macro-
scopic anisotropies often present in the solid state, i.e., linear
dichroism (LD) and linear birefringence (LB), which may provide
a significant contribution to the measured ECD spectrum."® The
experimental ECD signals for a thin film can be expressed as the
sum of several contributions, two of which are definitely the
most significant: (i) an intrinsic isotropic component, i.e., the
reciprocal CP absorption (named CD,,,), which is invariant upon
sample orientation; (i) a non-reciprocal CP absorption contribu-
tion (named LDLB), that is, an almost complete inversion of the
handedness of CP component preferentially transmitted by the
two opposite faces of the sample. This term arises from the
combined effect of LD and LB’ (birefringence on an axis 45°
offset from LB), resulting in the inversion of its sign by sample
flipping (i.e., rotating the film by 180° with respect to its axis
normal to the propagating light direction).®'” The reciprocal
and non-reciprocal CP absorption of thin films of a chiral -
conjugated system represent the chiroptical response of two
different scales of chirality: CD,, is independent on the
orientation and thus can be related to molecular and
supramolecular chirality, for this reason it can exist in isotropic
solution and possibly be transferred directly onto the thin film;
on the contrary LDLB can only occur in structures, where a
superior (polar) order is imparted by the surface where the
sample is laid upon, reminiscent to what occurs in ferroelectric
liquid crystals.®

In the last years, we have studied in detail the chiroptical
properties of thin films of several chiral organic m-conjugated
dyes: (arylenethienylene)s with benzo[1,2-b:4,5-b’ldithiophene,
9H-carbazole and 1,4-phenylene cores bearing chiral appen-
dages easily prepared in enantiopure form from natural sources
(chiral pool).” In particular, we found that they can actually
give rise to several different supramolecular structures, with
ECD features due to reciprocal CD,, and non-reciprocal LDLB
that are dependent on the nature of the chiral pendant group,
the length of m-conjugated backbone, and the deposition
technique (drop casting vs. spin coating).'®**” We also
proposed a simple and practical tool to recognize and quantify
the relative weights of CD,, and LDLB in the experimental ECD
spectrum of a thin film, by taking, respectively, the semi-sum
and the semi-difference of the ECD recorded for the front side
(organic layer facing on the light source) and the back side
(organic layer facing on the detector).'®®*® The two terms are
given in Equations (1) and (2):

CDiso = 1/2 X (ECDfront =+ ECDback) (1)
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Recognizing and quantifying both CD,,, and LDLB contribu-
tions in the ECD spectrum of a thin film of chiral organic -
conjugated systems can provide useful information on their
solid-state organization at different hierarchy levels, which can
help in the preparation of active layers of devices with the
desired optoelectronic features.”

1,4-Diketo-3,6-diarylpyrrolo[3,4-c]pyrroles (DPPs) are a class
of dyes with excellent photo and thermal stability,”” used as
pigments in paints, varnishes and plastics.”?? Due to their simple
synthesis, high fluorescence quantum yield and good charge
transport properties,”” DPP derivatives have been widely
explored as functional materials with applications ranging from
organic electronics® to sensing and bioimaging.””’ The DPP
core is a m-conjugated planar bicyclic structure containing two
strong electron-withdrawing lactam groups, which can be easily
functionalized by alkylation on the nitrogen atoms and by Pd-
catalyzed coupling reactions on the (hetero)aryl groups at
positions 3 and 6. The variation in the m-conjugation length or
in the N-substitution has a large impact on DPPs self-assembly
and, in turn, on their solid-state photo-physical properties,®
while the influence of chains on terminal positions of the
conjugated backbone has been less investigated.”” In this
context, we recently reported that by varying the length and
the polarity of solubilizing groups on the lactam moieties or the
terminal positions of m-conjugated backbone it is possible to
induce the formation of H- or J-aggregates in triazole-DPP
derivatives,”® while the peripherical thioester functionalization
can trigger the formation of near infrared-emitting J-aggregates
in  both  bithiophene-DPP  thin films and organic
nanoparticles.”

The effect of chiral groups on the supramolecular self-
assembly of DPP-based systems has been only marginally
investigated to date. The attachment of helicene,®”
binaphthyl,®" and pyrido-fused myrtanyl®® enantiopure units
on the terminal positions of m-conjugated backbone has been
used as a strategy to obtain chiral DPP derivatives showing
chiroptical features in solution and/or thin films. Chiral appen-
dages on the lactam moieties of the DPP unit have been less
investigated: only in two studies, reported by Kirkus et al.**
and by Wiirthner etal,®@ DPP dyes N-substituted with chiral
alkyl chains were synthesized and characterized in both solution
and thin films by several techniques, but surprisingly no
chiroptical spectroscopies were used. Therefore, the aggrega-
tion modes of chiral diketopyrrolo[3,4-c]pyrrole dyes in solution
and thin films by chiroptical techniques, are still almost unex-
plored.

In this work, we report the synthesis of four new chiral 1,4-
diketo-3,6-dithienylpyrrolo[3,4-c]pyrroles dyes 1-4, functional-
ized with enantiopure alkyl groups from natural sources on the
lactam moieties or the terminal positions of m-conjugated
backbone, in order to study the effect of chirality on their
aggregation modes by ECD spectroscopy in different conditions
of solution aggregates and thin films (Figure 1). On the one
hand, we designed a set of DPP dyes 1-3, functionalized with
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Figure 1. Scope of the work: four new chiral 1,4-diketo-3,6-dithienylpyrrolo[3,4-clpyrroles dyes 1-4 (on the left), functionalized with enantiopure alkyl groups
from natural sources on the lactam moieties or the terminal positions of ri-conjugated backbone, have been synthetized in order to study the impact of
chirality on their aggregation modes by ECD spectroscopy in different conditions of solution aggregation and thin films (on the right).

suitable m-conjugated units (phenyl, 4-(diphenylamino)phenyl,
tetraphenylethylene) attached to the two lateral thiophene
rings, and bearing the 3,7-dimethyl-1-octyl alkyl chain as chiral
element on the lactam moieties. The introduction of such lateral
mt-conjugated units was performed in order to increase the self-
assembly of DPP dyes through intermolecular -stacking
interactions between proximate molecules. The (S)-3,7-dimeth-
yl-1-octyl chain is a chiral moiety prepared from natural (—)-p-
citronellol,®” a compound occurring in Nature in rose oils and
Pelargonium geranium;®® it is devoid of functionalities and it
transfers its molecular asymmetry (stereogenic centre at
position 3 of the aliphatic chain) to the entire system (chirality
at supramolecular and mesoscopic scale) exclusively through
dispersion forces and steric effects. On the other hand, we also
designed the DPP dye 4, which is instead characterized by two
menthyl chiral units on the terminal positions of m-conjugated
backbone, attached to the thiophene rings of central DPP core
through a m-conjugated 4-ethynylbenzoate linkage. The enan-
tiopure (1R,2S,5R)-menthyl scaffold, available from the natural
monoterpenoid (—)-menthol (which is present in Nature in corn
mint and peppermint oils),*® is a bulky chiral alkyl moiety which
may lead to a reduced torsional freedom of the m-conjugated
system, thus facilitating the formation of chiral supramolecular
aggregates.”” The aggregation modes of chiral DPP dyes 1-4
were evaluated by absorbance and ECD in conditions of
solution aggregation and thin films, considering the effect of
deposition techniques (drop casting vs. spin coating) and post-
deposition operations (solvent and thermal annealing). A
comparative study of the impact on the chiroptical properties
of the nature of lateral w-conjugated units and of the position
of the alkyl chiral appendages was also performed: in this
context, ECD measurements reveal valuable information that
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one would not obtain by using the sole absorbance spectro-
scopy.

Results and Discussion

The synthetic procedure developed for the preparation of chiral
DPPs 1-4 is depicted in Scheme 1. For the first family of dyes,
namely those bearing the chiral side chains on the lactam
moieties of the central core, the synthesis was carried out
starting  from  commercially  available  1,4-diketo-3,6-
dithienylpyrrolo[3,4-clpyrrole 5 through an easy two-step
procedure. First of all, 5 was alkylated with enantiopure (S)-1-
bromo-3,7-dimethyloctane (6) using K,CO; (3.3 equiv.) as the
base at 130°C in DMF as the solvent, and in the presence of a
small amount of 18-crown-6 as a phase transfer catalyst®*® to
give the corresponding bis-alkylated product 7 in 61% yield.
Such intermediate was then subjected to a Pd-catalyzed direct
C-H bond arylation reaction®® with a slight excess (2.5-
3.2 equiv.) of the suitable bromoarene (Ph—Br, TPE-Br or
TPA-Br), in the presence of Pd(OAc), (6-10 mol%) as the
catalyst, K,CO; (2.5equiv.) as the base and pivalic acid
(30 mol %) as the additive, in DMA at 110°C for 2-3 h, affording
the final chiral DPP dyes 1-3 in satisfactory yields (58-70%).
The synthesis of DPP 4, bearing the chiral appendage on the
two terminal positions of m-conjugated backbone, was carried
out from (—)-menthyl 4-iodobenzoate (8)°% via a three-step
procedure. First, a Sonogashira coupling of 8 with trimeth-
ylsilylacetylene (9), performed with PdCl,(PPh;), (3.3 mol%) and
Cul (5.8 mol%) as the catalytic system, in a THF/Et;N (1:1 v/v)
mixture, afforded the TMS-protected alkyne 10 in high yield
(90 %), which was then desilylated by treatment with an excess
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Scheme 1. Synthetic scheme developed for the preparation of chiral DPP dyes 1-4: yields of pure products are reported in brackets.

of tetrabutylammonium fluoride in THF at room temperature
for 1 h, giving (—)-menthyl 4-ethynylbenzoate (11) in 95% yield.
The final step was a Sonogashira coupling of 11 with the
dibrominated DPP compound 12 (which was synthesized
according to the literature):"” working at 70°C in THF/Et;N (1:1
v/v), with PdCl,(PPh;), (2.1 mol%) as the catalyst and Cul
(5.8 mol%) as the co-catalyst, the final chiral DPP dye 4 was
obtained in 63% yield.

At first glance, all the final DPP compounds have the aspect
of powder, dark purple or dark purple-blue solids, with no
photoluminescence at different excitation wavelengths. In
general, they showed good solubility in chlorinated solvents
(i.e., CH,Cl, and CHCI;), while in non-polar solvents (such as n-
hexane and toluene) and protic polar solvents (in particular,
methanol and water) their solubility was quite low.

We started our investigation on chiral DPP dyes 1-4 with
the study of their aggregation modes in different conditions of
solution aggregation, induced by the use of solvent mixtures
consisting of a good solvent (chloroform) and a poor solvent or
non-solvent (methanol) in different ratio, by absorbance and
ECD spectroscopies (Figure 2). In fact, spectral profiles obtained
by the progressive addition of a non-solvent can give a step-by-
step picture of the aggregation process. It is worth to
emphasize that a similar study cannot be performed by
emission spectroscopies: a strong fluorescence for DPPs 1-4
was observed in solution only as isolated molecules, while it
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was totally quenched for their solution aggregates apparently
due to an aggregation-caused quenching (ACQ) effect.

We started our investigation with chiral DPP dyes 1-3,
bearing enantiopure (S)-3,7-dimethyl-1-octyl chains on the
lactam moieties of the central core. The structurally simplest
system belonging to this family of dyes is 1, functionalized with
phenyl units on the two lateral thiophene rings. The absorbance
spectrum of 1 in CHCI; solution (Figure 2a, black line) showed a
broad band between 450 nm and 650 nm characterized by a
clear vibronic structure, with maximum at 596 nm (e=
1.24-10° M cm™). In the literature, this band has been
attributed to an intramolecular charge-transfer transition from
the thiophene rings to the DPP moiety.""” With the purpose of
verifying this statement, we run time-dependent DFT (TD-DFT)
calculations on a model “isolated” chromophore (the N,N-
dimethyl analogue of 1). Our calculation results demonstrate
this is a rather local m—x* transition, with negligible CT
character (Figure S1 in Supporting Information). The vibrational
structure associated with this band has spacings of 1100-
1300 cm™' (Figure S2), compatible with aromatic ring stretching
vibrations. At higher energy one finds a more structured band
attributable to a second m—* transition of the m-conjugated
backbone, with maxima at 391 nm (€=3.81-10*M~"'cm™') and
at 333nm (€=8.14-10°M~" cm™'). Since DPP dye 1 is well
soluble in chlorinated solvents, the absorbance spectrum in
Figure 2a described the situation of molecularly dispersed non-
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Figure 2. Optical and chiroptical study of the aggregation modes of chiral DPP dyes 1-4 in conditions of solution aggregation. Absorbance spectra of 1 (a), 2
(c), 3 (e) and 4 (g) in CHCl;/MeOH mixtures with increasing amounts of MeOH. ECD spectra of 1 (b), 2 (d), 3 (f) and 4 (h) in CHCI;/MeOH mixtures with

increasing amounts of MeOH. Sample concentration: 1.3-10° M.

aggregated species. This was confirmed by the corresponding
ECD spectrum (Figure 2b, black line), where no significant
signals were found, indicating that the perturbation exerted on
the intrinsically achiral m-conjugated chromophore of DPP dye
1 by individual chiral centres of the two (S)-3,7-dimethyl-1-octyl
moieties is very small in dissolved molecules. A gradual increase
in the amount of methanol as the poor solvent led to the
formation of supramolecular aggregates. In particular, in the
absorbance spectra of 1 recorded for CHCl;/MeOH mixtures
(Figure 2a) starting from 65% MeOH we observed a gradual
hypochromism, which is a first important indication of
supramolecular self-assembly. The corresponding ECD spectra
in CHCl;/MeOH mixtures (Figure 2b) provided an unequivocal
proof of the occurrence of solution aggregates: a weak
structured ECD signal appeared at 65% MeOH, described as an
asymmetric positive exciton couplet,"® which increased gradu-
ally in intensity by further addition of the poor solvent up to
75% MeOH, where it showed maximum dissymmetry factors
Jus (defined as Ae/e or AA/A) of +2.1-107 at 669 nm and
—4.2-107% at 498 nm. The positive ECD couplet suggested the
occurrence of a right-handed supramolecular helix, held
together by the twisted m-stacking of aromatic units with a
well-defined helicity, induced by the enantiopure alkyl moieties
through ancillary interactions (non-polar forces and steric
effects). It is worth to emphasize that such ECD profiles were
also invariant as a function of time (about 1 h), thus indicating a
thermodinamically stable aggregation mode. However, a further
increase in the amount of the poor solvent (that is, above 75%
MeOH) caused a precipitation of 1 from the solution.

The tetraphenylethylene (TPE) unit is a typical structural
motif in m-conjugated systems, often used as an aggregation-
induced emission luminogen (AlEgen), with a remarkable self-
assembly ability in solution thanks to the formation of strong
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intermolecular m-stacking interaction between proximate units
favoured by its rigid structure.*” These peculiar features of the
TPE unit clearly influenced the optical and chiroptical properties
of DPP dye 2 in solution, although it should be emphasized that
also in this case the emission of its solution aggregates was
totally quenched, due to a significant ACQ effect which was not
prevented by the TPE units. The absorbance spectrum in CHCI,
(Figure 2¢, black line) showed the main broad band at lower
energy than 1, ranging between 470 nm and 650 nm, with a
vibronic  structure and maximum at 618nm (e=
7.81-10°M~" ecm™), and a further structured band at higher
energy, with maxima at 413 nm (€=2.32-10*M'cm™") and at
322nm (e=441-10°M~"cm™). A first significant difference
compared to DPP dye 1 was observed in the spectra recorded
for CHCI;/MeOH mixtures. By increasing the amount of the non-
solvent, from 90% MeOH we found a more substantial
solvatochromism: the structured band in the higher energy
region was slightly red-shifted, while for the band at lower
energy a shoulder appeared at 655 nm (the so-called “aggrega-
tion band”),*? which increased rapidly in intensity by further
addition of the poor solvent up to 99% MeOH. All these
changes in the absorbance spectrum offered an unequivocal
proof of the occurrence of solution aggregates: on the one
hand, aggregation induces an increased planarization of two
lateral TPE-thienylene units which causes the slight red-shift of
the pristine absorbance band associated to the m—m* tran-
sition; on the other hand, the shoulder appeared at 655 nm is a
typical manifestation of self-assembly of DPP moieties, pro-
moted by the m-stacking interactions between proximate
aromatic TPE units favoured by their close to planarity and rigid
structure. However, a very unexpected behaviour was observed
in the corresponding ECD spectra (Figure 2d): no significant
signals were found not only in pure chloroform, but also in
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CHCI;/MeOH mixtures with high amounts of methanol. Such
results could be reasonably explained by hypothesizing a self-
assembly of 2 into achiral, ordered supramolecular structures,
where the perfect co-facial stacking of adjacent molecules is
preferred compared to a helical twisted one. In particular, a
possible explanation is that the weak non-polar interactions
and steric effects exerted by the enantiopure (S)-3,7-dimethyl-1-
octyl moieties are unable to induce a twist between adjacent -
conjugated chromophores, held together by the strong co-
facial intermolecular m-stacking interaction of TPE units, thus
favouring an achiral ordered stacking.

The triphenylamine (TPA) unit represents a very useful
electron-rich core, which can be linked to electron withdrawing
groups in order to generate donor-acceptor systems, with
several applications in organic optoelectronics.*®! Moreover, the
TPA scaffold also manifests good self-assembly properties:
despite its lower rigidity compared to TPE unit, the presence of
three phenyl rings and an electron rich nitrogen atom offered
several opportunities of non-covalent interactions. Therefore, it
is not surprising that chiral DPP dyes 3 showed very appealing
optical and chiroptical features. In pure CHCl;, the absorbance
spectrum (Figure 2e, black line) displayed a broad main band
between 500 nm and 700 nm, with maximum at 634 nm (€=
8.65-10*M~"cm™") and a shoulder at 598 nm, and two other
bands at higher energy, which can be attributed to the TPA-
thienylene  units, with maximum at 450nm (=
1.56-10*M ' cm™") and 343 nm (€=4.48-10° M ' cm™"). By the
addition of methanol as the non-solvent, starting from 60%
MeOH we observed a marked hypochromism of all the signals.
The occurrence of self-assembly was confirmed by circular
dichroism measurements (Figure 2f): from 60% MeOH, we
observed a quite complex ECD profile consisting of several
bands, whose intensities gradually increased with higher
amounts of non-solvent up to 70% MeOH. Under these
conditions of maximum solution aggregation (beyond which
the unwanted precipitation of the material started), we found
three negative bands centered at 734 nm (g,,,=—2.6-1079),
529 nm (gus=—9.5-107%) and 373 nm (gu,=—7.7-107%), and
two positive bands at 459 nm (g, = +6.6-107°) and 324 nm
(gaps= +6.6-1073). The strong ECD signals observed for chiral
DPP dye 3 in 70% MeOH suggest a sequence of negative
exciton couplets.*” Two crossover points, around 380 and
500 nm, closely match two maxima in the absorbance spectrum
of the isolated molecules (below 60% MeOH). In the low-energy
edge the situation appears less clear, possibly because of partial
overlap with the higher energy transition but also more
relevantly because of the appearance of aggregation bands,
with no correspondence in the absorbance spectrum of the
isolated molecule. These aggregation bands may be associated
with an intrinsically chiral m-conjugated skeleton, which
becomes twisted upon aggregation, leading to ECD contribu-
tion of a single sign (negative). Thus, the broad negative ECD
band in the near IR would be the superposition of a negative
exciton couplet of the 650 nm transition with another negative
Cotton effect exquisitely stemming from the aggregated
chromophores, thus suggesting a left-handed supramolecular
chirality.
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Although chiral DPP dyes 1-3, bearing the same enantio-
pure (S)-3,7-dimethyl-1-octyl chains on the lactam moieties of
the central core, only differed in the lateral m-conjugated units
attached to the central DPP scaffold, we observed three very
different situations in terms of solution aggregates: right-
handed supramolecular helical structures, associated to a
positive ECD couplet, in the case of Ph-functionalized chiral DPP
dye 1; achiral, ordered structures with co-facial stacking of
adjacent molecules, associated to negligible ECD signals, for the
TPE-functionalized chiral DPP dye 2; left-handed supramolecular
chirality, associated to a quite complex ECD spectrum shape, in
the case of TPA-functionalized chiral DPP dye 3.

We then focused our attention on the solution self-assembly
of chiral DPP dye 4, bearing two enantiopure (—)-menthyl
appendages on the terminal positions of m-conjugated back-
bone. Compared to the 3,7-dimethyl-1-octyl branched chain,
the menthyl group is a bulkier chiral cyclic moiety which can
more easily lead to the formation of strong supramolecular
aggregates in solution, thanks to a reduced torsional freedom
of the m-conjugated system. The absorbance spectrum of 4 in
pure CHCI; (Figure 2g, black line) showed the main broad band
between 470 nm and 650 nm, due to the main —m* transition
of the DPP moiety, with maximum at 616nm (e=
6.25-10*M"ecm™), and a further band due to the second
n—7* transition between 450 nm and 300 nm, with maximum
at 354 nm (€=3.85-10*M~' cm™). This situation is associated
with molecularly dispersed non-aggregated species, as con-
firmed by the weak signals of the corresponding ECD spectrum
(Figure 2h, black line). The progressive increase in the amount
of methanol caused a gradual change in the absorbance
spectrum (Figure 2g): in addition to a general hypochromism,
from 70% MeOH we observed the appearance of a new
aggregation band centered at 659 nm, suggesting the occur-
rence of a significant supramolecular self-assembly. This feature
is more evident in ECD measurements (Figure 2h): from 55%
MeOH, a complex pattern of bands was found, whose
intensities increased up to 75% MeOH, that is, the maximum
added amount of non-solvent before solid precipitation. In
these latter conditions, ECD consisted of an extended positive
region between 400 nm and 700 nm, due to the partial overlap
of two strong bands at 659 nm (g, = +1.7-107%) and 427 nm
(Gaps= +1.6-107%), and two minor negative bands at 363 nm
(Gaps=—4.0-107) and 300 nm (g, =—8.9-107°), besides a
pronounced long-wavelength tailing due to the scattering of
suspended particles, which is a further confirmation of the
presence of solution aggregates. In relation with the above
discussion of the ECD of 3, here we may tentatively recognize a
positive ECD couplet in the higher energy region, with crossover
around 390 nm, that may be associated with the 354 nm
absorption band. The low-energy end is dominated here by the
positive component, possibly allied to an intrinsic chiral
skeleton reached after aggregation.

The optical and chiroptical study of chiral m-conjugated
systems in solution by progressive addition of non-solvent
affords step-by-step snapshots of the self-assembly processes
which are expected to mimic the behaviour in the solid state.
Therefore, the investigation of the solution aggregates is often
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preparatory to their study in the solid state. In particular, the
ability to recognize and control different aggregation modes in
thin film samples would be useful for obtaining layers of chiral
mt-conjugated systems with tunable properties for innovative
optoelectronic applications.” In light of these considerations,
we then focused our attention to the investigation of the
chiroptical properties of chiral DPP dyes 1-4 in thin films,
prepared by drop casting (DC) or spin coating (SC) technique.
For drop-casted samples, ~200 pL of a CH,Cl, or CHCl; solution
of each compound (concentration: 2.0-107> M) were deposited
on quartz plates, followed by slow evaporation of the solvent in
a closed chamber saturated with CH,Cl, or CHCI; vapours. Spin-
coated samples were prepared by depositing ~100 uL of a
CH,Cl, or CHCl; solution of each compound (concentration:
2.0-1072M) on quartz plates, followed by fast evaporation of
the solvent, while spinning the plates (1000 rpm for 30s). All
the samples showed a thickness of roughly 100 nm and
macroscopically appeared semi-transparent. The effect of two
different post-deposition operations was also evaluated: solvent
annealing, carried out by keeping samples for 1 h in a closed
chamber saturated with solvent vapours; thermal annealing,
performed by keeping samples for 1 h in an oven at 100 °C.

Thin films were first characterized by optical microscopy
(Figure S3-S10). In all cases, crater-like features with diameters
from 150 to 250 um were detected for freshly prepared thin
film samples, which in some cases showed a texture evolution
upon thermal and solvent annealing. It is noteworthy that
polarized microscopy (POM) images did not reveal any
apparently birefringent domain.

For each thin film, absorbance and ECD spectra were
measured; in particular, ECD was recorded for both front side

and back side, in order to quantify the relative weights of
reciprocal CD,, and non-reciprocal LDLB contributions by
taking, respectively, their semi-sum and semi-difference. It is
worth to emphasize that only (chiro)optical features in trans-
mission can be investigated for these samples; similarly to what
explained above for solution aggregates, no emission was
found in thin films due to a strong ACQ effect, thus preventing
the collection of fluorescence and CPL spectra.

Once again, we started with chiral DPPs bearing enantio-
pure (5)-3,7-dimethyl-1-octyl chains on the lactam moieties of
the central core. The optical and chiroptical investigation of the
aggregation modes in thin films of compound 1, bearing the
simple Ph lateral m-conjugated units attached to the central
DPP core, is depicted in Figure 3. The drop-casted sample (DC-
1) showed an absorbance spectrum (Figure 3a) roughly similar
to the solution spectrum, with a broad band at lower energy,
between 470 nm and 700 nm, attributable to the main mt—x*
transition, and a structured band in the higher energy region
(300-450 nm) due to the second m—m* transition of m-
conjugated backbone. The most relevant difference with
respect to solution is the appearance of a shoulder at 650 nm:
this is a typical sign of the strong interaction between -
conjugated units of proximate molecules occurring in the solid
state. The ECD profiles recorded for the front and the back
(Figure 3b) were quite similar, although not perfectly coinci-
dent, suggesting a predominant reciprocal CD,,, contribution. In
particular, a complex pattern of signals was observed: positive
bands at 735nm (g, front:4+2.5-107% back:41.8-107%),
518 nm and 319 nm, and negative bands at 602 nm and
355 nm; the band at 470 nm is noticeable, since a signal
inversion upon sample flipping was found (g, front: +4.7-107%
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Figure 3. Optical and chiroptical investigation of the aggregation modes of chiral DPP dye 1 in thin films. Absorbance spectra recorded for: drop-casted
sample DC-1 (a); spin-coated sample SC-1 (e). ECD spectra (normalized with respect to maximum absorbance) recorded for: drop-casted sample DC-1 freshly
prepared (b), after solvent annealing (c) and after thermal annealing (d); spin-coated sample SC-1 freshly prepared (f), after solvent annealing (g) and after
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contribution.
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back: —8.9-107%). In this sample the LDLB contribution is very
low: the minimal changes in the ECD signals observed for the
two faces of thin films were actually due to reproducibility
issues related to an off-set of the sample, and possibly
associated with dispersive phenomena, rather than to non-
reciprocal effects in the CP absorption. This means that the
experimental ECD spectrum can be considered as the result of a
substantial CD,, term due to supramolecular chirality. It is
noteworthy that the shape of the thin film ECD spectrum was
quite different from that observed in CHCI;/MeOH solutions: we
could hypothesize the occurrence of a different aggregation
pathway with respect to solution self-assembly, which would be
very difficult to identify by means of absorbance spectroscopy
only. The ECD spectrum of DC-1 after solvent annealing
(Figure 3c) showed no changes, keeping the same shape and
intensity. During the solvent annealing process, m-conjugated
chains typically acquire greater mobility, thus allowing their
rearrangement into a more thermodynamically stable aggrega-
tion state. This is not the case of DC-1, where the slow
evaporation of the solvent was sufficient to allow the molecules
to organize into a stable aggregation mode. However, thermal
annealing of sample DC-1 resulted in a significant change in
the ECD spectrum (Figure 3d): although a great similarity of the
ECD spectra recorded for the two faces of the sample was still
observed, we also found a significant change in the spectral
shape, associated to a general inversion of its sign with respect
to freshly prepared DC-1. Moreover, a clear increase in the ECD
signal intensities was found, with maximum g, value (708 nm)
of —2.7-1072 for the front side and of —3.1-1072 for the back
side. High temperature could favour the evolution of the
sample towards a different thermodynamic aggregation state,
presumably characterized by an opposite helicity and a more
effective exciton coupling between adjacent m-conjugated
chromophores.

Thin films of chiral DPP dye 1 prepared by spin coating
technique (SC-1) showed an absorbance spectrum (Figure 3e)
quite similar to DC-1, with a more prominent “aggregation
shoulder” at 643 nm. The corresponding ECD spectrum (Fig-
ure 3f) revealed an almost perfect correspondence of the
spectral profiles measured for the front and the back face, as
confirmed by the low [|LDLB|/f|CD,,| ratio of 0.14 (where
JILDLB| and [|CD,,| are, respectively, the integrated area for
the absolute value of semi-difference and semi-sum ECD
spectra). In particular, a strong positive band fell between
520 nm and 780 nm, with maximum at 615 nm (g, front:+
4.9-107%; back: +4.2-107%), and three other less intense bands at
497 nm, 424 nm and 346 nm. Interestingly, such spectrum is
similar to that observed for solution aggregates of DPP dye 1 in
75% MeOH, suggesting us a similar supramolecular organiza-
tion. Spin coating is a fast deposition technique, where solution
is very quickly spread and the solvent immediately evaporates,
without the molecules having enough time to rearrange;
therefore, we could reasonably assume that the aggregation
modes in spin-coated samples represent a frozen situation of
what occurs in the conditions of solution self-assembly. The
effect of solvent annealing on SC-1 did not produce a
substantial change in the ECD spectrum (Figure 3g), while a
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more marked change in ECD was observed in SC-1 sample after
thermal annealing (Figure 3h): a profile very similar to that of
thermally annealed DC-1 (in terms of spectral shape, g, values
and LDLB/CD,, ratio) was found. Therefore, the effect of high
temperature is to promote the evolution of chiral DPP 1
towards the same thermodynamically stable aggregation state,
regardless of the starting solid-state organization (DC-1 or SC-
1).

A different behaviour was observed in the chiro(optical)
study of thin films of chiral DPP dye 2, bearing lateral TPE m-
conjugated units. The absorbance spectra of samples prepared
by both drop casting (DC-2) and spin coating (SC-2) were very
similar, with a broad band between 470 and 700 nm centered
at 585 nm and a prominent shoulder at 630 nm, and a further
structured band between 450 nm and 300 nm (Figures 4a and
4e). The appearance of the low-energy shoulder indicated the
occurrence of strong interactions between m-conjugated back-
bones of proximate molecules, which was here particularly
favoured by the presence of TPE units. However, the absorb-
ance spectra did not provide structural information on these
aggregation modes. The ECD measurements recalls the same
phenomenon of CHCl;/MeOH mixtures: both DC-2 and SC-2
pristine samples showed no signals (Figure 4b and Figure 4f,
respectively). Even in the solid state, the weak hydrophobic
forces and steric effects exerted by the enantiopure (S)-3,7-
dimethyl-1-octyl moieties are apparently unable to create a
twist between adjacent m-conjugated chromophores, held
together by the strong co-facial intermolecular m-stacking of
TPE units, favouring an achiral ordered aggregation mode.
Thermal annealing of both DC-2 and SC-2 samples did not yield
any variation in the ECD spectra (Figure 4d and Figure 4h,
respectively): it is reasonable that the network of strong co-
facial m-stacking of TPE units favoured a thermodynamically
stable solid-state organization, which is not disrupted even by
high temperatures. No significant structural rearrangement of
thin films was observed even after solvent annealing: ECD
spectrum of DC-2 (Figure 4c) still showed the same aspect with
no significant signals, while in the case of SC-2 two weak bands
of low intensity appeared (Figure 4g). In particular, in this last
case it is worth to emphasize that the spectra recorded for the
two faces of the sample were almost specular: two negative
bands (584 nm, gu,=—2.3-10"% 322 nm, g,,,=—7.0-107% for
the front, and two positive bands (596 nm, gg,= +1.9-107%
309 nm, gu,= +24-107%) for the back. This indicates a
predominant non-reciprocal LDLB contribution, although still
associated with weak signal intensity, in the global ECD
spectrum of SC-2 (f |LDLB|/f | CD,, | = 1.65), suggesting a quite
modest rearrangement of these achiral supramolecular aggre-
gates into mesoscopic domains with a preferential orientation
with respect to the glass slide surface.

Thin films of chiral DPP dye 3, functionalized with TPA
lateral units, showed the most interesting results, with a strong
dependence of their chiro(optical) features as a function of the
deposition technique and post-deposition curing (Figure 5).
Concerning the sample fabricated by drop casting (DC-3), the
absorbance spectrum (Figure 5a) showed a broad band be-
tween 500 and 750 nm, with maximum at 609 nm and the
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typical shoulder at 680 nm, and two other less intense bands at
higher energy, with maxima at 466 nm and 338 nm. Although
such spectrum is roughly comparable to the one observed for
solution aggregates, the large band-width and the presence of
the shoulder at low energy suggested the occurrence of
intermolecular interaction in the solid state. More information
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contribution; black dashed line is the front-back semi-difference, i.e., calculated LDLB

came from ECD measurements, where we observed substantial
differences with respect to the other two DPP dyes belonging
to the same family. In particular, from Figure 5 it is evident that,
although all the experimental ECD spectra are quite different
from each other, the shape of the CD,, term appears very
similar in all the samples, thus suggesting the existence of the
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same first-order supramolecular organization. On the contrary,
the variation of the LDLB term suggests the presence of
different aggregation modes at mesoscopic level. In the case of
freshly prepared DC-3 sample, we found very strong ECD
signals (with a maximum g, value almost 3-fold more intense
than that of Ph-functionalized DPP 1 and about two orders of
magnitude greater than TPE-functionalized DPP 2), with a
substantial inversion of the ECD signals upon sample flipping,
although the spectral profiles recorded for the front and the
back were not perfectly mirror image (Figure 5b). In particular,
the ECD spectrum of the front face showed a broad positive
band between 450 and 750 nm, with two peaks at 697 nm
(Gaps= +5.2-107%) and 647 nm (g, = +4.2-107?), and a further
positive small band at higher energy, with maximum at 323 nm
(Gaps= +1.2-107%; for the back, we found a broad negative
band between 370 and 680 nm (maximum at 544 nm, g,,,=
—6.2-107) and a small negative band at 337 nm (Gus=
—2.8-107%), but also a further positive band at lower energy
(717 nm, ggs= +2.9-1072). By taking the semi-sum and the
semi-difference of these two spectra according to Equations (1)
and (2), we clearly evidence a predominant non-reciprocal
LDLB, confirmed by a [|LDLB|/f|CD,,| ratio of 1.96. The
existence of a non-negligible CD;, term, having the appearance
of an asymmetric positive exciton couplet, suggested the
organization of the molecules into right-handed supramolecular
helical structures; their further organization into highly aniso-
tropic mesoscopic domains, with a preferential orientation with
respect to a surface, was instead responsible for the strong
LDLB contribution."™ Similarly to DC-1, also in this case the
ECD profiles recorded for both faces, as well as the resulting
CD,, term, were quite different from that observed in CHCl/
MeOH solutions, indicating a different aggregation mode with
respect to solution aggregates. The application of solvent
annealing did not produce any significant changes in the ECD
spectrum of DC-3 (Figure 5c), which retained the same shape
and intensity: the evaporation of the solvent during drop
casting deposition was sufficiently slow to allow the molecules
to organize into a relatively stable thermodynamic aggregation
mode, without acquiring increased mobility as typically hap-
pens for m-conjugated chains during solvent curing. However,
thermal annealing led to a substantial variation of the ECD
spectrum (Figure 5d), allowing the system to reach the most
thermodynamically stable aggregation state, characterized by a
similar first-order supramolecular arrangement but a very differ-
ent organization at mesoscopic level. In particular, by taking the
semi-sum and the semi-difference of the profiles recorded for
the front and the back face, we found a sharp decrease of the
LDLB contribution, while CD,, kept the same shape and
intensity of the pristine DC-3 sample (J |LDLB|/J |CD,, | =0.38).
This result is very interesting: we hypothesize that the effect of
high temperature is able to break the highly anisotropic
mesoscopic domains responsible for non-reciprocal LDLB con-
tribution, but without affecting the chiral supramolecular
aggregates responsible for the reciprocal CD, term. Interest-
ingly enough, the DC-3 sample is that showing the more
structured microscopy images (see Figure S7), especially after
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the solvent annealing treatment: a micro-texture with several
crater-like features of ume-size is visible.

Thin film samples of DPP dye 3 fabricated by spin coating
technique (SC-3) showed an absorbance spectrum (Figure 5e)
similar to that of pristine DC-3, which could suggest a very
similar solid-state organization. Actually, the ECD spectrum
revealed a situation apparently similar to that of thermally
annealed DC-3, rather than to the freshly-prepared sample
(Figure 5f): a substantial correspondence of the profiles re-
corded for the two faces was found, due to a predominant
reciprocal CD,, term (J|LDLB|/f|CD,,| =0.29), characterized
by a strong positive exciton couplet between 480 and 720 nm,
with maximum at 660 nm (g, front: +1.4-10"% back:
+1.1-107 and 566 nm (g, front: —5.3-107%; back: —1.1-107%).
In the case of DPP dye 3, spin coating technique seems to start
off an alternative aggregation pathway with respect to drop
casting, two pathways which do not re-join even after
annealing. This consideration was confirmed by the ECD
spectrum of SC-3 after thermal annealing (Figure 5h), where the
relative weight of CD,,, and LDLB to the global ECD spectrum
remained very similar (f|LDLB|/f|CD,,|=0.34), but minor
changes in the spectral shape and especially the sign of LDLB
were observed with respect to pristine SC-3, indicating some
structural reorganization at different hierarchical levels. How-
ever, upon solvent annealing we observed a sharp change in
the ECD spectrum of SC-3, with a general decrease in the
intensity of dichroic signals (Figure 5g): in particular, if the
shape of CD,, remained unchanged, an increase of the LDLB
term was found (f |LDLB|/J |CD,,| =1.30), resulting in signifi-
cantly different profiles for the two faces of the thin film.
Therefore, we could hypothesize that the exposure of DPP
molecules to solvent vapors breaks the mesoscopic order of
pristine SC-3 sample, favoring the preferential orientation of
local domains with respect to the glass slide surface responsible
for a strong LDLB contribution. It is worth to emphasize that
such aggregation mode showed a LDLB contribution of
opposite sign with respect to pristine and solvent-annealed DC-
3 sample (Figure 5g vs. Figures 5b-c): this means that DPP dye 3
shows chiroptical properties in thin films which can be finely
modulated depending on the deposition technique and post-
deposition operations. Once again, ECD spectroscopy revealed
its superior capability to provide valuable information on the
possible co-existence of multiple aggregation pathways.

DPP dye 4 differs from the three previous compounds for: a)
the presence of chiral groups on the terminal positions of the
m-conjugated backbone, instead of on the lactam moieties of
the central core; b) the use of (—)-menthyl bulky alkyl
appendages, instead of (S)-3,7-dimethyl-1-octyl branched alkyl
chains. Despite these differences, its optical and chiroptical
characterization in thin films, depicted in Figure 6, offers some
important food for thought. Interestingly, the absorbance
spectrum of thin films prepared by drop casting (DC-4)
(Figure 6a) was quite similar to that observed in 75% MeOH
(that is, in condition of solution self-assembly), with a broad
band between 455 nm and 780 nm (maximum at 661 nm) and
a further band at higher energy (between 455 nm and 300 nm).
The present result suggested the possibility that the solid-state
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Figure 6. Optical and chiroptical investigation of the aggregation modes of chiral DPP dye 4 in thin films. Absorbance spectra recorded for: drop-casted
sample DC-4 (a); spin-coated sample SC-4 (e). ECD spectra (normalized with respect to maximum absorbance) recorded for: drop-casted sample DC-4 freshly
prepared (b), after solvent annealing (c) and after thermal annealing (d); spin-coated sample SC-4 freshly prepared (f), after solvent annealing (g) and after
thermal annealing (h). For each panel: blue line is the ECD spectrum recorded for the front face; red line is the ECD spectrum recorded for the back face; black
continuous line is the front-back semi-sum, i.e., calculated CD,,, contribution; black dashed line is the front-back semi-difference, i.e., calculated LDLB

contribution.

structural organization in DC-4 thin films was the same
occurring in CHCl;/MeOH mixtures. This was confirmed by ECD
measurements (Figure 6b), where the spectral profile was
similar to that of the same compound in 75% MeOH. In
particular, in this case we observed a perfect overlapping of
profiles recorded for the two faces of DC-4, indicating a pure
reciprocal CD,, contribution (f|LDLB|/J|CD,|=0.08): two
positive bands are present, with maximum at 684 nm (g, front:
+4.7-107% back: +4.2-107%) and 432 nm (g, front: +-2.7-107%
back: +2.4-1072). Such structural order definitely represents a
thermodynamically stable aggregation mode: in fact, post-
deposition operations such as solvent annealing (Figure 6c) or
thermal annealing (Figure 6d) did not impact on the chiroptical
features of DC-4, and therefore on its solid-state organization at
different hierarchical levels.

A totally different situation was observed in thin films
fabricated by spin coating (SC-4). A first clue came from
absorbance spectrum (Figure 6e), which is quite different from
that recorded for DC-4 sample: the main band fell between
460 nm and 730 nm, with maximum at 583 nm, and a further
band was observed at 369 nm. Interestingly, such spectrum
roughly recalls the absorbance spectrum of DPP dye 4 in pure
CHCI; solution, rather than that in 75% MeOH: in the SC-4
sample, DPP dye 4 seems to be in the condition of molecularly
dispersed non-aggregated species. This was confirmed also by
ECD measurements: freshly prepared samples (Figure 6f)
showed only weak signals. It is clear that, in the present case,
molecules of DPP 4 have not enough time to self-assemble into
a structurally ordered aggregation mode before solvent evapo-
ration: post-deposition operations were here key to reach a
more stable solid-state organization. The effect of solvent
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annealing on the chiroptical features of SC-4 was only marginal:
a limited increase of the ECD signals was observed (Figure 6g),
with a perfect correspondence of the profiles recorded for the
two faces of SC-4 (J |LDLB|/f |CD,,| =0.07), describing a set of
structured, negative bands with maximum at 546 nm, 400 nm
and 315 nm (g, front: —9.9-107% back: —8.1-107%). The effect
of solvent annealing on SC-4 was instead highly impacting: a
strong, mostly negative ECD spectrum appeared (Figure 6h),
consisting of two structured bands with maxima at 521 nm and
398 nm (g, front: —4.5-107% back: —4.5-1072). The strong CD,,
term (J |LDLB|/f|CDy,| ratio of 0.09), having opposite sign
with respect to DC-4, suggested the formation of
supramolecular aggregates with a very different structure. ECD
spectra obtained after solvent and temperature annealing of
DC-4 are very similar to each other, and the same is true for SC-
4. On the contrary, the two samples feature substantially
different ECD profiles. This finding suggests that thermodynami-
cally stable situations are reached in both cases, along two
distinct aggregation pathways, which cannot be converted into
each other.

A numerical comparison of the relevant chiroptical features
of chiral DPP dyes 1-4 in thin films is depicted in the Table S1.
We clearly demonstrated that these compounds can give rise to
a manifold of situations. On the one hand, dichroic signals can
be entirely due to the intrinsic chirality of the aggregates,
responsible for a pure reciprocal CD,, (this is the case of thin
films of DPP dye 4 and, especially under specific conditions,
also of compound 1), or largely generated by the non-reciprocal
LDLB contribution arising from the presence of highly aniso-
tropic mesoscopic domains (as we found for the DPP 3,
especially fresh and solvent annealed DC-3 samples and solvent
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annealed SC-3). On the other hand, the intensity of ECD signals
can be very weak (as in the case of thin films of compound 2,
due to its marked tendency to form achiral supramolecular
aggregates), or very intense, with maximum dissymmetry
factors g,,, up to almost 0.1 (in the case of pristine DC-3 and
DC-4 samples, as well as SC-4 after thermal annealing), which is
a very high value achieved only in few other samples of organic
mt-conjugated dyes.”

Conclusion

In conclusion, we have reported four new chiral DPP dyes 1-4,
functionalized with enantiopure alkyl groups from natural
sources: the (5)-3,7-dimethyl-1-octyl branched alkyl chain on the
lactam moieties of DPP core (compounds 1-3) or the (-)-
menthyl bulky alkyl appendage on the terminal positions of -
conjugated backbone (compound 4). All the chiral m-conju-
gated dyes were easily synthesized in good yields, then their
aggregation modes in conditions of solution aggregation and
thin films were evaluated by absorbance and ECD spectros-
copies. Measurements in solution were carried out on mixtures
of a good solvent (i.e,, CHCl;) and a poor solvent (i.e, MeOH) at
different ratio, offering a step-by-step snapshot of self-assembly
processes. An extended investigation of aggregation modes in
thin films was also performed, studying the effect of deposition
technique (drop casting vs. spin coating) and post-deposition
operations (freshly prepared samples vs. solvent annealed and
thermal annealed samples) on the chiroptical features. We
found that these dyes can give rise to a manifold of situations
in terms of signal intensities, with dissymmetry factor g, values
ranging from 107° to almost 0.1, and of reciprocal vs. non-
reciprocal CP absorption contributions, ranging from a pure
CD,,, to a predominant LDLB. Since the chiroptical features of
chiral DPP derivatives have been only marginally investigated
to date, especially as thin films, the present study highlights the
possibility to obtain organic layers of chiral DPP dyes with
outstanding chiroptical features in terms of g,,, values and non-
reciprocal properties. In this context, a further and deeper
investigation is currently ongoing in our laboratories. In the
flourishing field of chiral photonics and electronics, the
development of thin films of m-conjugated dyes combining
(very) large ECD signals with strong non-reciprocal CP absorp-
tion would have major implications, as it could open the way to
their application as active layers in highly innovative optoelec-
tronic devices, for example circularly polarized-organic field-
effect transistors (CP-OFETs) able to discriminate the direction
of sample illumination.

Experimental Section

Synthesis

General: (S)-Citronellyl bromide (6) was synthesized according to a
literature procedure® % starting from (S)-B-citronellol, available
from Sigma-Aldrich by chemical synthesis at >97% purity.
(1R,25,5R)-2-isopropyl-5-methylcyclohexyl 4-iodobenzoate (8) was
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synthesized according to a literature procedure® starting from L-
(—)-menthol, available from Sigma-Aldrich by chemical synthesis at
>99% purity. 3,6-Bis(5-bromothiophen-2-yl)-2,5-dioctylpyrrolo[3,4-
clpyrrole-1,4(2H,5H)-dione (12) was synthesized according to a
literature procedure.”® All the other reagents were purchased at
the highest commercial quality from Sigma-Aldrich and used
without further purification. Solvents were purified by conventional
methods, distilled and stored under argon. Preparative column
chromatography was carried out using Macherey-Nagel silica gel
(60, particle size 0.063-0.2 mm). Macherey-Nagel aluminum sheets
with silica gel 60 F254 were used for TLC analyses. New compounds
were characterized by 'HNMR, "CNMR and LC-MS analysis.
'HNMR and "*CNMR spectra were acquired on an Agilent 500
spectrometer at 500 and at 126 MHz, respectively, using the CDCl,
residual proton peak at 8=7.26 ppm as internal standard for 'H
spectra and the signals of CDCl; at 8§=77.16 ppm as internal
standard for C spectra. High-resolution mass spectra were
acquired with a Shimadzu high-performance liquid chromatogra-
phy ion trap time-of flight (LC-IT-TOF) mass spectrometer via direct
infusion of the samples by using acetonitrile as the elution solvent
(samples were dissolved in acetonitrile containing small amounts of
tetrahydrofuran). Melting points were determined on a Reichert
Microscope or on a Stuart Scientific Melting point apparatus SMP3.

2,5-Bis((S)-3,7-dimethyloctyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-
clpyrrole-1,4(2H,5H)-dione (7): Compound 7 was synthesized
according to a modified literature procedure.?*® 3,6-Di(thiophen-2-
yl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione (5) (2.0 g, 6.66 mmol), (5)-1-
bromo-3,7-dimethyloctane (6), (4.86g, 21.98 mmol) and K,CO,
(3.04 g, 21.98 mmol) were dissolved in anhydrous and degassed
DMF (40 mL). Catalytic amount of 18-crown-6 (30 mg, 0.11 mmol)
was added and the mixture was stirred at 130°C for 20 h. The
reaction mixture was cooled to room temperature, quenched with
a 10% aqueous solution of NaCl (100 mL) and extracted with CH,Cl,
(3x70 mL). The combined organic extracts were washed with a
10% aqueous solution of NaCl (3x50 mL), dried with Na,SO,, and
concentrated under vacuum. The crude product was purified by
washing with hexane leading to 7 as a dark purple solid (2.36 g,
61% yield). Spectroscopic data agree with those previously
reported in the literature.”*? "TH NMR (500 MHz, CDCl,), & (ppm):
8.90 (dd, J=3.9, 1.1 Hz, 2H), 7.63 (dd, J=5.0, 1.1 Hz, 2H), 7.28 (dd,
J=5.0, 3.9 Hz, 2H), 4.18-4.03 (m, 4H), 1.79-1.71 (m, 2H), 1.63-1.46
(m, 6H), 1.38-1.10 (m, 12H), 1.00 (d, J=6.4 Hz, 6H), 0.85 (d, J=
6.6 Hz, 12H).

2,5-Bis((S)-3,7-dimethyloctyl)-3,6-bis(5-phenylthiophen-2-

yl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione (1): A Schlenk tube
(2.5 cm) with a screw cap and equipped with a magnetic stirrer was
charged with 7 (100 mg, 0.17 mmol), bromobenzene (68 mg,
0.43 mmol), anhydrous K,CO; (59 mg, 0.43 mmol), pivalic acid
(5 mg, 0.05 mmol), Pd(OAc), (2.3 mg, 0.01 mmol) and DMA (2 mL)
under a nitrogen atmosphere. The resulting mixture was reacted at
110°C under magnetic stirring. After 2 h, the mixture was cooled to
room temperature, poured into a 10% aqueous solution of NaCl
(50 mL) and extracted with CH,Cl, (3x50 mL). The combined
organic layer was washed with a 10% aqueous solution of NaCl (2 x
50 mL), dried with Na,SO, and concentrated under vacuum.
Purification by column chromatography on silica gel (CH,Cl,/n-
hexane=2:1) afforded compound 1 (73 mg, 58% yield) as a dark
purple solid, m. p.=209-211°C. "H NMR (500 MHz, CDCl;), & (ppm):
8.96 (d, J=4.1Hz, 2H), 7.66 (d, J=7.4 Hz, 4H), 7.46 (d, J=4.1 Hz,
2H), 7.42 (t like, J=7.5 Hz, 4H), 7.35 (t like, J=7.3 Hz, 2H), 4.43-4.06
(m, 4H), 1.86-1.76 (m, 2H), 1.68-1.59 (m, 4H), 1.56-1.46 (m, 2H),
1.43-1.12 (m, 12H), 1.05 (d, J=6.3 Hz, 6H), 0.84 (d, J=6.6 Hz, 12H).
C NMR (125 MHz, CDCly), 8 (ppm): 161.4, 149.9, 139.6, 136.8, 133.3,
129.3, 129.0, 128.9, 126.3, 124.7, 108.2, 41.1, 39.4, 374, 37.0, 31.5,
28.1, 249, 22.8, 22.8, 19.8. HR-MS (LC-IT-TOF) m/z: calcd. for
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C4Hs6N,0,S, [M+H]*
1.36 ppm.

733.3856, found 733.3866, mass error=

2,5-Bis((S)-3,7-dimethyloctyl)-3,6-bis(5-(4-(1,2,2-
triphenylvinyl)phenyl) thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (2): A Schlenk tube (2.5 cm) with a screw cap and
equipped with a magnetic stirrer was charged with 7 (116 mg,
0.20 mmol), (2-(4-bromophenyl)ethene-1,1,2-triyl)tribenzene
(206 mg, 0.50 mmol), anhydrous K,CO; (69 mg, 0.50 mmol), pivalic
acid (21 mg, 0.20 mmol), Pd(OAc), (5 mg, 0.02 mmol) and DMA
(3 mL) under a nitrogen atmosphere. The resulting mixture was
reacted at 110°C under magnetic stirring. After 2.5 h, the mixture
was cooled to room temperature, poured into a 10% aqueous
solution of NaCl (50 mL) and extracted with CH,Cl, (3x60 mL). The
combined organic layer was washed with a 10% aqueous solution
of NaCl (2x50 mL), dried with Na,SO, and concentrated under
vacuum. Purification by column chromatography on silica gel
(CH,Cl,/n-hexane =2:1) afforded compound 2 (175 mg, 70% yield)
as a dark blue-purple solid, m. p.=128-131°C. '"H NMR (500 MHz,
CDCly), & (ppm): 8.92 (d, J=4.1 Hz, 2H), 7.41 (d, J=8.3 Hz, 4H), 7.38
(d, J=4.1 Hz, 2H), 7.17-7.01 (m, 34H), 4.20-4.05 (m, 4H), 1.82-1.73
(m, 2H), 1.65-1.55 (m, 4H), 1.53-1.44 (m, 2H), 1.40-1.09 (m, 12H),
1.02 (d, J=6.2 Hz, 6H), 0.82 (d, J=6.6 Hz, 12H). > C NMR (125 MHz,
CDCly), & (ppm): 1614, 149.8, 144.8, 143.7, 143.6, 143.5, 141.9, 140.2,
139.5, 136.8, 132.3, 131.5, 131.5, 131.4, 131.1, 128.6, 128.1, 128.0,
127.8, 126.9, 126.8, 126.7, 125.4, 124.6, 108.2, 41.0, 39.4, 37.4, 37.0,
31.4, 28.1, 24.9, 22.8, 22.8, 19.7. HR-MS (LC-IT-TOF) m/z: calcd. for
CgeHgaN,0O,S, [M+Na]l™ 1263.5866, found 1263.5874, mass error=
0.63 ppm.

2,5-Bis((5)-3,7-dimethyloctyl)-3,6-bis(5-(4-(diphenylamino)phenyl)
thiophen-2-yl)pyrrolo[3,4-clpyrrole-1,4(2H,5H)-dione (3): A
Schlenk tube (2.5cm) with a screw cap and equipped with a
magnetic stirrer was charged with 7 (116 mg, 0.20 mmol), 4-bromo-
N,N-diphenylaniline (206 mg, 0.63 mmol), anhydrous K,CO; (69 mg,
0.50 mmol), pivalic acid (21 mg, 0.20 mmol), Pd(OAc), (5 mg,
0.02 mmol) and DMA (3 mL) under a nitrogen atmosphere. The
resulting mixture was reacted at 110°C under magnetic stirring.
After 3 h, the mixture was cooled to room temperature, poured
into a 10% aqueous solution of NaCl (50 mL) and extracted with
CH,Cl, (3%x60 mL). The combined organic layer was washed with a
10% aqueous solution of NaCl (2x50 mL), dried with Na,SO, and
concentrated under vacuum. Purification by column chromatogra-
phy on silica gel (CH,Cl,/n-hexane=2:1) afforded compound 3
(142 mg, 66 % yield) as a dark blue-purple solid, m. p.=241-243°C.
'HNMR (500 MHz, CDCl;), & (ppm): 8.98 (br s, 2H), 7.52 (d, J=
8.4 Hz, 4H), 7.37 (d, J=4.1 Hz, 2H), 7.32-7.25 (m, 8H), 7.16-7.12 (m,
8H), 7.11-7.05 (m, 8H), 4.24-4.06 (m, 4H), 1.85-1.76 (m, 2H), 1.67-
1.57 (m, 4H), 1.53-1.44 (m, 2H), 1.43-1.09 (m, 12H), 1.03 (d, J=
6.2 Hz, 6H), 0.82 (d, J=6.6 Hz, 12H). ®*C NMR (125 MHz, CDCl;), &
(ppm): 161.5, 150.0, 148.7, 147.2, 139.4, 137.0, 129.6, 127.8, 127.1,
126.7, 125.2, 123.9, 123.7, 122.9, 108.0, 41.1, 39.4, 37.4, 37.0, 31.5,
28.1, 24.9, 22.8, 22.8, 19.8. HR-MS (LC-IT-TOF) m/z: calcd. for
C,0H74N,0,S, [M+Na]™ 1089.5145, found 1089.5139, mass error=
—0.55 ppm.

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 4-((trimeth-
ylsilyl)ethynyl) benzoate (10): Compound 10 was synthesized
according to a modified literature procedure® (1R,2S,5R)-2-
Isopropyl-5-methylcyclohexyl  4-iodobenzoate  (8) (100 mg,
0.26 mmol), PdCl,(PPh;), (6 mg, 8.5-10° mmol) and Cul (3 mg,
0.015 mmol) were dissolved in trimethylamine (5mL) and THF
(5 mL). The solution was degassed by bubbling N, for 10 minutes,
then trimethylsilylacetylene (9) (100 pL, 0.72 mmol) was added. The
resulting mixture was left under stirring at room temperature for
6 h, then it was hydrolyzed with a saturated ammonium chloride
solution (50 mL) and extracted with AcOEt (3x50 mL). The
combined organic layer was washed with water (3x50 mL), dried
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with Na,SO, and concentrated under vacuum. Purification by
column chromatography on silica gel (n-hexane) afforded com-
pound 10 (83 mg, 90% vyield) as a yellowish oil. Spectroscopic data
agree with those previously reported in the literature.* 'H NMR
(500 MHz, CDCly), 8 (ppm): 7.96 (d, J=8.4 Hz, 2H), 7.50 (d, J=8.4 Hz,
2H), 4.92 (td, J=10.9, 4.4 Hz, 1H), 2.15-2.08 (m, 1H), 1.98-1.89 (m,
1H), 1.76-1.69 (m, 2H), 1.60-1.50 (m, 2H), 1.18-1.05 (m. 2H), 0.97-
0.87 (m, 7H), 0.79 (d, J=7.0 Hz, 3H), 0.26 (s, 9H).

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 4-ethynylbenzoate
(11): Compound 11 was synthesized according to a modified
literature." (1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 4-((trimeth-
ylsilyl)ethynyl)benzoate (10) (83 mg, 0.23 mmol) and tetrabutylam-
monium fluoride trihydrate (726 mg, 2.3 mmol) were dissolved in
THF (15 mL). The resulting mixture was left under stirring at room
temperature for 1h, then it was hydrolyzed with a saturated
ammonium chloride solution (50 mL) and extracted with CH,Cl, (3x
50 mL). The combined organic layer was washed with water (3 x
50 mL), dried with Na,SO, and concentrated under vacuum.
Purification by column chromatography on silica gel (n-hexane)
afforded compound 11 (62 mg, 95% vyield) as a yellowish oil.
Spectroscopic data agree with those previously reported in the
literature.*™ "H NMR (500 MHz, CDCl,), § (ppm): 7.96 (d, J=8.3 Hz,
2H), 7.51 (d, J=8.3 Hz, 2H), 4.89 (td, /=10.9, 4.4 Hz, 1H), 3.20 (s,
1H), 2.11-2.05 (m, 1H), 1.95-1.85 (m, TH), 1.73-1.66 (m, 2H), 1.56-
1.47 (m, 2H), 1.14-1.02 (m, 2H), 0.94-0.84 (m, 7H), 0.75 (d, J=7.0 Hz,
3H).

Bis((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)  4,4'-((5,5'-(2,5-di-
octyl-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-clpyrrole-1,4-
diyl)bis(thiophene-5,2-diyl))bis(ethyne-2,1-diyl))dibenzoate  (4):
3,6-Bis(5-bromothiophen-2-yl)-2,5-dioctylpyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (12) (75 mg, 0.11 mmol), PdCl,(PPh;), (4 mg,
5.7-102 mmol) and Cul (3mg, 0.015 mmol) were dissolved in
trimethylamine (5 mL) and THF (5 mL). The solution was degassed
by bubbling N, for 10 minutes, then (1R,2S5,5R)-2-Isopropyl-5-meth-
ylcyclohexyl 4-ethynylbenzoate (11) (78 mg, 0.27 mmol) was added.
The resulting mixture was left under stirring at 70°C for 3 h, then it
was hydrolyzed with a saturated ammonium chloride solution
(50 mL) and extracted with CH,Cl, (3x50 mL). The combined
organic layer was washed with water (3 x50 mL), dried with Na,SO,
and concentrated under vacuum. Purification by column chroma-
tography on silica gel (n-hexane/ CH,Cl,/AcOEt=9:1:1—CH,Cl,/
AcOEt=1:1) afforded compound 4 (75 mg, 63% yield) as a dark
purple solid, m. p.=170-172°C. "H NMR (500 MHz, CDCl;), § (ppm):
8.95 (d, J=4.1 Hz, 2H), 8.05 (d, J=8.3 Hz, 4H), 7.60 (d, J=8.3 Hz,
4H), 7.44 (d, J=4.1 Hz, 2H), 4.95 (td, J=10.9, 4.4 Hz, 2H), 4.08 (t, J=
7.8 Hz, 4H), 2.17-2.10 (m, 2H), 2.01-1.91 (m, 2H), 1.80-1.71 (m, 8H),
1.61-1.53 (m, 4H), 1.48-1.41 (m, 4H), 1.40-1.22 (m, 16H), 1.20-1.07
(m, 4H), 0.99-0.90 (m, 14H), 0.87 (t, J=6.9 Hz, 6H), 0.81 (d, J=
6.9 Hz, 6H). *C NMR (125 MHz, CDCl,), 8 (ppm): 165.5, 161.3, 139.3,
135.7, 133.8, 131.5, 131.2, 131.1, 129.8, 128.2, 126.7, 109.1, 97.2,
85.0, 754,47 .4, 42.6, 41.1, 34,5, 31.9, 31.6, 30.2, 29.3, 27.0, 26.7, 23.8,
22.8,22.2, 20.9, 16.7, 14.3 (one coincident peak not observed). HR-
MS (LC-IT-TOF) m/z: calcd. for CeHgaN,04S, M1+ 1088.5765, found
1088.5774, mass error=0.83 ppm.

Characterization

Solution aggregates: Stock solutions of each dye in CHCl; were
typically 1.0 107°M, while working solutions in CHCl,/MeOH
mixtures were 1.3-107° M. absorbance spectra were recorded at
room temperature with a Jasco V-650 spectrophotometer, using a
quartz cell. Electronic circular dichroism (ECD) spectra were
recorded at room temperature with a Jasco J-710 spectropolarim-
eter, using a quartz cell.
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Thin films: Drop casted samples were prepared by depositing
dropwise on a quartz plate ~200 pL of a 2.0-107* M solution of the
dye (1, 3 and 4 in CH,Cl,; 2 in CHCl,), followed by slow evaporation
in an atmosphere saturated with solvent vapours. Spin coated
samples were prepared by spin coating ~100 pL of a 2.0-10°M
solution of the dye (1, 3 and 4 in CH,Cl,; 2 in CHCI;) on a quartz
plate, using a WS-650MZ-23NPPB (Laurell Technologies Corp., North
Wales, PA, USA) spin-coater; conditions: 1000 rpm, 30 sec, acceler-
ation 1000 rpm/sec. Solvent annealing was carried out by keeping
samples for 1 h in a closed chamber saturated with solvent vapours
(CH,Cl, in the case of 1, 3 and 4; CHCl; in the case of 2). Thermal
annealing was carried out by keeping samples for 1 h in an oven at
high temperature (150°C in the case of 1, 3 and 4; 100°C in the
case of 2). Absorbance spectra were recorded at room temperature
using a Jasco V-650 spectrophotometer. Electronic circular dichro-
ism (ECD) spectra were recorded at room temperature using a Jasco
J-710 spectropolarimeter. In all cases, at least 3 independent thin
film samples were prepared and subjected to full absorbance and
ECD analysis. In the first place, invariance of ECD upon sample
rotation was testified, by rotating thin film sample by 90°, 180° and
270° around the optical axis: in no cases were found significant
variations. For each sample, then, two ECD measurements were
recorded: one with the organic layer facing the light source (front)
and one with the organic layer facing the detector (back). Each ECD
spectrum was normalized with respect to maximum absorbance to
avoid any mistake possibly associated to sample inhomogeneity.
The semi-sum and semi-difference of front and back ECD spectra
were calculated in order to obtain reciprocal CD,, and non-
reciprocal LDLB contributions, according to Equations (1) and (2).

Computational details

DFT and TDDFT calculations were run with Gaussian'16,“¢ with
default grids and convergence criteria. A truncated model of 1 was
employed where the N-alkyl chains were placed by N-methyl
groups. Two starting structures of the model, with the thiophene-
DPP bonds in s-cis and s-trans conformation, were optimized with
DFT method using wB97X-> D functional and 6-31+ G(d) basis set
in vacuo. TDDFT calculations were run on the DFT-optimized
structure for the lowest-energy s-cis isomer using the CAM-B3LYP
and B3LYP functionals and the def2-TZVP basis set, including 36
excited states. Electron/hole distribution isosurfaces were plotted
with Mutiwfn v3.8*" The same software was employed for
estimating the A index.® The calculation results are summarized in
the Supporting Information.
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