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Fundamental understanding of the supramolecular assemblies of organic chromophores and the
development of design strategies have seen endless ripples of interest owing to their exciting photophysical
properties and optoelectronic applications. The independent discovery of dye aggregates by Jelley and
Scheibe was the commencement of the remarkable advancement in the field of aggregate photophysics.
Subsequent research warranted an exceptional model for defining the exciton interactions in aggregates,
proposed by Davydov, Kasha and co-workers, independently, based on the long-range Coulombic coupling.
Fascinatingly, the orthogonally cross-stacked molecular transition dipole arrangement was foretold by Kasha
to possess null exciton interaction leading to spectroscopically uncoupled molecular assembly, which lacked
an experimental signature for decades. There have been several attempts to identify and probe atypical
molecular aggregates for decoding their optical behaviour. Herein, we discuss the recent efforts in
experimentally verifying the unusual exciton interactions supported with quantum chemical computations,
primarily focusing on the less explored null exciton splitting. Exciton engineering can be realized through
synthetic modifications that can additionally offer control over the assorted non-covalent interactions for
orchestrating precise supramolecular assembly, along with molecular editing. The task of attaining a minimal
excitonic coupling through an orthogonally cross-stacked crystalline architecture envisaged to offer a
monomer-like optical behaviour was first reported in 1,7-dibromoperylene-3,4,9,10-tetracarboxylic

tetrabutylester (PTE-Br,). The attempt to stitch molecules covalently in an orthogonal fashion to possess null

excitonic character culminated in a spiro-conjugated perylenediimide dimer exhibiting a monomer-like

spectroscopic signature. The computational and experimental efforts to map the emergent properties of the

cross-stacked architecture are also discussed here. Using the null aggregates formed by the interference
Received 9th March 2023 effects between CT-mediated and Coulombic couplings in the molecular array is another strategy for
achieving monomer-like spectroscopic properties assemblies. Moreover, identifying
supramolecular assemblies with precise angle-dependent properties can have implications in functional

material design, and this review can provide insights into the uncharted realm of null exciton splitting.
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for performing specific tasks.'**® Orchestrating supramolecular

assemblies is always a challenging and exciting venture owing to

Introduction

Invigilation of the photophysical characteristics in chromo-
phores, ranging from retaining the molecular identity to the
consideration of overwhelming permutations of molecular
packing scenarios, has invoked excitement in the photophysical
community from both a fundamental to an applicational level
perspective.' ® The light-matter interactions of 7 conjugated organic
materials are strongly influenced by their three-dimensional
ordering.”"° The molecular organization in T conjugated materials
extensively affects their ability to transport charges."*™* Nature is an
eternal motivation with ideal supramolecular architectures designed
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its resultant photophysical responses and the enormous possi-
bility of functional material design.'”'® Engineering assemblies
with precise molecular stacking is a Herculean task, demanding
control over the electronic structure and the resultant non-
covalent interactions.'®?® Specific supramolecular assemblies
can be rendered through synthetic modifications, which can
also offer a hand over the non-covalent interactions.>'

The optical response of the crystalline scaffold is the result of
electronic communication between the chromophores, governed
by the geometrical rulers, including m overlap, intermolecular
distance, and relative spatial orientation between the
chromophores.”>*® The report by S. E. Sheppard in 1909 is
identified as an early documentation of dye aggregation in the
solution formed by isocyanine in water, postulated as a reason for
the deviation from the Beer-Lambert law.***” The independent

This journal is © The Royal Society of Chemistry 2023
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discoveries by Jelley and Scheibe of the then unusually red-shifted
electronic absorption spectrum in a highly concentrated solution
of pseudoisocyanine (PIC) chloride is one of the celebrated mile-
stones in the field of aggregate photochemistry.?*® Later pro-
claimed as J aggregates, the interesting phenomenon of shifted
electronic absorption bands in the aggregate was deciphered by
Davydov and Kasha independently in the 1960s."*7*"** For the
interaction of transition densities of two molecules, which were
simplified in terms of transition dipoles, Kasha introduced a form
of electronic coupling resulting in the alteration of the excited
state photophysical properties of aggregates from a monomer
(Fig. 1). The interaction was coined as Coulombic coupling (Jcou),
arising from the long-range electrostatic-like interactions where
the effect can persist up to hundreds of nanometers. The simpli-
fied yet powerful model of interacting transition dipoles in
different geometrical arrangements to evaluate the long-range
Coulomb interaction (Jcou) has created an outburst of scientific
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discoveries that continues to extend today. Kasha and co-worker
also attempted the investigation of the enhancement of phos-
phorescence ability upon aggregation of dye molecules with a
simultaneous loss in singlet fluorescence.*® Molecules in a cofa-
cial arrangement (H-aggregate) are allowed to undergo transition
to the upper state, whereas in molecules with a head to tail
arrangement (J-aggregate), transition to the lower state is allowed
(Fig. 2).>* Along with the photophysics emerging from the strate-
gical alignment of two transition dipoles, including commonly
observed H, oblique and J-aggregates, Kasha predicted a unique
class of dipole orientations having electronic states with degen-
erate energies as a consequence of null Coulombic coupling."**?°
Parallelly arranged transition dipoles with a slip angle (6) of 54.7°,
widely known as the magic angle orientation, and an orthogonally
cross-stacked transition dipole displayed minimal exciton inter-
actions (Fig. 2).”” The aggregates with shorter intermolecular
distance can have significant wave function overlap between the
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Fig. 1 Schematic representation of two transition dipoles arranged in (a) parallel (rotational angle, o = 0°), (b) cross (0° < « < 90°), and (c) Greek-cross
(o« = 90°) orientations with corresponding characteristics in the absorption spectra.

neighbouring molecular orbitals engendering short-range exci-
tonic coupling.®® Spano and co-workers extended the Coulombic
coupling-based Kasha’s theory by including short-range, charge
transfer (CT)-mediated interactions.? In closely packed aggregates
(d < 6 A), the photophysical behaviour depends on both short-
range and long-range couplings. The optical properties of
molecular assemblies of m-chromophores encounter challenges,
including concentration-dependent fluorescence quenching
mediated by trap states and/or exciton coupling.*® Though
J-aggregates exhibit strong fluorescence character, such aggre-
gates show weak charge transport efficiencies.”” In spite of the
adverse effect on fluorescence, H-aggregates demonstrate excel-
lent charge transport character.*'"** Therefore, an assembly retain-
ing monomer-like properties can significantly contribute to
advancing the fundamental understanding of molecular photo-
physics and emerging properties. In addition to the orthogonal
cross and magic angle orientations, the interference between
Coulombic coupling and charge transfer-mediated coupling can
also result in minimal excitonic coupling.*® The recent attempts
to experimentally validate atypical exciton interactions supported
by quantum chemical calculations will be discussed in this
review, with a primary emphasis on the less investigated null
exciton splitting.

Exciton theory; beyond the Kasha
model

Electronic transition in a classical picture is the absorption of a
photon resulting in the oscillating displacement of an electron
that creates a change in the spatial distribution of electron
density. The instantaneous dipole created by the excitation of
the electron in the molecule is the transition dipole moment
vector, having magnitude proportional to the intensity of the
transition with the orientation corresponding to the direction
of the electron displacement.**™*® In molecular aggregates, the
interaction of transition dipoles leads to exciton splitting,
causing the emergence of distinct spectral shifts or splitting
of the absorption bands. The optical response of the molecular
aggregate is a direct consequence of its arrangement.’’

6666 | Chem. Soc. Rev., 2023, 52, 6664-6679

Inspired by the experimental demonstration by Kautsky and
Merkel on dye aggregation instigating fluorescence quenching,
which is facilitated as a photophysical sensitizer, Kasha and
co-workers theoretically investigated the exciton coupling for
diverse transition dipole arrangements.”*® The exciton model
developed by Kasha describes the photophysical properties of
molecular aggregates with different geometries based on the
Coulombic intermolecular interactions within the scaffold of
Frenkel exciton theory (Fig. 2). According to the proposed
theory, the molecular dimers stacked side-by-side showing a
blue-shifted absorption maximum relative to the monomers
with suppressed fluorescence emission are described as
H-aggregates. The head-to-tail stacked dimers exhibiting a
red-shifted absorption maximum and enhanced radiative decay
rate are designated as J-aggregates. In the case of oblique
transition dipoles, in-phase and out-of-phase arrangements
cause non-vanishing lower and higher energy states, generating
a splitting in the absorption band. Assemblies of conjugated
organic chromophores invariably face bottlenecks mediated by
exciton coupling and trap states.’® Considering the non-planar
transition dipole, exciton theory proposed an orthogonal
arrangement of molecular transition dipoles exhibiting null
exciton coupling, which is less explored. Exciton theory was
defined for molecular systems having small intermolecular
electron overlap that requires the Coulombic coupling alone
in consideration for mapping the exciton splitting. The
Coulombic coupling originates from the interaction between
two transition dipoles and can be represented using the ideal
dipole approximation:'*9>°

1 y?(cosa —3cos’0)
~ )

JCoul = m
0

where u is the magnitude of the transition dipoles of the
chromophores, R is the intermolecular distance, 0 is the angle
between the polarization axes and the line of molecular centers,
o is the angle between the two molecular planes and cosa —
3cos”0 is the orientation factor (k). The Coulombic coupling
can also be calculated using the transition charge from the
electrostatic potential method (TrESP) between the molecules

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Schematic diagram demonstrating the correlation between slip angle (), rotational angle (x) and the orientation factor (k).

and represented as:
m (2
1 q; '4;
Jeo =SS 4 ®)
M ey S S 0 0

where qi(l) and q,(z) represent the transition charge on the ith
atom of the chromophore, r; corresponds to the position vector
of the respective transition charge; and ¢, is the vacuum
permittivity. The through-space Coulombic coupling operates
over long distances (<10 nm), leading to a direct transfer of
excitation between chromophores.*®**" The sign of Coulombic
coupling dictates the formation of conventional H and J aggre-
gates when the coupling is coherent.

Conversely, the close packing in molecular systems prompts
a charge transfer-mediated exciton coupling (Jcr) or super-
exchange coupling in addition, stemming from the overlap
between the HOMOs and LUMOs of the stacked chromophores
(Fig. 3). Contributions from many, including Spano and co-
workers, Kazmaier and Hoffmann, and Scholes and co-workers,
showed the influence of CT-mediated couplings in the aggre-
gate photophysics.3,52-54 The CT-mediated coupling can be
calculated as:

—2teth
Jer = Ect — Es, G)

where ¢, and ¢, are electron and hole transfer couplings,
respectively. Ecy and Eg are the energies of the charge-
separated state and the first singlet excited state, respectively.
The CT-mediated excitonic coupling in molecular systems has
been identified as extremely sensitive to interchromophoric
orientation due to the inter-orbital phase relationship.**>>7’
The charge transfer couplings are unpredictable in nature due
to the diverse distribution of the wave function in the frontier
molecular orbitals (FMOs), which results from the variations in

This journal is © The Royal Society of Chemistry 2023

symmetry and atomic composition of the molecular skeleton.*®
The hole (electron) transfer coupling stemmed from the wave
function overlaps between the HOMO-HOMO (LUMO-LUMO)
orbitals of neighbouring molecules. The charge transfer cou-
pling is recognized as highly sensitive to the slip angle of the
molecular dimer instigating an oscillating behaviour in aggre-
gates between H and J due to the recurring nodal and antinodal
characteristics of interacting frontier molecular orbitals
(FMOs).*>*® The total coupling in the closely packed system
is concluded by the combined effect of short-range charge
transfer and long-range Coulombic couplings.

.]Total = .]Coul + .]CT (4)

Subsequent to the exciton theory, the scientific community has
witnessed several endeavours to regulate aggregate behaviour
by moderating long and short-range interactions. The major

—
Q
~—

(b)

Interplanar Spacing > 6 A
Interplanar Spacing < 6 A

Fig. 3 MOs with (a) large (> 6 A) interplanar spacing having no orbital
overlap and (b) lower (< 6 A) interplanar spacing showing orbital overlap.
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limitations of the Kasha’s model are that the model considers
Coulombic coupling alone and does not account for the vibro-
nic fine structure.’?

Atypical supramolecular assemblies

H and ] aggregates have gained a great deal of scientific
attention due to their outstanding photophysical features and
relative ease of attainment. Kasha proposed curious aggregate
states at a rotational angle of 90° and slip angle of 54.7° (magic
angle), possessing minimal exciton coupling wherein the
electronic energy levels of the dimer are the same as that of
the corresponding monomer." Several attempts were made to
attain minimal excitonic coupling in organic chromophores by
chemical modifications and crystal engineering backed by the-
oretical investigations.”® The molecular assembly into different
packing modes is dictated by various non-covalent interactions.
There have been many theoretical and experimental attempts in
order to identify and probe chromophoric aggregates with
unique intermolecular angles. Hydrogen bond-assisted crossed
dipole 7 stacking is reported by Lahti and co-worker in a 1,4-
bis(phenylethynyl)benzene (Fig. 4; molecule 1).>° The molecule
forms n-stacked assemblies with a centroid-to-centroid distance
of 3.62 A and a rotational angle of 99.2° along the 7 stack,
leading to the formation of crossed dipole stacks. Wong and co-
workers have synthesized a series of molecularly insulated PDI
by adding bulky substituents to the imide position in order to
preserve the photoluminescence in the solid state (Fig. 4; mole-
cule 3).°° The intermolecular n-r stacking effects in PDI mole-
cular assembly can be reduced using a molecular insulation
strategy by the addition of groups to the planar perylene core
through the shoulder of the perylene or through imide positions.
The PDI substituted with a bulky group in the imide position
crystallized with an angle around 85.6°. Ma and co-workers have
reported cross-dipole stacking in distyrylbenzene derivative crys-
tals as an approach for high solid-state luminescence efficiency

C4Hy

C4Hy
(3} Wong and co-workers (2017, Ref: 60)

-

( :) Xu, Tian and co-workers (2015, Ref: 62)

S

Fig. 4 Molecular structures of atypical aggregates discussed in the review.
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(Fig. 4; molecule 5).°" The authors have employed the method of
adjusting the long axes of adjacent chains such that they are
perpendicular in condensed media as an effective arrangement
to prevent any drop in luminescence, as per the prediction from
theoretical investigations. The crystals of 2,5-diphenyl-1,4-
distyrylbenzene (trans-DPDSB) with two trans double bonds
adopted a cross-stacking mode with an interchomophoric rota-
tional angle of 70°. Cross dipole stacked 1,4-Bis(2,2-diphenyl-
vinyl)benzene is yet another example of a highly emissive
assembly owing to its crystalline architecture (Fig. 4; molecule
2).°* Staggered zigzag nanographene with an inert molecular
rotational angle of 90° was synthesized by Miillen and co-
workers using a novel strategy to control the helical packing
within columnar structures by the substitution pattern PAHs
(Fig. 4; molecule 4).>° Spiess and co-workers have reported a
discotic liquid crystal of triethyleneglycol (TEG)-substituted PDI,
which packs as a stable column with an interchromophoric
rotational angle of 90° (Fig. 4; molecule 6).°* The angle between
the monomers of alkyl-substituted analogue was found to be
approximately 35°, whereas the X-ray study shows that for the
system with TEG, the side chains are perpendicular to each
other. In another example of anthracene derivatives, upon
extending Kasha’s exciton formalism beyond the traditional
nearest-neighbour approach, a quantitative estimation of
the excimer and dipole shift was demonstrated.®* The exciton
interactions tuned in anthracene through acetylation led to the
decoded mechanism of the exciton relaxation dynamics.
Emergent photophysical properties from the crafted architectures
were explored using both experimental tools and state-of-the-art
computational methods for understanding the aggregates beyond
Kasha’s model. The theoretical investigations devoted to the
vanishing geometrical points of the exciton couplings gathered
a more fundamental understanding of the null aggregates
photophysics.®> The diabatization scheme of time-dependent
density functional theory was utilized by Tamura to explore singlet
exciton coupling, incorporating contributions from Coulomb
(Forster) and electron exchange (Dexter) couplings. T-shaped

R= ~IN NN
(s:) Spiess and co-workers (2009, Ref: 63)

~) Ma and co-workers (2005, Ref: 61)

This journal is © The Royal Society of Chemistry 2023
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aggregates, the boundary of H- and J aggregates, and cancelled
coupling to the bright state of H aggregates in a T-shaped trimer
are identified as molecular aggregate topologies causing intermo-
lecular conical intersections with null exciton coupling.

The theoretical protocol developed by Engels, Fink, Kaupp
and co-workers offers accurate predictions of the packing and
optical properties of perylenetetracarboxylicdiimide (PDI).*®
PDI dimer geometries with different torsion angles (¢) were
subjected to ground state energy surface calculations as a
function of longitudinal and transversal shifts (Fig. 5). The
patterns in the resulting potential energy surface show that a
small variation in substitution pattern can result in strong
crystal structure alterations. The dimer orientation, having a
torsion angle of 30°, displays the minimum potential energy.
The orthogonal geometry shows potential energy values lower
than those of the 0 and 60° oriented geometries, showing the
relative stabilities.

The experimental evidence for the marginal excitonic cou-
pling for the 54.7° slip-angled (magic angle) system was unveiled
by Xie and co-workers in a single crystal of N,N’-bis(4-
methoxybenzyl)perylene-3,4,9,10-bis-(dicarboximide)  (mb-PBI)
(Fig. 6).>” The molecule forms one-dimensional molecular col-
umns along the a axis guided by the intermolecular n—n inter-
actions, and the columns are linked by intermolecular CH: - -O
hydrogen bonds. The lower orientation factor in the magic angle
stacking (M aggregate) may minimize the exciton migration
(Fig. 6) in the system. The equation in Fig. 6 shows the relation
between the orientation factor and the slip angle (0). The value of
the orientation factor approaches zero at the magic angle stack-
ing of 54.7°. Therefore, the possibility of fluorescence quenching
due to energy transfer reduces, which results in the restricted
exciton migration nature of such M aggregates. The experi-
mental results in the PBI crystalline film showed strong and

Energy (kcal mol”)

Dispersion
5t i F 5 ;
0 15 30 45 60 75 90

¢ (degrees)

Fig. 5 Dimer geometries and potential energy curve of the electronic
ground state of the geometries (black line) as a function of torsion angle
(¢). The dispersion contribution to the total energy as a function of the
torsion angle is shown in the red trace. Reproduced from ref. 66 with
permission from the American Chemical Society, copyright 2023.
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Fig. 6 (a) Molecular structure of mb-PBI and (b) orientation factor dia-
gram according to Kasha's model for a conventional parallel dimer by
considering point dipole approximation. Reproduced from ref. 37 with
permission from the American Chemical Society, copyright 2023.

H-aggregate

J-aggregate

o
X
9 45 30 15 0

Slip Angle &(degree)

narrow near-infrared (NIR) emission having a fluorescence
quantum yield of up to 10%. The stacking of molecular units
closer to each other results in strong, red-shifted emission
originating from high magnitudes of Frenkel/CT mixing. The
M-type stacking, however, results in high fluorescence yield due
to the reduction of excitonic energy transfer efficiency.

Interference between CT-mediated
and Coulombic couplings

Spano and co-workers discussed the significance of considering
the interference of Coulombic and charge transfer-mediated
couplings, which exist simultaneously in the closely packed
chromophoric systems.”* In chromophoric assembly with small
intermolecular distances, null aggregates can be formed by the
existence of destructive interference between equally strong and
opposite Coulombic and CT-mediated couplings. The perylene-
diimide foldamer reported by Wiirthner and co-workers demon-
strates excellent experimental evidence for the null aggregate
originating from the interference of long- and short-range cou-
plings (Fig. 7).” UV-Vis absorption and emission spectra of the
perylenediimide foldamer showed unchanged spectral features
such as that in the monomeric perylenediimide (Fig. 8). The

Jeou =545 cm™?

JCoul * JCT =——> NULL COUPLING

Fig. 7 Null aggregate of the perylenediimide foldamer originated from
the interference between short- and long-range couplings. Reproduced
from ref. 67 with permission from the American Chemical Society, copy-
right 2023.
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Fig. 8 Absorption (blue solid line), emission (red solid line) and excitation (green dotted line) spectra of (a) Ref-PBI, (b) Bis-PBI 1, (c) Bis-PBI 2 and (d) Bis-
PBI 3(S) in 1,1,2,2-tetrachloroethane (TCE) at room temperature, and (e) molecular structures of Ref-PBI, Bis-PBI 1, Bis-PBI 2, Bis-PBI 3(S) and Bis-PBI 3(R).
Reproduced from ref. 67 with permission from the American Chemical Society, copyright 2023.

calculated values of Coulombic and charge transfer mediated
couplings converged to a negligible net excitonic coupling,
rendering monomer-like optical behaviour (Fig. 7 and 8).
Gopidas and co-worker have reported an effective strategy
for the design of null aggregates using the self-assembly of
inclusion complexes.®® Supramolecular bolaamphiphiles like
bis-inclusion complexes of cyclodextrins (CD), containing two
polar head groups connected by a hydrophobic linker, are
considered crucial building blocks for creating various nano-
structures due to their ability to self-assemble into different
morphologies (Fig. 9). In the presence of 2 equivalents of B-CD,
the bis-AD (adamantane) derivative of anthracene formed a
bis-inclusion complex, where AD groups are connected to
anthracene through the 9 and 10 positions in order to induce
steric effects (Fig. 9). The B-CD =« AD-AN-AD D B-CD bis-inclusion
complex forms a highly ecrystalline nanofiber network.

The tendency of the anthracene core to aggregate in the aqueous
environment is anticipated as the root cause of the self-assembly
into long fibers. Hydrogen bonding interactions between the
fibers are most likely involved in bundling the fibers together.
The complex forms a null aggregate, which is packed in a
column with a twist angle in the range of 60-72°, which helps
to avoid steric hindrance and achieve a n-r stacking distance of
3.64 A. The complex showed identical absorption and emission
spectra as in the molecule AD-AN-AD (Fig. 9). The fluorescence
decay profiles were also matching for the AD-AN-AD and its self-
assembled complex. This can be used as an effective strategy
for designing a null aggregate of planar chromophores in
solution and the solid state. The potential applications of
aggregates necessitate a meticulous understanding of the prop-
erties arising from the assemblies caused even by minute
changes in the geometry.

10000
[— AD-AN-AD == AD-AN-AD +2 B-CD ]
1000
1.04 (@) 107 (b) '3 100
=
- 8 10
8 0.8 3 0.8+
c g: 1
g 0.6+ 3.0'6' 0 20 40 60 8
— B Time (ns)
8 0.4 § 0.4
Q2 =
< 0.2 0.2
0.0 T T T T T T T r y
340 360 380 400 390 420 450 480 510
A (nm) A (nm)
Fig. 9 (a) Absorption and (b) emission spectra of AD-AN-AD in the absence (blue line) and presence (red line) of 2 equivalents of B-CD,

(c) corresponding fluorescence decay profile monitored at 420 nm, (d) molecular structure of AD-AN-AD and (e) stacking of B-CD<AD-AN-AD S -
CD in the fiber networks. Reproduced from ref. 68 with permission from the American Chemical Society, copyright 2023.
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[2] Grid
Fig. 10 Molecular structures of [2]Grid and [3]Grid.

[3] Grid

Cao, Xie, Guldi and coworkers have synthesised null exciton
coupled gridized oligo-diketopyrrolopyrroles via one-pot reac-
tion using bifluorenyls as spacers (Fig. 10).*® Nanogrids are
closed-loop molecular building blocks created through
covalently linking diarylfluorenes. The molecular design allows
targeted studies on DPPs since the C (sp’) nodes break the
conjugation between spacers and chromophores. The nano-
grids synthesised exhibited monomer-like spectroscopic signa-
tures in steady-state optical measurements. The grid oligomers
exhibited symmetry-broken charge-separation (SB-CS) in polar
solvent benzonitrile, generating triplet states through charge
recombination. Additionally, the [2]Grid showed delayed
fluorescence, where SB-CS was found to form an equilibrium
with the singlet excited state.

Null exciton splitting in greek cross (+)
aggregates

Engineering minimal excitonic coupling through orthogonal
stacking of chromophores having a precise rotational angle of
90° remains as a challenge, with several attempts reported over
the past decades in liquid crystals and theoretical investigations
following the prediction of Kasha.>®®® Achieving null exciton
coupling in the solid state is challenging due to the close
intermolecular distance between the chromophores and the
consequent evolution of intermolecular excitonic coupling. The
great interest in engineering chromophores into a vanishing
excitonic coupling arrangement arises from its exciting physical
properties. Greek cross (+) aggregates attained tremendous
attention in the past due to proposed charge filtration proper-
ties, making the Greek cross aggregate an ideal candidate for the
hole or electron transport layer of photovoltaics.”””" In addition,
chromophores in vanishing excitonic coupling arrangements
were identified as ideal molecular orientations for long-lived
symmetry-broken charge-separated states.”” In order to achieve
the desired photophysical properties, methods including func-
tional group substitution and surgery of the molecular core are
widely explored.”® Though such strategies give control over the
molecular behaviours, the properties become unpredictable

This journal is © The Royal Society of Chemistry 2023
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when the molecular form is translated to bulk materials such as
solids, liquid crystals, etc., for applications. The unpredictability
comes from the undesired photophysical pathways generated due
to the excitonic interactions resulting from close-packing.®* There-
fore, an alternative system is necessary to circumvent the excitonic
interactions, thus eliminating unfavourable pathways. The loss of
engineered optical properties of molecules experienced in the
aggregated state as a result of excitonic communication can be
prevented by adopting an orthogonal packing, which results in
isolated excitons or null excitons. The null aggregates effectively
translate molecular optical behaviours into the bulk material,
resulting in photophysical properties that can be reliably pre-
dicted. The reported retention of fluorescence quantum yield as in
the monomer and exciting charge transport efficiency in the null
aggregate, can have far-reaching implications for developing novel
optoelectronic properties for device engineering.”®

Crystalline evidence for the null exciton splitting

The orthogonally cross-stacked architecture, even though being a
promising route for null excitonic interactions, remained
uncharted due to the difficulty in self-assembling the molecules
into a perfect 90° cross, mainly due to the steric effect-mediated less
efficient packing of the chromophores.*’™ The first crystalline
evidence for the Greek cross (+) aggregate was deciphered in 1,7-
dibromoperylene-3,4,9,10-tetracarboxylic tetrabutylester (PTE-Br,),
experimentally substantiated by the observation of monomer-like
optical characteristics in the crystalline state (Fig. 11 and 12).”* PTE-
Br, synthesized was crystalized in a columnar organization with the
nearest co-facial neighbours oriented in an orthogonal geometry
with respect to the long axis of the highly twisted perylene core
(dihedral angle = 24.8°) directed by the inter-stack C-H-:- -t and
dihydrogen (C-H- - -H-C) interactions. The three-dimensional pro-
gression of the Greek cross (+) columnar assembly is predomi-
nantly directed by the intra-stack C- - -Br (d = 3.54 A) and inter-stack
C-H---O (d = 2.65 A) interactions. Interestingly, the spectroscopic
investigations on the crystalline PTE-Br, having the orthogonally
oriented transition dipoles exactly agreed with the theoretical
predictions with an unperturbed fluorescence excitation and
emission properties (¢¢ &~ 0.20) compared to the monomeric unit
(¢¢ ~ 0.23) (Fig. 12). The UV-Vis absorption and fluorescence
excitation spectra of orthogonally oriented PTE-Br, in chloroform
showed a typical perylene n-n* (HOMO-LUMO) transition with
characteristic vibronic features. The dilute solution of PTE-Br,

(a) (b)

SO ST TN

Fig. 11 Molecular structures of (a) PTE-Brg, (b) PTE-Br,, and (c) PTE-Bry.
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Fig. 12 Fluorescence excitation (solid) and emission (broken) spectra in the crystalline state (black line) and chloroform solution (colored line), time
resolved fluorescence decay profiles and schematic depiction of the molecular structure and close-packing of (a) PTE-Brg, (b) PTE-Br, and (c) PTE-Bry.
Reproduced from ref. 71 with permission from the Wiley-VCH, copyright 2023.

exhibited a fluorescence excitation spectrum in the 400-500 nm
region and an emission spectrum in the region of 500-600 nm.
The monomeric solution of PTE-Br, retained the fluorescence
lifetime (t¢ = 0.79 and 2.00 ns) as that in the crystalline state
(¢ = 0.60 and 1.98 ns). Moreover, excellent agreement was
observed between the radiative (k;) and non-radiative (k) decay
constant of PTE-Br, in the solution and crystalline state empha-
sizing the isolation of transition dipoles (Fig. 12). The photo-
excited state properties retained by orthogonally cross stacked
molecules in the crystalline state of PTE-Br, as that in the
monomeric solution indicate negligible Coulombic coupling
between the cross stacked transition dipoles.

Excitingly, the perylene-3,4,9,10-tetracarboxylic tetrabutyl-
ester (PTE-Br,) and the tetrabromo substituted derivative (PTE-
Br,) formed X-type (x = 70°) and J-type (0 = 48.4°) assemblies
respectively in the crystalline state with perturbed optical proper-
ties. Compared to the monomeric solutions of PTE-Br, and PTE-
Br,, the crystalline state displayed a broad and bathochromically
shifted fluorescence excitation and Kubelka-Munk (K-M) diffuse
reflectance spectra in the 300-570 nm region. Crystalline assem-
bly of the PTE-Br, exhibits a broad, red-shifted fluorescence
emission spectrum compared to the monomeric solution in

6672 | Chem. Soc. Rev., 2023, 52, 6664-6679

chloroform. The crystalline X-aggregate of PTE-Br, showed a
biexponential decay (z¢ = 2.18 and 10.9 ns) of the singlet excited
state revealed by the picosecond time-resolved lifetime analysis,
having a higher average lifetime compared to the monomeric
solution in chloroform (Fig. 12). The J-type PTE-Br, showed red-
shifted, moderately narrow emission and increased quantum
yield compared to the monomeric state with a reduced lifetime
(z¢ = 0.79 and 1.34 ns) having a nearly ten-fold increase in the
radiative decay rate. Thus, spectroscopic investigations in the
series with ideal Greek cross (+) PTE-Br,, X-type PTE-Br, and slip-
stacked PTE-Br, endowed an experimental fabrication of the
exciton splitting blueprint proposed by Kasha. Further analysis
of the computed charge transport properties revealed excep-
tional selective hole mobility (un/u. = 575.8, where uy, is hole
mobility and u. is electron mobility) in the Greek cross (+)
stacked architecture (Fig. 13), unlike the X and ] aggregates of
PTE-Br, (un/pe = 3.86) and PTE-Br, (un/te = 6.36) despite the
similar percentage of n stacking interactions.** The rotational
angle-dependent mobility computed reveals the uniqueness of
the selective hole transport in the near orthogonal geometry,
originating from the negligible electron transfer (z.) and high
hole transfer (¢,) integrals.

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (a) Anisotropic mobility computed along the ac plane and
(b) schematic depiction of charge filtering demonstrating selective hole
transfer in Greek (+) cross PTE-Br,. Reproduced from ref. 71 with permis-
sion from Wiley-VCH, copyright 2023.

The search for null aggregates in a myriad of chromophoric
crystals has revealed a series of Greek cross (+) aggregates in
6,13-bis aryl substituted pentacene derivatives in conjunction
with a design strategy for the cross chromophoric assembly
(Fig. 14).”* The quantum chemical computations performed in
the Greek cross (+) architecture formed by the all carbon 6,13-
bisaryl-substituted (4-methylnaphthyl (N,-P); mesityl (M,-P);
phenyl (P,-P) groups) pentacene (Ar,-P) derivatives exhibited
negligible long-range Coulombic and short-range charge
transfer coupling-mediated null exciton splitting with an emer-
gent charge filtering property. The orthogonally cross-stacked
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Fig. 14 Molecular structure and orthogonally stacked dimers of (a) 6,13-
bis(4-methylnaphthalen-1-yl)pentacene (N,-P), (b) 6,13-diphenylpent-
acene (P,—P), and (c) 6,13-dimesitylpentacene (M,—P). Reproduced from
ref. 74 with permission from the American Chemical Society, copyright 2023.
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orientation at a substantial interplanar distance (d; > 4.74 A)
between the stacked dimers of crystalline Ar,—P molecules were
directed by the intermolecular C-H---C interactions engen-
dered by the sterically bulky aryl substituents in the pentacene.
In order to understand the nature of excitonic coupling in
orthogonally cross-stacked pentacenes, the contributions from
long-range and short-range interactions were calculated. The
long-range Coulombic coupling stemming from the transition
dipole interaction was calculated using the ideal dipole approxi-
mation. All three Ar,-P systems showed negligible Coulombic
coupling with values of 0.10, —0.02 and —12.35 cm™ " for N,-P,
M,-P and P,-P respectively, reinforcing the perpetual exciton
quarantine in the Greek cross (+) pentacene. The investigation
on the dependence of Coulombic coupling on the rotational
angle between the transition dipoles was analyzed by keeping
the dimer molecules of M,-P having an intermolecular distance
of 5.99 A, suggesting a minimal value at an angle of 90° of the
order of 1072 ecm ™" (Fig. 15a and d). The Jcou value shows a
steady increment with angle and reaches a strongly Coulomb
coupled regime with a maximum value of 202.45 cm™* at a
rotation angle of 40°. The variation trend in the Jcou values
shows the exclusive role of orthogonal orientation in directing the
long-range interaction to a negligible value. The jcr calculated in
the Ar,-P systems has an insignificant value reinforcing the
irrelevance of charge transfer-mediated coupling in the orthogon-
ally cross-stacked systems, which was further confirmed by calcu-
lation of angle-dependent charge transfer integrals (Fig. 15b). The
reports by Brédas and co-workers demonstrated that the increase
in the interplanar distance leads to an exponential reduction of
the charge transfer coupling (Fig. 15c)."> Analogously, cross-
stacked pentacene also showed an exponential decline in charge
transfer coupling with the increased distance in co-facial dimers.
The highest ¢/t;, value owned by the orthogonal architecture
reinforces the charge filtering in the cross-stacked molecules.
The total coupling between the adjacent molecules is defined as
the sum of Coulombic and charge transfer mediated couplings
(eqn (4)). The insignificant values of Coulombic and CT mediated
couplings imply null exciton splitting in Greek cross (+) penta-
cenes. Analysis of exciton characteristics of the orthogonal dimer
using the fragment-based excited state analysis developed by
Plasser, executed using TheoDORE, showed that the dimer in
the orthogonal orientation possesses two localized nearly degen-
erate Frenkel states with equal oscillator strength in each
fragment.”>”® Deviation from the orthogonal arrangement leads
to the mixing of localized Frenkel excitons forming two deloca-
lized Frenkel excitons. It is noted that the Latin cross and T-shape
orientations of the dimers at an intermolecular distance of 4 A
displayed minimal excitonic coupling with a slight increase in
Jooun, Tevealing the potential of these architectures that has to
be experimentally unveiled. The spectroscopic investigations on
the Cross stacked pentacene evidenced unperturbed optical
properties, experimentally demonstrating the null exciton split-
ting in orthogonally cross stacked systems. The UV-Vis absorption
spectrum of the chloroform solution of P,-P showed a structured
excitation band in the 450-650 nm region and emission spectrum
showing resemblance with the absorption and excitation spectra
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in the crystalline state. Similarly, the other derivatives also showed
unperturbed spectroscopic properties in monomeric solution
and crystalline states, validating the theoretical predictions. High
value for ¢, compared to ¢, in the Ar,-P systems suggests hole
filtering capability through the stacks.

Mutually exclusive hole and electron transfer coupling in Greek
cross (+) stacks

The theoretical investigation following the trend in the charge
transfer coupling of the orthogonal crystalline systems suggests
the universality of the cross-stacked architecture as a null
coupling inducing chromophore packing even at shorter inter-
planar distances, as well as possessing selective charge carrier
filtering capabilities in the field of charge transport.”® Electronic
coupling can lead to the foundation of fascinating optoelectronic
properties in organic chromophoric systems.">”” The influence of
electronic coupling through orbital overlap is remarkably suscep-
tible to the relative molecular orientations and sensitive to even
sub-angstrom shift.”® The orientation-dependent change arises
from the inter-orbital phase relationship. The hole and electron
transfer coupling originates from HOMO-HOMO and LUMO-
LUMO orbital overlap, respectively. The aggregate architectures
with tuned electronic communication can have implications for
the design of optoelectronic materials. Diverse geometrical
arrangements have been surveyed for the emergent optical and
charge transfer properties by altering Coulombic and short-range

6674 | Chem. Soc. Rev, 2023, 52, 6664-6679

excitonic coupling through chemical modification and crystal
engineering.””®® The co-facial H-aggregates show high charge
carrier mobility where the slip-stacked J-aggregate exhibits com-
paratively low charge carrier mobility and high fluorescence
quantum yield similar to the cross dipole (¢ = 70°) and magic
angle (0 = 54.7°) stacked chromophores.*””**#1:82 QOther than the
unique 90° arrangement, a rotational angle of 60° is also reported
by Miillen, Brédas and co-workers to have an increase in charge
transfer mobility for large chromophores.®®** The Greek cross (+)
dimers with eclipsed centroid to centroid arrangement of linear
acenes naphthalene (N), anthracene (A), tetracene (T), and penta-
cene (P) and non-linear acenes pyrene (Py), perylene (Pe), ovalene
(Ov), and dibenzo[Ai,uV]-phenanthro[3,4,5,6-bcdeflovalene termed
as nanographene (Nn), having a D, point group were investi-
gated. Interestingly, the scan of electron and hole transfer cou-
plings showed selectivity at orthogonal orientation for all systems
under investigation. In the case of naphthalene, the electron
transfer coupling reaches a minimum at « = 90° while the hole
transfer coupling reaches a maximum (Fig. 16). The magnitude
of charge transfer coupling oscillates with o, owing to the inter-
orbital phase relationship between the nodal and antinodal
patterns in FMOs. The reason for the observance of hole transfer
coupling and negligible electron transfer coupling is attributed to
the inherent differences in the orbital symmetry of the monomer.
Subsequent analysis on the variation of charge transfer coupling
as a function of rotational angle («) in higher linear acenes

This journal is © The Royal Society of Chemistry 2023
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revealed a similar trend of mutually exclusive coupling at o =
90°, where either ¢, or ¢, have negligible magnitude. Linear
acenes with an even number of benzenoid acenes (naphthalene
and tetracene) exhibited higher #, and null ¢, which is in
contrast to the odd-numbered benzenoid acenes (anthracene
and pentacene). The mutually exclusive behaviour can be traced
down to the orbital symmetry of the monomers. Tetracene and
naphthalene having gerade symmetry result in zero orbital overlap
between LUMOs in a cross-stack, consequently causing a negli-
gible electron transfer coupling. The even-numbered benzenoid
acene possessing gerade symmetry in the HOMOs holds an
insignificant hole transfer coupling. The selected non-linear
acenes having gerade symmetry for the HOMOs (pyrene, ovalene
and nanographene) displayed negligible #, in the orthogonal
architecture, while the acene with gerade symmetry on the LUMO
(perylene) revealed null electron transfer coupling. The total
coupling (Jiora1) for a Greek cross (+) orientation in these dimers
is negligible owing to the minimal inter-orbital overlap in one of
the FMOs and the null Coulombic coupling from the orthogonal
transition dipoles, resulting in the evolution of two degenerate
Frenkel excitons. The specific correlation between geometry and
resultant electronic properties in a Greek cross (+) stacked chro-
mophore system highlights the outstanding potential of the Greek
cross (+) architectures for emergent optoelectronic properties that
call for further investigations.

Null exciton-coupled spiro-conjugated perylenediimide dimer

The attempt to stitch molecules covalently in an orthogonal
fashion to possess null excitonic character culminated in a
spiro-conjugated perylenediimide dimer (Sp-PDI,) exhibiting a
monomer-like spectroscopic  signature.”> An edge-to-edge
arranged Greek cross (+)-architecture with a rotational angle (0)
of 87.43° between the chromophores by connecting the two blades
of PDI subunits through sp*-hybridized spiro-carbon atom is
reported to possess null coupling (Fig. 17).>> Control over the

This journal is © The Royal Society of Chemistry 2023

intrinsic excitonic coupling through the cross-architecture and
external environment by increasing the solvent polarity led to the
evolution of the charge-separated state in the spiro-conjugated
perylenediimide dimer. The UV-Vis absorption spectrum of Sp-
PDI, recorded in toluene (Fig. 17) showed virtually unperturbed
spectral characteristics as conferred by the Ref-PDI, portraying
yet another classic example for Kasha’s classic null exciton. The
UV-Vis absorption spectrum of Ref-PDI showed an absorption
maximum at 533 nm with characteristic spectral features such as
that of the monomeric PDI, along with a 10 nm bathochromic
shift. The shift observed in the Sp-PDI, having an absorption
maximum at 549 nm is due to the self-energy correction. The
fluorescence emission spectrum of Sp-PDI, in toluene showed a
monomer-like signature with well-resolved vibronic bands having
an emission maximum of 558 nm and a high fluorescence
quantum yield of 90.20%. The reference PDI exhibited an emis-
sion maximum at 542 nm with a fluorescence quantum yield of
97.7%. Subsequent theoretical investigations suggested negligible
value for the Coulombic and charge transfer couplings, reinfor-
cing the exotic nature of the Greek cross (+) orientation.
The obtained Joou value of 3.34 em™' emphasizes the null
Coulombic coupling stemming from the Greek cross (+) orienta-
tion. The charge transfer coupling calculated revealed the selective
hole transfer coupling in the spiro-connected dimer, which is
further experimental evidence for the selective charge filtering in
the Greek cross (+) stacked architecture. The minimal value
(—2.79 ecm ") obtained for the CT coupling warrants the incon-
sequential short-range interaction at the angle of 90°. The exciton
coupling calculated from the UV-Vis absorption spectrum from
the ratio of the 0-0 and 0-1 absorption bands reaffirms the null
exciton coupling in the system. Coulombic and charge transfer
couplings analyzed for different spatial orientations confirmed
the exclusive nature of 90° rotational angle in nullifying the
excitonic coupling. The emergent excited state dynamics of the
null exciton coupled spiro-conjugated PDI dimer exhibited solvent

Chem. Soc. Rev., 2023, 52, 6664-6679 | 6675
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Fig. 17 Molecular structures of (a) PDI, (b) Ref-PDI and (c) Sp-PDI, (R-3-pentyl group), (d) single crystal X-ray structure of Sp-PDlI,, and (e) normalized
absorption (black trace) and emission (red trace) spectra of Ref-PDI (top) and Sp-PDlI, (bottom) in toluene at room temperature. Reproduced from ref. 72

with permission from the American Chemical Society, copyright 2023.

polarity modulated photophysical properties. A significant
decrease in fluorescence quantum yield and the evolution of
a biexponential fluorescence decay profile with an increase
in solvent polarity implied the presence of additional decay
pathways. The solvent-dependent femtosecond transient
absorption studies revealed the dissociation of the null exciton
state facilitated by the selective hole transfer coupling in polar
solvents leading to the evolution of a symmetry-breaking
charge-separated state. The fragment-based excited state ana-
lysis in Sp-PDI, displayed nearly degenerate localized Frenkel
exciton states (S; and S,) and pure CT state (S; and S,) (Fig. 18).
The high sensitivity of short-range CT coupling to molecular
packing geometry leads to the promotion of various photophy-
sical pathways including excimer formation, symmetry-breaking
charge-separation (SB-CS), or singlet fission, depending on the

molecular arrangement. The photoinduced dynamics of PDI
dimers can be categorized based on the long-range Coulombic
and short-range CT coupling as: (i) SB-CS state by an incoherent
charge separation process in dimers with small Coulombic
coupling, (ii) structural relaxation to form an excimer state
in the strong Coulomb coupled regime, and (iii) a null coupled
regime where both the couplings get cancelled by each other,
which can lead to electronic state mixing between Frenkel
exciton (FE) and CT states.

Wasielewski, Young, and co-workers recently presented null-
type exciton coupling in a slip-stack arranged PDI dimer 2 and
trimer 3 (Fig. 19).*° The monomeric units 1 of the PDI dimer
and trimer connected through a xanthene spacer with 4.3 A
slippage along the longer axes and 3.5 A average intermolecular
distance. The steady-state UV-Vis absorption and fluorescence

Local excited state (S,)

Local excited state (S,)

Fig. 18 Depiction of hole and electron transfer between the neighbouring PDI molecule and corresponding isosurface of the hole (blue) and electron
(yellow). Reproduced from ref. 72 with permission from the American Chemical Society, copyright 2023.
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Short-range CT coupling

(a) Molecular structures of monomer, dimer and trimer (R-4'-tert-butylphenoxy group), (b) absorption (solid line) and emission (dotted line)

spectra of 1, 2 and 3 in THF, and (c) energy level splitting between the HOMOs and LUMOs in 2 due to the short-range CT coupling. Reproduced from

ref. 85 with permission from Nature, copyright 2023.

spectrum of the dimer 2 and trimer 3 indicates the presence of
weak excitonic interaction between slip-stacked PDI units.
Small bathochromic shifted absorption maxima (12-16 nm),
and a slight increase in their 1°7/I° vibronic band ratios
support the weak excitonic coupling in 2 and 3 (Fig. 17).

The excitonic coupling strength (J) calculated from the
absorption spectra of 2 and 3 resulted in J = 15 em ' and
46 cm™ ' for 2 and 3, respectively, signifying the destructive
inference between the Coulombic and charge-transfer term con-
tribution. Strong charge-transfer coupling in slip-stacked dimer 2
and dimer 3 could have arisen from the significant frontier
molecular orbital wave function overlap between PDI units
(Fig. 19). The excited-state dynamics of dimer 2 and trimer 3 in
different dielectric environments unveiled the role of vibronic
coupling in coherent symmetry-breaking charge separation.

Conclusions

The arrangement of chromophores in the assembly, which
determines the electronic coupling, controls the optical char-
acteristics that emerge from supramolecular arrays. It is vital to
comprehend electronic couplings and their resulting photo-
physical properties in order to develop optoelectronic materials

This journal is © The Royal Society of Chemistry 2023

of interest. The ease of attainability led to a volume of literature
about the H- and J-aggregates that are well understood and can
only be seen as the tip of the iceberg. The advancement of
aggregate photophysics requires attention to anomalous aggre-
gates with unusual slip and rotational angles. Davydov and
Kasha separately established the initial theoretical framework
for comprehending the excitonic coupling in molecular assembly.
Later the excitonic theory was modified by the incorporation of
orbital overlap-mediated coupling. Several attempts were reported
in assembling molecules as cross dipoles which enhanced the
luminescence efficiency. Atypical aggregates exhibiting minimal
exciton interactions have remained elusive owing to the difficulty
in achieving them. The M aggregates reported in mb-PBI stacks
with 54.7° slip angle minimise the long-distance Foster energy
transfer. Yet another phenomenon of null aggregate formation by
the interference between Coulombic and CT-mediated couplings
was unveiled in a perylenediimide foldamer, where monomer-like
absorption features are observed for the foldamer. Null aggregates
through orthogonal architectures are a hitherto less explored
class of supramolecular assemblies of organic chromophores,
which now is in the spotlight with a series of experimental
verifications and more theoretical insights unveiled after Kasha’s
proposal of the exciton isolation in the orthogonal chromophoric

Chem. Soc. Rev., 2023, 52, 6664-6679 | 6677
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arrangement in 1965. The first unambiguous evidence for the
null exciton splitting in the crystalline system having a Greek
cross (+) architecture is observed in PTE-Br,. Monomer-like optical
characteristics are observed for crystalline PTE-Br, owing to
the orthogonal orientation, in contrast to the X-type PTE-Br,
(« = 70.28°) and J-type PTE-Br, (x = 0°, 0 = 48.48°) crystalline
assemblies, which rendered perturbed spectroscopic behaviour as
compared to the monomeric solutions due to the exciton coupling
in the systems. The Greek cross (+) architecture rendered null
aggregate was unveiled in a series of 6,13-bisaryl substituted
pentacenes, having phenyl, mesityl and methylnaphthyl as sub-
stituents, possessing negligible short-range charge transfer and
long-range Coulombic couplings. Further theoretical investiga-
tions on the charge filtering revealed the mutually exclusive
nature of hole and electron transfer couplings as a consequence
of Greek cross (+) stacking. The charge filtering capability of the
orthogonal system mandates further investigation, which can
have applications in supramolecular optoelectronics. Null exciton
splitting in the edge-to-edge arranged Greek cross (+) architecture
is experimentally verified by the analysis in the spiro-conjugated
perylenediimide dimer. Extending the possibilities of null aggre-
gates in the covalently connected system can offer a plethora of
design strategies in order to engender molecular assemblies
having null coupling. The emergent properties of the aggregate
assembly can be structured by tuning the exciton coupling,
promising potential applications of less explored architectures
for optoelectronic devices.
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