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Some achiral cyanine dyes form well-ordered chiral assemblies exhibiting pronounced Circular Dichroism
(CD) and Circularly Polarized Luminescence (CPL). Notably, achiral C803 cyanines self-assemble into
tubular J-aggregates, which further organize into bundles displaying bisignate CD spectrum - hallmark
of an exciton coupled system — and an unusual bisignated CPL. In contrast, the tubular aggregates
display a monosignate CD spectrum. The mechanism underlying these intriguing features remains
elusive. In the present work, a quantum-mechanical exciton model is proposed to elucidate the (chir)
optical behaviour of C803 aggregates. A herringbone arrangement of C803 dyes within the tubular
aggregates well reproduces the observed spectral signatures. The anomalous observation of a singular
CD peak in tubular aggregates is ascribed to the intrinsic chirality of the monomeric units inside the
aggregate, whereas the CD doublet characterizing the bundles is attributed to the exciton coupling

between the constituent tubes. The bisignated CPL signal observed in bundles reveals significant anti-
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Accepted 8th September 2024 Kasha emission at room temperature and is quantitatively addressed accounting for a very tiny exciton

splitting leading to a sizable thermal population of both exciton states. This study provides crucial
insights on the complexity of C803 aggregation and on the origin of chiroptical response at various
aggregation stages.
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left(right)-handed circularly polarized light. Enhancing the
dissymmetry factors is the focus of intense current
research.'»'?° In this context, supramolecular aggregation is

1 Introduction

Chiral molecules, having structures not superimposable with
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their mirror image,'” play a crucial role in various biological,
chemical, and physical phenomena.*?® Circular dichroism (CD),
measuring the differential absorption of left-handed and right-
handed circularly polarized light,** is the spectroscopic tech-
nique of choice to investigate chiral structures. Circularly
Polarized Luminescence (CPL), the analogous phenomenon of
CD but detected in emission,' > has garnered considerable
attention in recent years for its potential technological appli-
cations in CP-OLED devices,"*™ 3D-displays and anti-
counterfeiting inks.'® Successful applications require large
dissymmetry factors, defined in absorption as g,ps = 2(Ar, — Ag)/
(Ap + Ag), where Ap) is the sample absorbance of left(right)-
handed circularly polarized light and in emission as gum =
2(I, — R)/(I, + I), where I () is the intensity of the emitted
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emerging as a promising strategy to improve chiroptical prop-
erties, primarily through an exciton coupling mechanism.* ">
Cyanines are a large family of dyes with remarkable aggre-
gation Dbehavior.””** Among them, 3,3’-bis(2-sulfopropyl)-
5,5',6,6"-tetrachloro-1,1’-dioctylbenzimidacarbocyanine (C8S3)
and  3,3'-bis(3-carboxy-n-propyl)-3,3’-di-n-octyl-5,5',6,6'-tetra-
chlorobenzimidacarbocyanine (C803) cyanines show an
impressive propensity to form strongly coupled supramolecular
aggregates in polar environments and in thin films.**** In 1996,
the spontaneous aggregation of C803 molecules into non-
racemic chiral aggregates was observed, an astonishing result
since the chromophoric core of the monomer, in its equilibrium
geometry, is planar and nonchiral.*® The aggregation of C803 is
hierarchical, with different structural features appearing in
successive size scales:*” monomers assemble into J-aggregates
in the shapes of tubes, which in turn interweave to form
bundles,***® as schematically shown in the top panels of Fig. 1.
In each aggregation step, notable spectroscopic features appear,
ascribed to a strong exciton coupling among the constituent
units. Previous studies from some of us revealed robust chi-
roptical responses through hierarchical aggregation of C803 in
solution,** and a perfectly correlated g,ps and gjum, for C803
bundles in films reaching an impressive gy, of 0.08.*?
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Fig. 1 Upper panels: various stages of aggregation and relevant
experimental conditions. Lower panels: theoretical models employed
to describe each stage of aggregation.

Moreover, several uncommon chiroptical features were uncov-
ered. Specifically, individual C803 tubes displayed a single CD
peak instead of the typical doublet indicative of exciton
coupling,®***® leading to an apparent violation of the “sum
rule”. This rule, first enunciated by Condon,* states that the
integrated area beneath a CD spectrum vanishes. Adding
complexity to the problem, a CD doublet pattern appears for
bundled aggregates, which also show a remarkable bisignate
CPL, indicative of uncommon double emission at room
temperature and anti-Kasha behaviour. Given their importance,
these features need to be analyzed and understood.

Here we clarify the distinctive spectral characteristics
exhibited by C803 aggregates and rationalize the chiroptical
features present at each tier of the hierarchical structure in
C803 aggregates. A bottom-up modeling approach is
adopted,**® as illustrated in the bottom panels of Fig. 1. A joint
analysis of experimental data for the monomer in solution and
TD-DFT computational results lead to a reliable description and
parametrization of a model for the C803 monomer. This
approach sets a sound basis to construct a model for the
aggregates in the tubular form and then to describe the bundles
as hierarchical assemblies of tubes. The multiscale theoretical
protocol proposed in this work enables the investigation of the
complex aggregation phenomena observed in C803 at different
aggregation stages. The unusual spectral features observed in
experimental spectra are addressed, providing a complete
picture of their physical origin.

2 Results and discussion

In Section 2.1 we shortly summarize relevant experimental data,
addressing the evolution of chiroptical spectra of C803 when
going from solution to tubular aggregates and finally bundles.*
The theoretical analysis begins in Section 2.2 where a minimal
model for the C803 dye is proposed and parametrized, relying
on TD-DFT calculations on the distorted chromophoric core, as
extracted from the crystal structure. The dyes are then assem-
bled to form a tubular aggregate (Section 2.3) whose spectral
properties are analyzed relying on an exciton model for inter-
molecular electrostatic interactions. Finally, in Section 2.4
a model is proposed for the bundle that quantitatively accounts
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for CD spectra and even more interestingly for the observation
of a bisignate CPL feature.

2.1 Experimental data analysis

Our analysis mainly relies on experimental data collected in
a previous study by some of us.**> The preparation of a film of
C803 aggregates begins by mixing a monomeric C803 solution
(0.25 mM in ethanol) with an aqueous PVA/NaOH solution at
a 1:1 volume ratio. The PVA/NaOH solution is made by
combining 6 wt% PVA and 10 mM NaOH aqueous solutions,
also in a 1:1 volume ratio. After dropcasting the resulting
C803/PVA/NaOH mixture onto a glass substrate, solvent evap-
oration triggers a hierarchical aggregation process. This process
initially forms tubular structures that subsequently intertwine
to create bundles (c¢f. Fig. 1). A comprehensive analysis of thin
films of C803 aggregates exploiting Mueller polarimetry*"*’
allowed for the artefact-free acquisition of absorption, emis-
sion, Circular Dichroism (CD), and Circularly Polarized Lumi-
nescence (CPL) spectra of the aggregates. Using a microscope
objective within the Mueller setup, light could be focused on
specific sample regions containing either individual tubes or
bundles. Fig. 2 summarizes experimental (chiro)optical spectra
obtained for the monomer in solution and for single tubes and
bundles in thin films.

The main absorption peak shows a large red shift when
going from solution (~520 nm) to either the tubes or the
bundles (~610 nm), indicative of strong J-aggregation, as
further supported by the intense emission observed in the
aggregates with negligible Stokes shift.*"***° The narrowing of J-
aggregates absorption is ascribed to the reduced electron-
vibration coupling as due to exciton delocalization.* The
absorption spectra of tubes and bundles show, besides the
prominent sharp peak at 610 nm, a secondary less intense,
broad peak at shorter wavelength (~575 nm). Linear dichroism
measurements on oriented samples of tubular aggregates
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Fig. 2 Experimental spectra of C8O3 monomer in ethanol (a), and of
tubes (b) and bundles (c) in thin film. Top panels show normalized
absorbance and emission spectra; bottom panels show normalized
CD and CPL spectra. AA = AL — Agr and Al = I, — Iz, where A is
absorbance, | is emission intensity and the L(R) subscript refers to
left(right) circular polarization of incident light.
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demonstrate that the main peak at 610 nm is polarized along
the tube axis and is therefore termed the “longitudinal mode,”
while the 575 nm peak is attributed to a “transverse mode” with
polarization perpendicular to the tube axis.****%

Tubes and bundles have similar absorption and emission
spectra, but qualitatively different chiroptical responses. Tubes
exhibit monosignate CD and CPL spectra, peaking at the same
wavelength as the longitudinal absorption peak. A very weak,
bisignate signal can be noticed in the region of the transverse
absorption band. On the opposite, bundles display an intense
doublet both in CD and CPL spectra in the region of the
longitudinal absorption maximum.

The monosignate feature observed in CD spectra of tubular
aggregates is a notable chiroptical anomaly. Just as the intensity
of an absorption peak is quantified by its oscillator strength
(proportional to the transition frequency times the squared
electric transition dipole moment), the intensity of a CD peak is
quantified by the associated rotational strength.*® For a transi-
tion between the ground state |g) and an excited state |f), the
rotational strength, Ry, is

Re = tmn((&[7]1)-r}ile) ) o

where Im takes the imaginary part of the argument, and ﬁ’ and
m are the electric and magnetic dipole moment operators,
respectively. A theorem, originally derived by Condon*® and re-
ported in ESI, proves that the sum of the rotational strengths
for all transitions and hence the integrated area beneath a CD
spectrum (plotted against transition energies) must vanish.
Supramolecular chirality nicely illustrates this principle. Chiral
aggregates usually show CD doublets attributed to an asym-
metric arrangement of electric transition dipole moments,
which leads to the CD contribution called u-u coupling.****%
The asymmetric arrangement of electric transition dipole
moments within a chiral aggregate can be associated with an
effective magnetic dipole moment so that the chiroptical effect
can be described in terms of the rotational strength of eqn
(1).>*** For a chiral dimer of interacting molecules, the u-u
coupling contribution to the rotational strength produces two
peaks of opposite sign centered around the monomer absorp-
tion frequency, w,.*>** The intensity of the two peaks approxi-
mately goes as +woFip (W, X W,), where 7y, is the vector
joining molecules 1 and 2, and %, denotes the electric tran-
sition dipole moments of the molecules, confirming the sum
rule at least in the limit of weak exciton coupling.§ Even in
larger aggregates, u-u coupling results in CD doublets which
approximately obey the sum rule.>

If the relevant transition of the monomer is characterized by
a sizeable transition magnetic dipole moment besides the
electric dipole moment, additional contributions, due to u-m
coupling, appear that are particularly significant for weakly
allowed transitions.”® The u-m coupling is dubbed intra-
molecular or intermolecular when it involves dipoles centered
on the same or different molecules, respectively.”® Intra-
molecular u-m coupling implies sizeable electric and magnetic
transition dipole moments on the same molecule, sharing
a common component, and is only possible in inherently chiral

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecules. Intramolecular u-m coupling offers a possible
explanation for the single CD peak in the spectrum of individual
tubes.**** CD spectra of inherently chiral molecules are often
characterized by a monosignated peak, the sum rule being
satisfied by CD peaks located at high energies, outside the
conventional spectral window of analysis.*®

C803 molecules can exist in twisted conformations due to
the formation of intramolecular hydrogen bond between
carboxylic groups,® but the absence of optical activity in solu-
tion indicates a rapid interconversion between enantiomers. On
the other hand, when a twisted C803 molecule is stuck within
an aggregate, steric constraints may prevent the interconver-
sion, giving rise to a neat chiroptical response, consistent with
our recent experimental results.** Support to this hypothesis
comes from spectra collected from aggregates in thin film upon
heating at 388 K to disrupt the supramolecular organization. In
these conditions, the absorption spectrum closely resembles
the monomer spectrum in ethanol (Fig. 2 and 3), supporting the
disaggregation of the tube, but a faint monosignated CD peak
emerges near the monomer absorption region (Fig. 3), sug-
gesting that chiral monomers are freed upon the disassembly of
bundles and tubes, allowing for the acquisition of their chi-
roptical response prior to racemization. The absorption and CD
spectra of Fig. 3 closely resemble those reported in Fig. 3(B) and
(G) of ref. 41, acquired in the early stages of C803 aggregation.

While the CD signal of Fig. 3 could be due to the presence of
small clusters of poorly interacting chiral C803 molecules, we
point out that the racemization process of isolated C803
molecules can be slower in the film than in ethanol solution,
since ethanol competes with the formation of intramolecular
hydrogen bonds,””*® speeding up the interconversion between
enantiomers. In any case, the monosignate CD spectrum of
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Fig. 3 Absorption (upper panel) and CD spectrum (lower panel) of
C803 aggregates in thin film, after they have been heated progres-
sively to 388 K until the aggregates are disassembled.
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Fig. 3 can only derive from the intrinsic chirality of C803
molecules.

As demonstrated by the statistical analysis in ref. 42, the sign
of CD spectra for C803 aggregates can differ among different
samples and even in different zones of the same sample. This
suggests that the chirality of monomers, released upon dis-
rupting the aggregates, also varies within the sample, depend-
ing on the chirality of the original aggregates.

2.2 C803 monomer: the model

C803 (Fig. 2a) is an amphiphilic cyanine dye with a positively
charged Cy3 polymethinic bridge, long alkylic C8 chains linked
to one nitrogen of the benzimidazolium rings, and C3 chains
ending with carboxylic groups linked to the opposite nitrogen
atom (c¢f. Fig. 1). In the crystal structure,* two distinct config-
urations of C803 chromophoric cores, planar and twisted, are
observed. The side carboxylic groups of C803 are prone to form
intramolecular and intermolecular hydrogen bonds, affecting
the geometry of the chromophoric core. Specifically, molecules
forming intermolecular hydrogen bonds show planar cores,
while those forming intramolecular hydrogen bonds show
a twisted core, with an 18° dihedral angle between the cyanines’
benzimidazolium rings (D in Fig. 4). While the whole crystal is
a racemate, the distorted monomers in the crystal structure of
C803, exhibit the axial chirality typical of biaryls.*®

Quantum chemical calculations (Gaussian 16 suite®) are
exploited to gain information on the monomeric unit. For
computational convenience, all calculations are done on the
chromophoric core, i.e. substituting all pendant chains with
methyl groups (¢f. Fig. 4). The DFT-optimized molecular struc-
ture in the gas-phase (B3LYP, 6-31G(d)) leads to a planar, non-
chiral structure. TD-DFT calculations, using different func-
tionals (B3LYP, PBE0, CAM-B3LYP and M062X; 6-31G(d) basis
set) were run on the optimized (non-chiral) gas phase structure
and on the chiral S-axial (S,) enantiomer of the C803 core as
extracted from crystallographic data (cf Fig. 4).*® Relevant
results are reported in Tables S1 and S2 in ESL{ For both
geometries, the four adopted functionals give very similar
results, suggesting that the nature of the lowest energy states is
properly captured by all functionals. In both structures, all
functionals show that the second excited state, S,, is a dark state
located at much higher energy than the lowest excited state, S;,
so that low-energy spectral properties can be safely described
just accounting for S;.°"** As expected, the chiral and non-chiral
structures have similar oscillator strength and electric and
magnetic dipole moments, but the angle between the electric
and magnetic transition dipole moments is 90° for the non-
chiral structure, leading, as expected, to vanishing rotational
strength.

More interesting for our aims are results obtained for the
axially chiral structure that, for the lowest energy transition, has
sizable and non-orthogonal electric and magnetic transition
dipole moments (angle « = 89.5°, right lower panel of Fig. 4).
This results in a monosignate CD spectrum with sizable rota-
tional strength (cf ESI, Table S1t). Of course, the R-axial

16106 | Chem. Sci, 2024, 15, 16103-16111
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Fig. 4 Upper panel: front view of C803 chromophoric core, where
the electric transition dipole moment % is visible as a double headed
blue arrow. Left lower panel: side view of twisted C803 chromophoric
core, where the magnetic transition dipole moment 7 is visible as
a double-headed red arrow. Right lower panel: the molecular refer-
ence system is rotated to showcase the orientation of both the electric
and magnetic transition dipole moments.

enantiomer has the opposite rotational strength, with a u-m
angle of 90.5°.

In order to build the exciton model for the aggregates, as
described in Subsections 2.3 and 2.4, we parametrize the lowest
energy transition of the C803 dye. Specifically, from the energy
and integrated area® of the absorption spectrum of Fig. 2 we
estimate the monomer transition energy as 2.37 eV and the
transition electric dipole moment as 9.6 D (molar extinction
coefficient from ref. 39, relevant details in Section 3 of ESI).f
The magnetic transition dipole moment is estimated from TD-
DFT as 1.4 a.u. (that is 2.6 x 10~>® J/T in SI) with a u-m angle of
90.5°. With this information, absorption and CD spectra of the
twisted chiral monomer are calculated as shown in Fig. 5 (see
Section 6 of ESI for detailst). Calculated spectra of Fig. 5 are in
qualitative agreement with the high-temperature experimental
spectra in Fig. 3. The spectra calculated for a planar chromo-
phoric core are shown in Fig. S2 for comparison. While the
absorption spectrum does not significantly depend on the
chromophore conformation, the CD spectrum vanishes for the
planar core.

2.3 The C803 single tube

Having parametrized the model for the monomeric unit, we use
it as a building block to construct a plausible model for the
supramolecular structure of the C803 tube. The C803 tubes are
made of two concentric bilayers, separated by the inter-
penetrated C8 alkyl chains.*® The interaction between the
cylindric walls was shown to be negligible in similar aggre-
gates,® the overall spectrum being the sum of the spectra of
each wall. Accordingly, to simulate the spectra, we consider
a single cylindric wall, with a diameter d = 2 nm, close to the
experimental value of the diameter of the inner wall.*® The
“bricklayer” structure proposed in previous works to rationalize

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Normalized absorption (upper panel) and circular dichroism
(CD, lower panel) spectra of the twisted chiral C803 chromophoric
core. A single transition is considered for the monomeric unit (see
text), with a Gaussian bandshape and a width ¢ = 0.045 eV (cf. egn
(S7).+

the (chiro)optical properties of C803 aggregates®>***® would
result in an overall chiral arrangement of the transition electric
dipole moments and hence in a strong u-u coupling contribu-
tion® whose characteristic bisignate CD feature is not observed
for C803 tubular aggregates (cf. Fig. 2). Moreover, the bricklayer
structure does not account for the presence of absorption bands
with different polarization.®® Quite interestingly, in ref. 63
a herringbone structure was proposed for tubular aggregates of
a similar cyanine dye, C8S3, where two molecules per unit cell are
considered, as needed to account for the presence of absorption
bands with different polarization. Here we adopt the same
arrangement for the C803 chromophores inside the walls,
further extending the model to describe the chiroptical prop-
erties of the supramolecular assembly.

The tube is constructed from a planar herringbone lattice
with two molecules per unit cell (the unit cell is highlighted in
red in Fig. 6) that is then folded along the vector &, to obtain
a non-chiral cylinder (see Fig. 6), in close analogy with the
arrangement of “zigzag” carbon nanotubes.®”” Within the tube,
cyanines are arranged in rows (numbered from bottom to top in
Fig. 6). Cyanines in the r~th row are oriented in such a way that
their long axis makes an angle 3 with respect to the tube axis (z),
cyanines in the (r + 1)-th row form the same angle with —z. The
transition electric dipole moment of each molecule (aligned
with the polymethine bridge) is tangent to the cylinder surface.
The magnetic transition dipole moments form an angle of 90.5°
with the electric dipole moments, hence making the molecules
chiral, as discussed in Section 2.2. More details about the
geometry are reported in Section 5 of ESL{

While C803 solutions do not show optical activity due to
rapid interconversion between enantiomers,** steric constraints
within the tubes prevent interconversion, keeping the mole-
cules in a fixed conformation and leading to a neat chiroptical
response. Moreover, the presence of a distorted C803 unit can
induce distortions in neighboring monomers, in the so-called

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The herringbone 2D-lattice of C803, where cyanines in the r-
th row form a  angle with the positive direction of the z axis and
cyanines in the r + 1-th row form the same angle with the opposite
direction of the z axis (left), is folded to obtain a tube, with z becoming
the tube axis (right).

sergeant and soldiers chirality amplification mechanism.?
Specifically, a distorted monomer may induce similar distortion
in adjacent monomers, without necessarily transferring
chirality to the supramolecular level, i.e. maintaining a non-
chiral supramolecular organization.

To address the optical spectra of the tube, we rely on the
exciton model, where only states with a single excited molecule
are considered. Specifically, |n, i) represents a state where the i-
th molecule in the n-th unit cell is excited. The exciton Hamil-
tonian accounts for the electrostatic interactions between
transition dipole moments:****

H=EyY |ni)(nil + Y _J(n,izm,j)n,i)(m,j| (2)

i nm,i.j

where E, is the monomer excitation energy and J(n,i;;m,j) is the
electrostatic interaction between the electric transition dipole
moments of the i-th and j-th molecules in the n-th and m-th unit
cells, whose explicit form is given in eqn (S5).1 As discussed in
ESI (Section 6),1 the exciton Hamiltonian can be diagonalized
for very large systems (here we consider up to 240 molecules), to
obtain relevant eigenstates, as entering the calculation of
optical spectra.

The calculated absorption spectrum of the tube (Fig. 7)
features two bands, both red-shifted with respect to the
monomer. The more intense and red-shifted band (Apax ~ 607
nm) is longitudinally polarized, while the higher energy band
(Amax ~ 560 nm) has transverse polarization. The presence of
two molecules per unit cell allows for two absorption bands
with different energies and polarization. In contrast, a “brick-
layer” model with one molecule per unit cell would result in all
bands sharing the same polarization.*

As the overall arrangement of electric transition dipole
moments within the herringbone structure is symmetric, the u-
u coupling contribution to chiroptical spectra vanishes, and the
CD spectrum features a single peak in the region of the longi-
tudinal absorption band, in good agreement with experimental
data of Fig. 2. Emission and CPL signals occur at the same
frequency, in line with Kasha's rule, since both features origi-
nate from the lowest excited state observed in absorption and

Chem. Sci., 2024, 15, 16103-16111 | 16107
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CD spectra. For these tubular aggregates, the absorption and
emission dissymmetry factors are very similar, pointing to
negligible geometrical rearrangement upon excitation.*> The
dissymmetry factor calculated for the Kasha's state is estimated
as gabs/lum = 4—, where R and D are the rotational strength and
squared electric transition dipole moment, respectively, asso-
ciated with the transition from the ground state to the Kasha
state.”*® Our estimate of the dissymmetry factor amounts to ~2
x 10~*, much smaller than the experimental value (~10~2). This
important discrepancy suggests that monomers could have
a much more distorted structure inside the tubes than in the
crystals.** Interestingly, small chiral distortions of the herring-
bone geometry lead to small u-u coupling contributions, and
tiny doublets appear in the CD spectrum in the region of the
transverse mode (Fig. S4t), in fairly good agreement with
experimental observation (Fig. 2).

2.4 The C803 bundle

Bundles, which are made out of two or more interwoven weakly
interacting tubes,* represent a further tier in the hierarchical
aggregation of C803. The simplest model for a bundle accounts
for a pair of tubes, each parametrized as described in Section
2.3. The two tubes, at distance /, are arranged with their axes
both perpendicular to the vector that joins them and are
mutually rotated by an angle @, as shown in Fig. 8. The bundle
is chiral for 0° < @ < 90°, with the corresponding enantiomeric
structures having —90° < @ < 0°. Calculations were performed
for a bundle with inter-tube distance / = 40 A and rotation angle
@ = 50° (representing a left-handed screw as in Fig. 8). These
values were chosen in order to reproduce the energies and
relative intensities of the CD and CPL peaks measured experi-
mentally.** Calculated absorption, emission, CD, and CPL
spectra of the bundle are shown in Fig. 9. In order to account for
the thermal population of the first two excited states, emission
(I(w)) and CPL (AI(w))spectra are calculated as follows:

T T T
1= -
— Absorption
0.8 —. Emission n
2
S 0.6 L -
N
o
S 0.4 T —
0.2 -
] !
o T T
40
3]
a2 — cp 7]
3-04 — CPL —
[
N
5-0.61 =
£
S-08 -
1 1 1 1 1

500 600 650

550
Wavelength (nm)

Fig. 7 Spectra calculated for a single C803 tube. Upper panel:
normalized absorption and emission spectra, L and T stand for
“transverse” and “longitudinal” polarization, respectively. Lower panel:
calculated CD and CPL spectra. The dotted gray line marks the posi-
tion of the monomer absorption.
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where k, is Boltzmann constant and 7 = 300 K. k runs on the

2
excited states, Ey, Tk" and Ry (see definition in eqn (S11))} are

respectively the energy, squared electric transition dipole
moment and rotational strength associated to the transition
from the ground state to the k-th excited state. Finally, E; is the
energy of the Kasha state. The dependence of both spectra upon
w® is a consequence of the isotropic character of the
emission.

While absorption and emission spectra show no significant
deviation from those of a single tube (Fig. 7), the CD spectrum
of the bundle exhibits two doublets arising from the longitu-
dinal (L) and transverse (7) modes of the tubes, with the
longitudinal doublet largely dominating the overall spectrum.
The appearance of doublets in the CD spectrum of the bundle is
ascribed to u-u coupling between the modes of the two inter-
woven tubes that form a left-handed screw.’ The u—u coupling
contribution becomes predominant with respect to the intrinsic
chirality present at the molecular level. These features are in
very good agreement with the intense CD doublet, centered
around the single tube CD peak, observed in the spectrum of
the bundle (Fig. 2).

The anomalous observation of a bisignate CPL feature in
Fig. 2 deserves some discussion. As already mentioned in ref. 42
a plausible explanation relies on a significant thermal pop-
ulation of an additional state besides the Kasha state, as ex-
pected if the energy difference between the two states is
comparable to the thermal energy. Upon optical excitation, the
system undergoes internal conversion eventually reaching the
Kasha state, where it stays long enough to reach thermal equi-
librium.*® If excited states lie close to the Kasha state, their
thermal population is responsible for the observation of
anomalous (non-Kasha) emission.” In the case of the bundle
geometry defined above, the calculated interaction between
longitudinal modes results in a very small exciton splitting (~1
meV), smaller than thermal energy at room temperature (~25

Fig. 8 Side view (left panel) and top view (right panel) of the geometry
for the bundle model, where each tube is represented by a red
cylinder.
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Fig. 9 Spectra calculated for the bundle of C803. Upper panel:
normalized absorption and emission, L and T indicate bands that stem
respectively from the coupling between longitudinal and transverse
modes of the tubes. Lower panel: CD and CPL. Spectra are calculated
for a left-handed bundle, with [ = 40 A and & = 50°. CD and CPL
spectra are computed according to egn (S12)1 and (4). Of course,
calculations for the corresponding right-handed bundle give CD and
CPL spectra of opposite signs. The dotted grey line marks the position
of the monomer absorption.

meV). Accordingly, both exciton states are sizably populated,
leading to the bisignated CPL observed experimentally.** We
emphasize that the energy gap between the two exciton states is
significantly smaller than the gap estimated from the difference
between the energies of the positive and negative peaks in the
CPL (or CD) spectra (amounting in this case to ~25 meV).
Indeed, when the separation between the two exciton states is
tiny, positive and negative signals cancel each other, widening
the apparent gap. The calculated dissymmetry factor gj,m is
approximately 0.08, closely matching the experimental factor.

The u~-u coupling contribution arising from the interaction
between the longitudinal modes of the tubes results in highly
intense CD and CPL signals, despite the partial cancellation of
peaks due to the low exciton gap. Notably, the rotational
strength per monomer in the bundle increases by a 50-fold
factor compared to that in the tube, where chirality is solely
attributed to the monomer distortion.

3 Conclusions

In this work a bottom-up theoretical approach is presented to
elucidate the chiroptical properties of C803 aggregates,
tracking their evolution across different stages of hierarchical
aggregation, from monomers to tubular aggregates, and from
tubular aggregates to bundles.

The C803 chromophoric core is planar in its equilibrium
geometry, but it can be twisted following the formation of
intramolecular hydrogen bonds between the side carboxylic
groups, inducing axial chirality. While a distinct CD signal is
not observed in solution, due to the rapid interconversion
between enantiomers, the conformational constraints in the
tubular aggregates result in a neat chiroptical response. Within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the walls of tubular aggregates, C803 dyes adopt a herringbone-
like arrangement, leading to the emergence of two distinct
absorption bands with orthogonal polarization, namely the
longitudinal and transverse modes. The singular CD peak
exhibited by C803 tubular aggregates directly reflects the
intrinsic chirality of the monomers, whereas the herringbone
arrangement within the tube is non-chiral, leading to a vanish-
ingly small u-p coupling contribution, thus explaining the
monosignate CD spectral feature.

The C803 bundle is modeled as a chiral dimer of tubular
aggregates, wherein the restoration of a CD doublet shape arises
from p-u coupling interactions between the excitations of
constituent tubes. The weak electrostatic interaction between
the tubes results in an exciton splitting smaller than thermal
energy at room temperature. As a consequence, two excited
states can be significantly populated according to a Boltzmann
probability distribution, yielding the distinctive anti-Kasha
bisignated CPL shown by the bundles. The large CD and CPL
signals are attributed to the remarkably large transition dipole
moments of the tubes within the bundle, and to the narrow
bandwidth that reduces their partial cancellation.

Our analysis explains the origin of the remarkably high gjum
value (~10~") measured for the bundles. Indeed, we are able to
reproduce it accounting for the electrostatic interaction
between tubular aggregates that are organized in a chiral
fashion. The tubes themselves are aggregates and, more
specifically, J-aggregates and their enormous transition dipole
moments explain the amplified dissymmetry factors of the
bundles. In other terms, the bundles are aggregates of J-
aggregates, which leads to large chiroptical responses. Further
enhancement of gj,, can be expected for larger electrostatic
interactions among the tubes. As an example, Fig. S51 shows
how the calculated gy, increases upon decreasing the intertube
distance. A shorter distance amplifies the electrostatic interac-
tions between the tubes, which increases the exciton gap and
decreases the population of the second excited state. The
consequent reduction in mutual cancellation of the CPL peaks
leads to a significant increase in the gy, of the first excited
state.

The availability of a large set of reliable experimental data on
aggregates of C803 at various stages of the aggregation process
offers a solid basis to develop detailed models for supramo-
lecular chirality, a challenging but extremely rewarding
endeavor. Specific information on the aggregate geometry can
indeed be extracted from the analysis of experimental spectra
and solid structure-property relationships can be extracted at
the supramolecular level with the potential to offer reliable
guidelines towards the design of novel nanostructured mate-
rials with amplified CD and CPL responses.

Data availability

The FORTRAN codes used to calculate the spectra can be found
at https://github.com/francescobertocchi/C803_programs.
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§ As discussed in ref. 23, the intensity of the two CD peaks should read
+wi- () X fi,), where . defines the frequencies of the two exciton states. In
the very weak coupling limit, the exciton splitting is tiny and the two frequencies
can be approximated by wy, recovering the sum rule. More generally, it can be
proved that, if the exciton model is extended to account for doubly excited states,
i.e. relaxing the Heitler-London approximation, the sum rule is recovered without
imposing any approximation on transition frequencies.?
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