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Squaraines are quadrupolar molecular dyes forming aggregates with remarkable structure-correlated
excitonic properties within the visible to near-infrared spectral range. Upon chiral functionalization a
chiroptical response such as circular dichroism is an additional spectroscopic feature. We provide a
combined experimental and theoretical survey on chiral aggregates dispersed in a solution of proline-
derived anilino squaraines (ProSQs) with varying terminal alkyl chain length (C3 to C12 and C16)
directing the aggregation. Different aggregation scenarios with characteristic spectroscopic features
appear, intricately depending on the alkyl chain length: concomitant blue- and red-shifted
spectroscopic signatures both within the linear and circular absorption for intermediate chain length,
and a scenario with dominating blue-shifted signatures for shorter and longer alkyl chain length.
Molecular dynamics (MD) simulations on the aggregate structure return the opposite handedness
suggesting kinetic control in the experiments. Two modified essential state models (ESM) are applied to
calculate the optical spectra with prescribed geometric parameters: a model accounting for just
electrostatic intermolecular interactions (ESM-ES) suggests two concomitant aggregates to explain the
simultaneous blue- and red-shifted spectral signatures while a model including intermolecular charge
transfer (ESM-CT) returns both features for a single aggregate. Due to the complexity of the calculation
this is the first time an explicit expression for calculating circular dichroism including intermolecular
charge transfer is rendered. However, the ESM-CT model is still limited to tetramers, so finite size
Received 31st December 2022, effects such as disorder are not fully captured. This could be the reason why the ESM-CT does not
Accepted 15th May 2023 reproduce the scenario with dominant blue-shifted spectral signatures. We demonstrate that a dimeric
DOI: 10.1039/d2tc05555d model is sufficient to describe linear absorption but fails for chiroptical properties. Furthermore, a
superlinear amplification of circular dichroism intensity with increasing aggregate size is noted for both
rsc.li/materials-c models. This adds value to the application potential for chiral squaraine aggregates.
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1 Introduction

Squaraine dyes represent a well known and widely investigated
family of organic chromophores with unique spectral
properties."'° They are characterized by a rigid inner core, a
squaraine ring, with a strong electron affinity and, typically, two
equivalent electron-donating groups are attached to the inner
core in a centrosymmetric D-A-D structure. Asymmetrically
substituted squaraines also have interesting properties,'""
but will not be discussed here. So called quadrupolar DAD (or
ADA) dyes are often unstable towards symmetry breaking either
in the excited state (class I quadrupolar dyes) or in the ground
state (class III quadrupolar dyes), a phenomenon that shows up
most clearly in fluorescence or absorption solvatochromism,
respectively.” Squaraines are the most famous representative of
the elusive family of quadrupolar dyes of class II, and resist
symmetry breaking in either the ground or excited state, as a
result of strong conjugation among the D and A molecular
moieties. They show intense, narrow and marginally solvato-
chromic absorption and fluorescence bands, typically in the red
portion of the spectrum, that can be moved to the near infrared
region by a judicious choice of the D groups."*® Moreover, at
roughly twice the energy of linear absorption, a state is found,
dark to linear absorption, but with a large (resonantly
enhanced) two photon cross-section.” Squaraine dyes are inves-
tigated and exploited for NLO applications,” bioimaging,'”
biosensing’® and photodynamic therapy.'®2° Another interest-
ing applicative field for squaraine dyes is found in solar
cells,”* > where, however, most interesting results are obtained
with squaraine aggregates that show an amazing panchromatic
absorbance spectrum.'®?*7

Squaraine aggregates are fascinating systems, attracting inter-
est not just for their panchromatic spectrum, but also for ampli-
fied NLO responses,”> and for large chiral responses.***
Modeling squaraine aggregates is challenging as the intertwined
role of electrostatic (ES) intermolecular interactions, intra and
intermolecular charge transfer (CT) and disorder must be taken
into account. In a series of papers,***°# Spano and Collison first
proposed that the panchromatic absorption spectrum of squar-
aine aggregates is due to intermolecular CT interactions, a
hypothesis recently supported by detailed spectroscopic measure-
ments in squaraine crystals.”® The same hypothesis was very
recently challenged in a paper where linear absorption and
pump-probe spectra of squaraine aggregates are discussed in
the framework of a disordered exciton model.*’

In this complex and intriguing scenario, we address chir-
optical properties of chiral aggregates of squaraine dyes. Spe-
cifically, the next chapter describes experimental data collected
on a family of anilino squaraine dyes decorated with chiral
pendants bearing alkyl chains of different length. The dyes
aggregate in solution forming chiral superstructures that,
depending on the length of the terminal alkyl chain, show
distinctively different behavior. Aggregates of dyes decorated
with alkyl chains with intermediate length (from C6 to C10)
show two features in the absorbance spectra: the first one at
500-550 nm is located towards the blue with respect to the
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monomer absorption (at 640 nm) the second one, in the 700-
800 spectral region, is strongly red-shifted vs. the monomer
absorption. Quite interestingly, a bisignated signal appears in
the CD spectrum in the proximity of both absorption features.
In aggregates formed by dyes with either shorter (C3-C5) or
longer (C11, C12, and C16) pendants, instead, the absorption
and CD features at long wavelength become extremely weak
and almost disappear.

This complex experimental scenario will be discussed adopt-
ing an essential state model (ESM) approach,* describing each
SQ dye in terms of three basis states, leading to a molecular
model that reliably describes the spectral properties of the
isolated dye.”"" A first model for the aggregate, the ESM-ES,
is then built accounting just for ES interactions among the
dyes, much as in the standard exciton model. In the ESM-ES
approach, experimental data can be accounted for in terms of
the coexistence of H and ] aggregates in the system.

Following the original suggestion from Spano and
Collison,***¢73® the model is extended, in the ESM-CT version,
to also account for intermolecular CT interactions, leading to
the highly non-trivial problem of calculating CD spectra in an
aggregate with electrons delocalized among different molecular
units. Towards this aim, we release the spinless-Fermion
approximation adopted by Spano and Collison and propose
an explicit expression for the rotational strengths in aggregates
with delocalized electrons. To the best of our knowledge, this is
the first attempt in this direction. In the ESM-CT approach, the
experimental observation of two features in absorption spectra
and two exciton couplets in CD spectra can be rationalized
accounting for a single aggregate structure, an appealing result,
as it does not require the somewhat ad hoc hypothesis of two
families of aggregates. However, the model cannot easily
describe the behavior of systems with short or very long alkylic
chains that show a single dominant feature either in absorption
or CD spectra.

Extensive molecular dynamics (MD) simulations were run to
shed light on these intriguing systems, with somewhat disap-
pointing results: in the process we learned that reliable aggre-
gate structures for these systems may require simulations
accounting for a very large number of molecules, with compu-
tational efforts well beyond the scope of this work. While we
hardly reach a firm conclusion on the structure of the chiral
aggregates of squaraine dyes, our discussion sets the basis for a
thorough understanding of the physics of chiral aggregates.
Moreover, we can definitely exclude the origin of the two bands
as related to a Davydov splitting. This result on colloidal
aggregates is interesting as it also suggests that the panchro-
matic spectrum observed in SQ films cannot be ascribed to the
Davydov splitting but requires a different explanation.

2 Data and experiment
2.1 Titration experiments

The different proline-derived squaraine dyes (ProSQs), which
differ in the terminal alkyl chain length (C3 to C12 and C16),
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were investigated for their aggregation behavior in poor solvent
titration experiments. The general synthesis approach and
analytical details are given in the ESI,{ and for both enantio-
mers of C6 and C16 compounds can be found in ref. 34. For a
titration experiment, a 2.30 x 10~* M stock solution of each
squaraine in a good solvent, here chloroform, is prepared.
Afterwards, 50 pL of the stock solution is diluted by 2950 pL
of poor solvent mixtures consisting of methanol with various
water concentrations, varying from 0-40%. The colloidal solu-
tions are mixed thoroughly and transferred to a 10 mm quartz
cuvette (Hellma). UV/Vis transmission measurements were sub-
sequently carried out using a Specord 200 spectrometer (Analy-
tic Jena) with 0.5 nm step size and 5 nm s~ scanning speed.
Followed immediately by CD-spectroscopic measurements on a
J-810 spectro-polarimeter (JASCO Corporation) with 1 nm step
size, a scanning speed of 200 nm min~', and a 1 nm band-
width. An initial measurement of the pure solvent or solvent
mixture was used for baseline correction. UV/Vis spectra are
shown as absorbance = —log(transmission), which is for (col-
loidal) solution basically equivalent to absorption. The circular
dichroism (CD) spectra are shown as ellipticity in units of milli
degree (mdeg) as outputted from the spectro-polarimeter. Note
that CD and ellipticity are not the same values but for small
quantities ellipticity = CD/2.%*

2.2 UV/Vis and CD measurements in solution

Experimental absorbance and CD spectra of colloidal (S,S)-
ProSQ aggregates having an alkyl chain length of C5, C10 and
C12 in varying ratios of the poor solvent methanol-water
mixture are plotted in Fig. 1. These compounds are representa-
tive for the different aggregation regimes. Fig. S1 (ESIf) con-
tains both enantiomers of the C7 compound to illustrate the
inverted sign of the CD spectra, but otherwise identical spectral
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features. The spectra of all other available compounds (C3, C4,
C6-C9, C11, C12 and C16) are given in the ESIT in Fig. S2 and
S3. The C10 compound has an intermediate alkyl chain length
and expresses two pronounced aggregate absorbance bands
with two corresponding bisignate CD bands to the same extent,
Fig. 1(c) and (d). These aggregate absorbance bands are blue-
and redshifted with respect to the monomer absorbance band
peaking at 640 nm. Both for the C5 and the C12 compound, the
blue-shifted aggregate absorbance and CD features within the
green spectral range are dominant, Fig. 1(a), (b), (e) and (f),
respectively. The overall aggregation tendency increases with
increasing chain length, which is indicated by the reduction of
the molecular absorbance band already in the initial pure
methanol solvent. Therefore, the predominant expression of
blue-shifted spectral features is neither simply correlated with
alkyl chain length nor with aggregation tendency. The dissolved
molecular compounds do not have a corresponding CD feature
since the stereogenic carbon atom is located on the pyrrolidine
ring carrying the alkyl chain, and is not conjugated with the
chromophoric squaraine backbone. The circular dichroism of
the aggregate bands has an excitonic character and arises from
the chiral arrangement of the squaraine backbones directed by
the chiral alkyl chains.

The two-dimensional representation of absorbance and CD
spectra for all (S,S)-ProSQ compounds for two selected metha-
nol-water mixing ratios are shown in Fig. 2 to give a better
impression of the different aggregation regimes. For a lower
water fraction of 4 vol% as plotted in Fig. 2(a) and (b) there is a
dominant blue-shifted bisignate CD response for both the
shorter (C3 to C5) and the longer (C11, C12, C16) alkyl
chain compounds, while the intermediate alkyl chain length
(C6 to C10) compounds form a more pronounced red-shifted
bisignate CD response. Interestingly, the red-shifted CD

(S,5)-ProSQ-C5

—0%
—_—2% )

a)

10 %
—15%
——20%{ 0.4
—30%
—40 %

absorbance

($,8)-ProSQ-C10

gz: 1 0.8 @NN? 1 0.84
8% ’ Hcf OH O, HO o i

0.0 M 0.0+

(S,5)-ProSQ-C12
0%
—2%
4%
6% |
8%

10%
—15%
0.4 —— 20%{
—30%
— 40%

OH O HQ e)

R

- T
400 500 600 700 800 400 500

600 700 800 400 500 600 700 800

ellipticity (mdeg)

-200 1

-400- 1

T T T T -800 T
400 500 600 700 800 400 500
wavelength (nm)

wavelength (nm)

600 700 800 400 500 600 700 800
wavelength (nm)

Fig. 1 Experimental UV/Vis absorbance spectra (top row) and corresponding ellipticity spectra (bottom row) for selected (S,S)-ProSQ compounds with
varying alkyl chain lengths: C5 in (a and b), C10 in (c and d), and C12 in (e and f). The inset in (c) sketches the molecular structure where R denotes the
varying alkyl chain. The legend indicates the volume-percentage of water in the methanol-water mixture and applies to all plots.
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signatures are not smoothly bisignate in shape but express
more detailed spectral features. For a higher water fraction of
40 vol% as plotted in Fig. 2(c) and (d) nearly no molecular
dissolved compounds are left. The bisignate blue-shifted CD
response for the shorter and longer alkyl chain compounds
gain signal strength while maintaining the signs of the band,
i.e. positive at around 520 nm and negative at around 550 nm.
The increased share of water in the solvent mixture has
certainly more impact on the red-shifted CD feature, and
consequently affects the intermediate alkyl chain length com-
pounds more. The red-shifted CD features become less detailed
so the spectral width is reduced and the bisignate shape
becomes more evident. Additionally, the signs of the bisignate
bands appear to be inverted, ie. the most red-shifted band
(here at around 750 nm) is negative while the band at around
710 nm is positive.

The absorption spectra of the colloidal suspensions of
SQ aggregates shown in Fig. 1 and Fig. S13 (ESI{) share
some similarity with the extensively studied spectra of
SQ-films.'®?¢7312 gpecifically, much as in the films, our aggre-
gates show absorption features both to the red and to the blue
of the monomer band. Our study may then offer some valuable
information to shed light on the puzzling photophysics of SQ
films. However, a major difference must be highlighted. In
films, the absorbance spectrum is extremely broad, suggesting
a fairly disordered structure with the coexistence of aggregates
with different nature and/or dimension as well as of mono-
meric species. Our spectra, instead, show much sharper spec-
tral features, suggesting more ordered structures, as also
confirmed by the consistency of the spectra obtained from
different batches.

The experimental absorbance spectra of our samples show a
negligible amount of scattering, indicating the formation of

all (S,5)-ProSQs 4% water
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Fig. 2 UV/Vis absorbance spectra (top row) and corresponding ellipticity
spectra (bottom row) in a 2D representation of all (S,S)-ProSQ compounds
with varying alkyl chain lengths (C3 to C12 and C16) for two selected
volume-percentages of water in the methanol-water: 4% in (a) and (b) and
40% in (c) and (d).
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tiny colloids in highly diluted suspensions. Consequently, these
colloids could not be dried out on a solid support for micro-
scopic or X-ray diffraction investigations, hindering the possi-
bility to collect reliable experimental data on the aggregate
geometry.

3 Simulations of the spectral
properties of aggregates

All molecules of interest have the same chromophoric core, and
only differ for the different lengths of the alkylic pendants.
The spectral properties of the isolated molecules in the
visible region are not affected by the length of the pendants,
as best recognized looking at the absorption spectrum, where
the monomer absorption is seen in all cases as a narrow band
at 640 nm. Similarly, the chiral groups, while instrumental to
guide the aggregates into chiral supramolecular structures,
do not affect the spectral properties of the isolated (non-
aggregated) molecules, that do not show any CD response in
the visible spectral region. We will therefore adopt a bottom-up
modeling strategy:*> in this subsection we will define and
parametrize a model for the isolated (solvated) molecule, only
accounting for the main chromophoric part. In the next two
subsections, the molecular model will be exploited to build two
concurrent models to describe the interacting dyes in the
aggregates.

Low-energy spectral properties of squaraine dyes are well-
captured by an ESM approach that only accounts for three
electronic states.**' The three basis (diabatic) states corre-
spond to the main resonating structures, a neutral (DAD) state,
|N), and two degenerate zwitterionic states (D'A”D and DA D")
|Z;) and |Z,). The zwitterionic states are separated from the
neutral state by an energy gap 2z and are coupled to the neutral
state by a mixing matrix element —t. Vibronic coupling is
marginally relevant in squaraines, so that, in view of the
complexity of the aggregation problem, we will not address it.
Polar solvation will not be discussed either, as it does not affect
the spectral properties of squaraines that have and maintain a
centrosymmetric (hence non-polar) structure both in the
ground and excited states.* The molecular Hamiltonian reads:

A

h=2zp — 16 (®)
with
p =) |Z{Zl
k=12
(2)
6= (INZi| +|Z)(N])

k=1,

8]

Finally, the molecular dipole moment is aligned with the long
molecular axis and its magnitude is measured by the operator:

d = po(12:)(Z1] = 122)(2a)) ®)

where y, is the equal and opposite permanent dipole moment
associated with the zwitterionic forms, |Z;) and |Z,).

This journal is © The Royal Society of Chemistry 2023
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Accounting for symmetry helps to understand the photo-
physics of squaraines:* the two zwitterionic states can in fact be
mixed into a symmetric |Z,) and an antisymmetric |Z_) combi-
nation. The |N) and |Z,) states are mixed into a ground |g) and
a symmetric excited |e) state, while |Z_) stays unmixed. The
lowest energy excitation |g) — |Z_) is active in one-photon
absorption, while the higher energy excitation |g) — |e) is seen
in two-photon absorption. The model parameters for squar-
aines can be fixed to best reproduce the position of one and two
photon absorption band. Specifically, the one and two photon
transition energies hw. = 1.93 eV and hw. = 3.04 eV,
respectively,*" allow us to fix t = 1.04 €V and z = 0.4 eV. Finally,
the experimental transition dipole moment, u. = 12.5 D,*" fixes
llo = 20.83 D. This corresponds to a dipole length a ~ 4.33 A,
that we assign as the effective length of each D-A arm (cf
Fig. 3). We underline that the parametrization of the electronic
Hamiltonian against solution data ensures that it implicitly
accounts for the effect of the medium refractive index:** the
marginal variability of the refractive index in common organic
solvents and, more generally, in organic media, allows us to
adopt environment independent model parameters to describe
dyes in organic media.**™*

3.1 Squaraine aggregates: the ESM-ES approach

Having a reliable description of the solvated dyes, we are now in
the position to develop a model that, accounting for intermo-
lecular interactions, will describe the spectral properties of the
aggregate. The alkylic pendant and the chiral groups play a
fundamental and specific role in guiding the geometry of the
supramolecular assemblies formed upon aggregation in poor
solvents. This specific role is recognized in the distinctively
different spectral properties of the aggregates formed by dyes
with alkyl chains of different length (Fig. 1, 2 and Fig. S2, S3,
ESIY), and by the opposite sign of the CD spectra collected from
aggregates formed by enantiomeric species (Fig. S1, ESIT). As
stated above, we observe that the tendency to aggregate is
amplified in systems with longer chains. Specifically, signa-
tures of aggregation are seen already in pure methanol solvent

Fig. 3 Schematic representation of the aggregate geometry. The blue
and green spheres represent the electron donor (D) and acceptor (A) sites,
respectively. Geometrical parameters are also shown: a is the length of the
D-A arm, ris the interplanar distance, x is the displacement along the long
molecular axis, and « is the angle formed by adjacent molecules. Positive
and negative « describes left and right handed helices, respectively. The
figure a pentamer, bigger aggregates are constructed maintaining the
same arrangement along the stack (one molecule per unit cell).

This journal is © The Royal Society of Chemistry 2023
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for pendants longer than C7, while for C16 only the aggregated
form is observed. In any case, the spectral properties of the
aggregates in the visible region are dominated by the chromo-
phoric cores and their interactions. In this and in the following
subsections we will therefore build two concurrent models for
the aggregates, only accounting for the chromophoric species
and their interactions.

The exciton model***’ is widely and successfully applied to
describe linear spectral properties of molecular aggregates. The
basic assumption of the exciton model is that electrons are
localized on each molecular unit, so that only ES intermolecu-
lar interactions are accounted for and are usually dealt with in
the dipolar approximation. In the standard version of the
exciton model, molecules are described in terms of a single
excited state. Moreover, the interactions between non-
degenerate states are neglected, so that the exciton Hamilto-
nian is defined on the N degenerate states bearing a single
excitation. This approximation amounts to neglect the mole-
cular polarizability.***° In other terms, when the molecules are
brought together in the aggregate, the exciton model neglects
any effect of the interaction with the surrounding molecules
apart from the exciton delocalization. This is a good approxi-
mation for poorly polarizable molecules or, equivalently,
when the excitation energy is much larger than the intermole-
cular interactions, but is expected to fail for aggregates of
largely polarizable molecules with low-lying excitations, like
squaraines.’”**°” A short description of the exciton model and
its application to SQ aggregates can be found in the ESLf
Section 3.1.

ESMs for polar and multipolar dyes lend themselves quite
naturally to address ES intermolecular interactions in molecu-
lar aggregates, releasing the main approximations of the exci-
ton model.>>**>%%3>* gpecifically, modeling SQ aggregates we
release the dipolar approximation and describe each molecule
in terms of a ground and two excited states. More interestingly,
however, since intermolecular interactions are defined on the
diabatic basis, the resulting model fully accounts for the
molecular polarizability, allowing the charge distribution on
each dye to readjust in response to the ES potential generated
by the surrounding molecule.**™°

As in the exciton model*®*” (see the ESIL{ Section 3.1), in
this subsection we neglect the overlap between frontiers mole-
cular orbitals of different molecules, so that electrons are fully
localized on each squaraine unit and intermolecular interac-
tions are just ES in origin. The basis set relevant to the
aggregate is then the direct product of the three basis states
of each dye, for a grand-total of 3" states. This limits the
dimension of aggregates that can be reasonably dealt with to
~9. The Hamiltonian for the aggregate reads:

H = Z}f, + Z Z Vipﬁ.iqqz'.,quﬂ (4)
i

i>j pyq

where the first term is the sum of the molecular Hamiltonians
in eqn (1), with i running on the molecules. The second term
accounts for ES intermolecular interactions, with 7 and j run-
ning on the molecules, and p and q on the three (D, A, D) sites
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of each molecule. The three operators measuring the charge on
each site of the i-th molecule are:

Gia = |12)(21]
Gip = —123)(21] — |23)(2]
Gip = 122)(22)] (5)

Finally, the ES interaction between unit charges residing in
site p of molecule i and site g of molecule j is

1 &2

Vioit = Greor o7l (6)
where e is the electron charge, 7;, is the vector that defines the
position of the i, p site and 7 is the effective refractive index,
accounting for the medium refractive index and for the screen-
ing due to electrons not explicitly accounted for in the model.
In the following, results are shown for 4> = 2 (results for
different values are shown in the ESI,{ Section 3). Fig. 3 shows
a schematic view of the aggregate geometry with the definition
of the main geometrical parameters: a is the length of the D-A
arm, r is the distance between adjacent molecular planes, « is
the rotation angle between adjacent molecules, and x is the
displacement of the dyes along the long molecular axis.

The diagonalization of the Hamiltonian in eqn (4) leads
to the aggregate eigenstates ;. To calculate absorption spectra,

the dipole moment operator D for the aggregate is defined as

the vectorial sum of molecular dipole moments 07,1. The transi-
tion dipole moment from the ground state |i},) to state |y;) is
finally obtained, as needed to calculate the linear absorption
spectrum (ESI,{ Section 2.4).
The rotational strength, defining the intensity and sign of
each feature in the CD spectrum, is:
Vo) } 7)

Ry = S{(wo|M |10 - (v,

where 3{...} takes the imaginary part and M is the magnetic
dipole moment operator. Since electrons are localized on each
molecular unit, following Condon,>*® the rotational strength
can be evaluated as:

Ri X Z(f;1 - ?m) : <w0

m+#n

M D

dAll d}l1

Vi) AWildulwe)  (®)
where 7, is the position vector of the m-th molecular site.

The color maps in Fig. 4 show absorption and CD spectra
calculated for aggregates of N = 2, 4 and 8 molecules, with r =
3.5 A, « = 20° and variable x. Results for different geometries,
reported in the ESI,} demonstrate that different aggregate
geometries leads to marginally different spectra, maintaining
the general picture unaffected.

Comparing results for 4 and 8 sites, one recognizes that the
spectra become cleaner, as expected, due to the progressive
reduction of finite size effects. Moreover, the splitting between
the positive and negative peaks in the CD spectrum reduces
when going from 4 to 8 sites, an effect that is more pronounced

8312 | J Mater. Chem. C, 2023, 11, 8307-8321
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at small x. But, the overall picture is only marginally altered. On
the opposite, the dimer spectrum leads to a qualitatively
different picture. Indeed, the dimeric model qualitatively cap-
tures the behavior of the linear absorption spectra. Specifically,
and in close analogy with the exciton model (Fig. S6, ESIt), a
single band largely dominates the absorption spectrum, located
to the blue of the monomer absorption spectrum for small x (H-
aggregate geometry) and progressively moving to the red at
larger x (J-aggregate geometry). But looking at the CD spectra,
Fig. 4 lower panels, the situation changes. Qualitatively, and
again in line with the exciton model (¢f. Fig. S6, ESI{), in all
cases a bisignated feature appears. As expected for a left-
handed H-aggregate, at small x the positive CD feature is
observed at higher frequency (shorter wavelength), while at
large x, when moving to a J-aggregate structure, the sign of the
CD doublet reverses.”” However, the CD signal for the dimer is
qualitatively different from what we get for longer aggregates.
For a dimer in fact the positive and negative CD signatures are
seen at the frequencies of the upper and lower exciton states, so
that the distance between the two peaks amounts to twice the
exciton coupling. In bigger aggregates, instead, the exciton
couplet involves nearby states close in energy to either the
highest energy states in the exciton band (H-aggregates) or to
the lowest energy states in the exciton band (J-aggregates). The
distance between the positive and negative peaks is not a
measure of the exciton splitting in aggregates with N > 2.°7 A
lesson is learned here: dimeric models work reasonably well to
describe linear absorption spectra, but they may be misleading
when applied to CD spectra, a conclusion that holds true for
both the standard exciton model (Fig. S6, ESI{) and the ESM-ES
model (Fig. 4).

Another interesting observation concerns the intensity of
the spectra. Absorption and CD intensities in Fig. 4 are normal-
ized to the number of sites. As expected, the normalized
absorption intensity is roughly constant upon increasing the
aggregate size. On the other hand, the normalized intensity of
the CD signals increases fast with N, a result that could explain
the very large chiroptical responses reported recently for
annealed thin films of proline-derived squaraines with C16
alkyl chain (ProSQ-C16).*

It is instructive to compare results from the ESM-ES model
in Fig. 4 with the results obtained in the standard exciton
model, shown in Fig. S6 (ESIt). The two sets of results share
some similarity, with a single main absorption peak and a
single main bisignated CD feature. Moreover, as expected, in
both models the absorption peak is located to the blue of the
monomer absorption for superimposed or almost so molecules
(small x in Fig. 3, H-like aggregates) while it is located to the red
of the monomer absorption for largely displaced molecules
(large x in Fig. 3, J-like aggregates). However, some important
differences between the two models is observed.

In the exciton model, the switch from H to J-aggregate
behavior occurs for x ~ 2.5 A, while much larger x ~ 4 A
values are needed in the ESM-ES model. Even more interesting
is the comparison of absorption and CD spectra. In the exciton
model, the molecular polarizability is disregarded, so that the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Spectral properties of squaraine aggregates described in the ESM-ES approach (model Hamiltonian in egn (4)). Molecular parameters: z = 0.4 eV,
7=1.04eV, a = 4.33 A Results are shown for aggregates of 2, 4 and 8 molecules with r = 3.5 A and o = 20°. The color maps show the absorption intensity
(top panels) and the CD intensity (bottom panels) plotted against the wavelength (horizontal axis) upon varying x (vertical axis). All intensities, in arbitrary
units, are normalized to the number of molecules. Notice the different scale adopted for the CD intensity in the three bottom panels to account for the

superlinear amplification of CD intensity with aggregate size.

position of the absorption band vs the monomer absorption is
determined by the sign of the intermolecular electrostatic
interactions, positive for H-aggregates, negative for J-
aggregates. Since, as recently discussed,’””*® for fixed helicity
the sign of the CD doublet depends on the sign of intermole-
cular interactions, in the exciton model the sign of the bisig-
nated signature in the CD spectrum reverses precisely at the
same x value where the system crosses from H to J-behavior.
The situation is more complex in the ESM-ES model, where the
molecular polarizability is fully accounted for so that the charge
distribution on each molecular unit rearranges in response to
the presence of surrounding molecules. Accordingly, the refer-
ence absorption frequency of the monomer does not coincide
with the one observed for the isolated dye and the position of
the absorption peak of the aggregate cannot be only ascribed to
the sign of the interaction. Just for the sake of simplicity, let’s
focus on the dimer case (left panels of Fig. 4): the sign of the CD
spectrum reverses at x ~ 6 A, unambiguously suggesting
that the sign of the intermolecular interaction is positive for
x < 6 A, and negative for x > 6 A. This apparently contrasts

This journal is © The Royal Society of Chemistry 2023

with the observation of a red-shifted absorption in the region of
x comprised between 4 and 6 A. Indeed this is the strange
region of non-fluorescent J-aggregates, corresponding to a
region where the blue-shift associated with repulsive intermo-
lecular interactions is overcompensated by the red-shift of the
monomer absorption as due to the rearrangement of the charge
distribution occurring in each polarizable molecule in response
to the electric potential generated by the surrounding
molecules.*®3>>9-60

As noticed above, both the exciton model and the ESM-ES
model predict for the dimer a bisignated CD signal whose
positive and negative peaks are close to the position of the
two Davydov components, so that the CD spectrum is centered
at the position of the monomer absorption. For larger aggre-
gates instead, the main CD features are seen in the close
proximity of the main absorption band, so that the CD bisig-
nated signal is centered either to the blue or to the red of the
monomer absorption in H or J-aggregates, respectively.”” These
results teach us another important lesson: as long as the
electrons stay localized in each molecular unit, a single main
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bisignated CD signal is expected for each aggregate geometry.
The experimental observation of two bisignated peaks in SQ
aggregates therefore rules out the possibility that the red and
blue spectral features observed in the absorption spectra are
related to two Davydov components, which would imply a
single bisignated signal in the CD spectrum. This is an impor-
tant observation as it excludes at least one of the possible
scenarios invoked to explain the spectra of SQ films.*

Having a general picture of the spectral properties of an
aggregate of squaraine dyes described in the ESM-ES approach
(Fig. 3 and Fig S7 and S8 in the ESIT) we can relate this picture
to experimental data. The observation of two spectral features
in both absorption and CD spectra, can be rationalized within
ESM-ES due to the formation of aggregates (larger than dimers)
where structures with x = 6-8 A, responsible for the feature in
the red region of the spectrum, coexists with structures with x
~ 2 A, responsible for the spectral feature at ~500 nm. Quite
interestingly, the feature in the red portion of the spectrum is
located very close to the region where the simulated CD feature
changes its sign, possibly explaining the large variability of the
experimental CD spectrum in this region. Of course, the
different intensities of the two spectral features in the aggre-
gates formed by dyes with different side chains could be
rationalized in terms of different relative amounts of the two
aggregates in the different systems.

3.2 Introducing intermolecular charge resonance: the ESM-
CT approach

In recent years, squaraine aggregates have been extensively
investigated by Collison and Spano®*?°?®3% who ascribed the
fairly complex absorbance spectra of (non-chiral) squaraine
films to the presence of CT interactions among adjacent
molecules. Specifically, a sizable overlap between two D-A pairs
in nearby molecules, as schematically shown in Fig. 5, was
proposed to justify the experimental observations. The films of
(non-chiral) anilino squaraine with linear terminal alkyl chains
investigated by Collison and Spano show two bands in the
absorption spectrum, one to the blue and one to the red of the
monomer absorption band, much as in our case, even if with
much broader bandshapes. It is therefore interesting to see if a
model accounting for intermolecular CT interactions (ESM-CT)
does apply to our aggregates in colloidal suspensions.

o8 0,
o’ @ @

Fig. 5 A sketch of intramolecular (1) and intermolecular () charge reso-
nance interactions, shown as double-sided arrows, for a pair of adjacent
molecules.

8314 | J Mater. Chem. C, 2023, 11, 8307-8321

View Article Online

Journal of Materials Chemistry C

If electrons can hop among different molecules, the number
of states needed to describe the aggregate increases fast. In a
dimer, accounting only for charge degrees of freedom, the
number of states increases from 9 in the case of localized
electrons to 15.>® However, 15 states are not enough if the
electron spin is appropriately accounted for, leading to much
larger basis, as discussed in the ESIt (Section 2.3). The Hamil-
tonian for N molecules is constructed as a modified Hubbard
Hamiltonian accounting on each molecule for three sites, D-A-
D, and four electrons. The Hamiltonian reads (eqn (9)):

N R U . 1 JU
H = Zepnip + Eanp (n,-p — 1) + EZ Vip.jaipQjq
ip ip ip.Jjq

_ \/LEZ (bAil,l? + 131‘24;'1 + 5i2-i3 + 5i3’i2)

- \%Z (5i2,(i+1)1 + 5(i+1)1,i2 + 5i3,(i+1)2 + b(i+1)2,i3)
7
()

where 7, j run on the N molecules (in the third term i # j and in
the last term the sum is truncated to N — 1), and p,q run on the
three sites on each molecule. The operator that counts the

electrons on the p site of the ith molecule is 7;, = Za;ﬁﬁaiw,
~ %ip,

where g;,, and a'f;py(, annihilate and create, respectively, an
electron with spin ¢ on the relevant site. We also define the

auxiliary operator 51‘1)-_/11 = Za}kﬁﬁqi‘qﬂa. The energy of the p site
~ %ip,

on each molecule is ¢,, while U (site-independent for the sake of
simplicity) is the energy required to put two electrons on the
same site. The intra and intermolecular electron hopping are
described by t and f, respectively. Finally, ES interactions are
described by the last term in the first row: the operators
measuring the charge on each site are §;, = 2 — fi;,, for p =
1,3 (D site) and §; , = Ai;, for p = 2 (A site) and V,, j, is defined as
in eqn (6).

The ESM-CT must describe exactly the same physics as the
ESM-ES in Section 3.1 when f = 0, provided that model
parameters are appropriately selected. On-site energies are
defined as ¢, = —4 for p = 1,3 (D site) and ¢, = +4 for p = 2 (A
site). To limit the basis dimension, states with D sites bearing a
negative charge or A sites bearing a positive charge or with sites
bearing double charges (D> © or A* ) are excluded setting their
energy to very large values. To this aim, we set U and 4 to very
large values while maintaining their difference finite. Specifi-
cally, for direct comparison with the molecular essential state
model, the energy difference between D'A™D and DAD config-
urations is 2z = 24 — U — V, where

82

V=Vin=Vain= (10)

dreona
is the ES interaction energy between two charges on adjacent D
and A sites in the same molecule. In the calculations we will set
U to a very large value (as to make its precise value irrelevant)
and, for fixed z and V, we estimate 4 = z + (U + V)/2.
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We adopt the real-space basis, i.e. the basis where the 4N
electrons are distributed on the different sites and only con-
sider the subspace with an equal number of spins up and down
(see the ESILT Section 2.3). Even discarding high energy states
(with doubly charged sites or with negatively charged D or
positively charged A), the dimension of the basis increases very
fast with N, from 53 states in a dimer, to 707 in a trimer and
10453 in a tetramer. In any case, the relevant Hamiltonian
matrix can be diagonalized to get the lowest eigenstates of
interest for spectral properties.

To calculate the absorption spectrum we need the dipole
moment operator that, due to the intermolecular CT, cannot be
written as the sum of molecular dipoles. Its definition, in terms
of site charges and positions, is however very simple:

D= E q,'[;rip
ip

The eigenstates of the Hamiltonian in eqn (9) can then be used
to calculate transition dipole moments, as needed to obtain the
absorption spectra (see the ESIL,T Section 2.3).

Addressing CD spectra is much more delicate. The Condon
approach®>7°" only applies to aggregates where electrons are
confined inside each molecular unit and, to the best of our
knowledge, approaches to evaluate CD spectra in aggregates
also accounting for intermolecular CT interactions are not

(11)
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available. To calculate rotational strengths (eqn (7)) we need
an explicit expression for the electric dipole moment operator,
given in eqn (11), and for the magnetic dipole moment opera-
tor. The derivation of the magnetic dipole moment operator is
non-trivial and is addressed in the ESIT (Section 2.2), where the
somewhat clumsy expressions for the rotational strength are
also explicitly reported.

The large dimension of the real space basis and the large
number of matrices to be stored in the computer memory for
the calculation of rotational strengths make ESM-CT calcula-
tions extremely demanding, limiting the dimension of the
aggregate we could address to 4 molecules. The ESM-ES results
shown in Section 3.1 for aggregates of 4 and 8 molecules
suggest that, while finite size effects are sizable, reliable infor-
mation can already be obtained for 4 sites. Fig. 6 shows ESM-CT
spectra calculated for 4-site aggregates, with the same model
parameters as in Fig. 4, but with intermolecular CT interactions
switched on to ff = 0.2, 0.4 and 0.6 eV. Results for other
aggregate geometries and other parameter values are shown
in the ESIt (Section 3.2).

As first recognized by Collison and Spano,*® when intermo-
lecular CT interactions are accounted for, two major peaks
appear in the absorption spectrum whose separation increases
with increasing f. Indeed, two predominant bands are seen for
a dimer (see Fig. S11 and S12, ESIT) but, upon increasing the
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Fig. 6 Spectral properties of squaraine aggregates described in the ESM-CT approach (model Hamiltonian in egn (4)). Results are shown for tetramers
adopting the same geometry and the same molecular parameters as in Fig. 4. The color maps show the absorption intensity (top panels) and the CD
intensity (bottom panels) plotted against the wavelength (horizontal axis) and x (vertical axis). Left panels refer to = 0.2 eV, middle panels to = 0.4 eV

and right panels to f = 0.6 eV.
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number of molecules, additional weak bands are also seen that,
being most probably related to finite size effects, could dis-
appear in larger aggregates. Quite interestingly, two bisignate
features appear in the CD spectra in the same spectral regions
as the two main absorption peaks (again the spectrum is
somewhat more complex with additional small features appear-
ing, most probably related to finite size effects). The superlinear
increase of the intensity of the CD signal, observed for the
model with localized electrons, is also confirmed in the
presence of intermolecular CT interactions (see Fig. S12 in
the ESIt where results of the ESM-CT model are shown for
aggregates with N = 2, 3 and 4).

We are now in the position to discuss experimental results
in the framework of the ESM-CT approach. Experimental
spectra collected for aggregates of dyes with pendants of
intermediate size (C6, C7 or C10) could be roughly accounted
for in terms of aggregates with = 0.4 ¢V and x ~ 3-4 A. So a
single aggregate type can explain the observation of double
features in both absorption and CD spectra. Simulating absorp-
tion and CD spectra accounting for a single form of aggregates
is fairly appealing if compared with the need to postulate the
presence of two different types of aggregates in the ESM-ES
approach. However, the ESM-CT approach hardly applies to
aggregates of dyes with short (C3, C5) or long (C11, C12, C16)
chains. In these aggregates in fact the red-most feature
observed in either absorption or CD spectra has a dramatically
reduced intensity if compared with the blue-most features. In
our model, irrespective of the strength of the CT interaction,
and of the details of the aggregate geometry (see the ESI
Section 3.2) it is not possible to simulate a spectrum where the
red-most features have negligible intensity.

4 The helicity of the aggregate: a
difficult case study for MD

In the previous section, we have seen how the complex experi-
mental behavior of chiral squaraine aggregates can be rationa-
lized in terms of (a) a model accounting for only ES
intermolecular interactions in the hypothesis of the coexistence
of both H-type and J-type aggregates or (b) due to the presence
of a single type of aggregate if intermolecular CT interactions
are present. As for the sign of the CD spectrum, in line with
experimental results, some variability is expected for the red-
most feature, while, as for the high energy feature, a consistent
sign of the exciton doublet is observed experimentally that can
be reproduced imposing a left-handed helix for aggregates of
(S,8)-ProSQ compounds and a right-handed helix for aggregates
of (R,R)-ProSQ compounds. In an effort to get independent
information on the supramolecular arrangement of the dyes
in the aggregates, as needed to assist the interpretation of
experimental data, we performed extensive MD simulations on
ProSQ-C10 aggregates.

All simulations were run in Gromacs.®> First, a generalized
Amber Force Field (GAFF)®® potential in its standard imple-
mentation with restrained ES potential (RESP) charges® was
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adopted starting from the isolated molecules with constrained
planarity of the conjugated framework. A first set of enhanced-
sampling simulations with fixed number of molecules, pres-
sure and temperature (NPT) were run on tetramers in explicit
solvent, adopting the Hamiltonian replica exchange MD
(HREMD) approach.®® Details about the method and the sam-
ple preparation can be found in the ESIL{ Section 4. These
simulations consistently returned a right-handed helix for the
(S,S)-enantiomer, in contrast with the handedness requested to
simulate the experimental CD spectra. Similar results were
obtained using pure methanol as the solvent or methanol-
water (60:40) mixtures, with marginal fluctuations around
equilibrium structures (see Fig. S15, ESIT). A shorter simulation
on (R,R)-ProSQ-C10 in water-methanol (60 : 40) produced a left-
handed helix, as expected.

In an attempt to improve the description and move towards
larger aggregates, a second round of simulations were run
employing a modified version of the GAFF potential by (i) fixing
some of the C-C-C-C dihedrals for the conjugated core, and (ii)
improving the description of long alkyl chains, as suggested in
the context of liquid crystal by Boyd and Wilson®® (more details
in the ESIT - Section 4). We dubbed these simulations as
mod.GAFF + LCFF MDs. Unbiased simulations on tetramers
still returned similar structures as in the original GAFF, sug-
gesting that, at least for small N, this family of force fields
robustly predicts at the thermodynamic equilibrium the same
type of helical aggregates (compare Fig. 7 with Fig. S15 in the
ESI¥).

In a very relevant work® Hariharan and coworkers reported
some interesting findings on chiral aggregates of a different
family of squaraine dyes. They observed an astounding inver-
sion of the sign of CD spectra of the aggregate after thermal
treatment, suggesting that the helicity of the aggregate may
reverse for aggregates formed under thermodynamic control vs
kinetic control. Inspired by these results, we have exploited MD
in an attempt to probe configurations not necessarily corres-
ponding to the equilibrium. To this aim, two extra sets of
simulations were run on 12-mer and 24-mer of (S,S)-ProSQ-
C10 aggregates. In all cases, simulations started with the
molecules arranged with their center of mass on a regular 3D
grid and in random orientation. We prepared 6 different 12-
mer samples and two different 24-mer samples in 60:40
MeOH : water. After relaxation and equilibration, we finally
run unbiased NPT simulation for 45 ns (full details in the ESL,+
Section 4). In this approach, several “disordered” large aggre-
gates are investigated, in an effort to mimic conditions of
kinetic control, while keeping a balance between satisfactory
sampling and representative structures. With the aim of under-
standing the fundamental interactions assisting the optical
signatures, we have limited our analysis by extracting from
the dynamics the information related to molecular pairs.
Specifically, for each aggregate size we collected distributions
of pairwise geometric parameters (see the ESI,T Section 4).
Fig. 7 show relevant results, with the colormaps showing as
2D histograms the distribution of the distance between two
molecular centers of mass versus the rotation angle as defined

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Snapshots and pairwise information extracted from MD trajectories. (a) Snapshots from the MD trajectories of tetramer (left) and 12-mer (right),
with highlighted rings and N atoms in blue; (b) heatmaps showing the distribution of o (x-axis, in degree) and of the distance between two centers of mass
(y-axis, in A). Results refer to a tetramer (left panel), a 12-mer (middle panel) and a 24-mer (right panel) of (S,5)-ProSQ-C10 simulated with mod.GAFF +
LCFF MDs; (c) selected representative dimer structure extracted from the 12-mer trajectory belonging to the A domain (on the left) and to the B domain

(on the right), both in the top view (middle) and side view (external).

in Fig. 3. We observe the presence of at least two basins among
the first-neighbour close-distance region: the first basin, largely
dominating, is located at negative o and hence corresponds to
the right-handed helix of (S,S)-ProSQ-C10, expected to give rise
to the wrong sign of the CD spectrum. The second basin,
located at positive o, corresponds to a left-handed helix, the
structure in line with the observed sign of the CD spectrum.
Quite interestingly, this secondary basin becomes more promi-
nent with increasing aggregate size, suggesting that MDs on
larger aggregates could better reproduce the experiment. More-
over, as clear from Fig. 7, upon increasing the aggregate size a
more diverse configurational landscape is obtained, with dimer
structures exhibiting several possibilities of geometrical orien-
tations. These maps include non-nearest-neighbor molecular
pairs as well. From MD trajectories in mod.GAFF + LCFF, we

This journal is © The Royal Society of Chemistry 2023

can obtain an average value of such geometrical parameters
(see also S19, ESIt). For the 12-mer in the B domain we obtain
&= 8% doveem = 5.2 A, 7 = 3.5 A, ¥ = 3.9 A. For the sake of
comparison, we also report the corresponding values for A
domain: & = —28°, deyeom = 4.0 A, F=3.5 4, x = 2.3 A.

While MD simulations suggest the opposite helix handed-
ness to be the dominant, the above values of the geometrical
parameters provide us a valuable flavour of the typical nearest-
neighbour intermolecular pair motifs. These values compare
well with those employed to simulate optical spectra in the
previous Section. Besides critical aspects typically associated
with simulations obtained with standard classical force fields,
including assuming fixed charges and fixed parameters in spite
of the large polarizability of the conjugated molecular struc-
ture, the presence of hydrogen bonds etc., it is likely that wrong
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handedness prediction for these systems may be caused by a
free energy surface that strongly depends on the number of
molecules, rendering its full exploration very challenging from
the computational point of view. MD simulations on 12-mers
were also exploited to select representative dimeric structures
through clustering (see the ESIL1 Section 4.4 for the adopted
protocol). As expected, the largest abundance of the represen-
tative dimers refers to the right handedness. After carefully
transferring these representative structures through con-
strained relaxations, we have run TD-DFT calculations on these
representative dimers to calculate absorption and CD spectra
(computational details in the ESI,f Section 4.5). Preliminary
results obtained with two common functionals (B3LYP and
CAM-B3LYP) are shown in Fig. S20 (ESIY). First, it is worth
noticing that the calculated TD-DFT spectra predict CD features
in agreement with the exciton or ESM-ES/CT models. Secondly,
even for such simple dimers, the resulting spectra obtained
with either functional have complex shapes, manifesting two
spectral features and hence possibly supporting the presence of
intermolecular CT interactions. Neither functional reproduces
satisfactorily the experimental results: in both cases the blue-
shifted spectral feature is too close to the monomer absorption
peak, if compared with the experiment. As it is often the case,
calculated spectra largely depend on the choice of the func-
tional, suggesting that a more careful inspection of the electro-
nic structure method is needed. Moreover, as discussed above,
larger aggregates than dimers must be studied in order to
extract reliable information. This may further complicate the
spectra, making the TD-DFT calculations and the analysis of
relevant results a very demanding task, definitely beyond the
scope of this work.

5 Discussion and conclusions

An extensive experimental and theoretical study is presented on
a large family of squaraine dyes in an effort to shed light on the
structure of these fascinating systems showing astounding
spectral features. The investigated proline-derived anilino
squaraines have a similar chemical structure, bearing a chiral
terminal group in each one of the two D moieties. The only
difference among the investigated squaraine dyes is the length
of the alkyl pendant attached to each D moiety: we were able to
synthesize and characterize dyes with alkyl chains with a
number of carbon atoms ranging from 3 to 12, as well as a
dye bearing C16 chains. These alkyl chains are not part of the
chromophoric system but steer the aggregation pattern. Upon
aggregation, induced in solution by poor solvent titration, the
different compounds show distinctively different spectral prop-
erties, suggesting different aggregation behavior. Specifically,
the tendency to aggregate increases with the length of the alkyl
chains. On the contrary, the nature of the formed aggregates, as
demonstrated by the spectra, has a more complex and intri-
guing behavior. Specifically, dyes decorated with alkyl chains
with intermediate length show two distinct and intense
features in either the absorption and CD spectra, one located
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at longer wavelength vs. the monomer absorption the other one
at shorter wavelengths. In aggregates of dyes with very short or
very long alkyl chains, instead, the spectral features located at
long wavelengths lose intensity and become almost irrelevant,
while the spectral position of the two features is basically the
same in all samples.

The spectra of our colloidal suspensions of chiral aggre-
gates, showing features appearing both to the blue and to the
red of the monomer absorption, while much narrower, do share
some similarity with the panchromatic spectra of squaraine
films, then offering some useful hints about the origin of this
technologically relevant and highly debated feature. Specifi-
cally, the consistent observation of two bisignated features in
the CD spectrum of our aggregates, occurring at the frequencies
of the red and blue-shifted absorption bands, allows to defi-
nitely exclude that the two signals are due to the two Davydov
components of the relevant exciton, as expected in aggregates
with oblique arrangement of the dyes. This conclusion defi-
nitely applies to our colloidal aggregates, but it can be very
reasonably extended to squaraine aggregates in films. Other
alternative scenarios are presently considered in the literature
to explain the observation of two peaks in the spectra of non-
chiral anilino squaraine films. In the first scenario, the obser-
vation of the two peaks is ascribed to intermolecular CT
interactions, while an alternative view relies on the presence
of disorder. Of course, the aggregation behavior can be mark-
edly different in aggregates obtained from different squaraine
dyes, however the chiroptical responses of our aggregates give
precious additional information to shed light on this intriguing
issue. Indeed, the presence of the two spectral features in our
aggregates can be justified either in terms of a system where
intermolecular interactions are purely ES in nature but two
types of aggregation are present, or in terms of a single
aggregation type in the presence of sizable intermolecular CT.
On one side, the ESM-CT model hardly applies to systems
where the feature to the blue is largely dominant, suggesting
that most probably the specific case disorder is more important
than intermolecular CT. However, due to the complexity of the
calculation, the ESM-CT model could only be applied to sys-
tems not larger than a tetramer, leaving the doubt that finite
size effects may alter the conclusion. While MD simulations do
not fully unveil all structural details, they suggest an evolution
of accessible configurations with the increase of the aggregate
size. So, even if a direct comparison with the experiment
remains a critical step, the atomistic information, ie. the
structure prediction by MD and the evaluation of the electronic
structure with (TD)-DFT, can complement the information
obtained with ESM and resize the boundary of the problem.
Sizable intermolecular CT interactions are supported by pre-
liminary TD-DFT results, that however require additional
efforts to validate the functional choice and to extend the
analysis to larger aggregates than dimers. At this stage, a
definite conclusion is hardly reached. Additional and demand-
ing simulations are needed to fully solve these issues.

In this study, we propose for the first time an explicit
expression for the calculation of CD spectra of aggregates in

This journal is © The Royal Society of Chemistry 2023
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the presence of intermolecular CT interactions, a highly non-
trivial result. We learned that dimeric models may be adequate
to describe linear spectral properties of aggregates, but fail for
chiroptical properties. Moreover, we recognized an impressive
superlinear amplification of the CD response with the aggre-
gate dimension that survives both in the presence or in the
absence of intermolecular CT interactions. While a firm con-
clusion about the structure of squaraine aggregates is hardly
reached, we consider that this extensive study gives important
information on chiral responses of molecular aggregates
beyond the exciton model.
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