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We present a theoretical investigation of small aggregates of quadrupolar (A-n-D-n-A or D-n-A-n-D) charge-transfer dyes,

focusing the attention on the role of intermolecular interactions on optical properties. We tackle the theoretical issue

www.rsc.org/

adopting essential-state models (ESMs), that describe the isolated molecule in terms of a minimal number of electronic

states, corresponding to the resonance structures. ESMs quite naturally describe intermolecular interactions relaxing the

dipolar approximation and accounting for molecular polarizabilities. The approach is applied to curcuminoid and squaraine

dyes, two families of chromophores with weak and strong quadrupolar character, respectively. The method is validated

against experiment and for curcuminoids also against time-dependent density functional theory. ESMs rationalize the

strong ultra-excitonic effects recurrently observed in experimental optical spectra of aggregates of highly polarizable

quadrupolar dyes, offering a valuable tool to exploit the supramolecular design of material properties.

Introduction

Intermolecular electrostatic interactions are the driving force of two
key phenomena in molecular functional materials: energy transfer
and energy delocalization. Energy transfer is an incoherent process
where an excited molecule, the energy donor, transfers its excess
energy to a nearby energy acceptor.lﬁ3 Being driven by long-range
electrostatic interactions, energy transfer occurs up to
comparatively large distances (~100 A) and requires the resonance
between the de-excitation energy of the donor (from its relaxed
excited state) and the absorption energy of the acceptor. Energy
delocalization instead occurs when electrostatic interactions are
larger than the difference between the transition energies of
nearby molecules, giving rise to Frenkel excitons.*? Energy
delocalization governs the spectral properties of molecular crystals
and aggregates, where intermolecular distances can be comparable
to or even smaller than the sum of Van der Waals radii. The
simplest models for either phenomenon rely on the dipolar
approximation for intermolecular interactions, directly relating the
two processes and their measurable effects to experimentally
accessible data for the isolated molecules, and specifically to the
transition dipole moments of the relevant excitations. As originally
derived by Forster,”’ the rate of energy transfer (often called
Forster resonance energy transfer, FRET) goes with the product of
the squared transition dipole moments for the emission of the
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energy donor and the absorption of the energy acceptor, while the
exciton splitting in a dimeric structure (or the exciton band-width in
a molecular crystal) is proportional to the inner product of the
transition dipole moments of nearby molecules.*” Therefore, in the
dipolar approximation, only optically allowed states (i.e. states
having a sizable transition dipole moment from the ground state)
are of relevance either for energy-transfer processes or for exciton
delocalization. However, the dipolar approximation fails whenever
intermolecular distances are comparable to or smaller than the
molecular dimensions: the involvement of dark (optically forbidden)
states in energy transfer processes has been extensively discussed
in the Iiterature,g_12 and several suggestions have been given about
exciton coupling of dark states.”* A second, somewhat subtler
approximation usually enters the standard models for either energy
transfer or energy delocalization, and amounts to neglecting the
molecular polarizability. In other terms, it is assumed that the
charge distribution on each molecule, in the ground or in the
excited state, is not affected by the presence of nearby molecules, a
fairly poor approximation for largely polarizable molecules in
molecular aggregates and crystals where intermolecular distances
are small.">*®

In this context, charge-transfer (CT) dyes, a large family of m-
conjugated molecules where the presence of electron donor (D)
and/or acceptor (A) groups leads to low-energy excitations with
large polarizabilities, are particularly interesting. The low-energy
physics and the linear and nonlinear optical properties of CT dyes
are well captured by essential-state models (ESM)U_“, a family of
parametric Hamiltonians that describe the electronic structure of
CT dyes in terms of a few diabatic basis states, corresponding to the
main resonating structures. The coupling to molecular vibrations
and polar solvation leads to a quite accurate description of the
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complex spectral behavior of these molecules in different
environments. ESMs also quite naturally describe intermolecular
interactions relaxing the dipolar approximation, fully accounting for
the molecular polarizability.l‘l_le’25 The applicability of ESMs to
energy-transfer processes has been validated by a direct
comparison with time dependent density functional theory (TDDFT)
calculations."**® The reliability of ESMs to describe the effects of
intermolecular interactions in linear and nonlinear optical spectra of
a few model systems has been validated experimentally.”’n_34 For
aggregates or crystals of polar (D-m-A) dyes, ESMs predict strong
ultra-excitonic effects,16 eventually leading to multiexciton
generation15 and phase (:oexistence,"’s_37 while biexciton states in
aggregates of quadrupolar (D-r-A-1t-D or A-nti-D-1t-A) dyes have been
suggested as a way towards amplified two-photon absorption
(2PA).M

In this paper, we apply ESMs to aggregates of quadrupolar dyes,
validating the results against quantum chemical calculations. The
models are subsequently exploited as a reliable and flexible tool to
understand the spectral properties of organic nanoparticles based
on quadrupolar dyes. Indeed, quadrupolar dyes are actively
investigated as structures of choice for 2PA applications in
bioimaging, nanofabrication, photodynamic therapy, etc. Typical
2PA dyes include squaraines,ss'45 fluorene-based chromophores,%_
51 distrylbenzenes,sz_54 to name a few. These dyes, designed for
large 2PA cross sections, are in general poorly soluble in water and
biological media. Different strategies (including e.g. encapsulation
in micelles,” dispersion in silica nanoparticles,56 preparation of
supramolecular assemblie557) are exploited to make hydrophobic
dyes suitable for biological applications. Among different methods,
organic nanoparticles (ONPs) offer a simple and versatile approach
to disperse nano-sized agglomerates of dyes in water.””®" For
applicative purposes, it is important that ONPs are stable and
maintain or possibly improve the optical properties of the dye.
Specifically, for 2-photon imaging applications, the active species
must have a large 2PA cross section and a large fluorescence
quantum vyield, a delicate issue for ONPs in view of the self-
quenching of fluorescence often observed in condensed phases.
Nevertheless, several interesting examples of fluorescent organic
nanoparticles (FONs) are known with large fluorescence quantum
yields,lsg’so’62 and sometimes amplified 2PA response.59 However,
most ONPs based on quadrupolar dyes show a strongly reduced
fluorescence.®*® In this work will set the basis to understand this
phenomenon, offering suggestions for the optimized design of
aggregates of quadrupolar dyes. We will focus the attention on two
different families of chromophores: boron-difluoride-curcuminoids
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Fig. 1. Structures of the investigated molecules.
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(hereafter curcumins, see 1 in Fig. 1) and squaraines (see 2 and 3 in
Fig. 1). Curcumins offer the possibility to validate the essential-state
approach not only against the experiment, but also against TDDFT
calculations. Squaraines were selected as interesting systems
showing unusual aggregation effects*®*®® even if the well-known
proflems of TDDFT in dealing with squarainese7_69, hinders a

thorough computational analysis of these systems.

Theoretical methods
TDDFT Calculations

Ground-state geometry optimizations were performed using
density functional theory (DFT), as implemented in GAUSSIAN09"®
software package using the 6-31+g(d) basis set for all atoms. We
confirmed the stability of the obtained geometries by ruling out the
presence of unstable vibrational mode. The ground-state geometry
of the isolated molecule 1 in gas phase was optimized employing
B3LYP (Becke, three parameter, Lee—Yang—Parr)71 hybrid exchange
and correlation energy functional, while the long-range dispersion
corrected non-local energy functional, wBQ7XD,72 was employed for
the geometry optimizations of dimers to account for dispersion
corrections. Solvation effects in dichloromethane (DCM) were
included adopting the polarizable continuum model (PCM).73

TDDFT calculations were performed using the long-range
corrected (LRC) version of B3LYP, the Coulomb-attenuating method
(CAM—B?;LYP)74 and 6-31+g(d) basis set. We used the LRC density
functional to properly describe CT states. TDDFT calculations were
run for 1 in gas phase and DCM solvent. Moreover, we studied two
different molecular dimers, whose geometries were extracted from
the crystal structure. The evolution with the intermolecular
distance of the spectral properties of both dimers was investigated.

The transition intensity for the linear (one photon) absorption
(1PA) is expressed in terms of the oscillator strength (atomic units):

f =22 0luln)?
where w, is the excitation frequency of the |nBstate and u is the
electric dipole moment operator.

The DALTON2015 package75 was used to calculate two-photon
absorption (2PA) spectra of 1 in gas phase and in solution and of
molecular dimers in gas phase, using CAM-B3LYP functional and
the 6-31+g(d) basis set. The 2PA intensity (8,p4) is calculated, for a

. . . - 76-78
linearly polarized monochromatic beam of light, as follows:

8204 () = ) 254e() Su(@) + 45 (@)Sia ()
kil

where S(w) is the 2PA tensor.”® The 2PA cross section is finally
obtained (assuming a Lorentzian bandshape) as:

4an3aal

15¢

(1)2

ozpa(w) = T‘SZPA(OU)
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Fig. 2. Panel a: Sketch of the 3-state model for quadrupolar dyes. Panel b: the exciton picture for a dimer. Panel c: ESM for a dimer. Complete expressions for electrostatic

interactions are reported in the Supporting Information (Fig. S1 and S2).

where ay, ¢ and a are the Bohr radius, the speed of light and the
fine structure constant, respectively, while I (set to 0.1 eV) is the
full width at half maximum of the Lorentzian lineshape.

ESM for quadrupolar dyes and their aggregates

The 3-state model for quadrupolar dyeslg, proposed in 2006, has
been validated against experimental data for several families of
quadrupolar dyes, including fluorene-based dyes, squaraines,
substituted distyrylbenzenes, cyanines, etc.?”*® More recently,
the 3-state model has been extended to account for a fourth state,
as relevant for cyanine dyes.83 The 3-state model for an isolated D-
n-A-n-D (or equivalently A-m-D-m-A) quadrupolar dye considers
three diabatic basis states, corresponding to three main resonating
structures: the neutral state N, and two degenerate zwitterionic
states, Z; and Z,, as sketched in panel a of Fig. 2. Only two
parameters enter the electronic model: 2n, the energy gap between
the two degenerate zwitterionic states and the neutral state, and t,
the mixing element between N and both Z; and Z,. The dipole
moment operator has only two non-vanishing terms, corresponding
to the permanent dipole moments of Z; and Z,, which are aligned
along the molecular axis and have opposite directions for the two
states. The model parameter g, represents the magnitude of the
permanent dipole moment of Z; and Z,, and it is required to
calculate the intensity of optical spectra.

A symmetrized basis set is conveniently introduced: N
and Zy = (Zy £ Z,)/V2. On this basis, the ground state, g, is a

This journal is © The Royal Society of Chemistry 20xx

linear combination of N and Z,, with the weight of Z, and measures
the quadrupolar character of the dye, i.e. the charge residing on the
central group: p = 0.5(1 —n/Jn*+ 21:2). Two excited states are
obtained with opposite parity: a bright ungerade state ¢,
corresponding to Z (which remains unmixed), and the dark gerade
state e, the N and Z, combination orthogonal to g.

This simple three-state electronic model captures the essential
features of quadrupolar dyes, with the bright state located at lower
energy than the dark, 2PA-active state. More in detail, dyes with
low p values (2n/t>>1) have almost degenerate 1PA-active (c) and
2PA-active (e) states, driving the system towards excited-state
symmetry breaking (class | dyes).19 Dyes with high p values (2n/t<<-
1) have a small energy gap between the ground and the 1PA-active
state, leading the system towards a ground-state instability (class IlI
dyes).79 Systems with intermediate p (2n = 1) have the 1PA-active
state lying almost midway between the ground state and the 2PA-
active state, with amplified 2PA and no tendency to symmetry
breaking (class II).19

The exciton model is the prevailing approach to intermolecular
interactions in molecular aggregates or crystals and, as sketched in
Fig. 2b, it corresponds to a zeroth-order perturbative treatment of
intermolecular interactions. Accordingly, only degenerate states are
mixed by the interaction, leading to the splitting of the two singly-
excited states in a dimer and to the formation of the single-exciton
band in molecular crystals or large aggregates. The exciton model
fully neglects the molecular polarizability, and does not account for

J. Name., 2013, 00, 1-3 | 3
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Tablel. Experimental data from Ref.  and TDDFT results for curcumin 1.
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Experimental data in Ref. 63 Calculated (gas phase)
Transition Molar Gapa (GM)? Transition Oscillator Nature of Gopa (GM)?
wavelength extinction wavelength Strength transitions
(energy) coefficient (energy)
(M'lcm'l)
5 488 nm 75480 <10 378 nm 2.11 h-=>1(90%) 17
g—>c
(2.54 eV) (3.28 eV)
5 385 nm ~10000 155 304 nm 0.08 h-1->1(90%) 2030
g~e
(3.22 eV) (4.08 eV)

® GM= Gopper-Mayer. 1 GM=10"cm’s photon'1

any charge redistribution in the molecule as a result of the
interactions. This is a particularly poor approximation for largely
polarizable molecules. The dipolar approximation for intermolecular
interactions is a further common approximation adopted in the
exciton model. As sketched in Fig. 2b for dimers of quadrupolar
dyes, in the dipolar approximation the 2PA-active states are not
affected by aggregation phenomena.

ESMs easily overcome both approximations. Specifically, as
sketched in Fig. 2c for a molecular dimer, diabatic basis states are
constructed for the aggregate as the direct product of the
monomers’ states. On this basis, the Hamiltonian for the aggregate
is easily obtained from the molecular Hamiltonian, with
electrostatic intermolecular interactions affecting the energy of
basis states where two or more molecules are in a zwitterionic
state. The diagonalization of the diabatic Hamiltonian yields to
adiabatic states fully accounting for electrostatic intermolecular
interactions as well as for the molecular polarizability (see Fig. 2c).

Different approaches can be adopted to estimate electrostatic
interactions among diabatic states. Here the electrostatic
interactions are described in terms of interaction among integer
point-charges at the D and A sites of the zwitterionic basis states
(see Fig. S1 and S2 of SI for explicit expressions). The resulting
extended-dipole approximation represents a simple but effective
way to describe interactions between molecules whose dimensions
are comparable to the intermolecular distance. > 121252

We stress here that electrostatic intermolecular interactions
entering the ESMs are relevant to the diabatic state, i.e. the basis
states. These states, corresponding to the main molecular
resonating structures, are characterized by integer charges.
However, the states relevant to spectroscopy are the adiabatic
eigenstates, typically characterized by fractional charges. For
example, the ground state charge distribution for each dye is
defined as D'*?APD*™? with p values comprised between 0 and 1
(p~0.2 for curcumin dyes and p~0.3-0.5 for squaraine dyes).

The number of diabatic basis states for aggregates of
guadrupolar dyes increases as 3", where N is the number of
molecules, so that fairly large aggregates can be easily described,
particularly in view of the sparse nature of the Hamiltonian matrix.
In the following, we will describe optical spectra calculated for
aggregates of different size, imposing open boundary conditions
and only accounting for nearest-neighbor interactions. One-photon
absorption and fluorescence spectra are calculated assigning
Gaussian lineshapes to allowed transitions with full-width at half

4| J. Name., 2012, 00, 1-3

maximum . Two-photon absorption spectra are calculated using
the SOS expression,84 ® where the sum runs over all electronic
excited states.

Validating ESM via TD-DFT calculations: the case
of curcumine dyes
Modeling the isolated molecules

A recent paper63 reports on spectral properties of nanoparticles of
boron-difluoride-curcuminoids (hereafter curcumins). Curcumins
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Fig. 3. (a) Frontier molecular orbitals of monomer of 1; (b) sketch of the transitions

expected for the dimer based on the monomer frontier orbitals; (c) Frontier molecular
orbitals for the dimer at r= 6.74 A; (d) Frontier molecular orbitals of the dimer in the
crystallographic geometry (r=3.74 A).
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Table 2. TDDFT results for the P-P dimer at r = 6.74 A

Table 3. TDDFT results for the P-P dimer at r = 3.74 A

Transition | Energy | Oscillator | 8,p4[a.u.] Nature of the Transition| Energy | Oscillator 8,pa | Nature of the transition
[eV] strength (o2pa transition (>15%) [eV] strength ([a.u.](oypA (>15%)
[GM]) [GM])
S0->S51 3.20 0.00 3883 (29) H-1->L (29%) ¢, S0->51 3.00 0.00 4907 (32)] H->L(72%) c,-cp, CT
(Cy) H>L+1 (28%) cp (C1) H-1->1+1 (17%) ¢,-Cp, CT
H-1->L+1 (16%) CT S0->s2 | 3.35 3.62 0.53 (1) | HL+1 (66%) c,+cy, CT
H->L (17%) CT (C,) H-1-5L (18%) cy+cy, CT
S0->52 | 3.34 4.05 0.41(-) | H-1L(44%)c, 50553 | 3.60 034 | 4.69 () | H-1>L(74%) c,+cp, CT
(C,) H->L+1 (45%) ¢, H->L+1 (18%) c,+Cy, CT
S0->S3 4.04 0.15 48.80 (-) H-3->L (33%) e, S0->54 3.66 0.00 1459.4 |H-1->L+1 (73%) c,-c,, CT
(EJ) H-2-5L+1 (31%) e, (14) H->L (19%) cy-cp, CT
S0->54 411 0.00 2.5x10° H-3->L (44%) e, S0->S5 3.94 0.10 4.40(-) | H-2->L (57%) e,-ep, CT
(E,) (3090) | H-2->L+1 (46%) e, (E.) H-3-5L+1 (22%) e,-e,, CT
S0->S5 4.27 0.00 0.25(-) H->L (77%) CT S0->S6 4.11 0.00 2.04x10° |H-2->L+1 (52%) e +ep, CT
S0->56 4.28 0.00 0.24(-) H-1->L+1 (78%) CT (E;) (2520) | H-3->L (36%) e +e;, CT

show a marginal absorption solvatochromism and a well-
pronounced emission solvatochromism.%*% Accordingly, they can
be safely classified as class | quadrupolar dyes,19 the weak
absorption solvatochromism being due to the V-shape of molecular
geometrygo‘ss. With reference to dye 1 in Fig. 1, two transitions are
observed in the visible range: the lowest-energy transition (at 2.54
eV in dichloromethane, DCM), corresponding to state c, is strongly
allowed in 1PA, and has a weak 2PA intensity, while the second
transition, at 3.22 eV in DCM, assigned to the e-state, is strongly
2PA-allowed and has a weak 1PA intensity. The proximity of the ¢
and e state is another signature of class | dyes.

In curcumin-based ONPs, 1PA spectra are blueshifted (and
broadened) compared to solution spectra, while in emission a
sizeable redshift and a marked decrease of intensity is observed
(similar effects are also observed in emission spectra of crystals).
The spectral position of the 2PA band is marginally affected by
aggregation, with a (weak) enhancement of intensity in ONP. The
exciton picture qualitatively rationalizes the spectral behavior of
aggregates of curcumin dyes: the blueshift of the absorption band
and the strong decrease of fluorescence intensity are consistent
with H-type aggregation, as observed for (:rystals.63 Moreover, the
exciton picture supports marginal aggregation effects on 2PA.

Table 1 compares experimental data for dye 1 is solution with
TDDFT results (gas phase, crystallographic geometry, planar
molecule; additional results can be found in the Supporting
Information, Fig. S3-S4-S5 and Tables S1-S2). In agreement with
experimental results, the lowest transition (g—>c) has a large
oscillator strength, but a very weak 2PA cross section, while the
second transition (g—>e) is marginally allowed in 1PA and has a
strong 2PA activity (to compare absolute 2PA intensities, we notice
that the Dalton results for o, refer to a linewidth r=0.1 eV;
accounting for the approximately three times larger experimental
linewidth, would reduce the Dalton estimate of the 2PA intensity by
a factor of 3). When compared with experiment, TDDFT transition
energies are overestimated by ~0.8 eV. As expected, TDDFT results
for solvated molecules (see SI, Table S2) reduce the discrepancy.
Further improvement could be obtained accounting for molecular
vibrations.®’ Our results are in agreement with a recent work about
experimental and theoretical investigation of a family of curcumin
dyes.87

This journal is © The Royal Society of Chemistry 20xx

The g->c and g->e transitions, largely dominated by the h->/
and h->/-1 configurations (h=monomer HOMO, /I=monomer LUMO),
have a clear intramolecular charge-transfer character, as shown by
the frontier molecular orbitals in Fig. 3a, and can be readily
identified with the g->c and g—>e transitions of the ESM.

The experimental 1PA and 2PA energies fix the two parameters
entering the electronic ESM Hamiltonian for 1 as n = 0.94 eV and
t=0.93 eV, corresponding to class | quadrupolar dye, with p ~0.2.
The experimental molar extinction coefficient fixes py=20 D, that,
in turns allow to estimate G,p4~ 1100 GM (/"= 0.28 eV). Accounting
for screening effects (related to the squared refractive index) would
reduce the ESMs estimate to ~ 500 GM, leading to a reasonable
agreement with the experimental result.

Modelling curcumin aggregates

The crystal structure of 1 shows the presence of curcumin
tetramers of the form T-P-P-T, where P and T represent two
crystallographically inequivalent curcumin molecules, in a planar (P)
and slightly twisted (T) geometry (see Fig. S3). Since TDDFT
calculations are not viable for tetrameric structures, in order to
validate the ESM approach, we discuss TDDFT results (same level of
theory as for the monomer) on dimers at the crystallographic
geometry, as well as at artificial geometries, where the
intermolecular distance (r) is increased up to ~9 A in steps of 1A.
Tables 2 and 3 summarize results from TDDFT calculations for
curcumin P-P dimer at the crystallographic distance (r=3.74 A) and
at the artificially augmented distance of 6.74 A. Results for other r
values as well as for T-P dimers can be found in the SI. Fig. 3 shows
relevant frontier orbitals together with their (approximate) relation
to the frontier orbitals of the monomer (for the sake of clarity, we
use lower-case letters, h and /, to refer to the molecular HOMO and
LUMO, respectively, with index a and b referring to each one of the
two molecules in the dimer, when relevant; we use capital H and L
letters for the HOMO and LUMO of the dimer). As expected, each
pair of equivalent molecular orbitals gives rise to two dimer orbitals
that are basically degenerate at large distance and weakly
interacting at the crystallographic geometry (the calculated splitting
amounts to ~0.2 eV). As sketched in Fig. 3b, the h->/ or c-transition
of the monomer gives rise in the dimer to 4 transitions
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Table 4. ESM results for curcumin 1 and its dimer. Essential-state parameters for 1:
Nn=0.94 eV; 1=0.93 eV, po= 20 D, '=0.28eV

Monomer
Trans.en.| Osc. Sapa
[eV] strength| [a.u.]
(o2pa
[GM™M])
c 2.56 0.8 0
e| 323 0 |4.4x10°
(1100)
dimerr=3.74 A dimerr=6.74 A
Trans.en.| Osc. S,pa |Trans.en.| Osc. S2pa
[eV] strength| [a.u.] [eV] strength [a.u.]
(o2pa (o2pa
[GM]) [GM])
C; 2.35 0 0 2.48 0 0
C, 2.79 1.6 0 2.68 1.6 0
E; 3.21 0 0 3.22 0 0
E,| 3.34 0 |29x10°| 3.8 0 4.8x10°
(830) (1360)

corresponding to the two c-transitions on each monomer (c, and c,
in the figure) and two intermolecular charge-transfer transitions (CT
in the figure). The two local transitions combine in turn in the C;
and C, dimer exciton states. Similarly, the h-1->/ or e-transition of
the monomers gives rise to the E; and E, dimer exciton states and
to intermolecular CT transitions. Along these lines, and based on
the correspondence between the molecular and dimer orbitals (see
Fig. 3c and 3d), we map the dimer transitions (or at least their main
contributions) into linear combinations of the molecular ¢, ¢;, e,

and e, transitions and of intermolecular CT transitions (see the last
columns of Table 2 and 3 and corresponding results in the SI).

At large distance, the CT contribution to low-energy excitons is
marginal and the first four dimer excited states can be safely
mapped onto the four states, C;, C,, E;, E, defined in Table 2 and 3.
The energy of CT states decreases at short distance, making the
excitation spectrum more crowded. We assign the two lowest
states stemming from monomer c-excitations to C; and C,, and the
two lowest states stemming from monomer e-transitions to £; and
E,. A similar analysis is done for intermolecular distances varying
from 3.74 A to 7.74 A (see Sl) allowing us to estimate the energies
for the four exciton states, as reported in Figure 4.

In a bottom-up modeling approach, the ESM for the dimer is
built starting from the electronic model for the monomer, defined
by the two energies, n and t estimated from the 1PA and 2PA
frequencies, and introduces the intermolecular electrostatic
interactions in the basis states, as discussed above. To such an aim,
we need geometrical parameters. We set the length of the
molecular arm to 6.5 A and for the P-P dimer we fix the lateral shift
d=3.05 A. The intermolecular distance r is varied from 3.74 up to
7.74 A by steps of 1 A. The diagonalization of the Hamiltonian
matrix leads to the adiabatic eigenstates, as relevant to
spectroscopy. As simple  physical
considerations, only the first four excited states are relevant to low-

expected, based on

energy spectroscopy (Table 4 and SI): higher-energy states
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Fig. 4. 1PA (red) and 2PA (black) transition energies calculated for the P-P curcumin
dimer at variable intermolecular distance. ESM results (circles) are compared with
TDDFT results (crosses). To facilitate the comparison, TDDFT results are rigidly
downshifted by 0.83 eV for 2PA and by 0.69 eV for 1PA.

correspond to states where both molecules are excited. Looking in
more detail, the first two excited states stem from the exciton
splitting of the molecular c states. Specifically, the lowest-energy
state C; is a dark state, and the spectral intensity from the two
molecules is transferred to the second excited state, C,, as expected
for H-aggregates. The second pair of states, £; and E,, stems out
from the e molecular states. Their splitting is due to excitonic
effects beyond the dipolar approximation. Both states are dark in
1PA, and the 2PA intensity from the molecular e-state is found on
E,, while E; is not seen in either 1PA or 2PA spectra. The C,-C; and
E,-E; splittings both decrease with increasing r, with the E,-E;
splitting decreasing faster than the C,-C;: as expected, the dipolar
approximation improves upon increasing the intermolecular
distance.

Fig. 4 compares the energy of the four exciton states as
obtained from ESM and TDDFT. Of course, the absolute energy
needs a renormalization, but the r-dependence of the energies and
the size of the splitting match fairly well. In spite of its simplicity,
ESM offers a reliable description of spectroscopic effects of
intermolecular interactions for both allowed and dark states,
suggesting that, whereas CT states enter into play at close
distances, their effect on spectral properties can be neglected to a
first approximation. Similar results are obtained for the T-P (non-
equivalent monomers) dimer, as discussed in the SI.

Having validated ESMs on dimers, we now attack bigger
aggregates, well beyond TDDFT capabilities, as needed for
comparing with experimental data. We consider one-dimensional
arrays of equivalent molecules (Fig. 5, left panels), accounting for
nearest-neighbor interactions. While this represents an
oversimplified view of the system, most of experimental results can
be rationalized on this basis. To mimic the experimental geometry,
we fix the intermolecular distance to 4 A and a lateral shift of 3 A.
The results in the top panels of Fig. 5 show a marked hypsochromic
effect, as expected for H-aggregates, with the bright 1PA state
blueshifted with respect to the monomer. Moreover, the presence
of a dark state at low energy (the position of the dark state is
marked by a star in Figure 5a) supports suppressed fluorescence in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Left panels: sketch of geometrical arrangements of aggregates of curcumins and
geometrical parameters. Right panels: Calculated spectra for selected geometries of
curcumin dimers. n is the number of molecules. Continuous and dashed lines refer to
1PA and 2PA spectra, respectively. The * marks the position of the lowest energy dark
state (C;). In order to compare the results obtained for systems of different
dimensions, 1PA and 2PA intensities were divided by the number of molecules.

the aggregate. For comparison, the lower panels of Fig. 5 show
results for a different geometry, where the relative lateral shift of
the molecules amounts to 13 A. In this case, corresponding to a J-
aggregate, the bright 1PA state is redshifted with respect to the
monomer, and, being the lowest excited state, supports good
fluorescent properties for the aggregate.

400 500 600 700

ARTICLE

ESM results in Fig. 5a are obtained for a geometry that mimic
the experimental crystallographic geometry (most probably similar
to the geometry in the ONPs) and, predicting H-type behavior,
agree well with experimental data. Indeed experimental absorption
spectra of organic nanoparticles are blushifted with respect to the
solvated dye and the fluorescence of both powders and
nanoparticles is largely suppressed (the residual redshifted
fluorescence observed in powders and nanoparticles can be
ascribed to the activation of the dark state in Fig. 5a, due to
molecular vibrations or to minor deviations from perfect
alignment). Experimental 2PA of nanoparticles is marginally
affected by intermolecular interactions. In agreement with the
experiment, ESM results predict minor spectral shifts on 2PA bands

Squaraines: systems with high quadrupolar
character

Squaraines are popular systems for nonlinear optical applications,
particularly for their large 2PA cross section.*™* Squaraines,
characterized by a large mixing of the N and Z, states and by a
marginal solvatochromism in absorption and in emission, belong to
class Il quadrupolar dyes. Their 1PA-active state, lying
approximately at half the energy of the 2PA-active state, is
responsible for a large (pre)resonance amplification of the 2PA
intensity.w'42 The large mixing of the diabatic basis states makes
squaraines strongly polarizable, so that important deviations from
the exciton model are expected. As discussed in the literature,
TDDFT does not offer reliable results for squaraines mainly due to
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Fig. 6. Calculated spectra for selected geometries of dimers of squaraine 2. The * indicates the spectral position of the lowest dark c state (* is not shown in panels d and e, since
both c-states are bright). ESM parameters: n = 0.44 eV and © = 1.05 eV. The length of the molecular arm is fixed to 5 A. In left panels the distance between the two molecular axis is
5 A. In right panels, the distance between the closest D groups is 5 A.
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the biradicaloid character of the dye.GHQ Therefore, we will not
present TDDFT results for squaraine aggregates but will rely on
ESMs. The resulting description of squaraines is somewhat
oversimplified, but ESMs do not suffer from the drawback of TDDFT
with biradicaloid and, while they do not account for localized
excitations (including the excitations that involve the oxyallyl
ring67), they capture the basic physics of the low-energy transitions
of squaraine dyes,lg‘m81 offering a simple strategy to account for
the subtle role of the molecular polarizability in aggregates.

We start our analysis with a rationalization of old results on
squaraine dimers in controlled geometry.66 Three different
geometries are explored: a rigid dimer where a face-to-face
arrangement is forced by a double bridge (CSq.X); a series of
dimers linked by a polymethylen spacer of increasing length
(SqM,Sq, n=2-10) and a series of xylyl-bridged dimers (SgX,Sq, x = o-
, M-, p-). CSg.X shows a blueshifted band with respect to the
monomer and is non-fluorescent, as expected for H-aggregates. In
the SqM,Sq series, two absorption bands are observed, a
blueshifted band with respect to the monomer and a more intense
redshifted band (for n=10 a single band is observed, at the same
energy as the monomer, suggesting negligible interchromophore
interactions). A redshifted fluorescence is observed compared to
the monomer, whose intensity is strongly suppressed for short
spacers. A similar behavior is also observed for the SgX,Sq.

The observation of an intense redshifted absorption and a
suppressed fluorescence, observed for both SqM,Sq and SgX,Sq
series, is hard to rationalize in the exciton picture that, for
aggregates showing a redshifted absorption, predicts also good
fluorescent properties (J-aggregates). This strange result can be
rationalized by ESMs, as shown by results in Fig. 6 (see also Fig. S16
in the Sl). In ESMs, the isolated chromophore is parameterized
against experimental data, setting n = 0.44 eV and t=1.05 eVv.2 In
the faced geometry (Fig. 6a) as relevant to CSqg..X, the 1PA-active
state of the monomers splits into a bright state to the blue and a
dark state to the red, explaining the fully suppressed fluorescence
for the dimer CSg,X in Ref. % To describe SqM,Sq we can assume a
“fan” geometry (Fig. 6d and 6e): in this case both exciton states
originated from the c-state of the monomer are 1PA-active with
relative intensities depending on the folding angle: for a < 45° the
redshifted state dominates the 1PA spectrum, while for a > 45° the
blueshifted state gives rise to a more intense transition, suggesting
a suppression of fluorescence. Neither of the two cases is fully
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Fig. 7. Left panel: ESM calculation for aggregates of molecule 3 (parameters: n = 0.064
eV and t =1.2 eV); nis the number of molecules. Continuous and dashed lines refer to
one-photon and two-photon absorption spectra, respectively. The * refers to the
lowest (in energy) dark state. The molecule was parameterized in the framework of
ESM in Ref. ®. Here we have renormalized the parameters to have the same
quadrupolar character without accounting for molecular vibrations in a nonpolar
solvent. Right panel: sketch of geometrical arrangements of aggregates and
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consistent with experiment. For a ladder-geometry (Fig. 6¢c), ESM
predicts instead an intense redshifted absorption band and at the
same time a suppression of fluorescence due to the presence of a
dark state further to the red. In this case, however, the model does
not predict any blueshifted absorption band. To rationalize
experimental data we suggest that in solution geometries as in Fig.
6c and 6e do coexist.

Xylyl-bridged dimers, SgX,Sq, show two 1PA bands to the red
and to the blue of the monomer absorption and a similar
fluorescence quantum vyield as the monomer. The highest
fluorescence quantum yield is observed in SgX,Sq, where the two
chromophores are in para position, and it decreases of a factor of
1.5 and 2.5 in SgX,.Sq (meta) and SgX.Sq (ortho). Based on
available experimental data, SgX,Sq, SqX,Sq and SgX,Sq can be
described by the geometrical arrangement in Fig. 6f, 6e and 6d
respectively. For SgX,Sq, the second absorption band is dark in
calculation, but it can acquire some intensity introducing molecular
vibrations or interaction with the solvent.

In a recent paper, Belfield and coworkers investigate squaraine
aggregates in water, observing a blue-shifted absorption and a
strong decrease of fluorescence intensity, supporting the formation
of H-aggregates.40 The addition of a polyelectrolyte to the solution
of the (cationic) squaraine leads to a strong redshifted absorption
and to a complete suppression of fluorescence, a phenomenon
ascribed to the formation of a “non-fluorescent J-aggregate".40 The
2PA signal of the monomer and H-aggregate is negligible in the 400-
500nm region, while an intense 2PA absorption (~460 GM) is
observed in the presence of the polyelectrolyte (unfortunately the
full shape of the 2PA band is not experimentally accessible due to
resonance effects). The two observations of suppressed
fluorescence in J-aggregates and of sizable effects on 2PA both
contrast sharply with the exciton picture, but are naturally
rationalized within ESM. For the squaraines investigated in ref 40
(molecule 3 in Fig. 1) we set up the molecular model fixing n = 0.164
eV and t=1.2 eV. Fig. 7 shows 1PA and 2PA spectra calculated for a
ladder geometry with a large lateral shift (6.5 A). Similarly to results
shown in Fig. 6¢, in this geometry both dimer states originated from
the 1PA-active monomer states are redshifted with respect to the
monomer and the lowest-energy state is a dark state. For this
geometry, we then expect a strong suppression of the fluorescence
(as for an H-aggregate) even if the observed absorption is
redshifted (as for a J-aggregate). The reason for this anomalous
behavior is in the large polarizability of squaraines: because of the
electrostatic interaction with the surrounding molecules, a
squaraine molecule readjusts its charge distribution, leading to a
variation of the transition frequency of each chromophore in the
aggregate. For the aggregate in Fig. 7 we calculate the absorption
spectrum in the mean-field approximation for a molecule
experiencing the electric field generated by surrounding molecules
(see Fig. S17) and obtain a very large redshift of the absorption
band with respect to the gas-phase monomer. The exciton splitting
with respect to the mean-field absorption would then lead to a
blueshifted intense absorption and a redshifted dark state, as in a
classical H-aggregate, even if, when compared to the isolated dye,
both transitions are redshifted. ESMs then provide a simple
interpretation for the puzzling experimental observation of non-
fluorescent J-aggregates in ref.’’: the redshifted absorption band in
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the aggregate is not due to the lowest energy state in the exciton
band (as found in traditional fluorescent J-aggregates), it is rather
due to the highest energy state in the exciton band (as in traditional
non-fluorescent H-aggregates). The observed red-shift is ascribed in
these conditions to an overall red-shift of the whole exciton band
with respect to the isolated molecule due to mean field effects, that
are very strong in aggregates of largely polarizable dyes like
squaraines. In this context, the definition of J- and H-aggregates
becomes hardly applicable when referred to highly polarizable
molecules, as already pointed out in ref.” Our results also agree
with experimental 2PA data: indeed, according to Fig. 7, the 2PA
cross section is negligible in the 400-500nm spectral region for the
monomer and dimer, but it increases for big aggregates.

Conclusions

The extensive analysis of experimental results on several families of
aggregates of quadrupolar dyes, also supported by TDDFT results on
dimeric structures, gives confidence about the possibility to reliably
model and rationalize the properties of molecular aggregates fully
accounting for the molecular polarizability and relaxing the dipolar
approximation. ESMs fairly naturally lend themselves to this aim,
offering a versatile alternative to the exciton model to deal with
large molecular aggregates.

Quadrupolar dyes are of special interest for 2PA applications,
and controlling aggregation phenomena in quadrupolar-based
aggregates and/or ONPs has a potential big impact for two-photon
microscopy applications. In this respect, it is of paramount
importance to understand aggregation effects on both 2PA spectra
and on the fluorescence quantum vyield: the two-photon brilliance
as relevant to microscopy applications is in fact defined as the
product of the 2PA intensity times the fluorescence quantum yield.
According to our results, for one-dimensional structures, the 2PA
intensity can be amplified considerably if quadrupolar dyes are set
in an aligned geometry or, at least, in a face-to-face geometry with
a large lateral shift (ladder geometry). Quite interestingly, the
aligned geometry shall also lead to brightly fluorescent aggregates,
while in the ladder geometry we expect a suppressed fluorescence.
An amplification of the 2PA response while maintaining good
fluorescence properties can be obtained in a two-dimensional
brickwork arrangement, as reported in Ref % _In this paper, authors
demonstrate the formation of strongly fluorescent J-aggregates of
quadrupolar dyes and the concomitant amplification of the 2PA
cross section. Preliminary results on 2D structures are reported in
supporting information (Fig. S18): results are promising and in
agreement with experimental data. The investigation of brickwork
structures deserves more attention, in order to thoroughly
understand the relationship between structure and properties, and
will be the subject of future work.

The recurrent observation of non-fluorescent J-aggregates of
squaraines or, to be more precise, aggregates where, in spite of a
redshifted absorption, the fluorescence is strongly suppressed, calls
for explanations well beyond the exciton model. Recently, this
behavior has been ascribed to the effect of important
intermolecular CT interactions,25 and for sure this is a possibility in
some systems. However, even in the absence of intermolecular CT
interactions, ESMs support non-fluorescent J-aggregates due to the

This journal is © The Royal Society of Chemistry 20xx
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large polarizability of squaraine molecules. In aggregates of highly
polarizable molecules, not only the exciton model becomes hardly
applicable, but the very same definition of J- and H-aggregates
becomes misleading.
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