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a

A bottom-up modelling strategy is adopted to discuss the linear and nonlinear optical spectra of a
prototypical push—pull dye, 4-dimethylamino-4’-nitrostilbene (DANS), in different environments, from
solutions to linear aggregates, fully accounting for the molecular polarity and polarizability. In particular,
we demonstrate a large amplification of the first hyperpolarizability of linear aggregates with a
superlinear dependence on the aggregate size. Results are discussed with reference to recent
experiments for DANS molecules aligned inside single-wall carbon nanotubes, leading to a complete
and internally consistent description of the observed spectral properties in terms of ~7 aligned
molecules, reducing by an order of magnitude the size of the aggregate estimated in the hypothesis of
linear amplification, as expected for non-interacting molecules. This has important implications for
material design: it is possible to obtain a large amplification of the first hyperpolarizability by aligning just
a few DANS molecules (or more generally, a few polar dyes showing normal solvatochromism) without
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Introduction

Donor-acceptor (DA) or push-pull chromophores have been
extensively investigated for their promising nonlinear optical
(NLO) responses,' ensured by the presence of delocalized
electrons and low-energy charge-transfer degrees of freedom.>
The polar nature of DA dyes makes them extremely responsive
to the polarity of the environment and their solvatochromism
has been exploited for applications in polarity and electric field
sensing.® Due to their asymmetric structures, DA dyes are the
molecules of choice for second-order NLO responses (related to
the first hyperpolarizability ) and have been quite extensively
investigated in this respect."* A major issue hindering the
successful development of second-order NLO materials based
on DA dyes is the requirement that the asymmetry is maintained
at the material (macroscopic) level. In fact, with few notable
exceptions,” DA dyes organize themselves to maximize favourable
electrostatic interactions forming centrosymmetric structures.®
To overcome this problem, different strategies have been proposed.
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the need to grow large ordered systems.

The most popular strategy consists of loading a polymeric matrix
with DA dyes, then using an electric field (while heating beyond the
glass transition temperature) to partly orient the molecules inside
the matrix.*” The results of this poling strategy, however, have not
been fully satisfactory, also in view of the limited temporal
stability of poled samples. More sophisticated strategies focus
on the controlled growth of layers of DA dyes on surfaces via,
e.g., the Langmuir-Blodgett technique,® or the insertion of dyes
inside preformed channels of specific materials.’™"

Additive behaviour is most often assumed for materials
based on DA dyes,"”""* a reasonable hypothesis for very dilute
samples where intermolecular interactions are negligible. However,
DA dyes are polar and polarizable molecules, and in dense samples,
quite impressive cooperative and collective effects are driven by
electrostatic intermolecular interactions, as extensively discussed by
some of the authors with reference to static NLO responses.>**'*
Specifically, depending on the relative orientation and on the nature
of the molecules, largely amplified or suppressed responses are
predicted, making supramolecular chemistry a powerful tool to
engineer the material properties. Important aggregation effects were
also recognized in the linear and nonlinear spectral properties of
dimers of DA dyes in controlled geometry.*

Here, we address a recent experimental work where molecules
of 4-dimethylamino-4’-nitrostilbene (DANS), a well-known and
widely used DA dye, were encapsulated inside single-wall
carbon nanotubes (CNTs) to form DANS@CNT suspensions.'?
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The electrostatic forces acting among the dyes favour their
head-to-tail arrangement, leading to linear polar structures whose
first hyperpolarizability was addressed by measuring the frequency-
resolved Hyper-Rayleigh Scattering (HRS) response. The observed
amplification of the p-response was ascribed to the presence of
well-ordered chains of dyes containing up to 69 molecules. This
large number of aligned molecules was, however, estimated in
the hypothesis of additive behaviour (i.e., assuming non-
interacting molecules), an assumption that is difficult to reconcile
with the observation of a large red-shift (>100 nm) of the linear
absorption spectrum of DANS when going from a non-polar
solvent (similar to the CNT environment) to the DANS@CNT
suspension. This simple observation points to large intermolecular
interactions that are expected to heavily affect the B-response of
the material.

Here, we present a comprehensive analysis of the optical
spectra of DANS in different environments, leading to the
conclusion that, if collective and cooperative effects are properly
accounted for, the estimated number of aligned molecules
needed to reproduce the experimental results for DANS@CNT
is reduced by one order of magnitude with respect to the
estimate based on the hypothesis of additive behaviour. In the
process, we also quantitatively address some experimental
features left unexplained in the original paper, giving further
support to the proposed interpretation.

Bottom-up modelling of DANS@CNT
The essential-state model for solvated DANS

Fig. 1a collects the linear absorption and fluorescence spectra
measured for DANS in different solvents (Experimental details
in ESIt), in agreement with literature data.'® The red-shift of
the spectra with increasing solvent polarity, with more important
effects in fluorescence than in absorption, is typical of dyes with a
weakly polar ground state, whose polarity increases upon
excitation.® The complex evolution of the optical spectra of
DA dyes, including the bandshape evolution, is well captured by
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Fig. 1 (a) Normalized absorption and fluorescence spectra (continuous
and dashed lines, respectively) of DANS in cyclohexane (black), toluene
(red), chloroform (green) and DMSO (blue). (b) ESM simulated spectra,
obtained with the molecular model parameters in Table 1 and varying
eor = 0.05, 0.40, 0.90, 1.20 eV to simulate the increasing solvent polarity
from cyclohexane to DMSO.
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Fig. 2 The two resonating structures of DANS and the corresponding
basis states for the essential-state model.

essential-state models’”'® that account for just two electronic

basis states, corresponding to the neutral (D-n-A) and zwitter-
ionic (D'-n-A") resonating structures, as illustrated in Fig. 2.
The two basis states are separated by an energy gap 2z and are
mixed by a matrix element —7 to give a ground state, D*"-n-A”",
characterized by a fractional amount of charge transfer, p.

The different geometry of the neutral and zwitterionic basis
states is accounted for by introducing a single effective vibrational
coordinate with harmonic frequency w, and relaxation energy ¢,
(see ref. 17-19 and ESIf for the complete model). Four model
parameters fully describe the coupled electronic and vibrational
problem that is diagonalized numerically in a non-adiabatic
approach. Relevant eigenstates enter sum-over-states expressions
used to calculate linear and nonlinear optical spectra. An
additional parameter, 7, is needed for the calculation of the
spectra, measuring the intrinsic bandwidth associated with
each vibronic line. To account for polar solvation, the solvent
is treated as a dielectric continuum whose interaction with the
solute is described by a reaction field that enters the Hamiltonian
as a classical coordinate."”” The corresponding relaxation energy,
éory 1S an additional empirical parameter that increases with
solvent polarity. Spectra are calculated for different values of
the reaction field, and solution spectra are finally obtained by
summing the spectra obtained for different values of the reaction
field, weighting each contribution for the relevant Boltzmann
distribution. Along these lines, an internally consistent treatment
of inhomogeneous broadening effects in polar solvents is
obtained."”"®

The two-state model reproduces very well the complex
evolution of the spectral properties of DANS with solvent
polarity, as shown in Fig. 1b. Calculated spectra are obtained
fixing the 5 molecular parameters listed in Table 1 and increasing
&or to mimic the increasing solvent polarity. We underline that
the 4 absorption spectra and the 3 fluorescence spectra (the
fluorescence signal in DMSO is too weak to be detected, due to
the »® dependence of the fluorescence intensity) in Fig. 1b are
calculated in terms of just 9 parameters, a quite impressive
result, since a blind fit of the 7 experimental bands in Fig. 1a
would require a grand-total of 14 parameters (position and width

Table 1 The molecular model parameters for DANS (eV units)

z T & Wy Y

1.32 0.72 0.30 0.17 0.07
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of each band), still not accounting for the resolved vibronic
bandshape observed in cyclohexane, which is instead quite
naturally addressed in our approach.

Even more interestingly, the same model, derived from the
analysis of the linear spectra in Fig. 1, can be used to calculate
the nonlinear optical spectra. To address absolute intensities,
we fix an additional model parameter 1, the dipole moment of
the zwitterionic basis state, which is set to 31 D in order to
reproduce the molar extinction coefficient at the maximum of
the absorption band (¢ = 28000 M~ ' em ™" in CHCl;). Using
sum-over-states expressions (see ESIT), we calculate not only the
bandshape, but also the absolute intensity of the nonlinear
spectra. Fig. 3 shows the 2PA and HRS spectra calculated for
&r = 0.9 eV, as relevant to chloroform solutions. The shape of
the 2PA spectrum is practically superimposed onto the linear
absorption spectrum, in line with the results in ref. 20, with a
maximum value of ~300 GM, which is slightly overestimated
with respect to the experimental result (~220 GM). This discrepancy
could be reduced by correcting the calculated spectra for local field
effects. More important for our aims are the HRS spectra, reported
in Fig. 3 as calibrated HRS signal, S*° (corresponding to f...> if z is
chosen as the molecular axis), according to the definition in ref. 12.
The agreement with experiment is striking: our model quite
naturally explains the red-shift of the HRS spectrum with
respect to the linear absorption resonance, as due to inhomogeneous
broadening effects. As for the absolute HRS intensity, the calculated
result underestimates the experimental data by a factor of ~4.5. As
discussed in ref. 21, this discrepancy could be ascribed to a
systematic error in the calibration procedure for HRS signals.

Before closing this section, we underline that popular and
nominally parameter-free TD-DFT approaches could be used,
with a proper choice of the functional and of the basis set, to
obtain reliable estimates of the frequencies and oscillator
strengths of the linear absorption band in different solvents,
as well as of the frequencies of the fluorescence band. However,
standard TD-DFT, as implemented, e.g., in the Gaussian package,
does not offer any information about bandshapes. To roughly
reproduce the evolution of absorption and fluorescence band-
shapes with solvent polarity, without accounting for the vibronic
structure, 7 adjustable parameters should be introduced, measuring
the bandwidth of the 4 absorption and 3 fluorescence bands in
Fig. 1. The Dalton package could be adopted to calculate the
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Fig. 3 Calculated nonlinear spectra of DANS in chloroform (red lines).
Left: The 2PA spectrum. Right: The calibrated HRS signal (B* convention).
In both panels, the black line shows the linear absorption spectrum as the
molar extinction coefficient. Spectra are reported against the wavelength
associated with the transition frequency, which for 2PA and HRS spectra
corresponds to half the photon wavelength.

This journal is © the Owner Societies 2017

View Article Online

Paper

nonlinear 2PA and HRS spectra but again, the relevant bandwidths
(those for the nonlinear spectra also affect the calculated intensity)
should be adjusted by hand, leading to 2 additional parameters
to reproduce the spectra in Fig. 3. Moreover, since standard
TD-DFT does not account for inhomogeneous broadening, it
cannot explain the observed red-shift of the HRS band with
respect to the linear absorption band.

Building the model for linear aggregates

Having a reliable model for the linear and nonlinear optical
properties of DANS in solution, we built a model for the
aggregates.>'>'* The Hamiltonian of the aggregate was written
on the basis obtained as the direct product of the basis states of
the monomers. It accounts for intermolecular electrostatic inter-
actions, which affect the energy of the basis states where two or
more molecules are in a zwitterionic form (see ESIT). Accounting
only for nearest-neighbour interactions, a single interaction term V
enters the calculation, measuring the electrostatic interaction
energy between two nearby molecules in their zwitterionic form.

The non-adiabatic basis for the coupled vibro-electronic
problem increases rapidly with system size, making the problem
intractable for large aggregates. As discussed and validated in
the ESIL,T it is possible to reduce the dimension of the basis
accounting only for the in-phase vibration of the molecules in
the aggregate. Calculated linear absorption and HRS spectra are
shown in Fig. 4 for linear head-to-tail aggregates of increasing
size from N = 1 (monomer) up to N = 14. Results are shown for
V = —1.35 eV, which, as will be discussed below, is relevant to
DANS@CNT, but the approach is more general and applies to
aggregates with well delocalized excitations (see ESIt).

As expected for aggregates with attractive intermolecular
interactions (negative V), the linear absorption spectrum red-shifts
upon increasing the system size,** while the bandshape progressively
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Fig. 4 Results for linear aggregates of N DANS molecules. Top and
bottom panels show the linear spectrum (reported as extinction coefficient)
and the HRS spectrum (reported as the calibrated HRS signal divided by N)
vs. the wavelength associated with the transition frequency.
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shrinks, pointing to a reduced effective electron-vibration coupling
due to exciton delocalization.”® Indeed the linear and nonlinear
spectra calculated for N = 12 and 14 are very similar (see ESIt),
suggesting a delocalization length of ~12. The narrowing of the
linear absorption band leads to an increase of the maximum molar
extinction coefficient, yet, when properly calculated integrating over
an energy scale, the area below the linear absorption band stays
constant within 5%.

Much more interesting is the behaviour of the HRS spectra.
The calibrated St™S signal is an intensive quantity, independent
of dye concentration when dealing with solvated dyes."> However,
in the presence of linear aggregates of non-interacting molecules,
SE®S is expected to linearly increase with the number of
molecules in the aggregate, N.'> Therefore, in Fig. 4, the
calculated results for the linear aggregates are reported as
S¢S/N, a quantity that is expected to be independent of N for
non-interacting molecules. Instead, we observe a fast increase
of SE®S/N with N, due to intermolecular interactions. This
wildly superlinear amplification of the HRS response is in line
with early predictions for the static hyperpolarizability (the zero
frequency limit of the HRS signal) of aggregates of DA dyes,
mainly due to mean-field effects, accounting for the increase of
the molecular polarity from solution to the aggregate, and to
excitonic and ultraexcitonic effects.>'?

We are now in a position to re-analyse the experimental
results in ref. 12 properly accounting for intermolecular inter-
actions. The experimental results are reported for two different
samples, DANS@o0ARC and DANS@oHiPco. In both cases, the
linear absorption spectrum shows a maximum at 4 ~ 500 nm.
According to Fig. 4, the position of the calculated linear
absorption spectrum becomes independent of N for N > 4, so,
unless we expect extremely short aggregates, we can adjust V to
reproduce the position of the linear absorption spectrum.
Specifically, V = —1.35 eV leads to the proper position of the
linear absorption band measured for DANS@CNT. The nature
of the sample and the shape of experimental spectra suggest
the presence of disorder, so we introduce a Gaussian distribution
around the average V value. Finally, the number of molecules in
the aggregate is fixed to reproduce the experimental amplification of
the calibrated S signal when going from chloroform solution to
the aggregate. The best results in Fig. 5 are obtained for aggregates
of 7 dyes with the width of the V distribution set to ¢ = 0.27 and
0.30 eV to reproduce the experimental bandshapes of the
DANS@o0ARC and DANS@oHiPco samples, respectively.

The agreement between the calculated spectra in Fig. 5 and
experimental data in ref. 12 is striking: our model quite
naturally reproduces the impressive red-shift of the HRS spectrum,
with respect to the linear absorption spectrum, due to inhomo-
geneous broadening effects, induced by the different dependence
of the linear and nonlinear responses upon intermolecular inter-
actions. The experimentally observed amplification of the HRS
signal for DANS@CNT is reproduced for a linear aggregate of less
than 10 interacting molecules.

As discussed above, the parameter measuring the strength
of intermolecular interaction, V = —1.35 eV, was fixed to
reproduce the position of the linear absorption spectrum of
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Fig. 5 Linear absorption (black lines) and HRS spectra (red lines) calculated
for aggregates of 7 DANS molecules with V = —1.35 eV and ¢ = 0.27 eV (left
panel) or ¢ = 0.30 eV (right panel).

the DANS@CNT sample. The estimate is, however, consistent
with simple electrostatic considerations. V, in fact, represents
the interaction between two nearby molecules in their zwitter-
ionic state. As a first approximation, V can be calculated as the
interaction between two DANS molecules bearing a positive
charge on the nitrogen atom of the amino group and a negative
charge on the nitrogen atom of the nitro group (c¢f Fig. 2).
According to ref. 12, the intramolecular N-N distance amounts
to ~12.27 A and the intermolecular N-N distance to 4.61 A,
leading to V ~ —1.9 eV. This estimate, not accounting for
screening effects, represents an upper limit for the interactions,
and reasonably agrees with our phenomenological estimate.

Conclusions

We have presented a comprehensive study of the optical
properties of DANS in different environments to build a reliable
model for linear aggregates of DANS in CNTs and their unique
NLO responses. In a bottom-up modelling approach, we started
our analysis demonstrating that a two-state model, parameterized
by a handful of molecular parameters, quantitatively reproduces
the absorption, florescence, two-photon absorption and HRS
spectra of DANS in solution. This model, extensively validated
against experimental data, is then extended to aggregates, leading
to an internally consistent picture that, naturally accounting for
the collective and cooperative amplification of NLO responses due
to intermolecular interactions, explains the observed ~ 30-fold
enhancement of the HRS calibrated signal of DANS@CNT vs.
DANS in solution, in terms of less than 10 aligned molecules.
This result sharply contrasts with the estimate of up to 69 aligned
molecules that was obtained fully disregarding intermolecular
interactions. We underline that in ref. 12, the number of aligned
molecules was estimated based on the assumption of non-
interacting molecules and on the basis of the HRS signal extra-
polated at zero frequency. Since the extrapolation procedure
introduces uncontrollable approximations, we prefer to stick to
the experimental data in the available spectral window.

The linear absorption band of DANS in solution red-shifts
from 420 to 450 nm, when going from cyclohexane to DMSO,
and further red-shifts to 500 nm for DANS@CNT. In ref. 12, the
red-shift observed in aggregates was ascribed to the strongly
polar environment that each dye feels in the aggregate due
to surrounding polar DANS molecules. However, a major
difference exists between the polar environment experienced

This journal is © the Owner Societies 2017
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by a dye in solution and in an aggregate. The solvent, in fact, is
optically transparent in the spectral region of interest, and the
solvent states do not interact (or marginally interact) with the
solute states. This is indeed the reason why the dielectric
continuum model for the solvent works well. In contrast, in
an aggregate, each molecule interacts with nearby equivalent
(or almost so) molecules, leading to large cooperative and
collective effects stemming from the interaction among (almost)
degenerate excited states on nearby molecules.”'® The largely
red-shifted optical spectra of DANS@CNT confirm, themselves,
the large intermolecular interactions and henceforth non-
negligible cooperative effects responsible for the non-additive
behaviour.

Having discussed the linear aggregates of DANS showing a
huge collective and cooperative amplification of the B-response,
it is important to mention that for DA dyes with a mostly
zwitterionic ground state, i.e., for DA dyes showing an inverse
solvatochromism,*"® the formation of linear head-to-tail aggregates
is detrimental, since a large cooperative suppression of the f
response is expected, despite the alignment. The suppression
of the static B response for linear aggregates of zwitterionic
DA dyes was discussed in ref. 2 and 13. In the ESIf, we show
the HRS spectra calculated for linear aggregates of a specific
zwitterionic dye.

This work, apart from reanalysing results published in
ref. 12, gives an important message to experimentalists. Indeed,
we demonstrate that, starting from a DA dye showing normal
solvatochromism, it is possible to largely amplify the B-response
by organizing just a few molecules in a head-to-tail geometry,
without the need to go for very large and experimentally
challenging aggregates.
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