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The effects of solvent polarity on the linear and nonlinear optical properties of an aminon-
aphtylethenylpyridinium (ANEP) dye have been investigated by combining experimental
and theoretical chemistry methods. Indeed, measurements are usually not performed in
gas phase but in condensed phases such as solutions, so that it is of great importance
both to monitor these effects and to assess how solvent models can account for these.
On the one hand, Deep-Near Infrared (NIR) Hyper-Rayleigh scattering (HRS) measure-
ments (1840-1950 nm) were performed on solutions of di-8-ANEPPS in DCCl;, DMEF,
and DMSO. In particular, for the first time, HRS experiments have been performed in the
picosecond regime in the Deep-NIR with very moderate (< 3 mW) average input power.
These are compared with theoretical results obtained by using a sequential molecular dy-
namics (MD) then quantum mechanics (QM) approach. The MD method allows account-
ing for the dynamical nature of the molecular structures. Then, the QM part is based
on TDDFT/M06-2X/6-311+G* calculations using several solvation models ranging from
continuum to discrete ones. Both measurements and calculations extend our knowledge
of the NLO responses of di-8-ANEPPS in the long wavelengths regime, information that
is currently lacking. Similarly, the effects of frequency dispersion on the NLO properties
of a commonly used HRS reference dye, DR1, are investigated. For di-8-ANEPPS and
DR1, comparisons show that the use of an "intermediate" scheme, combining the descrip-
tion of the solvent molecules around the probe by point charges with a continuum model,
already achieves quasi quantitative agreement with the experimental data, and is therefore
an efficient choice. Moreover, if computational resources allow, the results can be further
improved by using a polarizable embedding that includes the atomic polarizabilities in the
solvent description. With this work, we provide new sets of experimental and calculated
NLO responses of push-pull probes to assess how best to account for solvent and frequency

dispersion effects.
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I. INTRODUCTION

Donor-7-acceptor molecules are the prototype of second-order nonlinear optical (NLO) com-
pounds that can exhibit large second harmonic generation (SHG) responses. Owing to their in-
terest in optical data processing,! in laser sources, as well as in bioimagning,>~’ the understand-
ing, control, and optimization of the underlying NLO responses is of primary importance. So,
many studies, either experimental or combining quantum chemistry characterizations have helped
deducing structure-property relationships (e.g. donnor and acceptor strengths, nature of the 7-
conjugated segment).>3-17 Since the experimental determination of their properties is generally
not performed in gas phase but in condensed phases, it is also necessary to assess how the environ-
ment influences the NLO responses. Focusing the most commom environments (i.e. solutions),
experimental studies have shown that solvent effects can considerably affect the response of the

NLO emitters. This was demonstrated for paranitroaniline (PNA), a common NLO reference, 82!

122

retinal,?? donor-acceptor polyenes,?? thiophene chromophores,?* organic acids,? etc. From these

studies, larger NLO responses have been associated with more polar solvents, e.g. the NLO re-
sponse of retinal is enhanced by more than a factor 10 when going from dioxane to nitromethane.??
In this context, it is important to assess how current theoretical solvation models are able to char-
acterize the NLO responses of organic probes in solution. Many methods have been developed
to account for solvent effects in quantum chemical calculations and are available in a number of
software packages. They differ in the way the solvent as well as its interactions with the solute
are described and range from discrete to continuum approaches.?® On the one hand, the solvent
molecules are explicitly considered, either at a quantum mechanical (QM) or molecular mechan-
ics (MM) - i.e. classical mechanics - level. Since it is not possible to include all the molecules
that make up the liquid, approximations are required to perform the calculations.?® This led, for
instance, to the development of the Supermolecular (SM)?7 approach. It is also with this in mind
that QM/MM approaches have been developed. These multi-scale, also called hybrid, methods
were first introduced by Warshel and Lewitt in 1976, and awarded them and Karplus the No-
bel Prize in Chemistry in 2013.%° Generally, those models provide a balance between accuracy
and efficiency to achieve a realistic description of the system. They also allow considering sys-
tem sizes that are impossible to treat at the full QM level. QM/MM schemes model the solute
"active site" where the target phenomena take place at the QM level, but take advantage of a sim-

pler description for the remaining part. In most QM/MM schemes, the QM region is polarized

3
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by the MM region by using an Electrostatic Embedding (EE),?° that includes the usually domi-
nant electrostatic contributions but not the induction ones. These missing induction contributions
can be included by associating site polarizabilities on the surrounding molecules and computing
self-consistently the induced dipole moment between the QM and MM regions. This is known
as the Polarizable Embedding (PE) scheme.?! On the other hand, in implicit schemes, the solvent
is modeled by a polarizable continuum medium described by its macroscopic properties, e.g. the
dielectric constant.3? In that case, the idea of individual solvent molecules is lost. Among these,
popular approaches based on the apparent surface charges (ASC) method include the Polarizable
Continuum Model (PCM),3%35 the Solvation Model Density (SMD),?¢ and the Conductor-like
Screening Model (COSMO).3" In addition, multiple solvation models can be combined to treat
different "layers" of the system using different levels of approximation. This leads to cluster con-
tinuum models or micro-solvation schemes.***! These can also be generalized within the Own

N-layered Integrated molecular Orbitals and Molecular mechanics (ONIOM) approach.*?

Focusing on the NLO responses, it has been shown that electrostatic interactions play a key
role in modulating the B responses of an embedded molecule.*3=° Since these are long-range ef-
fects, they are nearly impossible to retrieve using QM-only schemes, as a prohibitive number of
solvent molecules should be included. Fortunately, good agreement with experiment can gener-
ally be obtained using an "intermediate" or "low" solvent description. Indeed, linear and nonlinear
responses obtained using continuum or QM/MM models are, in many cases, able to reproduce
trends and even quantitative experimental values.'>**-¢ As a result, they have been used to eval-

49,50,54

uate the NLO properties of a wide variety of systems: pure solvents, probes embedded in

57-61 17,45-47,56,62—-66

lipid bilayers, organic molecules in solutions, and more recently on liquid air
interfaces.*%:%7 In fact, PCM is one of the most effective and widely used method for describing
the solvent effects on the electronic structure, the geometry, as well as the properties of molecules

in solution.®8

Herein we present a study of the solvent effects on the first hyperpolarizability of two push-
pull chromophores: one hemicyanine dye, 4-2-[6-(dibutylamino)-2-naphthalenyl]- ethenyl-1-(3-
sulfopropyl)pyridinium inner salt (di-8-ANEPPS), and one azobenzene dye, disperse red 1 (DR1)
(Figure 1). These compounds consist of an electron acceptor group connected by a w-conjugated
segment to an electron donor group.?3%° Di-8-ANEPPS is of particular interest because it is of-

2,3,70-72

ten used as a biocompatible probe to investigate membrane morphology and membrane

potential.”>7> Solvent effects on the linear and nonlinear optical properties of hemicyanine-type

4
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Figure 1: Structures of (a) di-8-ANEPPS, and (b) DR1.

chromophores have already been investigated, but those studies are often missing the descrip-
tion of the dynamical characteristics of the solvent.”%80 Besides, they mainly used PCM7-83 or
QM/MM,3! and mainly focused on the linear optical responses and not on the nonlinear ones.
On the other hand, DRI is a chromophore commonly employed as external reference in NLO

8495 50 that many experimental values are available.!3-20:84.93.96-103 Thjg js how-

measurements
ever not the case for di-8-ANEPPS, for which only the first hyperpolarizability in DMSO is
available.”> However experimental values have been obtained using high-energy incident light
(between 800 nm and 1064 nm), near the two-photon resonance region. Moreover, the characteri-
zation of those dyes is also lacking theoretical work focusing on their NLO properties.

In this context, a joint experimental - quantum chemical investigation of the first hyperpo-
larizabilities, B, of both di-8-ANEPPS and DRI has been carried out. 8 of di-8-ANEPPS has
been measured in various solvents [deuterated chloroform (DCCls), dimethylsulfoxide (DMSO),
and dimethylformamide (DMF)], while 8 of DR1 was characterized in DCCl;. The experimen-
tal characterizations have been carried out using Hyper-Rayleigh scattering (HRS) measurements.

On the other hand, a sequential MM+QM'%* method was enacted to evaluate 3. Several solvation

models, namely EE, PE, PCM, and SMD, were used and compared.

II. EXPERIMENTAL AND THEORETICAL BACKGROUND
A. Aspects of Nonlinear Optics and HRS Measurements

For isotropic media such as gases and solutions, the most widely used method to measure SHG
responses is based on the Hyper-Rayleigh Scattering (HRS) phenomenon, which is an incoherent
second-order NLO process. Although coherent SHG is forbidden in isotropic media for symmetry
reasons, incoherent HRS is allowed because the non-centrosymmetric molecules act as individual

and uncorrelated scattering centers. 894105
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The principle of the experiment is that the intensity of the total second harmonic scattered light,
I?® is related to squares of the individual molecular first hyperpolarizability, 3, and to the square
of the intensity of the incident light, /®. So, for a binary solution [solvent (S) and solute (X)] in

12(0

the diluted regime, where both S and X generate a 3 response, is given by:

_oX
Ly =G [ {Cs|Bs|*Cy + Cx|Bx [’CYy } (I Tw) *10~ 20X (1)

where G is a constant containing geometrical, optical, and electrical factors of the experimental
set-up, C is the concentration of the solvent or solute, f7, is a local field correction approximated
using the high-frequency Lorentz—Lorenz spherical cavity expression, which includes the refrac-
tive index of the solvent at the optical frequencies @ and 2@, T, is the transmission loss due to
the absorption of the fundamental beam at ®, &4 accounts for the one-photon absorption of the
chromophore at the second harmonic frequency, d is the optical path of the scattered harmonic
light, and W characterizes the state of polarization of the incident light. ¥ = 0° (90°) corresponds
to a linear horizontal [H] (vertical [V]) polarization. Cyy corresponds to the orientational averages

of the spherical components of the molecular first hyperpolarizability tensor of the solvent/solute.

Assuming a linearly polarized incident light propagating along the X direction, characterized
by the polarization angle W, the intensity of the harmonic light scattered at 90° (along the Y

direction), and vertically (V) polarized (along the Z axis) is given by the Bershon’s expression: %

I&f{} o< (B%XX)cos‘“P + (ﬁ%zz>sin4‘1’ + cosz‘Psinz‘P((ﬁzxz + ﬁzzx)2 +2B7772B7xx) )

where the brackets indicate an averaging over all possible molecular orientations. In this setup,
the angle of the plane of polarization of the incident beam, ¥, is practically implemented by the
rotation of ¥/2 of a half-wave plate (HWP). The orientational averages involved in Eq. 2 can be

simplified and expressed as follows:

((Bzxz + Bzzx)* +2BzzzBzxx) = (B2zz) + (Baxx) 3)

and the orientational invariants can be expressed in terms of the molecular components of the 3

tensor:
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The HRS first hyperpolarizability, Byrs, is given by

Prrs = \/ (BZzz) + (Bixx) o)

The depolarization ratio DR is defined as follows:

(Bz77)  Ivv
B v ©

Actually, the DR value depends on the molecular symmetry and can be used to divide up
the molecules into three categories based on the shape of the NLO-phore: this ratio ranges
from 1.5 to 5 and to 9 for octupolar, one-dimensional/linear push-pull, and dipolar molecules,

respectively.**107:19% Combining equations 2, 3 and 6, we obtain a simplified expression:

Cyy = (1 — DR)cos®¥ + DR (7)

In terms of molecular quantities, the nonlinear anisotropy, p, corresponds to the ratio between
the dipolar (|3;=1|) and octupolar (|8;=3|) contributions to the total HRS first hyperpolarizability

tensor:
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_|Br=3]
P= 18]

Note it is also possible to use an equivalent expression to equation 7 using the molecular quantity

p:

)

82 N\ 9 6
Coy = (45+105P)COS‘P+(45+105’)> ©)

B. Experimental Methods

HRS measurements were performed using a homemade setup that has been extensively de-
scribed in previous papers.!%119 An optical parametric generator (OPG) picosecond laser source
(idler: 1150-2200 nm) was used as probing source to adjust the incident energy (@) to tune the
HRS (2w). The solvents were purchased from sigma-Aldrich with a purity higher than 99.5%
(HPLC grade). The di-8-ANEPPS probe was purchased from Merck with a purity of 95% (high-
performance liquid chromatography grade) (CAS number 157134-53-7). Disperse red one (DR1),
which was used as an external reference molecule for the HRS measurements, was purchased from
Aldrich with a purity of 95% (CAS number 2872-52-8). Quartz cells with 3x3mm? of section were
used to minimize the volume to ~ 60 to 200 u!/ depending on the dilution. The output power of
the Near-Infrared (NIR) transmitted incident beam was monitored during all experiments with a
calibrated thermal position and power sensors (Thorlabs) so that any spurious data recording could
be detected.

Visible absorption spectra of the solutions are reported in Figure 2. The emitted fluorescence
of the di-8-ANEPPS is extremely strong in the visible, whatever the solvent considered, so that the
scattered photons, in the visible range and picosecond regime, from either two-photon excitation
(HRS) or, even more efficiently, three-photon excitation (third harmonic scattering: THS) was at
the origin of a secondary one-photon emission fluorescence (see Section S8.1). This secondary
emission was so efficient that it was impossible to achieve properly any HRS measurements, even
down to the NIR range, at 1700 nm. As a consequence, HRS measurements of ANEPPS had to
be performed using a deep-NIR incident excitation, practically beyond 1800 nm. Therefore, criti-
cal non-deuterated solvent as ethanol was excluded due to its low transparency in the NIR range.
Deuterated chloroform was preferred to chloroform because it is almost transparent in the full

range of the OPG laser (1200-2000 nm). NIR spectra of the pure solvents are reported in Fig-

8
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ure S15. So far, this is the first time HRS scattering experiments, in the picosecond regime, are
performed in such NIR range and with very moderate average input power (< 3mW) so that no
spurious effect is triggered, such as electrostriction. A first challenge was to get a good signal-
to-noise (SNR) HRS response when selecting an appropriate incident laser wavelength for each
solvent so that its absorption loss is as close as possible to zero, avoiding thermal effects. Actu-
ally, the absorption of deuterated ethanol (Eth-OD) from 1700 nm to 2000 nm was still too strong
(Figure S15) to perform HRS measurements without heating the solution. We restricted our ex-
perimental studies to DCCl;, DMF and DMSO, using, respectively, the following set of incident
wavelengths (1900 nm, 1950 nm), 1860 nm, and (1840 nm, 1950 nm). The transmission loss of
the NIR incident beam for the different experiments are gathered in Table S11. A second challenge
was then to select an external reference chromophore since in that deep NIR range, no HRS con-
tribution from the solvent could be measured to achieve the internal reference method. We have
selected Disperse Red one (DR1) as an external reference since first, it is a well-known commercial
chromophore and second, it exhibits a good signal in the 1200-2000 nm NIR range when solvated
in DCCl;. We performed a full analysis of DR1 at 1300 nm and 1500 nm (and a partial check
at 1600 nm and 1950 nm), whenever the solvent contribution (DCCl;) was still measurable as an
internal reference!8 (Section S9.2.A - calibration of the external reference DR1). From this, it was
possible to extrapolate the frequency dispersion of the external reference®®!'1-112 (DR1) in the full
NIR range from 1200 to 2000 nm (See Section S9.3 -Extrapolation of the external reference DR1).
A description of this original and general procedure is given in the supporting information Section

S9.1 - HRS details and method. The concentrations of the various solutions are listed in Table 1.

DR1@DCCl; ANEPPS @DCCl; ANEPPS@DMSO ANEPPS @DMF

Co 1.02x1074 1.69 x 1073 2.37x 1073 5.06 x 10~*
Cl 7.63x1073 1.26 x 1073 1.78 x 1073 3.80 x 10~*
C2 5.09x 1073 8.43x 1074 1.19x 1073 2.53x 10~
C3 254%x 107  422x107* 5.93x 10~ 1.27x 1074

Table I: Solution concentrations (M) used in the HRS experiments.
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C. Computational and Theoretical Chemistry Methods

1. Molecular Dynamics Simulations

The dynamic nature of the solute-solvent system was modeled using Molecular Dynamics
(MD) simulations performed with the NAMD code'!3 and analyzed with VMD.!'* The cu-
bic boxes (of sides of 70 A), were created using the Packmol package,!!> each containing one
molecule of di-8-ANEPPS and 2900, 4000, 2850, 4500 molecules of solvent for the DCCls,
DMSO, DMEF, and Eth-OD systems, respectively. An additional DCCl; system was created where
the molecule of di-8-ANEPPS was replaced by one molecule of DR1. All simulations started
from a density close to the experimental one, which are 1.48, 0.79, 0.94, and 1.10 for DCClj, Eth-
OD, DMF, and DMSO, respectively.' 16 The systems were first equilibrated for 10 ns in the NPT
ensemble (P = 1 atm, and T = 298.15 K), before continuing for 50 ns for the production run. The

NPT ensemble was maintained using a Nosé-Hoover Langevin piston barostat!!”

and a Langevin
dynamics thermostat with a coupling constant of 1.0 ps. The Lennard-Jones interactions were trun-
cated using a switching cutoff from 10 A to 12 A'!8 while the long-range Coulombic interactions
were treated using the smooth particle-mesh Ewald (PME) technique.!'® All simulations were per-
formed with a time step of 1 fs. The solvents were simulated using the following force fields (FF):
(i) AMBER'? for DCCls, (ii) GAFF!?! for DMSO and Eth-OD, and (iii) GAFF with charges and
nonbonded interactions from Desfrancois et al.'?> for DMF. Reparameterized versions of GAFF
(rp1 GAFF and rp2GAFF) were used for the probe molecules. Both reparameterizations involve
fine tuning of the equilibrium bond lengths as well as of some torsion angles, ensuring a better
description of the equilibrium geometry. This is crucial since the B responses are highly sensitive
to the molecular geometry. To this end, relaxed potential energy scans (PESs) were computed at
the M06-2X/cc-pVTZ level on both probes, and fitted using the Adaptive Biaising Force (ABF)
procedure.'?? Additionally, the ESP atomic charges are evaluated at the M06-2X/aug-cc-pVTZ
level. The rpl GAFF version for di-8-ANEPPS was developed and tested in previous publications
(see References>?,% and®! ), while the details of the rp2GAFF version for DR1 can be found in the

SI.
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2. Calculations of the First Hyperpolarizability

Calculations of the dynamic NLO responses at various wavelengths were performed at the
TDDFT/MO06-2X/6-311+G* level using the Gaussian16 package'?* unless otherwise noted. The
MO06-2X exchange-correlation functional was demonstrated to perform well at predicting (non)linear
optical responses of a variety of chromophores.!>-13! Moreover, as NLO calculations are time-
consuming, a small but sufficiently flexible basis set is needed. As shown on azo-type dyes,
simple basis sets such as 6-31G* or 6-31+G* already provide a good balance between accuracy
and computational effort.!32 In the end, the 6-311+G* basis set was selected, which is routinely
used in (non)linear optical property calculations.!®-43-48.65.129.133 Here we report values of both
the HRS responses, Byrs, and their associated depolarization ratios (DR). The NLO calculations

were performed on 50 structures extracted from the MD production run (every 1 ns).

Solvent effects were taken into account using several solvation models: (i) using a continuum
embedding through the integral equation formalism (IEF) of the polarizable continuum model
(PCM)13+136 or the Solvation Model Density (SMD)3¢ variant. SMD differs from PCM in the
choice of atomic radii and the way in which the non-electrostatic (short-range) contribution [the
Cavity Dispersion Solvent Structure (CDS) term] is calculated.>®* SMD has been shown to perform

better than PCM when computing the free energy of solvation,36:137-138

or when predicting the ab-
sorption spectra of solutes forming intermolecular H-bonds with the solvent. It is also widely used
in the field of NLO.!33-141 (ji) using a QM/MM approach, where solvent molecules in close prox-
imity (up to 5.0 A) to the probe are represented with their point charges while the rest of the bulk
is modeled at the IEF-PCM level (EE+PCM). (iii) using a discrete embedding with the Polarizable
Embedding (PE)3!142 as implemented in the Dalton program.'#? In the latter approach, only the
chromophore is described at the QM level, while the solvent molecules in a 20.0 A radius around
the chromophore are modeled using the Polarizable Embedding Library. These calculations were
performed at the CAM-B3LYP/6-311+G* level due to implementation limitations on Dalton. The
PE Library includes parameters for HCCl;, Eth-OH, and DMSO, but not for DMF. Therefore, the
atom-centered restrained electrostatic potential (RESP) charges'** and the atomic isotropic polar-
izabilities were evaluated following a similar procedure as the one used for PE Library developped
by Beerepoot et. al.'*> More details and the derived embedding parameters for DMF can be found
in SI.

)146

The two-state approximation (TSA can help rationalizing the Pygrs results by providing

11
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qualitative relationships between the Bygrs responses and simple spectroscopic quantities. It in-
volves the transition dipole between the ground and excited states (L), the difference between
the ground and excited state dipole moments (AL, = U, — L), and the corresponding excitation
energy (AE,, = E, — Eg), as written in Equation 10. All three spectroscopic quantities, computed
at the TDDFT/MO06- 2X/6-311+G*, (or CAM-B3LYP/6-311+G* for PE, level allow to obtain the
dominant diagonal tensor component (f3,,,). Then, Equation 11 is needed to convert f3,,, into

Burs, assuming the other components are negligible.

oo Alleg
AE,

6
BHRrs TSA = \/;ﬁzzz (11)

3. Configuration Sampling and its Analysis

(10)

ZZZ:6

The importance of the configuration sampling obtained via MD simulations is evident when
considering the distribution of both the linear and nonlinear optical responses obtained for the
probes in different solvents. For the linear properties, the simulated UV/Vis absorption spectra are
displayed in Figures S7-S10. They are obtained from distributions of the lowest-energy dipole-
allowed excitation energies and oscillator strengths. Also, the standard deviations of the average
TDDFT vertical excitation energies (AE"*") values (Figure S6), represent ~ 5% of the average
AEY®"" values. For Pugs, the statistical analysis over the 50 snapshots yields a standard devia-
tion that represents 5-25% of the average. Although the individual values vary, the cumulative
averages converge quickly ensuring 50 snapshots are enough to describe the Bygrs response of the
systems. (Figures S28-S36). However, identical Byrs mean values and standard deviations are
sometimes associated with different distribution profiles (Figures S37-S42). This can be seen by
comparing the distribution profiles of ANEPPS@DCCIl; obtained using PCM or SMD (Figures
S37a and S37d, respectively). Note that the distribution profiles are also affected by changing the
incident wavelength, as shown in the calculations at 1900 nm and 1950 nm for ANEPPS @DCCl;
and 1840 nm and 1950 nm for ANEPPS @DMSO. Although this does not affect the resulting av-
erages and standard deviations much. All of this highlights the importance of taking into account

the dynamical nature of the solvents.

12
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ANEPPS@GDCCly — - ANEPPS@Eth-OD
ANEPPSQHCCl; - - - ANEPPSGDMF - - -
2 30[539] ANEPPSGDMSO

2.47[502] 2.53[490]

Absorbance

1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 3.40
Energy (eV)

Figure 2: Normalized experimental UV/Vis absorption spectra of di-8-ANEPPS in DCCl;,
HCCl;, Eth-OD, DMEF, and DMSO. The experimental maximum absorption energies, AE™%*
(eV), and wavelengths [A™**, nm] are superimposed to the curves.

III. RESULTS AND DISCUSSION
A. Linear Optical Responses

The UV/Vis absorption spectrum of di-8-ANEPPS (Figure 2) exhibits the conventional blue
shift of hemicyanines when increasing the solvent polarity,'#’~139 going from ANEPPS@DCCl,
to ANEPPS@DMSO. This is quantified using the solvent polarity indicator (Ey ) of Reichardt, 3!
showing, for aprotic solvent, a good linear relationship with the experimental absorption maxi-
mum, AE™** as shown in Table S7 and Figure S5. This Table also reveals that experimental trend
is well reproduced by TDDFT calculations with the different solvation models. Yet, the slope of

the linear regressions are underestimated with respect to the experiment.

Interestingly, Fromherh et. al'>?

showed that the solvatochromism of these cationic dyes (the
sulfonate group being not involved in the m-conjugated frame) is quite unusual. Their absorption
and emission spectra reveal a striking symmetry: the absorption spectrum is blue-shifted, while
the emission spectrum is red-shifted, as is also observed here (Table S10), by an almost iden-
tical energy when the solvent polarity increases. It was latter reported in other works!48:153-156
and studies have focused on rationalizing this uncommon solvatochromism.'>” Usually, the sol-
vatochromism experienced by the probe is explained by comparing the ground (i) and excited

158

(U.) dipole moments at a given equilibrium geometry. >° If, assuming an instantaneous transition,

13
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the dipole moment increases upon excitation, the excited state, e, gets more stabilized by the sol-
vation than the ground state, g, and the energy gap (AE,,) between the two states decreases with
the solvent polarity. This corresponds to a red shift of both the absorption and emission spec-
tra. On the contrary, if the dipole moment decreases, the absorption and emission spectra are
blue-shifted. In both cases, the magnitude of the shift is influenced by the A, difference. For
di-8-ANEPPS, the photo-induced electronic reorganization results in the transfer of the effective

47 as shown by the representation of

positive charge from the pyridinium to the amino-naphtalene, !
the pair of orbitals involved in the transition (Figures 3a and 3b), as well as by the charge transfer
vector (Figure 3e and Table S9). The charge transfer vector represents the distance between the
baricenters associated with the increase and decrease of the electronic density upon excitation.
This electronic redistribution foresees a transition from the benzenoid to the quinoid forms (Fig-
ures 3¢ and 3d). These valence-bond (VB) forms are also associated with resonance structures
of the ground state.!#”-14% Since the charges, carried by the sulfonate and the amino-naphtalene
are farther apart in the excited state, the dipole moment gets larger (Table S8). In the two VB
state formulation, this should result in a red shift of both the absorption and emission spectra in
more polar solvents. However, this is not what is observed in this work and previous experimental

reports 148,153-156

nor what is observed here. This unusual solvatochromism is explained by the
balance between two contributions: (i) the electronic energy difference between the equilibrated
ground and excited states, AE jél,“, and (ii) the solvent reorganization energy in the excited (ground)

state, A (A$), such that the absorption and emission processes are governed by:

AESS = AEZ + AS (12)
AES = AESS — A8 (13)

In more polar solvents, both A§ and Af increase. As a consequence, the Stokes shift, AEgng — AE%",
increases also, as shown in Table S10. Furthermore, AE;Z,“ is also affected and tends to shift both
the absorption and emission spectra in the same direction (i.e. no modification of the Stokes shift).
For "normal" push-pull polyenes, the effect on AE%“' is dominant and shifts both the absorption
and emission spectra in the same direction, while for hemicyanines, the contribution from the
solvent reorganization energy is dominant. Therefore, the absorption (emission) spectrum is blue-

(red-)shifted upon increasing the solvent polarity.
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Figure 3: Representation of the molecular orbitals involved in the lowest-energy transition
computed at the TDDFT/M06-2X/6-311+G*/PCM level for ANEPPS @DCCl5: (a) highest
occupied molecular orbital (HOMO), and (b) lowest unoccupied molecular orbital (LUMO).
Resonance structures of the hemicyanine cationic core of the di-8-ANEPPS dye: (c¢) benzenoid
form and (d) quinoid form. (e) charge transfer vector [red] between the barycenters of the
positive and the negative densities.

Regarding the ability of theoretical models to reproduce solvent effects, Table II presents the
experimental maximum absorption energies (AE"*"), and the calculated vertical excitation ener-
gies (AE"™) and associated oscillator strengths (f). Keeping in mind that these quantities are
different in nature, we observe that AE"*"" is systematically larger than AE™ (see also Figure
$6).15%:160 Tndeed, TDDFT studies have found gaps between the vertical and maximum absorp-
tion AE values in the 0.13-0.23 eV range for cyanine dyes, depending on the system and the level
of theory.!®1-164 We want to stress that the PE results obtained at the CAM-B3LYP/6-311+G*
level are very similar to those obtained with PCM/SMD using the M06-2X/6-311+G* level. The
oscillator strengths (in the 1.50-1.70 range) predicted by all models are very close and vary by at

most ~ 10 % for each solvent. With SMD and PE, the f values are systematically the largest,
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while EE+PCM produces the smallest ones. The focus here is to assess whether the solvation
models are able to reproduce the variations of AE™* observed between the four solvents. Taking
the results in DCClj as reference, the experimental UV/Vis absorption spectrum is blue-shifted
by 0.20eV (~ 0.27eV) going from DCCl; to Eth-OD (DMF, DMSO). The continuum models,
PCM and SMD, display a poor capacity to retrieve the whole AE"** variations, though the trends
are correct. Using PCM, the average AE"*"" values vary by no more than 0.05 eV for all solvents,
while SMD performs slightly better. However, by considering solvent molecules in a sphere of
3.0 A around the chromophore and describing these by point charges, quantitative agreement is
almost reached. Note that no significant improvement is found when enlarging the radius of the
explicit solvent spheres to 5.0 A but these results indicate that the description of the solvent must
include a point charge embedding to describe the linear response of cyanine dyes. Then, the more
elaborate polarizable embedding (PE) scheme is also shown to be suitable for reproducing the

experimental variations in AE™?*, but predicts slightly smaller AE""" variations than EE+PCM.

To gain deeper insight on solvent effects, it is also helpful to look at the variation of AEY*"" when
going from the isolated gas phase to the solutions (Table S6). Starting from Ang,g’ =2.82eV,
including the environment creates a red shift in the absorption spectra, consistent with what is
observed when increasing the solvent polarity. The largest bathochromic shift is obtained for
DCCl;, regardless of the solvation model, and decreases with solvent polarity. On the other hand,
the amplitude of bathochromism depends on the solvation model. This can be explained when
looking at the total electronic energies (Figure S12): (i) strict continuum models (PCM and SMD)
predict a destabilization of both the ground and excited states compared to the gas phase situation,
but since g is more destabilized than e, it results in a red shift. (ii) QM/MM models such as
EE+PCM predict a stabilization of both g and e upon solvation. However, since e is more stabilized
than g, it also results in a bathochromic shift. Finally, (iii) the PE results fall into either the (i) or (ii)
situation. This means that the g and e are either both stabilized (DMF and DMSO) or destabilized
(DCCl; and Eth-OD), yielding for all solvents a AE,, smaller than in the gas phase. In all cases,

a substantial negative solvatochromism is observed, showing the solvent ability to tune the linear

optical responses.
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ANEPPS @DCCl, ANEPPS @EthOD ANEPPS @DMF ANEPPS @DMSO
AE £ aE f | aE £ aE f
Exp. |2.30!,2.27 -] 247 | 254 - | 253 -

PCM |2.56 £0.09 1.66 £0.11|2.60 £0.11 1.70 £ 0.15|2.59 £ 0.10 1.68 £0.11|2.61 +0.12 1.64 £ 0.13
EE3+PCM|2.53 £0.08 1.59 £ 0.12|2.64 £ 0.12 1.51 £0.14|2.69 £ 0.10 1.66 £ 0.10(2.67 = 0.14 1.56 £+ 0.14
EE5+PCM|2.53 £+ 0.08 1.59 £ 0.12{2.66 = 0.12 1.51 £ 0.13|2.69 £ 0.10 1.66 £ 0.10|2.68 = 0.12 1.55 £ 0.14

SMD |2.57£0.12 1.72 £ 0.15|2.65 £ 0.12 1.72 £ 0.14|2.66 £ 0.11 1.71 £0.10({2.68 = 0.13 1.67 £ 0.12

PE? 2.55+0.09 1.67 £0.12{2.63 £ 0.11 1.70 £ 0.15|2.66 £ 0.12 1.72 £ 0.10|2.68 £ 0.16 1.67 £ 0.13

Table II: Di-8-ANEPPS experimental maximum absorption energies (AE"**) (eV) and averaged
vertical transition energies (AEY"") (eV) and their associated oscillator strengths (f), as well as
standard deviations calculated at the TDDFT/M06-2X/6-311+G* level with different solvation

models. 'Results for ANEPPS @HCCI, >The PE results were obtained at the
CAM-B3LYP/6-311+G* level.

B. Nonlinear Optical Responses

The measured first hyperpolarizability values, ﬁfﬁ{’s, are listed in Table III (see Table S13 for
details). The corresponding power scans and polarization scans are given in Figures S21-S25. All
experimental values are in the 20-35 x 10° a.u. range and decrease when increasing the solvent
polarity. In fact, a good correlation is observed between PByrs and the reverse solvent polarity
indicator (E]TV )~! (Figure S26), which is qualitatively consistent with the global linear behavior of
AE,, (AE™®) with EITV . Note that using the TSA, displayed at Equation 10, a (EITV )2 dependence
is predicted if the terms in the numerator is independent of the solvent. Still, a good correlation is

obtained between fBygrs and (EN )~2 (Figure S27).

The TDDFT fygrs values, ﬁHRS, systematically overestimate the experimental data as BHRS
lie in the 30-50 x 103 a.u. range. Across all models, the smallest errors are found for the
ANEPPS@DCCI; system (overestimation of ~ 30%), then the difference between Bjjps and
ﬁHRS increases with the solvent polarity. PCM always predicts the largest ﬁHRS response, with
values up to twice as large as the measured ones. Taking into account a charge embedding
around the probe, the ﬁHRS values are ~ 10% (~ 20%) smaller than when using PCM alone for
ANEPPS @DCCI;(DMF, DMSO). The less polar DCCIl; system is less affected by the change
in embedding, showing the same results when increasing the number of point charges. This is
also the case for ANEPPS @DMEF, while for ANEPPS@DMSO the larger embedding hardly re-
duces ﬁlt{hRs further. The other continuum model, SMD, behaves similarly to PCM, but produces

slightly smaller results. Finally, using the PE solvation model, the probe exhibits NLO responses
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between those predicted by the strict continuum models and EE+PCM schemes. Yet, the re-
sults obtained using PE and CAM-B3LYP/6-311+G* are very similiar to those obtained using
M06-2X/6-311+G*/PCM.

ANEPPS@DCCl;  ANEPPS@Eth-OD| ANEPPS@DMF ANEPPS @DMSO
1900 1950 | 1900 1860  1900'| 1840  1900' 1950
ﬁHRS
Exp. | 33 32| - |23 23 | 2 21 21
PCM 46+6 4546 4347 45+7 44+7| 4348 4248 4147
EE3+PCM| 414+5  40+5 3447 3645 3545 34+7 33+£7 3247
EES+PCM| 41+5  40+4 33+6 36+5 3545 33+6 3246 3146
SMD 46+7  44+7 40 £ 7 4247 4147 40+8 3948 38+38
PE2 445  43+£5 38+ 8 3747 3647 37+9 36+9 35+38
DR
Exp. 3.04 2.65 - 2.80 3.51 2.94
PCM [4.91 £0.02 491 £0.02| 4924001 |4.92 +0.01 491 +0.02 491 +0.02
EE3+PCM [4.90 £ 0.04 4.90 +0.04| 491 4+0.02  |4.90 +0.02 4.90 + 0.02 4.90 + 0.03
EES5+PCM|4.90 + 0.04 4.89 + 0.04| 491 +£0.02  |4.90 +0.02 4.90 + 0.03 4.89 4+ 0.03
SMD [4.91 +0.02 490 +0.02| 491 +001 [4.91+0.01 491 4 0.02 4.90 + 0.02
PE2  [491 £0.01 491 +£001| 4.89+003 |4.89+0.04 4.89 4+ 0.03 4.89 4+ 0.03

Table I1I: Di-8-ANEPPS experimental (ﬁﬁ’g’s) and calculated (BﬁhRS) first hyperpolarizabilities

(103 a.u.), as well as experimental (DR*”) and calculated (DR depolarization ratios. ! fﬁfs

and B{_IhRS values extrapolated at 1900 nm using the TSA. The PE results were obtained at the
CAM-B3LYP/6-311+G* level.

Besides the comparison between individual values, the most important question remaining is
whether the theoretical calculations are able to reproduce the variations of the measured NLO
responses, and which model performs the best? Among the continuum models, SMD clearly
reproduces the variations of the experimental values better than PCM, as shown in Figure 4 (the
slope amounts to ~ 1/ versus !/4 and R? is larger). Then, when adding a point charge embedding
(EE+PCM) the variations of the experimental NLO responses are better described (slope of ~
0.6 —0.7 and R? > 0.9). Adding point charges as well as atomic polarizabilities to the solvent
description further improves the correlation between BIZIhRs and ﬁffg’s (R% =0.97).

Regarding DR values (Table III), the measured ones are in the 2.6-3.5 range and, contrary to

f{f{s, the changes between solutions cannot be related to the increase in the solvent polarity. DR**?

is also affected by the incident wavelength, but the responses for all systems are not changing

in the same way. For ANEPPS@DDClI;, increasing the incident wavelength from 1900 nm to
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Figure 4: Calculated first hyperpolarizabilities ([SI{[hRS) as a function of the experimental first
hyperpolarizabilities (Bjs) (10 a.u.).

1950 nm decreases DR from 3.04 &+ 0.35 to 2.65 £ 0.16. Reversely, when increasing the incident
wavelength in the case of ANEPPS@DMSO, the DR increases from 2.65 £ 0.32 to 2.95 £ 0.24.
Moreover, the standard deviations associated with those values are quite high (from 8-25% of the
average value), especially for ANEPPS @DMF for which the DR amounts to 2.80 4+ 0.72. Even

considering those standard deviations, calculations overestimate the DR values. DR are all close
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to 5, characteristic of push-pull molecules, and are hardly affected by changes in the environment
or the way it is taken into account, or even the incident wavelength. The standard deviations are
quite small and the associated distribution profiles are narrow (Figures S42-S51), regardless of the
system or solvent model.

We should stress here that the variations of ﬁIEIhRs observed between the different solvents are
not caused by changes in the geometry of the probe. The geometry of the chromophore is barely
impacted by its environment. For this analysis, two key parameters were considered: the torsion
angles and the bond length alternation (BLA) computed along the conjugated path between the
aromatic cycles (see Table S4 for the parameters definition). As seen in Figures S3 and S4 and Ta-
ble S4, even though there are slight differences in the distribution profiles, the average parameters
do not change from one system to the next: all torsion angles present an out-of-plane distortion of
about 10° in all solvents, while the BLA remains at 0.06 & 0.03 A.

Finally, more reliable analyses of the solvent effects can be achieved when comparing the NLO
responses all collected at the same incident wavelength. Using the TSA, the experimental and
calculated results for DMF and DMSO obtained at 1860 nm or 1950 nm were converted to their
corresponding responses at 1900 nm. At this wavelength, the Byrs values of both ANEPPS @ DMF
and ANEPPS @DMSO are nearly identical (within the experimental precision and the calculated

standard deviation).

C. Linear and Nonlinear Optical Responses of DR1

As mentioned above, DR1 is often used as an external reference in HRS experiments and it is

preferred to another commonly used probe,+111,165-168

PNA, when investigating NLO responses
in the long wavelengths regime. Here, DR1 was used as a reference in the HRS measurements
of di-8-ANEPPS because it does not show fluorescence at these long wavelengths.87-83-90 While
a number of works have reported calculated B of PNA,2%199-172 yery few studies have focused
on the theoretical characterization of DR1. The aim of this Section is therefore to discuss the
NLO responses of DR1 in more detail and to compare a new set of experimental data with values
calculated using the different solvation models, employed for di-8-ANEPPS.

Table IV lists the experimental maximum absorption energy, AE™%*, and the calculated ver-

tical excitation energy, AE""", of DR1 in DCCl;. Experimentally, DR1 exhibits a maximum of

absorption at 2.59 eV. Depending on the solvation model, AEY*"" values range between 2.62 eV
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and 2.48 ¢V. So, in contrast to di-8-ANEPPS, continuum models underestimate AE,g, respectively
by 0.07eV and 0.11 eV for PCM and SMD. The same can be said for PE. On the contrary, when
using EE+PCM, the TDDFT vertical excitation energies are slightly larger than the experimental
AE™®. Going from the gas phase, where AE,¢ = 3.32¢eV, to the DCCl; solution produces a red
shift in the absorption spectrum, as was observed for the ANEPP dye. As shown in Figure 5, the
electronic density is transferred from the amino-benzene to the nitro group upon excitation, pro-
ducing a larger dipole moment in the excited state than in the ground state (Table S8). Following
the two VB state approach discussed above, an increase in dipole moment upon excitation leads,

when increasing the solvent polarity, to a red shift of the main absoprtion band, as is observed by

Zakerhamidi ez. al.!”3

AE f Brrs DR
1300 1500 1600 | 1300 1500 1600
Exp. 2.59 - \ 20 20 19 \ 5.03 3.72 3.70

PCM |2.52£0.17 0.76 £ 0.16{27 £ 11 20 £ 10 21 £ 13|4.89 £ 0.73 4.86 £ 0.74 4.97 £ 0.59
EE3+PCM|2.62 £0.16 0.70 £0.16| 17£6 13£7 12+£6 |491 £0.71 4.84 +0.82 4.88 £+ 0.82
EE5+PCM |2.62 £ 0.16 0.70 £0.17| 177 13+£7 13+6 ({491 £0.71 4.81 £ 0.89 4.90 £ 0.79

SMD |2.48 £0.17 0.77 £ 0.15|32 £ 20 24 £ 15 23 +24(4.86 £+ 0.72 4.90 = 0.62 4.95 £+ 0.61

PE 256 +£0.16 0.61 £0.16{23 £ 15 21 £ 15 18 £9 |4.85 £ 0.75 5.00 £ 0.58 4.93 + 0.70

Table IV: DR1@DCClI; (i) experimental maximum absorption energies (AE™*) (eV) and
averaged vertical transition energies (AEY"") (eV) and their associated oscillator strengths (f), as
well as standard deviations calculated at the TDDFT/M06-2X/6-311+G* level with different

solvation models. (ii) experimental (Bﬁg’s) and calculated (Bf{hRS) first hyperpolarizabilities (10°

a.u.) at various wavelengths (nm). (iii) experimental (DR®?) and calculated (DR'")
depolarization ratios.

The NLO responses are barely affected by the variation of the incident light from 1300 nm to
1600 nm, and the ﬁfﬁ{’s responses stay at a value around 20 x 103 a.u. (see Table IV and Table
S12 for further details). Pyrs values calculated using the different solvation schemes are either
smaller or larger than the experimental ones, depending on the model. As for di-8-ANEPPS,
continuum models always predict the largest Byrs values (i.e. with the largest overestimations).
This is true for SMD over the entire wavelength range. For PCM, the Pygrs response is only
larger at 1300nm (27 x 10° a.u.), and nearly identical to the experimental data at 1500 nm and
1600 nm. Adding a discrete charge embedding reduces the PCM values by about 30-40%, and

provides values slightly smaller than the measured ones. Finally, by employing the PE scheme,

intermediate values are obtained, which show by far the best correlation with the experimental
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Figure 5: Representation of the molecular orbitals involved in the lowest-energy transition
computed at the TDDFT/M06-2X/6-311+G*/PCM level for DR1@DCCl5: (a) highest occupied
molecular orbital (HOMO), and (b) lowest unoccupied molecular orbital (LUMO). (c) and (d)
resonance structures of DR1. (e) charge transfer vector [red] between the barycenters of the
positive and the negative densities.

data. Indeed, the difference in the performance of the solvation models for predicting the NLO
properties of DR1 is quite large. Still, all models anticipate a larger variation of ﬁf—ﬁ{s depending
on the incident wavelength than what is observed experimentally.

The ﬁé’f{’s and ﬁll{}i{s results presented in this work are in the same range as experimental or
calculated Byrs values for DR1 from the literature (Figure 6 and Table V). Values varying between
9 x 103 a.u. and 36 x 10% a.u. are found, with the exception of the value of 89 x 103 a.u. obtained
by Makowska-Janusik ez. al'’* with a method known to overestimate the NLO responses.!’>176

Particularly, the EE+PCM ﬁfﬁzs values (1300 nm, 1500 nm, and 1600 nm) are in good agreement

with the work of Campo et. al.”?

D. Pyrs using the two-state approximation

It is interesting to check whether the solvent effects, as determined at the TDDFT level, can
be reproduced with the TSA, allowing therefore to associate the Byrs variations with those of
simple spectroscopic quantities. First, considering all solvent models, Table ?? show that, for both
di-8-ANEPPS and DRI, the PBygrs calculated using the TSA (Bygrs tsa) are of the same order of

magnitude as the full TDDFT ones. However, the Byrs tsa results do not systematically follow
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Figure 6: ;s and Bifx values (10% a.u.) for DR1 from this work compared to data found in the
literature. For clarity purposes, the value at 746nm has been divided by 3. Individual values with

references can be found in Table V. The orange cross correspond to the g{{’s value extrapolated
at 1900 nm.

Ref.|Solvent A (nm) Measure Convention Reference Burs

9% | CHCl; 1300 B/ =398 x 10 esu! T  CHCly;: B/ =0.446 x 10730 esu 19 x 10% a.u.

9 | CHCl; 1450 B/ =317 x 1030 esu! T  CHCly;: B =0.446 x 1030 esu 15 x 10%a.u.

9 | CHCl; 1550 B =302x 10" esu! T  CHCly: B =0.446 x 1073 esu 15 x 10% a.u.

3 | CHCl; 1340 Byrs =78 x 1073 %esu X CHCl5: Burs = 0.26 x 107 esu 36 x 103 a.u.
Ref.|Solvent A (nm) Calculation Convention Method Burs

174 lisolated 746  PBurs = 16 x 10° a.u. B PBE/TZ2P 89 x 10% a.u.

177 lisolated 1064 PBprs =73 x 10730 esu B HF/6-31G* 9 x 103 a.u.

Table V: Measured or calculated HRS first hyperpolarizability values for DR1 from the literature.
ITaken from the digitalization of Figure 6 in the article.

every solvent-induced variations seen with TDDFT. Particularly, when using PCM, the TSA does
not predict a decrease of the 3 responses of di-8-ANEPPS in solvent of increasing polarity, as is
observed with the other models as well as for the Byrs Tpprr data (Figure ??). Figure ?? presents
the linear regression between the two sets of data. A global correlation coefficient of 0.63 is
obtained, but all solvent schemes dot not behave the same. Table ?? shows that the largest R?
coefficient is found with SMD (R? = 0.95). Note also that the slope of the relationship are in the

1.0-1.3 range for all solvation models except PE.
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IV.  CONCLUSIONS AND OUTLOOK

A combined experimental and theoretical approach has been used to investigate the perfor-
mance of solvent models in describing the variations observed experimentally in the linear and
nonlinear optical properties of push-pull probes (di-8-ANEPPS and DR1) in solution. The change
in the (N)LO responses observed when moving from the isolated gas phase to solutions, as well as
the statistical analysis, confirmed the importance of including the dynamical solvation effects in
the calculations. The experimental data obtained by hyper-Rayleigh scattering are compared with
theoretical TDDFT/M06-2X/6-311+G* results using different solvent schemes (namely PCM,
SMD, EE+PCM, and PE). All results reproduce the known unconventional solvatochromism of
the ANEPP dye. Indeed, the absorption spectrum is blue-shifted as the solvent polarity is in-
creased from DCCl;, to Eth-OD, DMF, and DMSO. Among the continuum models, SMD per-
forms slightly better than PCM, and by considering explicit solvent molecules represented by
point charges around the probe (EE+PCM), quantitative agreement with experimental data is al-
most achieved. The polarizable embedding is also suitable for predicting LO properties. Concern-
ing the evaluation of Bygs, for both di-8-ANEPPS and DR1, PE gives the best individual results
compared to experiment, and greatly reproduces the variations of the NLO responses when either
the polarity of the solvent or the incident wavelength is switched. Still, EE+PCM already performs

well.

In this work, Byrs values were measured only in DCCl;, DMF, and DMSO. These solvents are
able to solubilize the ANEPP probe and have a transparent optical window to perform the mea-
surements. Therefore, only aprotic solvents were investigated. In the future, protic solvents could
also be considered, along with expanding the collection of aprotic solvents to further test the per-
formance of the solvation schemes to reproduce the (N)LO responses of other dyes. Nevertheless,
we have shown that the "intermediate" EE4+PCM approach is an efficient choice for calculating

(N)LO properties in solutions, and that PE works best.

ASSOCIATED CONTENT

Details about (i) the calculations parameters (reparameterization of GAFF for DR1 (Section
S1.1) and PE parameters for DMF (Section S1.2)). (ii) the analysis of key relevant geometrical

parameters (bond length alternation and torsion angles) (Tables S4 and S5 and Figures S3 and S4).
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(ii) the linear optical responses in eV and nm (Table S6), the correlation between the absorption
blue shifts and the solvent polarity indicator (Table S7 and Figure S5), the normalized experimental
UV/Vis absorption spectra and their simulation using the different solvent models (Figure S6), the
distribution of the lowest-energy allowed excitation energies and oscillator strengths (Figures S7-
S11). (iv) the ground and excited states dipole moments (Table S8). (v) the charge transferred
between the ground and excited states (Table S9). (vi) the total electronic energies (Figure S12).
(vii) the HOMO-LUMO gaps (Figure S13). (viii) the experimental fluorescence (Figure S14 and
Table S10) and IR spectra (Figure S15). (ix) the nonlinear optical responses: details about the
HRS method, the calibration of the external reference DR1 (Figures S16-S19), the extrapolation
of the external reference dispersion (Figure S20 and Table S12), the HRS results for di-8-ANEPPS
(Table S13), the HRS power and polarization scans (Figures S21-S25), the correlation between
measured and calculated Pygrs results (Tables S14, S15 and S16 and Figures S26 and S27), the
Purs obtained via the TSA (Tables ??-?? and Figures ?? and ??), the Byrs cumulative averages

(Figures S28-S36), and the distribution of Bygrs (Figures S37-S45) and DR (Figures S46-S54).
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