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Electric-field induced second harmonic
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The second-order nonlinear optical properties of four series of amphiphilic cationic chromophores involving
different push—pull extremities and increasingly large polyenic bridges have been investigated both experi-
mentally, by means of electric field induced second harmonic (EFISH) generation, and theoretically, using a
computational approach combining classical molecular dynamics (MD) and quantum chemical (QM) calcula-
tions. This theoretical methodology allows to describe the effects of structural fluctuations on the EFISH
properties of the complexes formed by the dye and its iodine counterion, and provides a rationale to EFISH
measurements. The good agreement between experimental and theoretical results proves that this MD +
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1. Introduction

The design of organic dyes displaying high second-order non-
linear optical (NLO) properties is an important issue in many
(bio)technological fields for probing asymmetric media such as
artificial interfaces or cell membranes." In particular, the
exogenous labeling of lipid bilayers by amphiphilic potential-
sensitive dyes displaying large second harmonic generation
(SHG) responses is at the heart of high resolution imaging
microscopy techniques.>”® SHG probes are usually designed by
functionalizing the two extremities of a m-conjugated linker
with electron-donating and electron-withdrawing substituents,
which provide the asymmetry required for quadratic NLO
phenomena. The elaboration of SHG chromophores based on
this dipolar architecture,'®™® including responsive systems
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QM scheme constitutes a useful tool for a rational, computer-aided, design of SHG dyes.

such as NLO switches,"*® has been the object of intense
research in the last 30 years. In this context, two of us reported
the synthesis and characterization of the SHG responses of
amphiphilic chromophores incorporating a pyridinium acceptor
and a dibutylaminophenyl donor as terminal groups, connected
by increasingly large polyenic bridges (series A, Fig. 1)."” The
presence of the hydrophobic butyl chains on the donor group,
together with the positively-charged hydrophilic acceptor moiety,
confers an amphiphilic character to these push-pull dyes that
facilitates their interaction with a lipidic membrane. In addition
to their use as SHG probes, pyridinium-based derivatives have
been widely used in the last decades for producing materials with
large quadratic NLO responses, owing to their structural diversity
and ability to form different non-centrosymmetric crystal pack-
ings when associated with different anions."®*°

In continuation of our efforts in designing new SHG chro-
mophores, we report in this contribution three new families of
derivatives (Fig. 1), for which enhanced optical nonlinearities
are expected compared to the original series. In series B and D
the pyridinium acceptor is replaced by a quinolinium, whose
increased electron-withdrawing strength has been shown to
enhance the second-order NLO properties.®*° In series C and
D, the original phenyl is replaced by a thienyl linker, as it was
also shown that substituting 1,4-phenylene by 2,5-thienylene
n-linkers led to increased NLO responses.*! The SHG responses of
these dyes are probed by means of electric-field induced second
harmonic (EFISH) generation. The use of the EFISH technique
was made possible for these cationic chromophores by using a
solvent of low relative permittivity and a short duration (1 ps) of
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Fig. 1 Structure of the push—pull polyenic dyes A—D investigated in this study (n = 1-5), together with their iodide counterion. R = nBu (series A and B),
R = nHex (series C and D except C1: R = nBu). On the right: structure of D3 with the n-conjugated segment (in bold) used to calculate the bond length
alternation (BLA) and the torsional angles 0; discussed in the text. See the ESI for a more detailed definition of the geometrical parameters.

the applied pulsed electric field, which prevents the ion pairs from
dissociating into the positively-charged dye and its iodide counter-
ion. The role of such ion pairs interactions in the second-order
NLO responses of pyridinium-based salts was investigated in
several experimental®® and theoretical works.?*** EFISH measure-
ments on other methylated azaheterocyclic cations interacting
with iodide counter anions have also been reported.>*>¢

In this study, experimental characterizations are complemen-
ted by theoretical chemistry calculations, to provide a fundamen-
tal understanding of the origin of the NLO responses in these
complexes. The computational approach is based on a methodol-
ogy we developed in previous works, and combines classical
molecular dynamics (MD) simulations and quantum chemical
(QM) calculations using time-dependent density functional theory
(TD-DFT). As recently reviewed,” this MD + QM scheme was
formerly employed to investigate ion pairs in solution,***?® but
also more complex systems such as organic nanoparticles,* self-
assembled monolayers,***! and stained lipid bilayers.*** Here,
MD simulations carried out on the reference D3/iodine complex
bring key information on the average position of the iodide anion
with respect to the organic chromophore, as well as on the effect
of dynamical structural fluctuations on the NLO properties. Then,
systematic TD-DFT calculations performed on the whole set of
systems provide a rationale to experimental data and allow to
establish precise relationships between the structure of the dye
and the magnitude of the second- and third-order contributions
to the EFISH intensity.

2. Experimental and
computational details
2.1 Synthesis

Push-pull dyes of series A have been reported in ref. 17.
Compounds of series B were prepared from polyenal I using a
similar synthetic scheme based on a Wittig Horner reaction
with reagent HE2® followed by alkylation in neat methyl iodide
(Fig. 2). Compounds of series C and D were obtained using

This journal is © the Owner Societies 2023

similar experimental protocols starting from polyenals II** in
place of polyenals I (Fig. 2). More details on synthesis are
provided in the ESL}

2.2 EFISH measurements

Investigation of the molecular nonlinearities was carried out
by performing EFISH experiments®>*® using a Q-switched
Nd*":YAG laser emitting pulse trains at 1.06 um and pumping
a Hydrogen Raman cell, resulting in the emission of a coherent
Stokes radiation at 1.91 pm. EFISH experiments were per-
formed by using, for each molecule, solutions of increasing
concentration in chloroform. Measurements were calibrated
relative to the pure solvent. The experimental accuracy ranges
between 5 and 10%.

In the EFISH setup, the probed SHG response results from a
third-order process described by y(—2w; w, w, 0). This term is
formally expressed as the sum of a pure third-order contribu-
tion and a second-order one:

P(—20; @, ®, 0) = Yerisn
1Py (—20; 0, o)

3T (1)

=7(—20; 0, », 0) +
where u is the norm of the ground state dipole moment, & is the
Boltzmann constant and 3kT = 2.833 x 10 ® a.u. at room
temperature (T = 298.15 K). The 7 (— 2w; o, w, 0) contribution
corresponds to the isotropic invariant of the y tensor:

X,z

1
V||(—2CU; o, ,0) = = EZ (2%};}' + ng) (2)
ij

The second term in eqn (1) implies the projection of the
vectorial representation of the f tensor on the dipole moment:

3
By (—2w; o, w) = B = %ﬁ B (3)

where the f vector components read:

X2

Bi= %Z By + 2B;) (4)
j
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Fig. 2 Synthesis of compounds A-D. C1: R = nBu; C2—C5 and D1-D5: R = nHex. Reaction conditions: (i) NaH/THF, r.t., (i) Mel, r.t.

and

b= 5y/B2 + B2+ B2 Q

The relative amplitudes of the second- and third-order con-
tributions in eqn (1) can be analyzed using the R;, ratio:
/I
Ry = 3kT-1 6
/ Hﬁu ©

In principle, the use of the EFISH technique is precluded in the
case of ionic species, because the dc electric field necessary to
break centrosymmetry induces the migration of ions. However,
operating in a solvent of low polarity favors the formation of
electrically neutral dye/iodine ion pairs, which enables the
characterization of their NLO responses by means of EFISH.
Apart from our first study on series A,"” it was demonstrated for
various positively charged organic derivatives with a range of
counteranions.”>**>?%?% Moreover, using short pulses for the
poling electric fields precludes the migration of ions towards
electrodes, then avoiding the presence of an ionic current in the
solution. In this work, all experiments were carried out in
chloroform, with dielectric constants ¢, = 4.711 in the static
limit and ¢, = 2.091 at infinite frequency. As mentioned above,
an incident laser wavelength of 1907 nm was used, in order to
minimize the frequency dispersion effects on f values due
to absorption of the second harmonic light. Moreover, as
evidenced from eqn (1), measurements should be performed

13980 | Phys. Chem. Chem. Phys., 2023, 25, 13978-13988

at different temperatures to evaluate the second- and third-
order contributions and their relative amplitude in the total
EFISH response. Here, experimental results were analyzed
assuming that the y; contribution is negligible with respect to
the uf/3kT term, so that R;;, ~ 0. Therefore, EFISH responses
are analyzed as effective second-order responses:

wBy|
VEFISH = [yclcﬂ )

The validity of this assumption is discussed hereafter in light of
the computational results.

2.3 Computational methodology

The computational methodology consisted of two steps. Using
D3 as reference system, we first addressed the dynamical beha-
vior of the complex composed by the dye and its counterion, as
well as the impact of structural fluctuations on the EFISH
response. This first step was achieved by adopting the same
framework as used in previous studies:*>**?® (i) the structures of
chloroform-solvated ion pairs were generated using classical
molecular dynamics (MD) simulations employing a system-
specific force field (see next section), and (ii) non-correlated
structural snapshots were eventually extracted at regular time
intervals of the trajectories to calculate their EFISH responses by
means of time-dependent density functional theory (TD-DFT).
This MD + TD-DFT approach allowed us to assess the relative

This journal is © the Owner Societies 2023
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magnitude of the y; and uf,/3kT contributions (R, eqn (6)), as
well as to identify the average position of the iodine with respect
to the cationic chromophore. In a second step, we extended the
calculations to the whole set of molecules by optimizing the
structure of the dye/iodine complexes at the DFT level.
The average position of the iodine with respect to the chromo-
phore derived from MD simulations on D3 was used to prepare
the initial dye/iodine structures for geometry optimization. On
the basis of the relaxed structures, the EFISH responses of all
complexes were calculated using TD-DFT and compared to
experimental results.

2.3.1 Force field parameterization. The general AMBER
force field (FF) was partially modified to finely reproduce the
equilibrium geometry and torsional degrees of freedom of D3,
which is a prerequisite to obtain a reliable description of the
NLO responses. In particular, we have modified the FF bond
lengths to accurately match (with a mean absolute error of
0.002 A) those calculated at the M06-2X/6-311G(d) level, in
which solvent effects (chloroform) were accounted for by using
the integral equation formalism of the polarizable continuum
model (IEF-PCM).*” Electrostatic potential-fitted (ESP) atomic
charges of the chromophore, iodide anion and chloroform have
been obtained at the same level of theory. In addition, relaxed
potential energy scans were performed at the M06-2X/6-311G(d)
level in gas phase for five relevant dihedral angles (0,-0s, see
Fig. 1) and fitted following the procedure described in ref. 38.
Reparameterization of the bonds and torsion potentials was
done iteratively until convergence. All the details of force field
parameterization are reported in the ESL¥

2.3.2 Molecular dynamics simulations. Starting from a low
density cubic box of size 120 A containing the dye/iodide ion pair
and 1600 chloroform molecules, the system was equilibrated for
10 ns in the NpT ensemble (p = 1 atm and 7 = 298.15 K). In order
to better span the conformational degrees of freedom of the dye,
two different initial conformations corresponding to different
values of the 0; dihedral were considered. Production runs were
then carried out in the NVT ensemble for 20 ns with timestep of 1
fs, and performed by rescaling the temperature to 298.15 K every
100 steps. 200 structural snapshots were extracted from each MD
trajectory, providing a total set of 400 structures for calculating
the NLO properties. The probability distributions of the values
of relevant geometrical parameters (bond length alternation,
torsional angles, anion-cation distances, see ESIf) for the
400 geometrical snapshots were found to coincide with the
distributions obtained by using the 40000 structures extracted
every 1000 timesteps of the simulation, confirming that the set
of selected geometries is representative of the dynamics of the
system. All MD simulations have been performed using the
NAMD software.*®

2.3.3 Calculation of the EFISH responses. For all com-
pounds, the molecular geometries of the dye/iodide complexes
were optimized at IEF-PCM:M06-2X/6-311G(d) level in chloro-
form (considering nBu chains in all compounds). The optimized
structures were confirmed to be real minima of the potential
energy surface on the basis of their harmonic vibrational fre-
quencies, which were found real for all normal modes.

This journal is © the Owner Societies 2023
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Calculations of hyperpolarizabilities have been performed at
the TD-DFT level employing the M06-2X exchange-correlation
(XC) functional.*® First hyperpolarizabilities were computed
analytically using the standard TD-DFT method,*"** while cal-
culations of the second hyperpolarizabilities were performed
using the first-order numerical derivatives of the analytical first
hyperpolarizabilities. The suitability of M06-2X for computing
the second-order NLO properties of push-pull n-conjugated dyes
was demonstrated in previous computational works.**** To
further assess its adequacy for the compounds investigated here,
static first hyperpolarizabilities of cationic dyes of series D were
also computed using the second-order Mgller-Plesset perturba-
tion theory (MP2), in which the energy derivatives are calculated
using a numerical finite field (FF) procedure and refined by
using a Romberg scheme. As reported in the ESIt (Fig. S15), a
very good correlation was found between the two data sets.
Preliminary calculations on series D were also performed to
choose the most appropriate basis set. Three basis sets of
decreasing flexibility were tested for computing the static first
hyperpolarizability of the chromophores, namely aug-cc-pVTZ,
aug-cc-pVDZ and 6-311+G(d). As reported in Fig. S16 (ESIt), both
the 6-311+G(d) and aug-cc-pVDZ basis sets provide static  values
very similar to those obtained using the larger aug-cc-pVTZ basis.
Therefore, the computationally-cheaper 6-311+G(d) basis was
chosen to describe the chromophores. To model the iodide
anion, we employed the aug-cc-pVDZ basis set and the asso-
ciated pseudopotential, although the basis set used for the
counterion does not have a significant impact on the first
hyperpolarizability of the complexes (Table S5, ESIt). All DFT
calculations were performed using Gaussian 16.*> Graphical
representations of the molecules were realized with the Chem-
craft package.*®

2.3.4 Calculation of conjugation and aromaticity measures.
The atomic partition employed to compute the aromaticity
indices and the bond-order alternation (BOA) is the quantum
theory of atoms in molecules (QTAIM).”” The QTAIM atomic
overlap matrices were obtained from the AIMAII software,*® and
the aromaticity indices were calculated with the in-house ESI-3D
program.**' This program provides AV1245,>> AV,in,>® BLA,
BOA,* FLU,”® HOMA,” Iing,”® and MCI®” values. The definitions
and expressions of all the indices are provided in ESIL.{ Note that
we have included AV1245 and AVmin in our study due to the
limitations of I, and MCI in measuring large conjugated
circuits.”® The former indices were specifically designed to
replicate the values of MCI in larger conjugated chains.

3. Results and discussion
3.1 Dynamics of the EFISH response of the D3/iodide complex

The probability distributions issued from MD samplings reveal
large fluctuations in the bond length alternation (BLA, see
Fig. 1) along the conjugated linker, with BLA = (—0.045 +
0.023) A when considering the 400 geometries used for NLO
calculations. MD simulations also show that the position of the
iodide with respect to the chromophore is highly dynamical,
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Fig. 3 Distribution of the iodide counterion positions with respect to the D3 chromophore (fixed in its initial position) for the two different initial

conformations of the dihedral 0s.

the counterion nevertheless remaining in close proximity to the
dye with an average distance from the quinolinium nitrogen
dni = (4.57 % 0.47) A. Moreover, the iodide anion oscillates
around an average position located within the mean plane of
the quinolinium moiety, with values of the dihedral angle
between the terminal phenyl and the anion Opy = 175.1° £
45.9° (Fig. S9, ESIT). Fig. 3 illustrates how the iodide anion
fluctuates around the dye for the 400 selected snapshots
extracted from the MD simulations.

The time evolution of the various terms involved in the
EFISH signal of the D3/iodide complex (namely yerisuc, Vs & B
and uf, see eqn (1)-(4)), as well as of the angle 0 between the i
and f vectors, are collected in Fig. 510. Their average values and

Table 1 Average values and standard deviations (s) of the EFISH
responses of the D3/iodide complex, computed at the IEF-PCM:M06-
2X/6-311+G(d) level in chloroform, using the 400 snapshots extracted
from the MD trajectories. The NLO properties and the norm of the dipole
moment are given in atomic units, the angle 0 is given in degrees

Property Average o
Yepisy X 1077 124.1 55.4
W /3kT x 1077 121.6 55.5
P % 1077 2.6 1.3
R3), 0.02 0.07
upy x 10°° 3.4 1.6
By x 107* 16.8 6.1
i 12 2

0 48 15
[1B)]ese x 107¢ 3.5 1.6
[ Jese x 1076 (exp.) 1.5 —
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standard deviations are reported in Table 1. The results show
that both the second- and third-order contributions of the
EFISH response display high sensitivity to structural fluctua-
tions, with standard deviations reaching about 50% of their
average values. Moreover, the EFISH response is strongly domi-
nated by the second-order term pf/3kT, which is two orders of
magnitude larger than y;. This confirms the validity of the
experimental hypothesis, assuming that R;, ~ 0 and the
interpretation of the EFISH signal as an effective second-
order response (eqn (7)). As reported in Table 1, the [uf)]es
value predicted by MD + TD-DFT calculations (3.5 x 10° a.u.) is
overestimated compared to experimental measurements (1.5 x
10° a.u.), but the order of magnitude of the NLO response is
well reproduced.

To gain further insight into the relationship between the
EFISH response and the dynamical structure of the dye/iodide
complex, Fig. 4a reports the distribution of the second- and third-
order contributions to the EFISH response with respect to the
angle 0 between the [ and Zf vectors. This plot shows that y,
displays relatively weak variations with respect to 6, despite a
small set of structures gives rise to negative y; values, as discussed
later on. Fig. S13e (ESIT) further shows that the variations of the y,
values are not correlated to those of the 0 angle. On the contrary,
the second-order contribution uf/3kT strongly depends on 0,
since 3 involves the scalar product between the i and ﬁ vectors
(eqn (3)). Therefore, uf|/3kT progressively decreases as the 6 value
increases, and cancels out for 0 = 90° before changing sign. In the
0 ~ 90° region, the EFISH response is thus dominated by the
third-order term 7, which translates into a divergence of the R;),

This journal is © the Owner Societies 2023
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ratio (Fig. 4b). As illustrated in Fig. 5, the value of the 0 angle is
entirely driven by the position of the iodine anion with respect to
the chromophore. When I" is located close to the polyenic bridge,
the /i and f vectors are quasi-perpendicular (0 ~ 90°), giving rise
to a vanishing uf8|/3kT contribution, while when I" is found close
to the electron-withdrawing extremity of the dye (6 ~ 0°), the up,/
3kT contribution is maximized. The average position of the anion
deduced from the MD trajectories corresponds to an intermediate
value of 0 = 48°, a situation in which y, is negligible with respect to
upP/3kT (R3), = 0.02). Note that, in addition to |, the norm of the
total dipole moment is also strongly correlated with the 6 angle,
and thus with the position of the iodide anion. The evolution of f;
and p with respect to 0 is illustrated in Fig. S13 (ESIt). Consistent
with the dipole variations, we can also notice in Fig. 5 that the
position of the counterion induces significant variation in the
electrostatic potential within the molecule. For 6 ~ 0°, the charge
transfer along the long molecular axis is enhanced, reinforcing
the asymmetry of the electron density, while for 0 ~ 90° the
potential displays a more symmetrical shape. However, as illu-
strated in Fig. S13 (ESIt), the total first hyperpolarizability (f)
does not exhibit any clear correlation with 6, indicating that the
changes in the electronic density of the chromophore induced by
the iodide position has no significant impact on the second-order
NLO response itself, but only on its projection onto the dipole

This journal is © the Owner Societies 2023
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moment direction. This is further illustrated in Fig. S12 (ESIt),
which shows that f, values calculated in the presence of the
iodide and those calculated for the same geometries of the
chromophore after removing the anion evolve similarly.

It is also instructive to address the variations of the NLO
properties with respect to the BLA along the conjugated seg-
ment of the chromophore. Fig. S11 (ESIY) first reveals that the
BLA values calculated along the MD trajectories are spread over
a broad range, from negative to positive values. In addition, the
BLA globally increases as the 0 angle decreases, which indicates
that the position of the iodide anion somehow influences the
conjugation along the polyenic linker, although the two quan-
tities do not show a clear, direct correlation. Recent calcula-
tions also demonstrated a similar influence of the position of
the anion on the BLA of the organic cation in cyanine crystals.>®

As illustrated in Fig. S14 (ESIt), y, evidences a global reverse
correlation with BLA, negative y; values being associated with
highly conjugated structures having BLA values close to zero. A
similar relationship between y, and BLA values was recently
observed for the phenol blue, another typical cyanine dye.*®
Interestingly, the variations of the isotropic linear polarizability
(#is0) of D3 are also clearly correlated with BLA, while p and fo
are not. This evidences that odd-order optical quantities are
mainly impacted by the fluctuations in the degree of conjuga-
tion within the polyenic bridge, while even-order ones mainly
depend on the fluctuations in the iodide position.

3.2 EFISH response of the dye/iodide complexes

In a second step, the structures of all the dye/iodide complexes
represented in Fig. 1 were optimized at the IEF-PCM:MO06-2X/
6-311G(d) level, with the initial position of the anion set to its
average position according to the MD samplings. The BLA
along the polyenic linker of the dye, the value of the 0, and
0; torsional angles, as well as the dyy and Opyy values associated
with the position of the iodide anion are reported in Table 2 for
all complexes. As indicated by the latter parameters, the opti-
mization process did not change significantly the position of
the iodine (see Fig. S17-S20 (ESIt) a scheme of the optimized
geometries). In series A and B, the absolute BLA values slightly
decrease with increasing n, while they are significantly smaller
and regularly increase in series C and D, indicating that the
conjugation along the polyenic bridge is mostly driven by the
nature of the donor moiety. Note that, for very extended linkers
(n » 5), the BLA is expected to converge towards similar values
independently of the nature of the donor and acceptor moieties,
as the conjugated segment resembles in this case an unsubsti-
tuted polyene. Furthermore, the values of 0, show that molecules
incorporating a quinolinium acceptor (series B and D) display
larger deviation from planarity than their pyridinium analogs.
The computed NLO responses collected in Table 3 show
that, whatever the nature of the dye, the third-order contribution
to the total EFISH response remains small with respect to the
second-order contribution, with R;/, ratios not exceeding 8%.
This result is consistent with our previous report on stilbazo-
lium-anion complexes.>® Nevertheless, the R/, ratio monotoni-
cally increases in the four series when elongating the polyenic
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0=7°
Fig. 5 Left: Structure of the D3/iodine complex for three different positions of the anion, with the value of the 0 angle between the (normalized) i (red)
and fi (blue) vectors; Right: Molecular electrostatic potential (MEP) for the three configurations.

bottom). Consistently, series A and B, which display small
Table 2 Bond length alternation (BLA, A), torsional angles 0, and 03 variations of BLA with n, show a lower enhancement of 8 when

(degrees), as well as dy; (A) and 0p (degrees) values associated to the
position of the iodide anion in all dye/iodide complexes

Table 3 Components of the dynamic (1 = 1907 nm) EFISH response of

Molecule  BLA 0 0 dt Opmi the dye/iodide complexes calculated at the IEF-PCM:M06-2X/6-311+G(d)
Al —0.096 ~177.6 ~177.6 4.49 _177.6 level: dipole moment norm (i, a.u.), parallel first hyperpolarizability (f, 104
A2 —0.088 —179.5 —178.0 4.49 174.2 a.u.), angle between i and B (0, degrees), up, (10° a.u.), up/13kT (108 a.u),
A3 —0.086 179.2 177.3 4.49 —177.2 parallel second hyperpolarizability (y, 10° a.u.), total EFISH response
Ad —0.087 —178.4 179.3 4.49 —179.3 (yerist, 108 a.u)), effective EFISH response ([ufletr. 10° a.u.), and Rs/2(%)
A5 —0.087 178.9 178.1 4.47 172.8 ratio
B1 —0.095 156.9 174.0 4.50 —175.2
B2 ~0.086 ~160.2 ~178.9 4.51 ~179.3  Molecule u  fy, 0 ppy up/3kT verise [Py Jer Ro
B3 —0.086 —159.7 —177.6 4.50 177.0
B4 —0.085 —161.6 178.5 4.51 —177.9 Al 105 2.1 45 3.7 1.3 24 1.3 3.8 1.8
B5 —0.087 —159.4 179.4 4.50 —177.0 A2 10.5 4.0 47 69 24 6.5 2.5 7.1 2.7
C1 —0.066 —179.8 —179.3 4.50 —178.7 A3 10.6 6.7 47 119 4.2 15.2 4.3 12.3 3.6
C2 —0.069 —179.6 —179.6 4.49 —178.1 A4 10.7 9.8 48 174 6.2 28.5 6.4 18.2 4.6
C3 —0.074 177.6 179.8 4.48 —173.0 A5 10.5 124 51 21.7 7.7 46.2 8.1 23.0 6.0
C4 —0.077 179.8 —179.5 4.49 177.9 B1 10.8 2.3 53 4.2 1.5 3.7 1.5 4.3 2.5
C5 —0.080 —179.3 —179.3 4.49 177.5 B2 10.7 4.8 53 8.5 3.0 10.3 3.1 8.8 3.4
D1 —0.055 —172.1 —178.3 4.53 —179.1 B3 10.7 7.5 54 13.4 4.7 22.5 5.0 14.1 4.7
D2 —0.061 —-167.7 —179.2 4.52 —179.9 B4 10.6 10.8 56 19.1 6.7 422 7.1 20.3 6.3
D3 —0.067 167.2 —179.1 4.52 178.3 B5 10.6 13.8 56 24.3 8.6 66.0 9.2 26.1 7.7
D4 —0.074 163.0 —180.0 4.51 —177.9 C1 11.5 2.3 37 4.5 1.6 1.3 1.6 4.5 0.8
D5 —0.077 163.8 —179.1 4.51 176.8 C2 12.2 6.0 30 12.2 4.3 5.5 44 12.4 1.3
C3 12.6 11.9 27 25.0 8.8 17.4 9.0 25.5 2.0
C4 12.8 19.6 24 41.9 14.8 40.6 15.2 43.0 2.7
C5 13.0 27.5 22 59.3 20.9 74.2 21.7 61.4 3.5
linker, indicating that the y; contribution should be considered D1 121 2.6 44 53 1.9 13 19 53 07
in the case of highly extended systems. Series C and D incorpor- D2 120 6.6 47 132 46 76 47 134 16
. . . . . D3 12.0 13.2 48 26.4 9.3 28.1 9.6 27.2 3.0
ating a dibutyl-aminothienyl donor display larger second-order ), 11.8 197 51 38.7 13.7 68.4 143 406 5.0
| responses that inversely correlate with the BLA values (Fig. 6, D5 11.5 25.7 53 49.4 17.4 124.6 187 529 7.1
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Fig. 6 Evolution of 8 (10% a.u) as a function of the BLA (A) computed
along the conjugated bridge (see Fig. 1) in series A and B (top) and series C
and D (bottom).

increasing the size of the bridge. However, there is no correlation
between BLA and f3 values in the last two families of compounds
(Fig. 6, top). Thus, the BLA along the conjugated polyenic bridge,
as defined in Fig. 1, is a relevant structural indicator only for
derivatives incorporating a thienyl group, but not for those
incorporating a phenyl.

It is also interesting to note that the values of the dipole
moment do not vary significantly with n in any of the molecular
series. This is related to the fact that the dipole moment is
predominantly determined by the mutual position of the iodide
anion and positively charged nitrogen atom, which, as men-
tioned above, is similar for all systems (see Fig. S17-S20, ESIY)
As a consequence, the magnitude of the second-order contribu-
tion of the EFISH response, uf|/3kT, is essentially driven by the
value of 8 and that of the 0 angle between the ji and B vectors.
While  smoothly increases with 7 in the four series, 0 increases
in the A, B and D families, thus dampening the increase of the
up/3kT term. On the contrary, the 0 angle decreases in the C
series, making the i and B vectors increasingly parallel as the
linker lengthens (see Fig. S19, ESIT), and thus contributing to the
enhancement of the second-order response.

3.3 Further study of structure-properties relationships

In order to gain deeper insights into structure-property rela-
tionships in the four molecular families, we investigated more
direct measures of electron conjugation, such as AVin,” > the

This journal is © the Owner Societies 2023
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Fig. 7 Evolution of f; (10* a.u.) as a function of the BLA (A) computed
along the conjugated path going from the amine nitrogen to the first
carbon of the pyridinium (series A and B) or quinolinium (series C and D).
See ESIf for details.

bond-order alternation (BOA),>* and FLU.*® We computed these
descriptors along the polyenic bridge highlighted in Fig. 1, but
also along the more extended fragment that includes the
thienyl or phenyl ring (see Tables S6-S8, ESIt). The pyridinium
and quinolinium acceptor units were excluded from this sec-
ond conjugated circuit since results in Fig. 6 clearly show that
the different behavior observed in series A-B compared to
series C-D is related to the nature of the donor moiety rather
than the acceptor. The different evolutions of the molecular
families A-B and C-D can be rationalized by the different
nature of the thienyl and phenyl rings compared to their
isolated thiophene and benzene counterparts. According to
the MCI and I, aromaticity indicators,’ benzene is more
aromatic than thiophene. Hence, the phenyl ring is expected to
be more resilient to the loss of aromaticity. Calculations
indicate that the phenyl ring in the compounds of series A-B
is about 60-63% less aromatic than benzene. In contrast, the
thienyl ring in series C-D is 45-50% less aromatic than
thiophene. This difference results in a larger contribution of
the phenyl ring to the BLA. The latter contribution is only
included if we consider the conjugated segment going from the
amine nitrogen to the first carbon of the pyridinium (series A
and B) or quinolinium (series C and D), as shown in Fig. 7.
Since the BLA of the polyenic bridge defined in Fig. 1 did not
show a good correlation with 8, and y for the series A-B, we are
deemed to conclude that the aromaticity of the phenyl ring
plays an important role in the magnitude of the NLO responses.
A similar conclusion can be reached using other indicators of
electron conjugation, such as BOA, FLU, and AV,;,. Correla-
tions of f§ and y with these indices for the series A-B and C-D
are reported in Fig. $25-S27 (ESIY).

3.4 Comparison to experiment

The experimental EFISH data are collected in Table 4, together
with the maximum absorption wavelengths. The static EFISH
responses extrapolated using the two-state approximation for 8
are also reported. Consistently with the red shift of the main
absorption band, the EFISH response increases in each series
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Table 4 Experimental EFISH responses (uff(2w) = [uf) (—2m; o, )lex)
measured at 2 = 1907 nm, maximum absorption wavelength (Zmax. nM),
two-state frequency dispersion factors F(w),? and static EFISH responses
extrapolated as uf(0) = uf(2w)/Flw). All NLO data are given in 10748 esu
(1 a.u. of f = 8.6392 x 107% esu)

Molecule upy(0)° up w)° Amax Flw)
A1° 549 £ 55 841 + 84 517 1.53
A2° 1338 £ 134 2230 + 223 558 1.67
A3? 1537 + 154 2700 + 270 581 1.76
A4b 1887 + 189 3380 £+ 338 589 1.79
A5” 2014 + 201 3690 + 369 598 1.83
B1 783 £ 78 1380 + 138 582 1.76
B2 1098 £+ 110 2156 + 216 624 1.96
B3 1566 + 157 3250 + 325 643 2.08
B4 4050 + 405 8750 + 875 656 2.16
B5 4284 + 428 9435 + 944 662 2.20
C1 523 £ 52 891 + 89 568 1.70
C2 1332 £ 133 2669 + 267 631 2.00
C3 2946 + 295 6366 + 637 656 2.16
C4 4954 + 495 10946 + 1095 663 2.21
D1 445 + 45 900 +£ 90 634 2.02
D2 1793 +£ 179 4770 + 477 714 2.66
D3 4083 + 408 13600 + 1360 763 3.33
D4 5710 £+ 571 18170 + 1817 754 3.18
D5 7281 + 728 22500 + 2250 748 3.09

CUYA®) = (1 — JmatA?) (1 = 42max’/22). * From ref. 17. © Experimental
errors correspond to 10% of the measured value.
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with the size of the polyenic bridge. As expected, removing
frequency dispersion effects by extrapolating responses to the
infinite-wavelength limit attenuates the increase of uf; with
chain length. EFISH measurements also globally confirm the
anticipated enhancement of the quadratic NLO response upon
replacement of the pyridinium by a quinolinium acceptor
(A > B and C — D), and upon replacement of the 1,4-
phenylene by a 2,5-thienylene n-linker (A - C and B —» D). A
few exceptions to this general trend are nevertheless observed
when considering uf(2w) values in Table 4: B2 < A2, D1 < B1,
and C1 < Al. As a matter of fact, the difference in the uf)(2w)
values of C1 and A1 lies within the experimental error, and the
same is true when comparing C1 and A1l. The difference is more
significant for D1 and B1, for which the expected increase of the
NLO response due to the use of a thienyl linker is not observed.

Although the computed [ufles values overestimate the
experimental ones by a factor 2-4, Fig. 8 reveals a very good
agreement between theory and experiment. All series display
Pearson correlation coefficients larger than 0.89 between calcu-
lated and measured [f ] values, with R* values very close to
1.0 for series C and D. However, the relative ordering of the
[1B) Jete values in the different series is only partially reproduced:
while DFT calculations predict that series A and B display the
smallest NLO responses in agreement with experimental results,

R?=0.91

series B

Experimental [up)]lef
o
(=)}
o

0.50 1.00 1.50 2.00

Theoretical [1B) s

R?=0.98
3.00

series D
2.50

Experimental [uB) ler

0.00

2.00 3.00 4.00
Theoretical [[JB”]Eff

1.00 5.00

Fig. 8 Correlation between experimental and computational uf(2w) values (in 10° a.u.) for the four series of molecules. Errors bars on experimental

data correspond to 10% of the measured value.
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the relative magnitude of the EFISH signal is inverted for the
longer derivatives in series C and D. The enhancement of
the [uf|]er values with the elongation of the polyenic chain is
also underestimated in the two latter series. These remaining
discrepancies between calculations and measurements may be
ascribed to the use of the continuum solvation model, which do
not describe explicitly the interactions between the ion pair and
the chloroform solvent. They might also originate from local
field effects, which make the field felt by the dye/iodide complex
in the solution different from the external electrical field applied
to the medium and used in the calculations.®*

4. Conclusions

In this work, the NLO responses of four series of amphiphilic
cationic chromophores have been investigated by means of
EFISH experiments and quantum chemical calculations. EFISH
measurements were made possible owing to the electric neu-
trality of the pairs formed, in chloroform, by the cationic dye
and the iodine anion. The computational approach combining
MD simulations and time-dependent DFT calculations per-
formed on a representative dye/iodide pair allowed us to
describe the geometrical fluctuations of the complex, and to
highlight their impact on the NLO responses. These calcula-
tions confirmed that the iodide anion remains in the proximity
of the dye all along the simulations, with an average position
close to the charged heterocyclic acceptor. The position of the
iodide relative to the dye was also shown to be at the origin of
the relative magnitude of the second- and third-order contribu-
tions of the EFISH signal. In the investigated system, the third-
order component was found negligible compared to the
second-order one, supporting the experimental assumptions.
Overall, the good agreement between experimental and theore-
tical characterizations demonstrates the reliability of the com-
putational protocol, which provides a tractable strategy towards
systematic and accurate in silico characterization of novel
molecular probes for SHG imaging.
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