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Abstract

Donor/acceptor substitutions of a series of naphthyl bi-substituted 2-pyrazolines at accurate positions
leads to large variations of their optical properties. An insightful discussion, supported by theoretical
Density functional theory (DFT) calculations, is presented on how the intrinsic polarization of the 2-
pyrazoline core influences dipole moment, charge transfer, and optical properties, with distinct
patterns based on substituent attachment enhancing either second or third harmonic generation. In
particular, this study highlights the importance of the juxtaposition of electron-releasing sub-units
within small molecules for modulating their second and third-order susceptibilities in PMMA films. The
DFT calculations corroborated these experimental findings, underscoring the importance of
substituent effects, enriching our understanding and enabling the development of novel materials with
customizable optical functions.
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Graphical abstract

BI-NAPHTHYL PYRAZOLINES

R

SYNTHESIS DFT CALCULATIONS SPECTROSCOPY NONLINEAR OPTICS

Donor/acceptor substituants in binaphthyl-2-pyrazolines significantly alter their optical
properties, with DFT calculations that the arrangement of the electron-releasing units is key
to modulating 2d- and 3rd-order susceptibilities in PMMA films.

Donor/acceptor substituants in binaphthyl-2-pyrazolines significantly alter their optical
properties, with DFT calculations that the arrangement of the electron-releasing units is key to
modulating 2d- and 3rd-order susceptibilities in PMMA films.

Donor/acceptor substitutions in binaphthyl-2-pyrazolines significantly modify their optical
properties. DFT calculations confirm that the arrangement of electron-releasing units is crucial
for modulating 2nd- and 3rd-order susceptibilities in PMMA films.
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Introduction

The development of nonlinear optical (NLO) molecules has attracted the spotlight of current research
in view of applications in photonic technologies, such as multiphoton microscopy,™* photodynamic
therapy,? optical limiting,®! multiphoton fabrication./) Among the classes of materials that have been
investigated for NLO properties, organic materials received special attention because of their tuneable
properties through structural modifications so that they can exhibit high nonlinearity and ultra-fast
response. Key molecular features determining the structure of a highly active nonlinear chromophore
are the extent of conjugation and the presence of charge transfer (m-donor and m-acceptor) groups to
increase the charge transfer from the end(s) of the molecule to the centre.”” Thus, researchers have
developed numerous design strategies such as donor—acceptor—donor (D—A-D), acceptor—donor—
acceptor (A—D-A) and donor—pi—donor (D-m—D) architectures. These conjugated organic molecules are
also popular for their potential to provide solid-state organic materials characterized by large non-
linear optical functions. Meanwhile, recent studies underline the benefits of developing small organic
molecules with a m-conjugated system that consists of only a few multiple bonds, to access high quality
nonlinear optical material.¥! These molecules possess distinct electronic properties that result from
their delocalized electron density, allowing considerable flexibility in tuning their optical
characteristics. The addition of donor and acceptor groups to these systems enhances their non-linear
optical responses, enabling them to achieve high third-order non-linear optical polarizabilities.
Considering that research in this area has the potential to reveal new opportunities for advanced
optical devices, with a particular focus on the use of small organic compounds to create next-
generation non-linear optical materials, we have synthesized a series of 1,3-naphthyl disubstituted 2-
pyrazoline derivatives in which naphthyl groups have been connected to increase the conjugate length
of the systems, while the introduction of peripheral donor and acceptor groups should enhance
intramolecular delocalization and improve the NLO properties of the structures. 2-pyrazolines are
small molecules that inspired chemists to carry out various structural variations in the ring to tune their
optoelectronic properties, owing to their specific chemical structure in which electron donor and
electron acceptor segments are joined together.®'?l These segments are conjugated through
the -N1-N2=C3- fragment of the 2-pyrazoline ring, which participates in the extension of internal
charge transfer (ICT).

Materials and methods

Quartz tubes were used for the synthesis of 2-pyrazoline derivatives. Unless otherwise specified,
reagents and solvents were purchased from commercial sources and used without further purification.
The tetrazoles T1-T7 (Scheme 1) were obtained using an adapted procedure of the Kakehi method.™*>
41 Column chromatography purifications were performed using 400-mesh silica gel with a particle size
of 40-63 um. Thin-layer chromatography (TLC) was carried out using silica gel 60 F254 plates, which
were visualized under ultraviolet light. Spectroscopic measurements were performed using a UV-
visible spectrophotometer JASCO®V 770 and a fluorimeter JASCO®FP 8300. NMR spectra of samples in
CDCl; or CD,Cl; were recorded on a Brucker AV 300 spectrometer. Chemical shifts are reported relative
to tetramethylsilane (TMS).

The NLO characteristics of the compounds were investigated within host-guest systems, with
poly(methyl methacrylate) (PMMA) serving as the matrix. Commercially available PMMA (Sigma
Aldrich, Mw = 120,000 by GPC) was dissolved in dichloromethane (DCM) forming a concentration of
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5.0 wt%. Subsequently, compound powders were prepared and mixed with a PMMA/DCM solution to
achieve a 5.0 wt% concentration of the compounds in PMMA by weight, in dry mass. The resulting
solutions were applied onto cleaned glass substrates using the spin-coating technique at 1300 rpm for
30 seconds, utilizing an SCS G3 Spin Coater. Film thickness was determined using a Veeco DEKTAK 3
profilometer.

The second and third harmonic generation (SHG/THG) intensities were measured using an ultrafast
Nd:YAG laser (Ekspla, PL2250) operating at the wavelength of 1064 nm under the following
parameters: frequency of 10 Hz, pulse duration of 30 ps, with the energy of the laser beam
approximately 75 . The SHG/THG assessments employed the rotational Maker fringe technique for
both S-P and P-P polarized fundamental laser beams.'> *! This method involved focusing the laser
beam onto the sample, positioned on a rotator, allowing adjustment of the incident beam angle from
- 60° to + 60° around the normal axis. This facilitated the detection of the transmitted beam by the
sample as a function of the angle of incidence. The SHG/THG signal was selectively collected using an
interference filter at a wavelength of 532 nm or 355 nm, respectively, placed before the detectors.

Computational details

All Density Functional Theory (DFT) results presented here where were obtained with the Gaussian 16
software,!*”! using the PBEO functional™® and a 6-311+G(d,p) basis set. This DFT method has been
selected as the most suited to reproduce the experimental properties of the chromophores (see for
comparison purposes Table S2 and Figure S16 for results obtained with a range-separated hybrid
functional, CAM-B3LYP). Ground-state geometry optimizations were followed by frequency
calculations to ensure the presence of positive only eigenvalues and thus the validity of the energy
minimum. In all steps were included solvent effect (THF) through a Polarizable Continuum Model
(PCM).[*% Absorption properties were obtained by computing the first 15 excited states, and emission
energies by optimizing the geometry of the first excited state. The charge transfer characteristics of
the excitations, namely distance of transfer (Dcr) and amount of charge transferred (Qcr) have been
computed using Ciofini’s approach,?” and the values are gathered in Table S3.

Results and Discussions

According to Scheme 1, the disubstituted 1,3-naphthyl 2-pyrazoline derivatives P1-7 were prepared by
means of a photoinduced cycloaddition of 2,5-dinaphthyl tetrazoles with n-butyl acrylates.?¥ In this
reaction, known as “nitrile-imine mediated tetrazole-ene cycloaddition” (NITEC), a nitrile-imine
intermediate is formed which reacts in the presence of a dipolarophile,??! in this case acrylates, to form
a 2-pyrazoline. The disubstituted tetrazoles were obtained using a procedure adapted from the Kakehi
method,*> ¥ which involves coupling a naphthyl-hydrazone and a naphthyl-diazonium salt. This
approach makes it easy to modify the naphthyl units to be introduced into the 2-pyrazoline structure.
The positions occupied by these naphthyl substituents in the final 2-pyrazoline structures are the
positions 1 and 3 of the heterocycle (Scheme 1), which we have hereafter defined as C3 and N1, for
the sake of clarity. The choice of naphthyl substituents was guided by the aim to extend the possibilities
of electron delocalization within the final 2-pyrazolines and to be able to study the respective effects
of electron donor and acceptor groups. We have limited this study to two types of substituents, MeO-
and -CO;Et, representative of electron-donating and electron-accepting units, whose relative positions
with respect to the C3 or N1 2-pyrazolines atoms have been varied.



Synthesis and characterization of 2-pyrazolines P1-P7

A solution of tetrazole T1-7 (around 1.2 to 1.4 mmol) in THF (30 mL) was degassed under argon for 20
min. Butyl acrylate (40 eq) was added to this solution. The mixture was irradiated for 3 hours in a
Rayonet Reactor® with 16 x 21 W ampoules (Emission centered on 300 nm, in accordance with the
absorption spectra of tetrazoles T1-7 in THF). After 3 hours of irradiation, monitoring by thin-layer
chromatography (TLC) indicated complete consumption of the starting tetrazoles. The solvent was
removed by evaporation yielding a pale-yellow oil. Addition of pentane resulted in the formation of a
precipitate, which was filtered, washed with pentane (20 mL). The 2-pyrazolines P1-P7 were then
purified by flash chromatography on silica gel, using heptane—diethyl ether (60:40 v/v) as the mobile
phase, and dried under vacuum (Scheme 1).

R4

=N
/N R
N=,
N 2 THF

irradiation 300 nm

3 hours
T1-T7 P1 R;=H R,=H 69 %
P2 Ry=OMe R,=H 60 %
P3 R;=CO,Et R,=H 46 %
P4 R;=H R,=OMe 59 %
P5 Ri=H Ry, =CO.Et 72%

P6 R,=CO,Et R,=OMe 57%
P7 R;=OMe R,=CO.Et 79%

Scheme 1: Synthesis of 2-pyrazolines P1-P7. The underlined numbers in italics correspond to the
numbering of atoms in the 2-pyrazoline heterocycle. THF was chosen because binaphthyl tetrazoles
are perfectly soluble in this solvent.

Butyl 1,3-di(naphthalen-2-yl)-4,5-dihydro-1H-pyrazole-5-carboxylate P1 was obtained from T1 (0.05 g,
0.141.10°mol) and n-butyl acrylate (0.723 g, 5.64.10°mol) with 69% yield (44.3 mg) as a yellow solid.
'H NMR (300 MHz, CDCls) & 8.18 (dd, J = 8.7, 1.7 Hz, 1H), 7.92 = 7.70 (m, 7H), 7.56 — 7.50 (m, 2H), 7.43
(td, J = 8.2, 6.8, 1.3 Hz, 1H), 7.28 (m, 2H), 7.22 (d, J = 2.3 Hz, 1H), 5.06 (dd, J = 12.6, 6.5 Hz, 1H), 4.20
(td, J=6.7, 1.2 Hz, 2H), 3.85 (m, J=12.6 Hz, 1H), 3.66 (m, J = 6.6 Hz, 1H), 1.57 (m, 2H), 1.26 (m, J = 15.5,
7.2 Hz, 2H), 0.82 (t, J = 7.3 Hz, 3H). ESIMS: [M+Na]* (C2sH26N20,Na) m/z Theoretical: 445.18865; m/z
Found: 445.1891 (1 ppm); [M+H]* (C2sH27N202) m/z Theoretical: 423.2067; m/z Found: 423.2061 (1
ppm).

Butyl 1-(6-methoxynaphthalen-2-yl)-3-(naphthalen-2-yl)-4,5-dihydro-1H-pyrazole-5-carboxylate P2
was obtained from T2 (0.051 g, 1.44.10“mol) and butyl acrylate (0.746 g, 5.82.103mol) with 60% yield
(39.5 mg) as a yellow amorphous solid. *H NMR (300 MHz, CDCl3) § 8.12 (dd, J = 8.7, 1.8 Hz, 1H), 7.85
—7.67 (m, 7H), 7.40 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.28 (d, J = 8.1 Hz, 1H), 7.21—7.13 (m, 3H), 5.01 (dd,
J=12.6,6.5 Hz, 1H), 4.17 (td, J = 6.6, 1.3 Hz, 2H), 3.95 (s, 3H), 3.83 (dd, J = 17.0, 12.6 Hz, 1H), 3.58 (dd,



J =17.0, 6.5 Hz, 1H), 1.38 — 1.14 (m, 4H), 0.79 (t, J = 7.3 Hz, 3H). ESIMS: [M]* (Cy9H2sN,03) m/z
Theoretical: 452.20999; m/z Found: 452.2098 (1 ppm).

Butyl 1-(6-(ethoxycarbonyl)naphthalen-2-yl)-3-(naphthalen-2-yl)-4,5-dihydro-1H-pyrazole-5-
carboxylate P3 was obtained from T3 (0.056 g, 1.42.10“mol) and butyl acrylate (0.727 g, 5.67.10°mol)
with 46% yield (36 mg) as a yellow amorphous solid. *H NMR (300 MHz, CDCls) & 8.62 — 8.57 (m, 1H),
8.22 (dd, J= 8.7, 1.7 Hz, 1H), 8.10 (dd, J = 8.6, 1.7 Hz, 1H), 7.97 (d, J = 8.7 Hz, 1H), 7.92 — 7.86 (m, 2H),
7.84—7.67 (m, 5H), 7.41 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.33 — 7.26 (m, 1H), 7.20 (d, J = 2.3 Hz, 1H), 5.06
(dd, J=12.7, 6.4 Hz, 1H), 4.46 (q, J = 7.1 Hz, 2H), 4.18 (td, J = 6.6, 1.7 Hz, 2H), 3.84 (dd, J = 17.0, 12.7
Hz, 1H), 3.60 (dd, J = 17.0, 6.4 Hz, 1H), 1.46 (t, J = 7.1 Hz, 3H), 1.36 — 1.13 (m, 4H), 0.79 (t, / = 7.3 Hz,
3H). ESIMS: [M+Na]* (Cs1H30N204Na) m/z Theoretical: 517.20978; m/z Found: 517.2096 (0 ppm);
[M+K]* (C31H30N204K) m/z Theoretical: 533.18372; m/z Found: 533.1833 (1 ppm); [M+H]* (C31H31N204)
m/z Theoretical: 495.22783; m/z Found: 495.2273 (1 ppm).

Butyl 3-(6-methoxynaphthalen-2-yl)-1-(naphthalen-2-yl)-4,5-dihydro-1H-pyrazole-5-carboxylate P4
was obtained from T4 (0.05 g, 1.42.10“mol) and butyl acrylate (0.727 g, 5.67.10mol) with 59% yield
(38.6 mg) as a yellow amorphous solid. *H NMR (300 MHz, CD,Cl,) 6 8.16 (dd, J = 8.6, 1.8 Hz, 1H), 7.95
—7.82 (m, 4H), 7.76 — 7.59 (m, 3H), 7.57 — 7.46 (m, 2H), 7.20 (d, J = 2.2 Hz, 1H), 7.15 — 7.07 (m, 2H),
5.01(dd, J=12.6, 6.6 Hz, 1H), 4.19 (t, J = 6.6 Hz, 2H), 3.90 (s, 3H), 3.88 -3.78 (m, 1H), 3.59 (dd, /= 17.1,
6.6 Hz, 1H), 1.65 — 1.56 (m, 2H), 1.39 — 1.22 (m, 2H), 0.85 (t, J = 7.3 Hz, 3H). ESIMS: [M+Na]*
(C29H28N,03Na) m/z Theoretical: 475.19921; m/z Found: 475.1991 (0 ppm); [M+K]* (C2gH2sN,03K) m/z
Theoretical: 475.19921; m/z Found: 475.1991 (0 ppm); [M+H]" (CysH2sN,03) m/z Theoretical:
453.21782; m/z Found: 453.21727 (1 ppm).

Butyl 3-(6-(ethoxycarbonyl)naphthalen-2-yl)-1-(naphthalen-2-yl)-4,5-dihydro-1H-pyrazole-5-carbo-
xylate P5 was obtained from T5 (0.056 g, 1.42.10*mol) and butyl acrylate (0.727g, 5.67.10mol) with
72% yield (50.3 mg) as a yellow amorphous solid. *H NMR (300 MHz, CDCls) & 8.16 (dd, J = 8.6, 1.7 Hz,
1H), 8.00 (dd, J = 8.7, 1.7 Hz, 1H), 7.93 — 7.82 (m, 5H), 7.78 (dd, J = 9.0, 2.3 Hz, 1H), 7.71 (d, J = 8.8 Hz,
1H), 7.57 = 7.46 (m, 2H), 7.20 (s, 1H), 5.06 (dd, /= 12.5, 6.1 Hz, 1H), 4.43 (q, /= 7.1 Hz, 2H), 4.25-4.14
(m, 2H), 3.88 (dd, J = 17.1, 12.6 Hz, 1H), 3.63 (dd, J = 17.2, 6.1 Hz, 1H), 1.44 (t, J = 7.1 Hz, 3H), 1.31 -
1.23 (m, 4H), 0.79 (t, J = 7.4 Hz, 3H). ESIMS: [M+Na]* (C31H3oN,04Na) m/z Theoretical: 517.20978; m/z
Found: 517.2084 (1 ppm); [M+K]* (C31H30N204K) m/z Theoretical: 533.18372; m/z Found: 533.1832 (1
ppm); [M+H]" (C31H3:N,0sNa) m/z Theoretical: 495.22838 ; m/z Found: 495.2282 (1 ppm).

Butyl 3-(6-(ethoxycarbonyl)naphthalen-2-yl)-1-(6-methoxynaphthalen-2-yl)-4,5-dihydro-1H-pyrazole-
5-carboxylate P6 was obtained from T6 (0.05 g, 0.117.10°mol) and n-butyl acrylate (0.599 g, 4.68.10°
3mol) with 79% yield (49 mg) as a yellow solid.*H NMR (300 MHz, CDCl3) § 8.55 — 8.49 (m, 1H), 8.14
(dd, J=8.7, 1.7 Hz, 1H), 8.01 (dd, J = 8.6, 1.7 Hz, 1H), 7.94 — 7.85 (m, 2H), 7.82 — 7.69 (m, 4H), 7.24 —
7.17 (m, 3H), 5.05 (dd, J = 12.5, 6.1 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 4.29 — 4.13 (m, 2H), 3.97 (s, 3H),
3.87(dd, J=17.1,12.5 Hz, 1H), 3.63 (dd, J=17.1, 6.1 Hz, 1H), 1.57 (m, 2H), 1.46 (t, /= 7.1 Hz, 3H), 1.34
—1.19 (m, 2H), 0.81 (t, J = 7.4 Hz, 3H). ESIMS: [M+Na]* (CsH32N,0sNa) m/z Theoretical: 547.22034; m/z
Found: 547.2210 (1 ppm); [M+K]* (C32H32N205K) m/z Theoretical: 563.19428; m/z Found: 563.1948 (1
ppm); [M+H]* (C32H33N,0s) m/z Theoretical: 525.2384; m/z Found: 525.2380 (1 ppm).



Butyl 1-(6-(ethoxycarbonyl)naphthalen-2-yl)-3-(6-methoxynaphthalen-2-yl)-4,5-dihydro-1H-pyrazole-
5-carboxylate P7 was obtained from T7 (0.05 g, 0.117.10°mol) and n-butyl acrylate (0.599 g, 4.68.10°
3mol) with 57% vyield (35 mg) as a yellow solid. *H NMR (300 MHz, CDCls) & 8.62 (dd, J = 1.6 Hz, 1H),
8.24 (dd, J = 8.6, 1.6 Hz, 1H), 8.12 (dd, J = 8.6, 1.7 Hz, 1H), 7.98 (d, J = 8.7 Hz, 1H), 7.93 — 7.87 (m, 2H),
7.72 (d, J = 2.0 Hz, 2H), 7.68 — 7.61 (m, 1H), 7.22 (s, 1H), 7.13 (d, J = 8.0 Hz, 2H), 5.05 (dd, J = 12.6, 6.7
Hz, 1H), 4.48 (q, J = 7.1 Hz, 2H), 4.20 (td, J = 6.6, 1.7 Hz, 2H), 3.93 (s, 3H), 3.87 —3.78 (m, 1H), 3.61 (dd,
J=17.0, 6.7 Hz, 1H), 1.56 (m, 2H), 1.48 (t, J = 7.1 Hz, 3H), 1.38 — 1.19 (m, 2H), 0.91 (t, J = 6.8 Hz, 3H).
ESIMS: [M+Na]* (Cs;H32N20sNa) m/z Theoretical: 547.22034; m/z Found: 547.2200 (1 ppm); [M+K]*
(C32H32N,0sK) m/z Theoretical: 563.19428; m/z Found: 563.1936 (1 ppm); [M+H]* (CszH33N20s) m/z
Theoretical: 525.2384; m/z Found: 525.2392 (1 ppm).

Linear optical properties: absorption

Representative UV-visible absorption and fluorescence emission spectra of the 2-pyrazolines P1-7 in
tetrahydrofuran (THF) are shown in Fig. 1 and Fig. S1-7. The corresponding spectral data are listed in
Table 1.

EtOzC
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NP

Wavelength (nm) P7

(arb. units)
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e
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Absorption / Emission

Me O

0.25

Fig. 1. Normalized UV-visible absorption and fluorescence emission spectra of 2-pyrazolines P1, P6
and P7 in THF (C= 7.5 10° mol.L?).

P1-P7 exhibited strong absorption bands in the UV—vis range and more particularly in the region above
300 nm, which is what we will be focusing on. These bands correspond to the overlapping of several
transitions, as evidenced by the presence of shoulders. Compared to the unsubstituted parent
molecule P1 (Amax = 375 NM; Emax = 23,650 M~1.cm™), the incorporation of electron-donor (MeO-) and
electron-acceptor (EtCO,-) groups on the naphthyl substituents highlights several points. Whatever the
position-1 (N-1) or position-3 (C-3) where the substituted naphthyl is linked to the 2-pyrazoline core,
the effect of an electron-withdrawing group is more easily observed than that of its homologue with a



donor group. This is particularly noticeable when comparing P2 (Amax = 385 nM; €max = 44,605 M™.cm™?)
and P3 (Amax = 405 nm; €max = 38,135 M.cm™), but is also observed for P4 and P5 in a less marked way
(Table 1). This observation is further supported by the fact that the effects of a donor or acceptor
group, whatever the case may be, are always more significant if the substituted naphthyl is attached
to the C3 (indicated as naphthyl-C3 thereafter) of the 2-pyrazoline ring (P2 versus P4, Amax = 376 nm;
Emax = 22,300 M~t.cm™?). Substituting a C3- or N1-naphthyl group with either a donor or an acceptor
leads to a redshift, to a greater or lesser extent. The maximum redshift of wavelengths versus P1
achieves AAmax = 37 nm. It is obtained with P6 (Amax = 412 NM; Emax = 104,075 Mt cm™) for which it can
be suggested that its UV-visible absorption properties result from the cumulative effect of the C3
acceptorand N1 donor groups, suggesting an efficient Intramolecular Charge Transfer (ICT) in this case.
More generally, we assume that the different absorption peaks observed, as well as the values of the
absorption coefficients, can be linked to an ICT character subject to the electronic effects and position
of the electron-donor (MeO-) and electron-acceptor (EtCO,-) groups, as rationalized after with (TD)-
DFT calculations (see below).

Table 1. Photophysical properties of 2-pyrazoline derivatives in THF.

Compound Aabs [nm] (£ 10° Mt cm™) Afimax [ (Aexc.) [nm] Stokes shift [cm™]
P1 357 sh. (2.2515), 375 (2.3650) 473 /385 5525
P2 388 sh. (4.4220), 385 (4.4605) 455 /395 3340
P3 366 sh. (2.4135), 405 (3.8135) 506 / 415 4930
P4 376 (2.2300) 502 /385 6680
os 359 sh. (2.0050), 385 sh. (3.1250), 454/ 405 2995

396 (3.1250)
P6 370 (6.7136), 412 (10.4075) 541/420 5800

360 (3.2856), 386 (4.6885),
p7 455/405 3275
396 (4.7216)

Linear optical properties: Emission properties

All the 2-pyrazolines P1-7 are emissive and show blue to green emission in THF with respect to
substitution groups (Fig. 1 and Fig. S1-7). The emission maxima range from P5 (Afimax = 454 nm) to P6
(Afimax = 541 nm) (Table 1). In contrast to the absorption maxima, the 2-pyrazoline series can be easily
classified into two distinct groups: P2, P5 and P7, on the one side. P3, P4 and P6 on the other. The first
group is characterized by a blueshift in emission relative to P1 (Aimax = 473 nm). Interestingly, this
situation corresponds to substitution by a C3 donor (P2; Aimax = 455 nm), a N1 acceptor (P5; Afimax = 454
nm) or a combination of both (P7; Aimax = 455 nm). Conversely, the 2-pyrazolines P3, P4 and P6 are
characterized by an acceptor appended to naphthyl-C3 (P3; Afimax = 506 nm), or a donor to naphthyl-
N1 (P4; Afimax =502 nm), or a combination of both (P6; Afimax =541 nm). These observations are
suggestive of ICT from a donor part, located on the naphtyl-N1 and the 2-pyrazoline core, to an
acceptor moiety, that approximately corresponds to the naphtyl-C3=N part of the 2-pyrazoline. Taking



in account only the emission wavelengths, we can suggest that this ICT increases in the order P2, P5,
P7 < P4, P3 < P6.

Computational Studies

DFT based calculations (see computational details section were carried out to provide insights into the
structure-properties relationship of these pyrazoline materials. The ground-state relaxed geometries
of P1-P7 all exhibit a planar w-conjugated backbone in the ground state. In Table 2 are presented the
computed low-lying excitations for the different pyrazolines. In all cases the measured absorption band
is attributed to an intense HOMO->LUMO 7—1t* electronic transition with a large oscillator strength, in
a wavelength range (390-450 nm) in satisfying quantitative agreement with the experimental
absorption throughout the series. The experimental trends are retrieved (vide infra) and the deviations
of the computed absorption energy are system-dependent but remains in an acceptable range of 0.01
eV (for P5) up to 0.25 eV for P4. The computed emission energies are more accurately reproduced and
deviate at most by 0.07 eV for P7. The frontier molecular orbitals of representative pyrazolines are
shown in Fig. 2 (see the Sl for the other pyrazolines).

Table 2. Computed ground state dipole moments, p, and electronic gap, AEwosy,in vacuum and in THF.
Characteristics of the first excitation and de-excitation bands, computed in THF (see computational
details).

Cpd p (D] AEwo/u (eV) Aabs [nm] Transition Aem [nM] Stokes
invacuum/THF  in vacuum/THF (§j] description (§j) shift [cm™]
P1 3.28/5.12 3.76/3.76 391 (1.26) HOMO->LUMO 470 (1.46) 4299
P2 4.98/7.47 3.77/3.76 389 (1.39) HOMO->LUMO 466 (1.66) 3617
P3 2.14/2.77 3.47/3.41 428 (1.26) HOMO->LUMO 509 (1.48) 3718
P4 4.14/6.00 3.62/3.61 406 (1.18) HOMO->LUMO 501 (1.28) 4670
P5 4.13/6.54 3.75/3.73 397 (1.68) HOMO->LUMO 464 (1.97) 3637
P6 3.98/4.94 3.31/3.24 449 (1.17) HOMO->LUMO 553 (1.29) 4188
P7 6.24/9.18 3.74/3.70 400 (1.81) HOMO->LUMO 468 (2.19) 3633

In all 2-pyrazolines P1-P7, the HOMO electron density encompasses the central 2-pyrazoline ring,
through the C3=N-N1 linkage, with a more pronounced density on the N1-naphthyl part, with the
exception of 2-pyrazolines P2 and P7, where the presence of a MeO- group on the naphthyl-C3 induces
a more uniform distribution throughout these molecules, and of P1, which carries neither donor nor
acceptor groups on its periphery, leading to the same observation. In the case of P3, which carries an
acceptor group on the naphthyl-C3 unit, the electron density is more localized on the N1-naphthyl
part. A distinction can be made between two series of 2-pyrazolines when considering the LUMO. In
P5 and P7, the electron densities are distributed throughout the molecules, whereas 2-pyrazolines P1-
P4 and P6 present a very different situation: the LUMO is almost entirely localized on the naphthyl-C3
part. At this stage, it is interesting to compare P6 and P7, which combine the effects of double
substitutions by a donor (on Naphthyl-N1: P6; on C3-Naphthyl: P7) and an acceptor group (on C3-part:



P6; on N1-part: P7). For P6, HOMO localizes mainly on the central heterocyclic ring and on the N1-
naphthyl part of this molecule, while LUMO resides on the central ring and on the naphthyl-C3 part.
Thus, the extent of electron density transfer from HOMO to LUMO is very significant, which is
consistent with an efficient ICT process during the excitation. Conversely, for P7, the electron density
is univocally distributed throughout the molecule, at the different levels from HOMO-1 to LUMO+1,
leading to a weaker electron density transfer.
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Fig. 2. Contour plots (iso-surface value = 0.02 au) and energy levels of the frontier molecular orbitals
of 2-pyrazolines P1, P6 and P7 in THF (see computational details).

The calculated HOMO and LUMO energies (Table 2) range from -5.31 to -5.64 eV and -2.13 to -1.64
eV and are clearly dependent on the presence and localization of the electron donating or withdrawing
units as can be seen from the energy level diagram in Fig. 2. The HOMO levels that reflect the electron
releasing power of these 2-pyrazolines are more affected by substituent changes on the N1-naphthyl
part than on the naphthyl-C3 part, whether by a donor group (P4: -5.31 eV, AE.p; = 0.19 eV;
P2: - 5.40 eV, AE.p; = 0.10 eV) or an acceptor group (P5: -5.64 eV, AE.p; = -0.14 eV; P3: -5.57 eV,
AEsp; = -0.07 eV). As expected, a donor group destabilizes the HOMO, unlike the introduction of an
acceptor group. The effects of double substitutions are clearly more pronounced for P6 (-5.37 eV,
AEysp; = 0.13 eV) than for P7 (-5.53 eV, AE.sp; = -0.03 eV). Likewise, changes in these substituents affect
the LUMO levels. The most noticeable effects are induced by the introduction of CO,Et groups. For P3,
where this electro-withdrawing group is positioned on the naphthyl-C3 moiety, the LUMO level is
significantly stabilized (P3:-2.16 eV, AE,sp: =-0.42 eV). P6 presents a similar situation, given the double
substitution where the electro-withdrawing group is positioned on the naphthyl-C3 moiety and the
electron donating group on the N1-naphthyl one (P6:-2.13 eV, AE,sp; =-0.39 eV). Obviously, the effects
on HOMO and LUMO levels in these 2-pyrazolines cannot be considered completely as disconnected.
In this respect, P6 is revealing: its HOMO-LUMO gap (3.24 eV) is the smallest in the series studied, to
be compared with P1 (3.76 eV) or P7 (3.70 eV). This observation mirrors the low-energy absorption
and emission wavelengths observed and computed for this compound: the most red-shifted
absorption of P6 compared to the other dyes observed experimentally is retrieved, and attributed as
a consequence of the electronic structure described above to the more pronounced CT character of
the transition, followed by P3 with a less important CT signature (see also the electronic density
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difference in Figure S14). On the contrary P2/P5/P7 exhibit a more delocalized n—n* transition,
resulting in a blue-shifted transition compared to the other compounds. Table S3 presents the
computed distance (Dcr) and amount of charge transferred (Qcr) during excitation along the series,
that correlates well with the above observations. P5 and P7 present for instance Qcr values around 0.5
electron and Dcr below 2 A, while P6 exhibits the largest CT characteristics, with 0.8 electron
transferred along almost 6 A.

The extension of charge transfer in m-conjugated molecules can influence the magnitude of dipolar
moments, with larger systems generally exhibiting stronger dipole moments compared to smaller
ones, assuming other factors remain constant. However, in our study, P7 emerges clearly in the series
with the highest p calculated values (6.24/9.18 D respectively in vacuum/THF), while P6 display very
similar values (3.98/4.94 D) to those of P1 (3.28/5.12 D). These unexpected differences may be the
result of the internal structuration of the 2-pyrazolines P1-P7. Indeed, they can be considered as the
juxtaposition of sub-units whose character, in terms of donor or acceptor effect and respective
positions, will influence the overall characteristics. In particular, the -C(3)=N(2)- group and the N(1)
atom from the central heterocyclic ring probably display the properties of internal acceptor and donor
moieties. In this respect, a comparison of the dipole moments of P2 and P3 reveals the importance of
positioning a peripheral donor (P2) or electron withdrawing (P3) groups with respect to the -C(3)=N(2)-
fragment: linking a donor group to naphthyl-C3 induces an increase of dipole moment (P2: Apsp1= 1.7
D [vacuum]). Symmetrically, an acceptor group attached to the same position causes a weakening of
the dipole moment (P3: Apwspi= - 1.14 D). On the other hand, modifications by a donor or acceptor on
the Naphthyl-N1 moiety result in fairly equivalent increases (P4: Apwspi= 0.86 D; P5: Apwspi= 0.85 D
[vacuum]). Worthy to note, these effects seem to be cumulative for P7 (Apwspi= 2.96 D), but not for P6
(Apwspi= 0.7 D). It is therefore tempting to decompose the dipole moment of these molecules into a
sum of the multiple dipole moments of the components of the 2-pyrazolines P1-P7, the sum of these
individual dipole moments giving the total dipole moment of the molecule. This approach effectively
approximates the dipole moments of P6 and P7, these molecules being considered as “A-A'-D'-D” and
“D-A'-D'-A” combinations (in this scheme, P1 would be represented as A'-D', reflecting the intrinsic
dipole moment common to all studied 2-pyrazolines).

After relaxation of the first excited state, only trifling geometry changes are observed and the
chromophores remains planar. Computed emission wavelengths from this first 7—n* exited state and
Stokes shifts are presented in Table 2, showing a nice quantitative agreement with the experimental
trends. The more blue-shifted emission of P2/P5/P7 compared to P1 is retrieved as well as the more
red-shifted P3/P4/P6 emission, with P6 being the most red-shifted at 553 nm. Electronic density
differences between the ground and the excited state illustrate these differences in Figure S15 and
allow to link the evolution of the emission wavelengths to the CT vs.  delocalized character of the
computed transition, mirroring the above discussion for the absorption. Same is true for the computed
charge transfer characteristics Dcr and Qcr for emission (Table S3) that follow the same evolution in the
series as described above for absorption. From these calculations, the impact of the polar solvent
(THF), modelled here as a dielectric continuum, is also clearly visible: the dipolar moments of the
molecules are greatly increased and the absorption/emission wavelengths (see Table S1 for results
obtained in vacuum) are red-shifted, as expected in such push-pull n-conjugated systems.
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Nonlinear optical properties: Third Harmonic Generation

In Figure 3, Maker fringes illustrating the THG signals of host-guest thin films comprising P1-P3 are
displayed (Table 3). Supplementary figures for the compounds P4-P7 are available in Fig. S8. All were
analyzed in S-P input—output configuration of polarization (For S-polarization, the electric field vector
of the laser light is perpendicular to the plane of incidence. For P-polarization, it is parallel to the plane
of incidence). The third-order NLO susceptibility values were derived from the Maker fringes using the
Kubodera—Kobayashi model (Eqg. 1), incorporating the absorption coefficient calculated from
absorption spectra (refer to Fig. S9) at the 355 nm wavelength, which corresponds to THG, represented

as follows:
2\ (LS o 13
X(3) — X(?)' (_) Silica 2 (1)
Silica T d 1 ad Is3al)
—exp (_ T) ilica
where Xgl)icu =2-10722m2, V=2 RA %" = 6.7 um is the coherence length of reference material,

a - linear absorption coefficient, d - the thickness of the sample and 3¢ and 3%, are the THG

intensities of the thin film and reference material, respectively.
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Fig. 3. The THG intensity of PMMA thin films of 2-pyrazolines P1-P3, as a function of the incident angle
in S-P polarization.

When P1 is adopted as reference model, the y ®)of the other compounds increases consistently, with
respect to this compound, with variations ranging from a minimum of +20% to a maximum of about
+200%, as shown in Table 3. Notably, the smallest variations are observed in the monosubstituted
compounds P2, featuring a MeO- group on Naphthyl-C3, and P5, in which an EtO,C- group is bonded
onto the N1-Naphthyl. Consistently, the ICT remains relatively subdued. The largest deviations
occurred in P4, bearing a MeO- group on N1-Naphthyl, and P3, in which the EtO,C- group is attached
onto Naphthyl-C3. As a matter of fact, ICT is now much more enhanced and the deviations are almost
equal to 100% each. Interestingly, these effects are cumulative in a way that the disubstituted systems,
such as P6 and P7, exhibit significant variations compared to P1. Additionally, the positioning of each
electron-donor or acceptor group in relation to the 2-pyrazoline core also has a significant impact on
the response. Indeed, the structure P7 displays a small increase of about +40% in its response with
respect to P1, which corresponds overall to the sum of the variations of the monosubstituted
compounds P2 and P5 (+20% each). Similarly, P6 shows a remarkable y(®) augmentation (+ 200%),
aligning with the combined contributions of the P3 and P4 (+100% each). These results are consistent
with the approach of modulating the intramolecular charge transfer (ICT) in a molecule to optimize
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first or higher order hyperpolarizabilities of conjugated organic molecules.!? Further visualization of
these third-order NLO susceptibility values is provided in Figure S10 in the SI.

Table 3. Values of the thickness (d), linear absorption coefficient (asss), and third-order NLO
susceptibility (x®)) of 2-pyrazoline derivatives thin films.

(3)
Compound [n(:n] [x 1‘;§5C5m_1] [x 10_)2{2 m? V2]
P1 1023 7.73 10.54 +0.09
P2 1181 9.05 12.78 £0.11
P3 1230 3.40 21.73 £0.18
P4 1176 6.13 20.87 £0.18
P5 1268 5.87 12.55 + 0.09
P6 986 4.48 30.79 £ 0.31
P7 1219 7.06 14.48 £ 0.12

Nonlinear optical properties: Second Harmonic Generation

SHG measurements were performed using two different polarization configurations of the
fundamental laser beam: S-P and P-P (S-Vertical and P-Horizontal) (Table 4). These configurations,
which represent different orientations of the laser beam's polarization, provide valuable insights into
the complex dynamics of SHG phenomena. In Figure 4, we present typical Maker fringes, illustrating
the SHG intensities of P2-P4 samples in both polarization configurations: S-P and P-P (for other
compounds, refer to Fig. S11).

To guarantee accuracy and consistency with theoretical expectations regarding symmetry, the corona
poling method?® 27! was applied to create a desired non-centrosymmetric orientation. This technique
involves heating a polymer matrix containing the compounds to a temperature close to its glass
transition temperature, followed by exposing them to a high voltage to induce dipole moment
orientation. Specifically, we applied a voltage of 6 kV and set T; = 100°C for the thin films, thereby
enabling the alignment of molecular dipoles within the material.
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Fig 4. The SHG intensity of the 2-pyrazolines thin films P2-P4, as a function of the incident angle in
two configurations S-P and S-P polarizations.

The determination of the second-order NLO susceptibility was obtained using the Lee model (Eq. 2).12%
The calculated values are summarized in Table 4.
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where x$..,, = 1-1072m.v=12% L@ = 21 yum is the coherence length of the reference material,

and 12 and Iél‘fartz are the SHG intensities of the thin film and reference material, respectively.

While the SHG signal shows a more significant enhancement for P-P polarization compared to S-P
polarization, the observed y® values follow similar trends. A pivotal observation emerges when
considering P1 as a reference model: its lack of response aligns with expectations due to the absence
of strongly electron-donating or attracting groups. Mono-substitution effects can therefore be
monitored: the strongest effects are observed in the case of P5, following substitution of the
Naphthyl-N1 moiety by an acceptor. Substituting this Naphthyl-N1 moiety with a donor (P4) gives more
than twofold less (1.72 x 10** m.V instead of 4.20 x 10** m.V). The substitution effects of the
Naphthyl-C3 part are even weaker (1.05 and 1.49 x 103 m.V1respectively).

The impact of substitutions is more pronounced in the disubstituted compounds. P7, featuring an
EtO,C- group on the N1-naphthyl and a MeO- group on the naphthyl-C3, for P7, exhibits the highest
x@ value ((8.32 + 0.10) x 102 m.V2in P-P polarization) in the series. Intriguingly, P6, which internal
structure favors ICT, displays a relatively modest ¥ value ((2.95 + 0.04) x 103 m.v! in P-P
polarization). The )((2) value observed for P7 significantly surpasses what an additive effect resulting
from the components of P5 ((4.60 + 0.06) x 10°** m.V) and P2 ((1.05 + 0.02) x 10> m.V'!) would attain.
A histogram presenting the second-order NLO susceptibility values is available in Fig. S12.

One possible explanation could be that the values we observed might not solely reflect intramolecular
effects. Actually, previous researches 2% % have shown that molecular packing and orientation in
polymer matrices can significantly impact the optical properties of dye-doped systems, emphasizing
the role of intermolecular interactions, such as n-nt stacking, in influencing their NLO behaviour. Thus,
we assume that the ability of the P1-P7 2-pyrazolines to adjust a non-centrosymmetric polar ordering
within the PMMA films and maintain this orientation within the materials could also contribute to the
observed y® values. This can only be multifactorial. We assume that in the case of P7, two factors
could contribute to a non-centrosymmetrical arrangement of the film: on the one hand, the overall
dipole moment favors the responsiveness to electric field induction, and on the other, the
juxtaposition of donor and acceptor subunits would approach D-A’-D’-A structuration, not particularly
suitable for head-tail stacking. These two factors are lacking in P6: it’s A-A’-D’-D internal structuration
is likely to favor a centrosymmetric head-tail stacking, and its relatively weak overall dipole moment
(3.98 D in vacuum) makes these molecules less amenable to field reorientation.
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Table 4. Values of the thickness (d), and second-order NLO susceptibility (x?) in S-P and P-P
polarization of 2-pyrazoline derivatives thin films.

X(Z)
Compound d [x 107m.v]
[nm]
S-P H P-P
P1 1023 - -
P2 1181 0.17 +£0.02 1.05 +0.02
P3 1230 0.21 +0.02 1.49 +0.02
P4 1176 0.36 + 0.01 1.72 £ 0.02
P5 1268 0.85 +0.01 4.60 + 0.06
P6 986 0.45 +0.01 2.95+0.04
P7 1219 1.40 £+ 0.02 8.32+0.10

These results confirm the relationship between molecular design, electronic structure, and optical
response. Likewise, recent studies on the NLO properties of pyrazoline derivatives highlighted that
variations in pyrazoline substituents strongly impact both ¥ and x(®) B2 32 These studies are
consistent with our findings, suggesting that systematic molecular modifications can enhance NLO
properties for advanced applications.

Conclusion

A series of naphthyl bi-substituted 2-pyrazolines with various electron releasing parts was designed,
synthesized, and investigated. Our focus was on the benefits of developing small organic molecules
that consist of m-conjugated sub-units, to access high susceptibility nonlinear optical material. The
straightforward synthetic method, through a photoinduced NITEC cycloaddition with binaphthyl
tetrazoles, alternately substituted with donor or acceptor groups, allowed us to obtain such a series of
bi-naphthyl 2-pyrazolines, in a fully controlled manner. These 2-pyrazolines exhibit optical properties,
both linear and nonlinear, which were subsequently compared with each other.

The experimental linear optical (LO) and nonlinear optical (NLO) properties did not initially reveal a
straightforward correlation with the overall chemical structures or the localization of the electron-
donor or electron-acceptor units. Instead, contradictory results were observed, diverging from what
might be expected based solely on conjugation extension or anticipated intramolecular charge
transfers. This discrepancy is particularly notable when comparing the second and third-order
susceptibilities of the disubstituted binaphthyl 2-pyrazolines P6 and P7. While P6, with significant
charge transfer, exhibits remarkable third-order response in a PMMA film, its second-order
susceptibility is relatively moderate. Conversely, P7 displays the opposite pattern. These differences
can be explained in terms of the juxtaposition of subunits, with these molecules being considered as
"A-A'-D'-D" and "D-A'-D'-A" combinations respectively. Such considerations offer an interesting
approach that could be beneficial in the molecular design of small chromophores with desired NLO
properties.
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Importantly, our experimental results were confirmed using theoretical DFT calculations, which
strengthens our findings. This comprehensive theoretical approach not only enhances our
comprehension of how molecular structure influences the optical response but also provides a
foundation for the development of new materials with tailored optical functions.
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