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The effect of resonance-assisted hydrogen bond
on the second-order nonlinear optical properties
of pyridine hydrazone photoswitches: a quantum
chemistry investigationt

Douniazed Hannachi, 2 *3®® Noureddine Khelfaoui,® Meriem Zaidi, €
Diha Yahiaoui,? Salima Lakehal, @ ¢ Christophe Morell 2 ¢ and
Henry Chermette (&) *¢

The effect of hydrogen bonds on the NLO properties was not considered as essential, in particular in
pyridine hydrazone systems. Yet, we show in the present study that a control of these photoswitches
depends on the strength of hydrogen bonds. In this study, we investigate a selection of 18 E/Z pyridine
hydrazone photoswitch molecules to explore the impact of resonance-assisted hydrogen bond (RAHB)
on the NLO properties in the E/Z isomers. Using quantum calculations at the ®B97XD/6-311+g(d) level
of theory, we determine various electronic parameters, reactivity descriptors, bond length alternation
(BLA) values, nuclear independent chemical shift (NICS) aromaticity indices, QTAIM topology, energy of
hydrogen bond (Eyg), RAHB, and linear and nonlinear optical properties for these molecules. The
agreement between the quantum calculations and experimental spectra is illustrated through TD-DFT
calculations, showing small deviations. Contrary to conventional expectations, our findings
demonstrated that the delocalization strength of the electrons and NLO properties of the Z isomers are
significantly enhanced by the presence of a resonance-assisted hydrogen bond. The Z-isomer exhibited
a lower excited state energy, weaker energy gap, smaller BLA value, larger dipole moment variations for
the first excited state, higher ®r_, and electron delocalization at the quasi-cycle closed (RAHB)
compared to the E-isomer. Furthermore, we find that the hyperpolarizability value of the title
photoswitches increases as the wavelength of the incident light decreases, ie., B(695) > B(1064) >
B(1340) > B(oo), and the dispersion has less effect at A = 1064 and 1340 nm. Additionally, we observe a
strong relation between the photoisomerization quantum yield (®¢. ) and static hyperpolarizability (B) of
the first and second isomer, where ®c_, is proportional to B of the second isomer and inversely
proportional to b of the first isomer. This inverse trend between static hyperpolarizability and
photoisomerization quantum yields is attributed to the electron-withdrawing character of substituents
on the Ar ring. Our research provides valuable insights into optimizing the 2nd-order NLO properties of
pyridine hydrazone photoswitch molecules. By understanding the influence of hydrogen bonding on the
delocalization strength of the electrons (RAHB) and the shape-dependent NLO performance, we gain
the ability to design and synthesize novel photoswitch molecules with enhanced NLO characteristics.
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Molecular photoswitches are defined as chemical compounds
that can reversibly be transformed from one isomer into
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potentials, magnetic properties, dielectric constant, refractive
index, and others.”” This kind of molecules provides an
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information storage and processing,’> photo-pharmacology,
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photo-actuators, remote-controllable reactions, and controll-
able drug transport and release.*®

Nonlinear optics (NLO) is a branch of optics that deals with
phenomena arising from light-induced changes in the optical
properties of compounds (e.g., phase, frequency, amplitude,
polarization, and path). NLO compounds are materials that
exhibit nonlinear optical responses, such as second-harmonic
generation (SHG), optical Kerr effect, and third-harmonic gen-
eration (THG). These compounds have a wide range of applica-
tions in different fields, such as optical communication, optical
computing, optical memory, and all-optical signal processing.®™"
Photochromic compounds, such as stilbenes, azobenzenes,"”™**
diarylethenes,"® spiropyrans,'® and fulgides,*'” have excellent non-
linear optical responses (high hyperpolarizability). The combi-
nation between these two properties (photochromic and
nonlinear optical) empowers generations of switchable second-
order NLO materials. These classes of materials are called optical
switches and have very high applications in optoelectronic and
photonic technologies, including molecular-scale memory devices
with multiple storage and nondestructive reading capacity.'® It is
important to note that the photoswitching of second-order NLO
properties makes sense only when the photoisomer compounds
are thermally stable.” From the literature, the switching of NLO
properties has been performed by specific procedures including
protonation/deprotonation, oxidation/reduction, and photo-
isomerization.>*>* In our work, we used photoisomerization
to switch the NLO properties.

Recently, Mravec and collaborators designed and
synthesized an extended set of 13 pyridine/quinoline hydra-
zones photoswitches. This new class of hydrazone-based P-type
photoswitches is switchable between two isomers Z and E (see
Fig. 1) and shows excellent thermal stability of both isomers.
The operational wavelengths of the pyridine hydrazone struc-
tural motif shifted toward the visible region without the accom-
panying loss of their high thermal stability, and hydrazone 7
retains good thermal stability.>® Furthermore, the quantum-
chemical calculations at the ®B97XD/def2-TZVPP level revealed
a three-step inversion-rotation reaction mechanism of the
thermal E-to-Z isomer. For benzoylpyridine hydrazones 1-8,
10, and 16, E-to-Z photoisomerization is more efficient com-
pared to the Z-to-E process. From the work of Mravec et al.,>” we
can note that these compounds could be used for short-lived
and long-lived information storage,”® and these isomers could
be utilized as photoswitch molecules.

In our work, we studied a series of 18 pyridine hydrazone
photoswitches (Zi and Ei isomers, i = 1-18, see Fig. 1), which is
divided in two subgroups, namely, one group of ten Zi and Ei
isomers (where i = 1-8, 10, and 16) synthesized by Mravec
et al.®® and another one we designed, consisting of eight
compounds (i = 9, 11-15, and 17-18 of Ei and Zi isomers), to
investigate the substitutional effect on the hydrazine and
ketone parts on the structural, electronic, reactivity, optical
properties, and nonlinear responses. On ring 2, we chose two
electron-withdrawing (EW) namely NO, and CN in order to
study the effect of the EW character on electronic and optical
properties. The main objective of this work is to show how the

25-27

18360 | New J. Chem., 2023, 47,18359-18373

View Article Online

NJC
Ketone part Ketone part
' “ \ / l !
RS R /] N6 R
|1 3J‘;| JIs
6N | 2 ! | >
. N 2N,
\l - hv If\ll
Hydrazine | - 0~ |
part @ ho, T
z E
Ar R, Ar R, Ar
Ar, > @ NO,, Ar =1 CN, Ar ;=10
Ar, = —@—ocn, NO,, Ar, =2 CN, Ar, > 11
F
}.'
AT3: NOZ, AT323 CN, AT3312
F F
F
Ar > —@—m NO,, Ar, =4 CN, Ar 4 = 13
Ar s> Om NO,, Ars =5 CN, Ars = 14
Arg=> —@—\m: NO,, Ar¢ =6 CN, Ar ¢ = 15
Ar ;= \ /) NO,, Ar ;=7 CN, Ar ; = 16
Ar3:> NOz, AT8:>8 CN, AT8:17
N7
Arg = i} NO,, Arg=9 CN, Ar¢=18
NL N
S

Fig. 1 Chemical structures of the pyridine hydrazones photoswitches
(from ref. 25 for i = 1-8, 10, and 16).

hydrogen bond can enhance the NLO properties of the pyridine
hydrazones photoswitches and try to find a relation between
photoisomerization direction (E 2 Z) and hyperpolarizability.

The present paper is organized as follows. In Section 1, all
computational details in the corresponding section and defini-
tions are given; in Section 2, the quantum theory of atom-in-
molecules (QTAIM) is analyzed; in Section 3, the bond length
alternation (BLA) is presented; in Section 4, the NICS aromati-
city indices are evaluated; in Section 5, the resonance-assisted
hydrogen bond are given; in Section 6, the global reactivity
descriptors are studied; in Section 7, the absorption spectra are
discussed; and in Section 8, the static and dynamic NLO
responses of E and Z isomers are calculated; the paper ends
with some concluding remarks.

Computational details

The geometries of the £ and Z isomers were fully optimized
using the ®B97XD density functional®*° with 6-311+g(d) basis

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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set.>*> The ®B97XD is a range-separated hybrid exchange-
correlation functional that includes damped atom-atom disper-
sion corrections.>*** Quantum chemistry calculations were
performed with Gaussian 09 program with TIGHT SCF conver-
gence and ultra-fine integration grid.**® No symmetry con-
straints were applied and the local minima were confirmed on
the potential energy surface by harmonic frequency calcula-
tions of the ground state for £ and Z isomers at the same level.
All the calculations were performed in the gas phase.
Chemical reactivity descriptors such as chemical hardness
(1), electronic chemical potential (1), and electronegativity (y)
can be evaluated from the frontier orbital energies HOMO and
LUMO (e and &, respectively) using the following equation.’”

p=slen ) =~ o
n=¢&L — &éu (2)

The chemical hardness (i) measures the stability of a molecule
in terms of resistance to electron transfer, and the chemical
potential (1) characterizes the escaping tendency of electrons
from the equilibrium system. The global electrophilicity index
(), introduced by Parr et al.,*® is calculated from the hardness

and chemical potential.
w="=— (3)

This index expresses the ability of a molecule to accept elec-
trons from the environment.

Time-dependent density functional theory (TD-DFT) calcula-
tions were carried out at the same level of theory to evaluate the
absorption wavelengths (1) and corresponding oscillator
strengths (fosc) of electronic transitions. For TD-DFT calcula-
tions, sixty excited states were calculated.

Following the procedure proposed by LeBahers et al.,*® the
excited states of interest were examined using charge-transfer
indices (CT) including charge-transfer distance (d°), trans-
ferred charge (¢"), and the variation in dipole moment
between the ground and the excited states (Ayo_, = ¢°° x d°).
In our work, the CT indices have been examined with MULTIWFN
program.*°

The electron density difference maps (EDDM) corres-
ponding to the crucial excited states can be exactly evaluated
as follows.

Ap(r) = pex(r) — pas(r) (4)

pex(r) and pgs(r) are defined as the electronic densities asso-
ciated with the excited and ground states, respectively.

On the other hand, isotropic polarizability («), polarizability
density (p), and first hyperpolarizability (f,) were calculated
using analytical derivatives of the system energy (coupled-
perturbed Kohn-Sham method)*' at the ®B97XD/6-311+g(d)
level of theory. These parameters are defined as follows.>*

1
o= g(axx + oy + 0z2) (5)
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p="r (6)

(B) = /B +B2+B2 (7)

In this work, we also analyzed the second-harmonic generation
(Bsua(—2w; o, ), electro-optical Pockels effect (f(—w; w, 0)),
Hyper-Rayleigh scattering responses (furs), and depolarization
ratios (DR)***** at selected three frequencies (). Among these,
two laser frequencies 0.0340 a.u. (1340 nm) and 0.0428 a.u.
(1064 nm) are fed into these isomers. The frequency 0.0656 a.u.
(695 nm) has also been imposed on these isomers. At the
dynamic regime, the components of f; are represented as
follows.
For the second harmonic generation

Bi = Bui(—20; 0, ©) + fy(—20; 0, ®) + Pur(—20; 0, ©)

(®)

In the case of electro-optical Pockels effect the is §; obtained as
follows.

Bi = Pii(—w; @, 0) + By(—w; @, 0) + Bir(—w; @, 0) 9)

The second-order NLO response fygs is given by**

VB2 + (Br)) (10)

where (f,,,”) and (fByx,,) are the orientational averages of the f§
tensor without assuming Kleinman’s conditions. Furthermore,

(Burs) =

f is typically decomposed into the sum of dipolar (J = 1) and
octupolar ( J = 3) tensorial Components.45
<ﬁz:z > |ﬁJ l| +105|ﬂ./ 3| (11)
(Bxzz') = \5/ ik +105|/3/ 3 (12)

The depolarization ratios (DR) provide information about the
shape of the geometry of the chromophore, the part of
the compound responsible for the NLO response (for an ideal
one-dimensional system DR = 5, for an octupolar molecule
DR = 1.5).

<ﬁzzz2 >

PR =)

(13)

Results and discussion
Topological study

The intramolecular H-bond is one of the most prominent
features that could influence the stability of compounds.*® In
this paper, we use the quantum theory of atom-in-molecules
(QTAIM) to examine this bond.*”*® In this theory, the critical
points (in ring (RCP) or bond (BCP)) are the positions where the
gradient is null and which can be classified according to the
electron density (p) and its Laplacian (V*(p)), total electron
energy density (H), kinetic electron energy density (G), and

New J. Chem., 2023, 47,18359-18373 | 18361
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Fig. 2 Molecular topology of the Z6-isomer.

potential electron energy density (V).*”*° The QTAIM calcula-
tions were carried out for Z-isomers using the Amsterdam
Density Functional (ADF18) program developed by Baerends
et al.,>>"' and the results of the calculation are summarized in
Table S1 (ESIT). Fig. 2 depicts the molecular graphs corres-
ponding to the Z6 isomer, where the red circle indicates the
ring critical point (RCPs) and the green circle indicates the
bond critical point (BCPs).

In all of the Z-isomers, ring critical point (RCP: N1-N2-C3-
C4-N6---H) and hydrogen bonds between the ketone and
hydrazine moiety are observed (see Table S1, ESIt and Fig. 2).
It is interesting to note that the formation of this RCP resulted
from the cyclic nature of electron current and also confirms the
existence of hydrogen bonding (N1-H- - -N6).

QTAIM analysis shows that the critical point at the hydrogen
bond N1-H---N6 (BCP) has electronic density ranges from
0.012 to 0.015 a.u., while the Laplacian of the electron densities
is in the range of 0.96-0.100 a.u., G = 0.019, V = —0.014, and
H = 0.005 (with the exception of the isomers substituted with
Ar; and Arg, where the H value amounts from —0.0005 to
—0.0003 a.u.), whereas for the ring critical points (RCP: N1-
N2-C3-C4-N6- - -H), the values electronic density is in the range
of 0.031-0.035 and its Laplacian is in the range of 0.103 to
0.109; the values of G, V, and H are 0.028, —0.027 to —0.030,
and 0.05 a.u., respectively. From this value, we note that there is
no effect of the substitutions (Ar moiety and EW groups (CN,
NO,) at the ring 2) on the H-bond and RCP (see Table S1, ESIT).
On the other hand, H-bond exhibits positive values of V*(ppcp)
and negative values of Hpcp, which are typical of intermediate
hydrogen bonds. Furthermore, in the RCP, we observe an
increase in the kinetic energy (G) over the potential energy
|V], which means that the electrons are moving faster in ring
N1-N2-C3-C4-N6- - -H or, in other words, the electrons are less
localized. In the case of BCP H-bond (H:--N6), we note that
G < |V], indicating that the electrons are localized in this
region of Z-isomers.*?

On the other hand, BLA is a structural parameter, defined
as the average difference between the lengths of a single
bond and the adjacent multiple bonds in a n-delocalized

18362 | New J. Chem., 2023, 47,18359-18373
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Table 1 Bond length alternation (BLA; and BLA,, A) for the Eiand Zi (i = 1
to 18) compounds

Ei BLA, BLA, Zi BLA, BLA, Ei BLA, BLA, Z BLA, BLA,

E1 0.120
E2 0.119
E3 0.140
E4 0.125
E5 0.126
E6 0.128
E7 0.124
E8 0.121
E9 0.125

0.126 71
0.125 Z2
0.143 Z3
0.130 Z4
0.132 Z5
0.132 Z6
0.128 Z7
0.126 Z8
0.130 Z9

0.104
0.099
0.125
0.111
0.113
0.115
0.110
0.108
0.111

0.107
0.103
0.125
0.114
0.116
0.118
0.113
0.110
0.113

E10
F11
E12
E13
E14
E15
E16
E17
E18

0.120
0.119
0.141
0.125
0.127
0.128
0.123
0.122
0.125

0.126
0.125
0.144
0.130
0.132
0.133
0.128
0.126
0.131

Z10
Z11
Z12
Z13
Z14
Z15
Z16
z17
Z18

0.104
0.100
0.113
0.111
0.114
0.116
0.111
0.110
0.112

0.108
0.104
0.114
0.114
0.117
0.118
0.113
0.112
0.114

BLA; = 1/2(dy5 + ds-4 — 2d5-3), BLA; = 1/2(dy5 + d3_5 — 2d5-3).

isomer. For the title isomers, we calculated the BLAs (BLA;
and BLA,, see atom numbering in Fig. 1) and summarized
them in Table 1.

The DFT calculation shows that in the whole set of isomers
(Z and E), the BLA, is smaller than the BLA,, which may be
ascribed to the donation effect of the pyridine ring (ring 1, see
Fig. 1). When comparing E1-E9 isomers to E10-E18, it is found
that the BLA,; and BLA, values of Ei-isomers substituted by NO,
group are similar to that of the Ei-isomers substituted by the
CN group. For example, BLA; = 0.128 and BLA, = 0.132 A for E6
and E16, respectively. We observed the same results for the Z-
isomers, with the exception of Z3 and Z12 compounds, where
the values are different (BLA;(Z3) = 0.125 # BLA,;(Z12) = 0.113
and BLA,(Z3) = 0.125 # BLA,(Z12) = 0.114. From these results,
we can conclude that the substitution of a NO, by a CN group in
the R position does not introduce significant changes in the
bond length alternation BLA; and BLA, along the conjugated
linker, which connects the Ar and ketone parts. On the other
hand, we observe that the BLA;_, values of the Z1-Z18 isomers
are smaller than that of the corresponding E1-E18 isomers.
This suggests that the n-conjugation of the Z-isomers is stron-
ger than that of the corresponding E-isomers, which is certainly
related to the existence of the hydrogen bond N1-H---N6
(stronger electrostatic effects in the Z-isomers). In addition,
the smallest BLA,_, values are obtained when Ar is the C¢H,-p-
OCHj3; (Ar,) group (isomers Z2, Z11, and E2, E11), whereas the
largest values are obtained for Arz = C¢F, (E3, E12, Z3, and Z12
isomers). Thus, the effect of the nature of the Ar group is
stronger for the BLA; and BLA, values than the nature of the R
substituent (NO, and CN). Generally, the BLA; , values of
Z1-79, Z10-18, E1-E9, and E10-18 isomers increase following
the order: Ar, < Ar; < Arg < Ar; < Arg < Ar, <Ars < Arg < Ars.
From this result, we can note that the BLA;_, values increase
with the increase in the EW character of the substituents on
the Ar-ring.

The calculated hydrogen bond angle and dihedral angle
between the hydrazine part and rings 1 and 2 are listed in
Table S2 (ESIt). Regardless of the nature of the R substituent,
we observed that E to Z isomerization results in a decrease in
the dihedral angle ¢, by approximately 27°, while ¢, deviates by
74°. On the other hand, for the Z isomers, it is found that the
dihedral angle (¢,) measured between ring 1 and the hydrazine

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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part is approximately 19°, which is smaller compared to the
dihedral angle between ring 2 and the hydrazine part (¢, = 44°).
This decrease in angle (¢,) enhances the n-electron conjugation
between ring 1 and the hydrazine part more than that between
ring 2 and the hydrazine part. Additionally, the presence of
hydrogen bonds leads to reduced dihedral angles between the
Ar-linker-ring 2 in the Z-isomer. This observation is reinforced
by the slightly lower bond length alternation (BLA,) values in
the Z-isomer compared to the E-isomer.

On the other hand, for the Z isomers, the N1-H---N6
hydrogen bond angle (¢3;) has been observed to be 130°.
However, an exception is noted in Z7, Z8, Z16, and Z17, where
the angle @5 is measured at 127° (Table S2, ESIt). Notably, this
angle aligns well with the ITUPAC recommendations, which
suggest that hydrogen bond angles should preferably be above
110°.%

Table 2 NICSzz aromaticity index

View Article Online

Paper

Aromaticity

The local aromaticity, nonaromaticity as well as anti-
aromaticity in the title compounds is assessed by NICS calcula-
tions, which was introduced by von Rague Schleyer et al.>*>°
The NICS was calculated at the ring center or cages and
described as the negative value of the isotropic shielding
constant.”® Noted that the strongly negative NICS values (i.e.,
magnetically shielded) denote the presence of induced diatro-
pic ring currents and ‘‘aromaticity”’, whereas the positive values
(i.e., deshielded) at the chosen point indicate paratropic ring
current and “anti-aromaticity’”.’” In this work, we used the
NICS,,(1) index, which is calculated to be 1 A above the center
of the ring under consideration. The results of NICSg(1)
calculation for all the isomers considered are listed in Table 2.

For both the isomers, the quantum calculation shows that
the NICS,(1) index is more negative in rings 2 than in the ring 1.

NICS, NICS, NICS;, NICSZZ
E1l 1 —8.089 Z1 1 —9.396 E10 1 —8.120 Z10 1 —9.385
2 —12.941 2 —10.109 2 —13.197 2 —10.709
3 —9.693 3 —9.387 3 —9.520 3 —9.405
Qcc 27.197 QCC 27.227
E2 1 —8.160 Z2 1 —9.370 E11 1 —7.941 Z11 1 —9.275
2 —13.098 2 —9.958 2 —12.942 2 —10.621
3 —10.122 3 —8.630 3 —10.031 3 —8.600
QCC 26.980 QCC 27.051
E3 1 —8.796 Z3 1 —10.370 E12 1 —8.802 Z12 1 —10.318
2 —13.019 2 —10.217 2 —13.119 2 —10.527
3 —15.667 3 —15.404 3 —15.846 3 —15.612
QccC 27.127 QcCC 27.027
E4 1 —8.406 Z4 1 —9.924 FE13 1 —8.287 Z13 1 —9.827
2 —13.065 2 —10.738 2 —13.843 2 —11.812
3 —7.719 3 —7.657 3 —7.644 3 —7.566
QCC 27.357 QCC 27.406
E5 1 —8.826 Z5 1 —10.058 E14 1 —8.482 Z14 1 —9.995
2 —13.338 2 —10.960 2 —13.260 2 —11.221
3 —7.479 3 —7.216 3 —7.364 3 —7.265
QcCC 27.323 QcCC 27.358
E6 1 —8.798 Z6 1 —10.147 E15 1 —8.491 Z15 1 —9.987
2 —13.193 2 —10.989 2 —13.217 2 —11.256
3 —6.483 3 —6.090 3 —6.348 3 —6.267
QCC 27.459 QCC 27.630
E7 1 —8.362 zZ7 1 —9.875 El16 1 —8.324 Z16 1 —9.856
2 —12.849 2 —10.303 2 —13.101 2 —10.786
3 —6.512 3 —6.562 3 —6.335 3 —6.678
QCC 26.969 QCC 27.113
E8 1 —7.902 Z8 1 —9.346 E17 1 —8.237 Z17 1 —9.230
2 —12.916 2 —9.793 2 —12.893 2 —10.319
3 —8.522 3 —8.596 3 —8.409 3 —8.293
1’ —8.961 QCC 28.264 1’ —8.984 QCC 28.214
1’ —9.009 1’ —8.838
E9 1 —8.864 Z9 1 —9.902 FE18 1 —8.388 Z18 1 —9.879
2 —13.341 2 —10.205 2 —13.466 2 —10.747
3 —0.342 3 —0.216 3 —0.288 3 —0.0602
1’ —13.128 QCC 27.615 1’ —13.171 QCC 27.736
1’ —14.047 1’ —12.639
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023 New J. Chem., 2023, 47,18359-18373 | 18363
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The aromaticity in ring 2 substituted with NO, group is notably
smaller than that substituted with the CN group (with the
exception of isomers E2, E5, and E8). At the same time, the
localization of NO, group at ring 2 results in increases in the
anti-aromaticity of quasi-cycle closed, with exception for the 3
and 8 compounds. However, it leads to lower stability of these
isomers (Z1 to Z9) in comparison with the isomers Z10 to Z18
(CN group at the ring 2). On the other hand, the NICS,;(1)
results obtained for Ar-ring (ring 3) indicate that this ring is
aromatic and less stable than the ring 2, with the exception of
the compounds 3 and 12, where Ar; exhibits a high aromaticity
diatropicity and stability. The order of the NICS,,(1) index
of Arring is Ar; > Ar, > Ar; > Arg > Ar, > Ars > Ar; >
Arg > Ar,.

The NICS;(1) indexes for Z isomers reveal a reduction in the
aromatic behavior in rings 2 and Ar, whereas ring 1 shows an
increase in the aromatic character in comparison with corres-
ponding E isomers (Table 2). These variations in aromaticity
between Z and E isomers can be attributed to the RAHB effect
and pronounced anti-aromatic behavior in quasi-cycle closed
in Z isomers. In general, we can conclude that the Z-isomer
displays a smaller BLA value as well as larger aromatic character
(ring 1) than that of the corresponding E-isomer.

Mravec et al. found that in the benzoylpyridine hydrazones
1-8, 10, and 16, the E — Z photoisomerization is more efficient
compared to the Z — E process.”> We can attribute these
results to the Z-isomer shape, which features an anti-aromatic
ring (quasi-cycle closed) surrounded by three aromatic rings
(1, 2, and Ar ring).

Resonance-assisted hydrogen bond

Based on the analyzes of the data presented in Table 3,
the E-isomers exhibit a chemical shift of the bridging hydro-
gen at the range of dnur = 5.6-8.8 ppm, and the N;-H
stretching frequency in the range of on uz = 3553-3581 em L

On the other hand, the Z isomers display significantly

View Article Online
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(0n,1,z = 3465-3508 cm™ ') compared to the corresponding E-
isomer. The observed variations in Z isomers are a result of the
presence of intramolecular N1-H---N6 hydrogen bonding,
leading to the formation of a quasi-ring structure N1-N2-C3-
C4-N6---H (the distance N1-N6 and H---N6 is ~2.691 and
1.922 A, respectively). According to the literature and our
calculations, this quasi-ring structure is almost planar®®°
(see Table S2, ESIt) and distinguished by short N1-N6 dis-
tances and longer H-N1 bonds (rHNl,Z ~ 1.018 A and THN,E R
1.012 A). Furthermore, analysis using QTAIM indicates a delo-
calization of electrons within the quasi-cycle closed (RCP).
Additionally, we observed lower 0y - frequencies and down-
field shift of the dx uz These findings strongly support the
resonance-assisted hydrogen bond model (RAHB) proposed by
Gilli et al.,***® and we can conclude that this quasi-cycle closed
(QCC) created an RAHB phenomenon.

We note that in the closed quasi-cycle of the Z isomer, the
enhancement of conjugation results from the effective charge
transfer occurring between the n-donor amine nitrogen to the
pyridine nitrogen through the C=N double bond. This charge
transfer is notably more efficient compared to a similar transfer
in the open quasi-cycle of the E isomer, where it is attributed to
the formation of a RAHB system.

Numerous methods have emerged over time to estimate the
energy of hydrogen bonds. Among these, the widely employed
approach for estimating Eyp involves utilizing the relation
established by Espinosa et al. According to their work, the
potential electron energy density (V) at the BCP is directly
proportional to the energy of the hydrogen bond (Egg), with
an angular coefficient of 0.5.°° Despite its popularity, Espino-
sa’s equation tends to yield a significantly overestimated energy
of HB.”®”* More recently, Afonin et al. introduced a novel linear
relationship between the calculated (V) and the energy (E) of
hydrogen bonds.”” They achieved this utilizing empirical
'H NMR data and represented it as “eqn (14)".

higher onu (én,n,z = 11.7-13.5 ppm) and lower oy values Eyp(V) = 0.277 x |V| — 0.45 (14)
Table 3 Summarizes of the 6N1H chemical shifts (ppm), on,H Stretching frequency (cm™), and the distance Ny _H (A) for Eiand Zi (i = 1 to 18) isomers.
The energy of HB (Eyg(V) kcal mol™?) and distance (rH_.,N6, 'N,-Ng A) for each Z isomers are also given

(5N1H ON,H N, H 5N,H ON,H N, H TH. Ny N, -Ng Eug(V)
E1l 6.32 3576.90 1.012 Z1 12.26 3500.52 1.016 1.921 2.695 4.59
E2 6.04 3578.16 1.012 Z2 12.21 3489.31 1.017 1.919 2.691 4.59
E3 5.62 3565.79 1.013 Z3 11.70 3465.57 1.018 1.913 2.682 4.59
E4 6.25 3579.79 1.012 Z4 12.25 3496.47 1.017 1.916 2.693 4.59
E5 6.11 3576.89 1.012 Z5 12.38 3500.48 1.017 1.913 2.690 4.76
E6 6.28 3578.79 1.012 Z6 12.43 3474.69 1.017 1.907 2.688 4.76
E7 7.00 3571.91 1.013 z7 12.32 3506.80 1.017 1.956 2.700 4.06
E8 8.76 3555.43 1.014 Z8 13.58 3481.68 1.018 1.946 2.691 4.24
E9 5.98 3581.15 1.012 Z9 12.14 3486.62 1.016 1.915 2.692 4.59
E10 6.13 3577.43 1.012 Z10 12.36 3492.43 1.016 1.914 2.689 4.76
E11 6.22 3576.14 1.012 Z11 12.18 3489.44 1.016 1.917 2.692 4.59
E12 5.60 3562.77 1.014 Z12 11.49 3478.79 1.017 1.923 2.687 4.59
E13 6.28 3579.79 1.012 Z13 12.19 3496.47 1.017 1.916 2.693 4.76
E14 6.13 3576.36 1.012 Z14 12.28 3491.46 1.017 1.913 2.691 4.76
E15 6.23 3576.04 1.012 Z15 12.37 3496.83 1.017 1.909 2.688 4.76
E1l6 6.87 3576.35 1.013 Z16 12.40 3507.92 1.017 1.949 2.695 4.24
E17 8.78 3553.10 1.014 Z17 13.51 3482.99 1.018 1.949 2.693 4.24
E18 5.95 3580.07 1.012 Z18 12.20 3491.47 1.016 1.917 2.691 4.59
18364 | New J. Chem., 2023, 47,18359-18373 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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In order to assess the strength of the hydrogen bond, we
employed eqn (14) and presented the corresponding calcula-
tion results in Table 3. The analysis demonstrates that the
hydrogen bond energy in the Z isomers varies between 4.1 and
4.8 kecal mol ™', placing them within the category of medium-
strength hydrogen bonds.”” It is worth mentioning that the
relatively weak energy of Eyg(V) does not have a significant
impact on the optical properties of photoswitches.

Reactivity

The values of global reactivity descriptors chemical potential
(w), hardness (i), and electrophilicity index (w) calculated for
each Ei and Zi isomers (i = 1 to 18) are collected and presented
in Table 4 and Fig. 3.

From these results, we can see that the E-isomers show the
largest values of the chemical hardness, which signifies a
greater stability and lower reactivity, whereas the smallest value
of hardness are observed for the corresponding Z-isomers; this
observation is in line with the experimental results of Mravec
et al.”®. The overall increasing order of hardness in the studied
compounds is as follows: E2 < E8 < E1 < E9 < E4 < E5 < E18
< E7 < E6 < E17 < E11 < F15 < E3 < E10 < E14 < F13 <
E16 < E12. The same order is observed for corresponding
Z-isomers (see Fig. 3).

On the other hand, the potential chemistry of Z-isomers is
larger than that of the corresponding E-isomer. These results
indicate that the trend of the electrons to leave the equilibrium
systems increases from Z to E isomers. In other words, the rise
of the u values indicates that the isomers with RAHB system
have the greatest tendency to donate electrons.

The chemical potential values of Ei isomers increase in the
following order.

E3 < E6 < E5 < E4 < F15 < E9 < E12 < E7 < F18 <
E14 < E1 < E2 < E13 < E8 < E16 < E10 < E17 < E11

According to the global electrophilicity scale,*®”® the Ei and
Zi isomers where i = 1 to 9 (with electron-withdrawing NO,) and
i = 12, 14-15, 18, and Z13 can be classified as strong

Table 4 Chemical potential (g, eV), chemical hardness (3, eV), and

electrophilicity index (w, eV) of the Ei and Zi (i = 1 to 18) compounds
M n 2 M n 2

E1 —4.277 6.617 1.382 Z1 —4.163 6.574 1.318
E2 —4.230 6.536 1.369 Z2 —3.969 6.304 1.249
E3 —4.736 7.270 1.542 Z3 —4.596 7.057 1.497
E4 —4.550 6.863 1.509 Z4 —4.442 6.792 1.452
E5 —4.602 6.868 1.542 zZ5 —4.511 6.768 1.503
E6 —4.706 6.968 1.589 Z6 —4.630 6.822 1.571
E7 —4.380 6.923 1.385 z7 —4.314 6.764 1.376
E8 —4.116 6.549 1.293 Z8 —4.075 6.414 1.294
E9 —4.460 6.709 1.482 Z9 —4.400 6.548 1.478
E10 —3.881 7.335 1.027 Z10 —3.903 6.991 1.089
E11 —3.850 7.214 1.027 Z11 —3.692 6.758 1.009
E12 —4.410 7.888 1.233 Z12 —4.384 7.382 1.302
E13 —4.201 7.495 1.177 Z13 —4.233 7.111 1.269
E14 —4.292 7.421 1.241 Z14 —4.330 7.027 1.334
E15 —4.534 7.248 1.418 Z15 —4.509 6.966 1.459
E16 —4.031 7.544 1.077 Z16 —4.046 7.186 1.139
E17 —3.856 7.004 1.061 Z17 —3.854 6.757 1.099
E18 —4.340 6.892 1.366 Z18 —4.292 6.674 1.380

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 3 Global reactivity indices of Ej and Zi (i = 1 to 18) isomers.

electrophiles (1.23 to 1.58 eV). Besides, the Zi and Ei isomers
of i = 10, 11, 16-17, and E13 (CN substituent) display a
moderate electrophilicity (1.00 to 1.17 eV).

Linear optical properties

The calculated excited state transition energies (AE), wave-
length (7), oscillator strengths (f), charge transfer (g7, |e|),
charge transfer distance (d°%, A), dipole moment variation (Ag,
D), and major molecular orbital transitions of isomers are
summarized in Table 5 and Table S3 (ESIt). Furthermore, the
shapes of the MOs of specific excitation and EDDM for all
isomers are provided in the ESIt (Fig. S1 and S2).

Theoretically, the electron transition energy is a decisive
property of optical absorption because it is closely related to the
position of the maximum absorption peak (Ayax). From the
simulated absorption spectra (Fig. S3, ESIt), we find that the
maximum absorption wavelength (/) of the title compounds
correspond to the first excited state S, — S; in the range from
290 to 366 nm and presented a large oscillator strength value
(with the exception of E3, which exhibits a very weak oscillator
strength ( f= 0.002)).

The analyses of TD-DFT results display that the absorption
spectra of the E-isomers are shifted to shorter wavelengths than
those of Z-isomers (see Fig. S3, ESIT). This is in agreement with
the existing experimental results and theoretical study at the
®B97XD/def2-SVPP level proposed by Mravec et al.>® Further-
more, the experimental S, — S; transition energy of 1 and 7
isomers show red-shift energy absorption compared to TD-
®B97XD calculation by about 0.12 eV (for E1 and E7) and
0.55 €V (Z1 and Z7) (see Table 5).

For the E isomers (i = 1-9), the wavelength of the first
absorption transition is very close to that of the E-isomers (10
to 18, respectively). The same observation is found for Z
isomers (i from 1 to 18), indicating that the introduction of
NO, or CN group at the R position has little effect on the
absorption wavelength of E and Z isomers. Taking E6 and E15

New J. Chem., 2023, 47,18359-18373 | 18365
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Table 5 Vertical transition energy (AEq_, eV) and wavelength (Ao 1,
nm), oscillator strengths (f, dimensionless), charge transfer (<", |le|),
charge transfer distance (0T, A), and dipole moment variation (Ay, D)
associated to the Sq_,4 transition as calculated at the ®B97XD/6-311+g(d)
in Ei and Zi compounds

AEy_1 Ao f acr g Au
E1l 3.798(3.67]“ 326 0.316 5.690 0.755 20.640
E2 3.780 327 0.315 5.884 0.767 21.671
E3 4.002 309 0.002 2.245 0.753 8.114
E4 3.931 315 0.463 4.771 0.666 15.252
E5 3.945 314 0.697 4.366 0.612 12.832
E6 3.844 322 0.923 2.335 0.674 7.557
E7 3.971(3.85]“ 312 0.314 3.549 0.670 11.126
E8 3.556 348 0.56 3.659 0.663 10.590
E9 3.537 350 0.441 2.002 0.566 5.440
Z1 3.60(3.05)“ 343 0.673 5.092 0.710 17.368
Z2 3.477 356 0.727 5.477 0.676 17.771
Z3 3.878 319 0.662 5.239 0.669 16.830
Z4 3.693 335 0.752 5.130 0.691 17.020
Z5 3.655 339 0.879 5.600 0.688 18.496
Z6 3.601 344 0.960 4.205 0.665 13.435
z7 3.751(3.20)“ 330 0.696 5.250 0.695 17.516
Z8 3.384 366 0.706 5.096 0.660 16.146
Z9 3.364 368 0.638 4.519 0.562 12.204
E10 3.962 312 0.615 4.256 0.672 13.736
E11 3.883 319 0.609 4.562 0.690 15.111
E12 4.370 283 0.635 3.651 0.601 10.543
E13 4.044 306 0.754 3.666 0.611 10.755
E14 3.998 310 0.934 3.368 0.566 9.165
E15 3.879 319 1.013 2.666 0.599 7.676
E1l6 4.092 302 0.690 3.749 0.589 10.600
E17 3.580 346 0.604 1.803 0.542 4.694
E18 3.540 350 0.430 3.120 0.509 7.629
Z10 3.642 340 0.659 3.551 0.608 10.370
Z11 3.519 352 0.704 4.509 0.649 14.044
Z12 3.925 315 0.627 3.078 0.561 8.291
Z13 3.718 333 0.743 3.242 0.587 9.146
Z14 3.6716 337 0.867 3.374 0.578 9.365
Z15 3.617 342 0.958 0.390 0.558 1.046
Z16 3.7940 326 0.6899 3.449 0.574 9.507
Z17 3.409 363 0.680 2.480 0.552 6.575
Z18 3.383 366 0.6262 0.740 0.502 1.783

¢ Experimental results from ref. 25.

as example, the 14,1 is 322 and 315 nm, respectively, and for Z6
and Z15, the 1y_,; = 343 nm for both (see Fig. 4). On the other
hand, the TD-DFT calculation on the title isomers reveals that
the low-energy transitions S, — S; are dominated by an
electronic excitation from the HOMO to the LUMO, and the
shape of these two MOs depicts a significant charge transfer
(CT) from the hydrazine part and ring 1 to ring 2 for the
compounds 1, E2, 3, 4, Z5-710, E11, 12, 13, E14, Z15, 16, Z17,
and Z18, and the CT character from the hydrazine part to ringl
for the isomers Z2, Z11, and Z14 (see Table S3 and Fig. S1, S2, ESIY)
and intramolecular charge transfer (ICT) in the hydrazine part and
ring1 for E5, E6, E8, E9, E15, E17, and E18 isomers. For the isomers
1-9 (substituted with NO, at the R position), the HOMO — LUMO+1
transition mainly results from the Ar group to ringl, with the
exception of the isomers E5, E6, E8, E9, and Z6, which exhibit an
ICT character in the ring1 and Ar groups. On the other hand, for the
isomers with the CN unit at the R position, the HOMO — LUMO+1
transition can also be assigned as n, 1 — * but from the Ar group
to the ring2, with the exception for Z18 and E18, which exhibit an
ICT character (see Table S3 and Fig. S1, ESIt).

18366 | New J. Chem., 2023, 47,18359-18373

View Article Online

NJC
LUMO LUMO+1 LUMO LUMO LUMO+1
) ) 1. ‘*' - . f‘ ) 2
~ $ e A‘,,f* A g‘ . u#’e A?;‘-//
AN ‘%' Ny ,L e
R R
) e 153
& x . &
1 2 3 & 1
El & = e I gl T g| &
8| & 7|2 HP 3] = sle
e FE ElE g e
7% e . = =
7z g 2 e
’V} v ‘g'g'_:\-h,‘.. U‘ porLs VJ P
‘ 6 _00>...&A 4
& & =
A2 Y . A -
HOMO HOMO HOMO o
: 0 i HOMO HOMO
(ED) (ES) (z2) (Z6) (E18)
LUMO+1 LUMO LUMO LUMO
" ’ . A & ...t
SN J‘ o .c” Skt
re - - Ny
0 ) N °C 6 08
c‘g ohy ® c'®
*
& % & %
s 1 be
a| il = == al €
—_— T — O
2 3 = =
n “\ :,z z
sl o o 2 < . e . 3
.v‘\“’/ v‘ - v ‘ » %.sh* :
& & & =
HOMO HOMO HOMO HOMO
(E6) (E6) (E15) (Z15)

Fig. 4 Molecular orbitals for S1, S2, and S4 absorption transitions.

In the case of Zi and Ei isomers (i = 1 to 9), it is clear that the
transition HOMO — LUMO results in a more significant dipole
moment (Au) compared to the transition HOMO — LUMO+1.
Conversely, for the remaining compounds (10 to 18) substi-
tuted with a CN group at the position R, the reverse pattern is
observed (see Table S3, ESIt). Taking Z2 and Z11 as an example
(see Fig. 5), for z2, the order of Ay values follows the order
Apigy(H — L: 20.19) > Apoi(H — L+1: 17.77), and the reverse
order is found for Z11 Aug,(H — L+1: 21.72) > Aup(H — L:
14.04). In general, for the same transition HOMO — LUMO,
LUMO+1, the Ay values is larger in the 1-9 isomers than that in
the corresponding 10-18 isomer, indicating that the presence
of the NO, group can enhance the Ay and ¢°" values more than
the CN group. For example, Z2 (17.77 D) is due to a transferred
excitation charge ¢°" = 0.676|¢|, and an associated CT distance
(d°" = 5.477 A) from HOMO to LUMO-+1 (S0 — S1) is larger than
that of the excitation SO — S1 (from HOMO to LUMO) of Z11
(g°" = 0.649|e|, d°" = 4.509 A and Ap,_, = 14.04 D). Generally,
for the title photoswitch compounds, we note that the Z-isomer

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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undergoes a strong CT excitation with a large CT distance (d°")
and dipole moment variation (Au) compared to the E-isomers
counterpart (compounds 1, 2, and 15 are exceptions to this, see
Table S3, ESIt). For instance, the Apg_, 1, d°" and ¢ of Z4 are
calculated to be 17.02 D, 5.13 A, and 0.691|e| larger than the
corresponding values of E4 (Fig. 5). Conversely, the Ay, d°T, and
g°" of Z1 and Z2 show small values with respect to that of E1
and E2 (Fig. 5 and Table S3, ESIT). It appears that the shape of
the Z-isomer significantly increases the Ay, d°7, and ¢°" values,
which can be attributed to the electron delocalization effects in
the ring N1-N2-C3-C4-N6- - -H (RAHB system).

Based on the quantum calculation, it can be observed that
the strength of the hydrogen bond does not exert a significant
effect on the optical properties of photoswitches (Table 5).
Instead, the optical properties are influenced by conjugation,
which is determined by the structure of the quasi-cycle (open or
closed). It is crucial to emphasize that the opening or closing of
the RAHB can significantly impact various molecular proper-
ties, including stability, acidity, basicity, reactivity, and optical
properties.

Nonlinear optical properties

Dipole moment (u, eV), isotropic polarizability («), polarizabil-
ity density (p a.u A™), nonlinear optical responses (NLO), e.g.,
first hyperpolarizability (f,, a.u), second harmonic generation
(Bsua, a.u), electrooptic Pockels effect (fropg, a.u), Hyper-
Rayleigh scattering (Bugs, a.u), and depolarization ratio DR
(static as well as dynamic) for all isomers are provided in
Tables 6 and 7 and Tables S3, S4 and S5 (see ESIT).

The static and dynamic results for average linear polariz-
ability («) and dipole moment () are presented in Tables 6 and
7, respectively. Molecular polarizability is the ability of its
electronic system to be distorted by an external field; according
to our results in Table 6, the («) value of the Z-isomer is slightly
larger than the E-isomer counterpart. On the other hand, the
most polarizable isomers are 8 and 17. These results show that

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

View Article Online

Paper

Table 6 Static and dynamic isotropic average polarizability («) and iso-
tropic average polarizability volume (p) of Ei and Zi (i = 1 to 18) compounds

= 1 =695 1 =1064 4 =1340
o p o p o p o p
E1 265 39 283 41 272 40 269 39
E2 284 42 302 44 291 43 289 42
E3 259 38 273 40 264 39 262 38
E4 280 41 297 44 287 42 284 42
E5 289 42 310 45 297 44 294 43
E6 291 43 313 46 300 44 296 43
E7 259 38 276 40 266 39 263 39
E8 313 46 336 49 322 47 319 47
E9 306 45 329 48 315 46 311 46
Z1 276 40 299 44 285 42 281 41
Z2 301 44 328 48 311 46 307 45
Z3 270 40 288 42 277 41 274 40
Z4 290 42 312 46 298 44 295 43
zZ5 300 44 325 48 309 45 306 45
Z6 301 44 329 48 311 46 307 45
z7 268 39 289 42 276 41 273 40
Z8 325 48 355 52 336 49 332 49
Z9 317 47 348 51 329 48 325 48
E10 265 39 282 41 272 40 270 40
E11 285 42 303 45 292 43 290 42
E12 259 38 270 40 264 39 262 38
E13 280 41 297 44 286 42 284 42
E14 290 43 310 45 298 44 295 43
E15 292 43 313 46 300 44 297 44
E16 260 38 276 40 266 39 264 39
E17 313 46 337 49 322 47 319 47
E18 306 45 329 48 315 46 312 46
Z10 275 40 297 44 284 42 281 41
Z11 299 44 325 48 309 45 306 45
Z12 269 39 286 42 276 40 273 40
Z13 288 42 310 45 297 44 294 43
Z14 300 44 325 48 310 45 306 45
zZ15 301 44 328 48 312 46 308 45
Z16 268 39 288 42 276 40 273 40
z17 324 48 353 52 335 49 331 49
Z18 317 47 346 51 328 48 324 48

Table 7 Calculated dipole moment (u, Debye), static hyperpolarizability
(Bo. Brirs a.u), and depolarization ratio (DR) calculated at the ®B97XD/6-
311+g(d) level for Ei and Zi (i = 1 to 18) compounds

n Bo QI:RO; DR n Bo tirs DR™”
E1 5.098 1608 756 3.562 Z1 7.176 3906 1618 4.991
E2  5.340 2246 963  4.48 Z2  8.476 6498 2536 6.275
E3  4.980 1024 474 3.672 Z3 7.736 2965 1217 5.143
E4 5.035 1052 585 2.693 Z4 8.572 2980 1264 4.623
E5 6.282 312 546 1.584 Z5 9.924 2202 1055 3.428
E6 6.604 1928 1101 2.607 Z6 1.019 1530 1152 2.756
E7 7.080 995 553 2.695 Z7 5.343 2898 1261 4.294
E8 6.047 1446 730 3.114 Z8 7.510 3970 1674 4.711
E9 3.500 639 689 1.735 Z9 8.981 2570 1230 3.438
E10 4.905 1510 702 3.648 Z10 6.936 2632 1067 5.374
E11 5.261 2156 912 4.660 Z11 8.188 5017 1933 6.664
E12 4.870 845 387 3.765 Z12 7.649 1901 760 5.655
E13 4.992 987 529 2.829 Z13 8.516 1810 757 4.844
FE14 6.293 683 548 1.959 Z14 9.853 1107 615 2.696
E15 6.626 2293 1164 3.085 715 1.020 1488 996  2.219
E16 6.895 936 497 2.871 Z16 5.114 1732 757  4.246
E17 5.888 1339 666 3.196 Z17 7.258 2390 1000 4.825
E18 3.398 1126 757 2.211 718 8.867 1160 646  2.689

the presence of the Arg group can enhance the polarizability
value. The calculation shows that the polarizability density
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values (p) are similar and not sensitive to the type of Ar and R
groups. Furthermore, we observed that the effect of the incident
wavelength value (Z = 1340, 1064, and 695 nm) on () and (p) is
negligible.

As is well known, the hyperpolarizability is sensitive to the
several parameters such as the nature of the substituent
(donor/acceptor), geometry of compounds, transition dipole
moment, energy gap, electronic transition, and incident wave-
length (photon energy). From Table S3, ESI{ and Fig. 6, one
sees that the [fffR? and f, values of E-isomers substituted by
either CN group or by NO, are very close, indicating that the
replacement of NO, by CN group (at R position) has no effect on
the static hyperpolarizability. Taking E8 and E17 as examples,
[)’ﬁ:R”g(ES) = 1.09 Prrs(E17). But in the case of Z-isomers, the
introduction of the NO, acceptor substituent at the R position
can increase the static hyperpolarizability (fggrs and f3,) about
twice more than that of the CN group, with the exception of Z6
and Z15 compounds, for which their values are close (,(26) =
1.028f, (Z15)), an effect which can be attributed to the small
dipole moment (1 = 1.01 D). Furthermore, we can observe that
the introduction of Ar, groups can increase the fggs and f,
compared with the Ar; and Ar; groups (Fig. 6 and Table 7). For
example, the f, value of E2, Z2, E11, and Z11 is about 7, 4, 3,
and 4 times larger than that of E5, Z5, E14, and Z14, respec-
tively. The fifrs of Z2 (2536 a.u.) and Z11 (1933) are about 7 and
5 times greater than the values of E12, respectively (Fig. 6).

Also, in this work, we studied the correlation between the
energy gap (hardness) of Zi and Ei isomers and their hyper-
polarizability in the static regime. The results show that the
Po[Prirs] values increase with the decrease in the isomer energy
gap. Taking Z2 as an example, the energy gap of Z2 is the smallest
(6.304 eV) and its hyperpolarizability value is the largest (f, =
6498 a.u.), which is in good agreement with the literature.”*””

The magnitude of the hyperpolarizabilities of hydrazone
photoswitches can be qualitatively rationalized using the two-
state approximation, assuming that the S1 electronic excited
state is the sole contributor to the sum-over-state expansion of

®-7Z19; ~w~-Z7Z10-18
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—= 2000 -
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g
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&1500—
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Fig. 6 Variation of HRS hyperpolarizability in static regime of Z and E
isomers.
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the second-order nonlinear optical (NLO) response.”®”®
f— 3fo—1 X Apg_y
2 AEy}

According to this formula, f is directly linked to the transition
dipole moment Ay, _,; and oscillator strength f,_; and inver-
sely linked to the third power of transition energy AE,_, ;.

Based on our findings from Table 5 and Table S3 (ESI{), it
is evident that the Z isomer exhibits a lower excited energy
(AE,_1) and higher oscillator strength ( f,_1) compared to its
E-isomer counterpart. Our results clearly show that a decrease
in the SO — S1 transition energy and an increase in the value of
fo_1 are directly associated with an increase in the hyperpolar-
izabilities of hydrazone photoswitches. Taking E1 and Z1 as
example, E1 has a transition energy value of 3.798 eV, while Z1
has a lower value of 3.606 eV, and the f,_, ; value of Z1 is higher
than that of E1. The DFT calculation shows that Z1 exhibits a
larger hyperpolarizability value compared to the E1 isomer.
Similarly, we observed the same trend for the other isomers.
Each isomer exhibits a lower transition energy (AE,_ ;) and
huge f, _,; value, generally displaying larger hyperpolarizability
compared to its counterpart.

On the other hand, the larger hyperpolarizability values in
the Z-isomers, compared to those in the E-isomers, can be due
to the delocalization of electrons in the anti-aromatic QCC (N1-
N2-C3-C4-N6- - -H) in the Z-isomers, which does not exist in
the E-isomers (Fig. 1, Table 2 and Table S1, ESI{). It means that
destabilizing the anti-aromatic behavior of quasi-cycle closed in
the Z-isomers can reduce and grow the aromatic character in
ring 2 and 1, respectively, and this leads to enhanced hyper-
polarizability values.

From our calculation, we observe that when the compound
is in a Z form, the BLA decreases, which indicates a better
electron delocalization and, consequently, the hyperpolariza-
tion increases. Fig. 7 presents a nice linear relationship
between BLA; , and static hyperpolarizability firs [fo] of
Z-isomers. It is important to note that for the title isomers,
the variations of Biirs values are similar to those of j3, values.

% BLA:Z1-Z9 ¥ BLA,:Z1-79
2500 - \ BLA,: Z10-Z18 2500 B BLA,: Z210-218
\»\ '\.\
2000 % 2000
g VAR £
Z1s00 TN\ = 1500
= A . .
Yk )
\ "'\_\ # W
1000 2109 g Hp s 1000
220940 °F R2=0916 O\
500 | R2=0.940 s01 B i i
R*=0.964 R®=0.948
0.10 0.11 0.12 0.13 0.10 0.11 0.12 0.13
BLA BLA

Fig. 7 Correlation between BLA and static hyperpolarizability; the red
points have been omitted from the correlation line.
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Generally, the TD-DFT results indicated that the Z-isomers have
low excitation energies of the first excited state and large
transition dipole moments (Au), which are the necessary con-
ditions to obtain high NLO response.

Mravec research group showed that increasing the EW
character of the substituents on the Ar-ring leads to a little
increase in the efficiency of the Z — E photoisomerization,
whereas a large increase in the quantum yield can be observed
in the case of the back E — Z photoisomerization (in the order
3>5>4>7>1>6 > 2;see Fig. 8).> In general, our
quantum calculation show inverse trend between the photo-
isomerization quantum yields (®) and hyperpolarizability.
Note, for instance, compound 2 (see Table 7 and Fig. 6), which
has the largest hyperpolarizability and the smallest photo-
isomerization QY (the EW substituents on the -C¢H, is OCHs;
Ar, = -C¢H,-p-OCHj3). Furthermore, the trend photoisomeriza-
tion QY is the same as that for the BLA values (see Table 1).
On the other hand, we can attribute the small and large
photoisomerization QY values (@, < @z, ) to the hyper-
polarizability of the first and second isomer of the mechanism.
In other words, the Z — E photoisomerization mechanism®’
begins with the isomer having the largest hyperpolarizability
(first isomer Z) and finishes with the E-isomer (second isomer)
that has a small hyperpolarizability; this mechanism displays a
weak @,_, ; value. In the same context, E — Z photoisomeriza-
tion starts with the E-isomers (first isomer) having the smaller
hyperpolarizability than the second isomer Z and present a
larger @5 _, ;value than @, _, ; (see Tables 7, 8 and Fig. 8). Taking
compound 3 as an example, the photoisomerization quantum
yields of @g;_, 3 are larger than that of @,;_, 53 (@ = 12.3 and
0.8, respectively),>® and the hyperpolarizability value of Z3 is
larger than that of E3 (f[Z3] ~ 3f[E3]) (see Table 8).

From our study, we can conclude that there is a proportional
relationship between photoisomerization quantum yield and
hyperpolarizability of the second isomer, and there is an
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Pyridine Hydrazone Photoswitches

Fig. 8 Evolution of photoisomerization quantum yields (@) with the
increasing EW character of the hydrazine ring (the values from the ref. 25).
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Table 8 The static and dynamic hyperpolarizability /% ratio (where
0t = Bal Bt niks Mo and n&ic) to the Z- and E-isomers
ZilEi niRs  MiRs  MHRS  MHRe Mo nShe  NsHG  WshG
1 2.140 14.097 2.385 2.267 2.429 13.464 2.541 2.465
2 2.633 6.485 3.131 2.883 2.893 5.854 3.312 5.713
3 2.567 5.578 2.980 2.780 2.895 5.597 3.224 3.051
4 2.160 6.191 2.4656 2.328 2.832 6.107 2.809 2.766
5 1.932 10.947 2.7012 2.357 7.057 11.286 5.252 5.943
6 1.046 6.083 1.034 1.037 0.793 4.287 0.733 0.754
7 2.280 4,939 2.555 2.434 2912 4.863 2.854 2.837
8 2.293 0.221 2.792 2.556 2.745 0.184 3.059 2.893
9 1.785 0.212 2.191 2.012 4.021 0.076 4.732 4.496
10 1.519 7.919 1.739 1.636 1.743 7.936 1.915 1.829
11 2.119 11.437 2.442 2.280 2.326 11.102 2.593 2.450
12 1.963 4.078 2.237 2.108 2.249 4.275 2.492 2.366
13 1.431 4.866 1.705 1.577 1.833 4982 2.001 1.908
14 1.122 8.439 1.667 1.391 1.620 9.172 2.681 2.304
15 0.855 2.092 0.7881 0.817 0.648 0.753 0.550 0.592
16 1.523 3.438 1.727 1.634 1.850 3.553 1.968 1.906
17 1.501 0.169 1.767 1.631 1.784 0.151 2.001 1.880
18 0.853 0.078 0.941 0.901 1.030 0.059 1.276 1.192

inversely proportional relationship between the @ and f of
the first isomer. These relationships will be the object of further
investigations.

According to the TD-DFT results (Ayax = 4o_1), We calculated
the hyperpolarizability (Bfirs, féuc, and fiops) of the studied
isomers at a near resonant wavelength of 695 nm (X2 X Zyax)
and a nonresonant wavelength of 1064 nm and 1340 nm. Our
results from the dynamic regime present an excellent linear
relationship between Hyper-Rayleigh scattering (ffrs) and
second harmonic generation (%) (see Fig. 9).

As can be seen in Fig. 10, the hyperpolarizability value
increases with decreasing wavelength of the incident light,
ie., p(695) > B(1064) > f(1340) > (o). Obviously, the féuc
and ffirs values dramatically increase at the 695 nm wavelength
more than at / = 1340 nm and 1064 nm, which can be
attributed to the larger resonance or dispersion at 290-
366 nm according to the TD-DFT results (Table S3, ESIT). As
examples, Z1 exhibits the largest response at 4 = 695 nm
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Fig. 10 Calculated first hyperpolarizabilities of Z and E isomers, in the
zero frequency limit and frequency-dependent fields.

iR fotic) = 142 500[337600] a.u.), while this isomer possesses
small values at 4 = o0, 1340, and 1064 nm. By way of explana-
tion, the hyperpolarizability ffgs[fenc] of Z1 at 695 nm is
approximately 39 and 55 times higher than at 1340 and
1064 nm, respectively. On the other hand, the magnitude of
p(—w; w, 0) is slightly enhanced with increasing frequency of
the incident light compared with [fﬁms and ﬁéHG (Table S4,
ESIf). Taking Z2 and E5 as examples, the fiopg value of Z2
(12100 a.u.) is evaluated to be the largest, and E5 possess a
small value of Sgpr (771 a.u.), which is almost two times larger
than that of the ﬂéop}z at 1340 and 1064 nm.

In most cases in static and dynamic regime (1 = o0, 1064,
and 1307 nm), the hyperpolarizability f,, Pféug, Pirs Of
Z-isomers are in the range of 2-7 times as large as those of
the corresponding E-isomer. For example, the f3, value of Z5 is
2200 a.u., which is 7 times larger than that of the corres-
ponding E5. With the exception of compounds 6, 15, and 18,
where the values of Z are smaller than that of E, for instance,
Béuc(215)1/24uc(E15) (see Table 8). On the other hand, the

Stic [Piies] of Z-isomers is 2-14 times larger than that of the
corresponding E-isomers. With the exception of compounds 8,
9, 17, and 18, where E8, E9, E17, and E18 have the largest gt
[BiiRs] value, which is about 5, 13, 7, and 17 [5, 5, 6, and 13]
times as large as those of the Z-isomers Z8, Z9, Z17, and Z18,
respectively (Table 8).

In addition, dynamic perturbations were introduced to
explore the effect of frequency dispersion. To provide a com-
parison, we utilized two fundamental optical wavelengths A =
1340 and 1064 nm (used in NLO measurements) along with
695 nm (derived from TD-DFT results). This allowed us to
assess the contribution of dispersion correction to the NLO
response in these isomers. To quantify this correction, we used
the frequency dispersion factor between static and dynamic at a
definite wavelength, which is depicted by the ratio [fﬁRs/ﬁf’ﬁzs
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and is listed in Table S6 (ESIf). We can observe that the
dispersion of optical nonlinearity at A = 695 nm of E8, E17,
71, E18, 711, E9, Z14, 710, Z5, Z6, and Z2, respectively, have
maximum frequency dispersion factor (from 115 to 32),
which can be attributed to the TD-DFT results, where

1 .
AMax =~ 5695nm. In contrast to the isomers E3 and E12

(Amax = 309 and 283 nm, respectively), the smallest dispersion
factor (about 4.36) and the other isomers show a moderate
values (from 6 to 29) at 1 = 695 nm. As can be seen, the
frequency dispersion factor at incident laser (4 = 1340 and
1064 nm) of the title compounds is in the range of 1-5.

Our findings indicate that the frequency dispersion factor is
greater at higher frequencies compared to lower frequencies;
the weak frequency of incident light should be chosen to count
the 2nd NLO coefficients in the experiment.®* Regarding pos-
sible applications, in terms of writing and reading stored
information on photochromic materials, the nonresonant char-
acter of NLO enables reading outside the absorption band; in
this case, erasure during reading can be avoided." Clearly, the
larger hyperpolarizability does emerge when the incident wave-
length of dispersion is equal or closer to twice the wavelength
in the first transition (¢_ 1)-

To further explore the origin of the first hyperpolarizability
of the title compounds (E and Z isomers), the polarization scan
of HRS intensity Iy has also been calculated, and the relation-
ship between the I3 and polarization angle ¥ is plotted (see
Fig. S5, ESIt and plotted for the compounds 1 and 5 in Fig. 11);
the ;- and f,-; are listed in Table S5 (ESI).

From Fig. 12, we can conclude that the DR values are
sensitive to the nature of the Ar and R substituents, the
geometry of isomers (Z and E shapes), as well as the wavelength
of incident light. We observed that at A = oo, 1064, and
1307 nm, the DR value decreases in the following order: DR
(A=1064) > DR (4 =1340) > DR (. = o) also; from this figure,
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Fig. 12 Evolution of the depolarization ratio (DR) in static and dynamic
regime (red: Z-isomer, blue: E-isomer).

it seems that the Z-isomer exhibits larger DR than the corres-
ponding E-isomer. In contrast, at 695 nm, the depolarization
ratio of E-isomer is larger than that of the Z-isomer counterpart,
which can be attributed to its resonance or dispersion at Ayax-

On the other hand, at 4 = o0, 1064, and 1307 nm, it can be
found that E4, E13, E6, Z6, E15, Z15, E7, E16, ES, E17, E9, E18,
and Z18 molecules are considered as octupolar molecules with
large octupolar contributions (f;-3 > f-1), while E1, E10, Z10,
E2, 72, E11, Z11, E3, Z3, E12, Z12, ZA, Z13, Z5, Z7, Z16, Z8, Z17,
Z9 molecules are considered as dipolar molecules and dipolar
contributions, with f,; larger than the f;; (see Table S5 and
Fig. S5, ESIT). For Z1 and E5, as illustrated in Fig. 11, the DR
amounts to 4.991 and 1.584, respectively, a value close to 5 and
1.5; these values characterize ideal dipolar and typical octu-
polar systems, respectively.

The quantum chemical calculation shows that the Z-isomers
exhibit the largest response, whereas the corresponding
E-isomers exhibit smaller values at static and dynamic regimes.
It is worth noting that the larger NLO responses are strongly
related to the hydrogen bond, the electron-withdrawing char-
acter of the substituents on the Ar hydrazine moiety, and on the
ring 2, the photoisomerization quantum yields ®@z_, ;. Among
the 18 E/Z isomers theoretically studied, Z2 is the most promis-
ing for future applications in the NLO field.

Conclusions

Systematic DFT and TD-DFT calculations have been carried out
on extended series of substitutional derivatives of pyridine
photoswitches. The structural, reactivity parameters, linear,
and nonlinear optical properties of all compounds differing
by a CN and NO, substitution on the ketone fragment at the
position R and Ar ring in the hydrazine fragment have been
analyzed in detail.

The quantum calculation indicates that the Z-isomers are
proposed to be a promising candidate for the 2nd order
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nonlinear optical applications due to its lower excited energy,
smaller BLA values, weaker energy gap, larger dipole moment
variations in the first excited state, smaller electron localization
in the anti-aromatic ring (QCC), and higher photoisomerization
quantum yields @;_, , than that of the corresponding E-isomers.
To the best of our knowledge, this work evidences that the
delocalization strength enhanced by the resonance-assisted hydro-
gen bond can improve the second order NLO responses of
the hydrazone photoswitches, especially due to the delocalized
electrons in the anti-aromatic ring (QCC) in Z-isomers.

Regarding the NLO properties, DFT calculation indicates
that the CN and NO, groups have the same effect on the static
hyperpolarizability of E-isomers. For Z-isomers, the introduc-
tion of NO, at R position increases the fggs and f, to about
twice more than that of the CN group. Furthermore, their
introduction into the Ar, group increases the hyperpolariz-
ability (Bgrs and f,) compared with Ar; and Ars groups.

Regarding the nonlinear optical properties of isomers, we
found that the frequency-dependent hyperpolarizability (/. =
695 nm) of the title isomers are larger than the static regime,
revealing an eminent hyperpolarization due to the delocalized
electrons in the isomers. By increasing the incident wave-
lengths from 4 = 695 nm to A = 1064 and 1307 nm, the
dispersion of optical nonlinearity of isomers shows a smaller
value than that at 4 = 695 nm. Our results indicate that the
resonance effect of hyperpolarizability is amplified with the
decrease in the incident wavelength (4 = 695 nm). A good
correlation is obtained between Birs < fo and ﬁf‘ms PN ﬁgHG
as well as between BLA and static hyperpolarizability.
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