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Photoswitchable hydrazones with pyridine-based
rotors and halogen substituentsy
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The Z.E-photoisomerization of pyridine-based hydrazone switches is typically suppressed due to the
presence of pyridine-based rotors. The crystal structures of studied compounds were investigated using
theoretical methods combining DFT and QT-AIM calculations to unveil the nature and properties of the
intramolecular hydrogen bonding. In this study, we introduced a new series of pyridine-based
hydrazones anchored with o-halogen substituents (2-X) and investigated their photoswitching abilities
using *H NMR and UV-Vis spectroscopy. The efficiency of the photoisomerization from initial 2-X-Z to
the 2-X-E isomer varied, with the highest yield observed for 2-Cl-E (55%). Our findings, supported by
DFT calculations, revealed the formation of a new diastereomer, 2-X-E*, upon back-photoisomerization.
We demonstrated that hydrazones from the 2-X series can be reversibly photoswitched using irradiation
from the UV-Vis range, and additionally, we explored the effect of the halogen atom on their switching
capabilities and also on their thermodynamics and kinetics of photoswitching, determining their
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Introduction

Versatility, potential for multiple applications, straightforward
synthesis, and resistance to hydrolysis have propelled hydra-
zones into the spotlight across various research fields.'?
Notably, hydrazones feature the distinctive C=N-NH group,
endowing the carbon atom with nucleophilic and electrophilic
characteristics, and the nitrogen atom with nucleophilic prop-
erties." This dual nature enables hydrazones to be utilized in
both cation®* and anion®® sensing applications. Hydrazones
serve as valuable biologically active compounds in drug devel-
opment, particularly as antimicrobial agents.”® Moreover, they
play a crucial role in organic synthesis by facilitating the acti-
vation of organocatalytic reactions.’

The ability of hydrazones to undergo Z,E-isomerization
allows them to function as molecular switches. The distinc-
tiveness of the hydrazone functional group is accentuated by its
ability to control rotary motion through Z,E-isomerization trig-
gered by both light and chemical stimuli. This precise modu-
lation of motion at the molecular level positions hydrazones as
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molecular solar thermal energy storage potential.

promising candidates for the development of molecular
machines.' Hydrazones also play a crucial role in the advance-
ment of optoelectronic devices® and serve as fundamental
building blocks for the synthesis of covalent organic frame-
works.'* Moreover, this characteristic makes them valuable in
supramolecular chemistry as systems exhibiting multiple
dynamics properties.*?

The structural modularity of hydrazones enables a wide
range of applications, including their incorporation into adap-
tive materials like emissive hydrogels,™ drug delivery systems,**
pH probes, and molecular actuators.'® Recent work by Apra-
hamian et al. has demonstrated that the common drawback of
a small difference in Gibbs energies between the Z- and E-
isomers of hydrazone photoswitches can be overcome, allowing
their use in energy storage applications."”

Isomerization in the Z,E-configuration can occur through
three mechanisms: inversion (lateral shift), rotation, and
hydrazone-azo tautomerization followed by rotation around the
C-N bond.* It has been demonstrated that this type of molec-
ular switch exhibits reversible switching with high fatigue
resistance.” The key parameter governing Z,E-isomerization is
N-H---N intramolecular hydrogen bonding (IMHB). The impact
of electron-donating or electron-withdrawing para-substituents
on the strength of IMHB in hydrazones was investigated.?® This
structure-property analysis provided insights into the varying
strength of IMHB, as indicated by the chemical shift values of
N-H in E- and Z-isomers. The strength of IMHB increased from
electron-withdrawing groups (EWGs) to electron-donating
groups (EDGs) in the E-isomer, following the nomenclature in
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our work. Conversely, in the Z-isomer, both EWGs and EDGs
increased the strength of IMHB. This difference is attributed to
the absence of resonance-assisted hydrogen bonding in the z-
isomer due to the presence of a pyridinyl ring, where its
aromaticity is diminished. The structure of the hydrazone
appears to play a significant role in determining reversible
photochemical isomerization.

While Courtot's work demonstrated that acylhydrazones can
be photoswitched,” Aprahamian and co-workers confirmed
that the N-H---N intramolecular hydrogen bond suppresses
photoswitching. Irradiation of the ethyl-(2-
phenylhydrazinylidene)(pyridin-2-yl)acetate at 412 nm for 65
minutes or at 340 nm for 36 minutes did not induce isomeri-
zation. However, replacing the pyridinyl ring with a phenyl in
the rotor part provided photoswitchable hydrazone with excel-
lent thermal stability."

In this study, we present a theoretical and experimental
examination of a new family of hydrazone switches bearing o-
halogen substituents (see Scheme 1). Our research pursues two
main objectives: firstly, we aim to investigate whether these
pyridine rotor-based hydrazones might undergo photo-
isomerization upon UV-Vis irradiation, in contrast to previous
contradictory findings," and to elucidate the mechanism of
photoswitching, both theoretically experimentally.
Secondly, we explore the influence of intramolecular hydrogen
bonding, particularly in the context of alterations in halogens at
the ortho position, on photoswitching behavior and its impact
on thermodynamic parameters. Understanding these factors is
crucial for characterizing the tunability and potential of these
hydrazones as energy storage media, especially considering the
possible significant effects of adjacent group modifications.
Halogen atoms were deliberately chosen as hydrogen bond
acceptors due to their anticipated weak strength and ease of
tunability through variation.

and

Experimental
Materials

The abbreviation used are the following: lithium diisopropyla-
mide (LDA), column chromatography (CC), tetrahydrofuran
(THF), thin layer chromatography (TLC), dichloromethane
(DCM). The preparation of compound 1 was carried out under
an argon atmosphere, using Schlenk technique. Analytical-
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X = -F (2-F), -CI (2-Cl), -Br (2-Br), -l (2-1)

Scheme 1l Reaction scheme for the preparation of compounds 1, 2-F,
2-Cl, 2-Br, and 2-I; (i) lithium diisopropylamide (2.05 eq.), diethyl
carbonate (3 eq.), THF, Ar, —84 °C; (ii) (1) 2-halogen aniline, NaNO, (1.1
eq.), HCL, Hx0O, 0 °C, (2) 1, NaOAc (9 eq.), EtOH, H;0O, 0 °C.
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grade chemicals were obtained from commercial suppliers
and used without further purification. The solvents were dried
as follows: THF by reflux over sodium/benzophenone ketyl fol-
lowed by distillation under argon, then stored under argon on 3
A molecular sieves. Manual chromatographic separations were
performed by column chromatography using 60-200 um silica
gel 60. The reaction progress was monitored by a TLC on pre-
coated aluminium sheets and visualized using the UV lamp
(254 and 365 nm).

Instrumentation

Melting points were measured using a digital Buchi B-540
Melting Point Apparatus. The melting points were determined
based on the three measurements. 'H, “*C{"H} and "’F{'H}
NMR spectra were recorded on Bruker spectrometer operating
at 500 MHz (Bruker Avance III) using CDCl; as solvent. Chem-
ical shifts on the ¢ scale (ppm) relative to tetramethylsilane were
referenced internally with respect to either the protio resonance
of residual CHCl; (6y = 7.26 ppm and 6c = 77.16 ppm) or
CF;COOH (6 = —78.50 ppm). UV-Vis spectra were recorded
using UV/Vis/NIR Spectrophotometer Jasco V-770 with a single
monochromator, deuterium, and wolfram-halogen lamp,
operating in the range of 190 to 2700 nm. The samples were
inserted into quartz cuvettes (10 mm). The mass spectra were
collected on an LCQ Fleet mass spectrometer (Thermo Scien-
tific, Waltham, MA, USA) equipped with an electrospray ion
source and three-dimensional (3D) ion-trap detector. Spectra
were acquired in the positive mode in the m/z range 50-2000
using following settings: ionization spray voltage = 5 kV [—4.83
(=), 5.22 (+)]; capillary temperature = 275 °C; capillary voltage =
50 V; tube lens = 120 V (+), —100 V (—). Photoswitching exper-
iments were conducted within an irradiation chamber assem-
bled with high-power LED diodes operating at wavelengths of
365, 420 or 460 nm. These experiments were performed in
arefrigerated environment to prevent overheating and exposure
to the ambient light. The photoswitching experiments were
conducted in either an NMR tube or a cuvette for UV-Vis
measurements, with the sample exposed to irradiation at
365 nm or 420 nm to initiate Z,E-isomerization. Spectra were
recorded after transferring the sample from the irradiation
chamber to the spectrometer, ensuring that the sample was
protected from light during the transfer process. The spectra
recorded after irradiation at 365 nm and 420 nm were compa-
rable, and the most representative data are presented in this
study. The reverse E,Z-isomerization induced by 460 nm irra-
diation was carried out in the same manner. The ratios of Z- and
E-isomers (Table 2) were determined by integrating the inten-
sities of the respective N=N-H signals in the "H NMR spectra.
Irradiation times were chosen to be 30 minutes for long irra-
diation cycles and shorter durations (20 seconds, 1 minute, 3
minutes) for measuring photofatigue resistance.

Crystallography

The collection of the X-ray diffraction data (see ESI, Table S17)
for the selected single crystals was performed using an XtaLAB
Synergy-1 diffractometer (Rigaku Corporation, Tokyo, Japan)
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with a HyPix3000 hybrid pixel array detector and a micro-
focused Photon]et-I X-ray source (Cu Ka) at 100.0(2) K. The data
integration, scaling, and absorption for correction were applied
using the program CrysAlisPro 1.171.40.82a.>* The crystal
structures were solved using the SHELXT* and all non-
hydrogen atoms were refined anisotropically on F* using and
refined by the full matrix least-squares procedure with Olex2.-
refine** in OLEX2 (version 1.5).>® All hydrogen atoms were found
in differential Fourier maps and their parameters were refined
using a riding model with Ujso(H) = 1.2(-CH,) or 1.5(-CHj)Ueq.
To obtain structures suitable for the calculations we finalized
their refinement using the non-spherical structure refinement
method called Hirshfeld atom refinement***” incorporated into
the module NoSpherA2 (ref. 28) (level of theory: B3LYP and
def2-TZVPD for 2-Br, B3LYP and x2c-TZVPP for 2-I). All the
structural files, either classically or NoSpherA2 refined, were
submitted to Cambridge Structural Database (CSD) with the
following deposition numbers: 2335394 (2-Br), 2335395 (2-
Brnosph), 2335397 (2-I), 2335396 (2-Inosph). The molecular
structures and packing diagram were drawn with MERCURY.*

Compound 1

Diisopropylamine (13 ml, 0.092 mol, 2.1 eq.) was placed into
Schlenk flask (250 ml) and dissolved in 40 ml of THF that was
added via syringe under argon atmosphere. Then, to the stirred
solution was added dropwise n-butyllithium (36 ml, 0.091 mol,
2.05 eq.) via syringe under argon atmosphere at —84 °C. The
resulting mixture was warmed to 0 °C and stirred at this
temperature for 1 hour. 2-Picoline (4.3 ml, 0.044 mol, 1 eq.) and
diethyl carbonate (16 ml, 0.132 mol, 3 eq.) were dissolved in
40 ml of THF in a separate Schlenk flask (250 ml). The solution
of lithium diisopropylamide was cannulated into the mixture of
2-picoline and diethyl carbonate at —84 °C. The resulting
solution was allowed to stir for 1 hour at —84 °C. Then, the
solution was warmed to room temperature and stirred at this
temperature overnight. The reaction mixture was diluted with
a saturated aqueous solution of NH,Cl (120 ml) and deminer-
alized water (120 ml), followed by the extraction with ethyl
acetate (3 x 100 ml). The combined organic layers were dried
over MgSO, and concentrated in vacuo. Purification by column
chromatography (petroleum ether/ethyl acetate, 7/3, v/v) resul-
ted in bright yellow oil (3.91 g, 54%). "H NMR (500 MHz, CDCl;,
298 K): 6 1.22 (t, °] = 7.2 Hz, 3H, H9), 3.84 (s, 2H, H6), 4.15 (q,
*Juu = 7.2 Hz, 2H, H8), 7.14-7.17 (M, *Jyy = 7.2 Hz, Jyu =
5.0 Hz, *Jy_y = 1.0 Hz, 1H, H4), 7.27 (d, *Jy_y = 7.2 Hz, 1H, H2),
7.62 (td, *Jy_p = 7.2 Hz, *Jy_y = 1.0 Hz, 1H, H3), 8.52 (dd, *Ji_n
= 5Hz, Jy_y = 1.0 Hz, 1H, H5) ppm. *C NMR (125 MHz, CDCl;,
298 K): 6 14.2 (s, C9), 44.0 (s, C6), 61.1 (s, C8), 122.1 (s, C4), 123.9
(s, C2), 136.7 (s, C3), 149.5 (s, C5) 154.6 (s, C1) ppm.

General procedure for synthesis of hydrazones (2)

o-Halogen substituted aniline (3 mmol, 1 eq.) was dissolved in
3.6 ml of demineralized water and 1.8 ml of concentrated HCI
and the solution was stirred at 0 °C for ca. 15 minutes. The cold
solution of NaNO, (3.3 mmol, 1.1 eq.) in 0.9 ml of demineral-
ized water was added dropwise over a period of 30 minutes. The
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resulting diazonium salt was added dropwise at 0 °C to the
mixture of 1 (3 mmol, 1 eq.) and sodium acetate (27 mmol, 9
eq.) in 13.5 ml of ethanol/demineralized water (v/v, 5:1). After
addition of the whole portion of the diazonium salt, the reac-
tion mixture was let to stir overnight at room temperature. The
filtration and washing of the precipitate with cold demineral-
ized water and diethyl ether led to isolation of hydrazones 2-Cl
and 2-Br that were crystallized from methanol solution and
isolated in sufficient purity. Compounds 2-F and 2-I were
purified by CC as described below for individual products. Atom
labelling of 2-X compounds is displayed in the inset of
Scheme 1.

2-F. CC (SiO,, DCM to DCM/MeOH 99:1, v/v) furnished
yellow-orange liquid (379 mg, 48%). "H NMR (500 MHz, CDCl;,
298 K): 6 1.45 (t, °] = 7.2 Hz, 3H, H9), 4.41 (q, *Jyz_1; = 7.2 Hz, 2H,
H8), 6.92-6.97 (m, 1H, H12), 7.05-7.10 (m, 1H, H14), 7.16 (t, *J;;_
u = 7.7 Hz, 1H, H13), 7.28 (ddd, *Ji;_; = 7.5 Hz, *Ji;_y = 4.9 Hz,
YT = 1.0 Hz, 1H, H4), 7.78-7.84 (m, 2H, H11 and H3), 8.23 (d,
*Jun = 8.3 Hz, 1H, H2), 8.66-8.68 (dq, 1H, H5), 15.00 (s, 1H,
NH) ppm. *°F NMR (470 MHz, CDCl;, 298 K): 6 —137.0 ppm. **C
NMR (125 MHz, CDCl;, 298 K): 6 14.5 (s, C9), 61.3 (s, C8), 115.3
(d, >Jc_r = 17.7 Hz, C14), 115.7 (d, *Jc_r = 2.2 Hz, C11), 122.6 (d,
Yer = 6.5 Hz, C12), 122.7 (s, C4), 124.5 (s, C2) 125.1 (d, *Jc_p =
3.3 Hz, C13),127.5 (s, C6), 132.1 (d, */c_r = 9.8 Hz, C10), 137.0 (s,
C3), 146.7 (s, C5), 151.4 (d, YJo_p = 243.2 Hz, C15), 152.5 (s, C1),
165.7 (s, C7) ppm. MS m/z (+): caled for C;5H;;N;0,F 310.10
[M + NaJ; found 310.02. Ay (CHClL)/nm 370 (e/dm®
mol ' em ™' 28 622).

2-ClL. Bright yellow solid (294 mg, 64%), mp 59-60 °C, 'H
NMR (500 MHz, CDCl;, 298 K): 6 1.45 (t, */z_; = 7.2 Hz, 3H, H9),
4.41(q, *Ju_u = 7.2 Hz, 2H, H8), 6.94 (td, *Jy_ = 7.6 Hz, Yy =
1.5 Hz, 1H, H12), 7.27-7.34 (m, 3H, H4, H13 and H14), 7.80-7.84
(m, 2H, H3 and H11), 8.25 (d, *Jy-u = 8.8 Hz, 1H, H2), 8.69 (d,
*Juu = 5.5 Hz, 1H, H5), 15.31 (s, 1H, NH) ppm. "*C NMR (125
MHz, CDCl;, 298 K): 6 14.4 (s, C9), 61.2 (s, C8), 115.4 (s, C11),
120.1 (s, C15), 122.6 (s, C4), 122.8 (s, C12), 124.4 (s, C2), 127.6 (s,
C13), 127.9 (s, C6), 129.3 (s, C14), 136.9 (s, C3), 140.3 (s, C10),
146.7 (s, C5), 152.2 (s, C1), 165.6 (s, C7) ppm. MS m/z (+): caled
for C15H;4,N30,Cl 326.07 [M + Na]*; found 326.05. A (CHCI;)/
nm 370 (¢/dm® mol ™" ecm™" 26 293).

2-Br. Bright yellow solid (906 mg, 86%), mp 75-76 °C, 'H
NMR (500 MHz, CDCl;, 298 K): 6 1.45 (t, °] = 7.2 Hz, 3H, H9),
4.41 (q, *Jy_y = 7.2 Hz, 2H, H8), 6.86-6.90 (m, 1H, H12), 7.29
(ddd, *Jyy_yy = 7.9 Hz, *Jy s = 4.9 Hz, “Jy_y = 1.1 Hz, 1H, H4),
7.32-7.35 (m, 1H, H13), 7.50 (dd, *Jy_y = 7.9 Hz, *Jy_y = 1.3 Hz,
1H, H14), 7.80-7.84 (m, 2H, H3 and H11), 8.24 (dt, *Jy_y =
7.9 Hz, “J;z = 1.1 Hz, 1H, H2), 8.68-8.70 (m, 1H, H5), 15.35 (s,
1H, NH) ppm. **C NMR (125 MHz, CDCl;, 298 K): 4 14.5 (s, C9),
61.3 (s, C8), 109.7 (s, C15), 115.8 (s, C11), 122.7 (s, C4), 123.4 (s,
C12), 124.4 (s, C2), 127.6 (s, C6), 128.6 (s, C13), 132.6 (s, C14),
137.0 (s, C3), 141.7 (s, C10), 146.9 (s, C5), 152.2 (s, C1), 165.6 (s,
C7) ppm. MS m/z (+): caled for C,5H,4N30,Br 370.02 [M + Na]';
found 370.01. Apa(CHCl3)/nm 370 (¢/dm® mol * em™* 21 955).

2-1. CC (SiO,: petroleum ether/acetone 95 : 5, v/v) furnished
yellow solid (90 mg, 10%), mp 98-99 °C, '"H NMR (500 MHz,
CDCl;, 298 K): 6 1.45 (t, *Jy_y = 7.1 Hz, 3H, H9), 4.41 (q, *Ju_u =
7.1 Hz, 2H, H8), 6.76 (t, °] = 7.6 Hz, 1H, H12), 7.28-7.31 (m, 1H,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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H4),7.37 (t, *Ju_n = 7.7 Hz, 1H, H13), 7.74 (d, *Jy_ = 8.0 Hz, 2H,
H11 and H14), 7.82-7.86 (m, 1H, H3), 8.26 (dd, *J;_y = 8.3 Hz,
1H, H2), 8.72-8.75 (m, 1H, H5), 15.34 (s, 1H, NH) ppm. *C NMR
(125 MHz, CDCl3, 298 K): 6 14.5 (s, C9), 61.3 (s, C8), 83.6 (s, C15),
115.9 (s, C11), 122.7 (s, C4), 124.2 (s, C12), 124.5 (s, C2), 127.4 (s,
C6), 129.5 (s, C13) 137.1 (s, C3), 139.2 (s, C14), 144.6 (s, C10),
147.1 (s, C5), 152.3 (s, C1), 165.7 (s, C7) ppm. MS m/z (+): caled
for C;5H14N;0,1 418.00 [M + Na]"; found 417.94. A, (CHCI;)/
nm 370 (¢/dm® mol™* ecm " 23 106).

Results and discussion
Synthesis and characterization

The Japp-Klingemann reaction produced a series of
compounds 2-X. Compounds 2-Cl and 2-Br were obtained
through filtration and water washing from the reaction mixture,
demonstrating sufficient purity without requiring further puri-
fication, with yields of 64% and 86%, respectively. The synthesis
of 2-F yielded a dark red liquid as the crude product, subse-
quently purified via CC on silica gel. The resulting yellow-orange
liquid was isolated with a 48% yield. 2-I was isolated as a light
brown solid. Crystallization of this crude product from a petro-
leum ether/acetone solvent mixture (95 : 5, v/v) led to the isola-
tion of yellow ribbon-like and orange square-shaped crystals,
both suitable for X-ray diffraction analysis. They were later
identified as 2-I and a side product 2-{(Z)-[(E)-(2-iodophenyl)
diazenyl][2-(2-iodophenyl)hydrazinylidene|methyl}pyridine (2-
I_azo),* respectively. The similar polarity of these components
made purification using CC to be a rather complicated process
allowing us to isolate only limited amount of 2-I (10%) as a pure
fraction. Unfortunately, 2-I_azo could not be isolated as a pure
product and cannot be considered a successful synthesis
outcome.

Mass analysis, 'H and '>C and NMR spectra of hydrazones 2-
F, 2-Cl, 2-Br, and 2-I confirmed isolation of the desired prod-
ucts. Additionally, 2-F was investigated by '°F NMR (Fig. S1-
S277). All 2-X series examined by ESI mass spectrometry showed
one set of peaks. The most intense mass peak corresponded to
the [M + Na]" ion. In all cases, the experimental monoisotopic
distribution patterns perfectly matched the calculated ones.
Mass spectrometry analysis indicated the isolation of a mixture
of compounds 2-I and 2-I_azo (Fig. S281). "H NMR spectroscopy
analysis confirmed the formation of the C=N hydrazone bond
in all 2-X compounds, evidenced by the disappearance of the
corresponding singlet at 3.84 ppm for compound 1. Another
piece of evidence for hydrazone formation was the downfield
shift of signals observed in the "H NMR spectra of compounds
2-X, with the most significant shifts occurring for H2 atoms (A6
=~ 1 ppm) in comparison to compound 1. As expected, the 'H
NMR analysis also confirmed that compounds 2-X were not
isolated as 100% isomerically pure compounds.

Singlets in the range between 15.35 and 12.23 ppm revealed
the isolation of hydrazones in both isomers: 91%, 92%, 93%,
91% of Z-isomer and 9%, 8%, 7%, 9% of E-isomer for 2-F, 2-Cl,
2-Br, and 2-1, respectively. 'F NMR of 2-F also confirmed the
presence of two isomers E- and Z-, —137.6 and —137.0 ppm,
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Carbon signals for the pyridine ring in "*C NMR spectra are
shifted downfield in 2-X series compared with 1. Signals for C-X
in hydrazones (referring to C15) exhibited the largest chemical
shift difference depending on the selected halogen substituent.
The more electronegative substituent, the more downfield shift
was observed: 151.4 ppm for 2-F, 120.1 ppm for 2-Cl, 109.7 ppm
for 2-Br and 83.6 ppm for 2-1. The opposite trend can be found
for signals C10 and C14, which are the neighbouring signals to
C15-X. Additionally, the signals for all carbons of the stator part
(C10-C15) in 2-F were observed as doublets due to coupling with
the fluorine atom.

Crystal structures

The compounds 2-Cl, 2-Br, and 2-I crystallize in the form of soft
ribbon-like crystals that tend to stack and cluster. This, coupled
with their noted softness, poses a significant obstacle to
obtaining high-quality diffraction data. Therefore, good quality
X-ray diffraction data were collected only for 2-Br and 2-I, while
the crystal structure of 2-Cl was submitted to Cambridge
Structural Database (CSD) as CSD Communication.*" Never-
theless, also in the case of 2-Cl, the structure and connectivity
were undoubtedly confirmed.

The crystal structures of 2-Cl, 2-Br, and 2-I are very similar,
composed solely of the organic molecules adopting the Zz-
isomer configuration (Fig. 1A-C). The pyridine rotor part of the
molecule is involved in intramolecular hydrogen bonding
(IMHB) formed between the hydrazone amine group and pyri-
dine nitrogen atom. The donor:--acceptor distances for this
contact are similar (in A): d(N---N) = 2.614(5) and 2.628(5) in 2-
Cl, 2.563(3) in 2-Br, and 2.559(6) in 2-I. The distances between
the hydrazone nitrogen and the halogen atom are more influ-
enced by the type of the halogen atom (in A): d(N---X) = 2.941(4)
and 2.946(4) in 2-Cl, 3.038(2) in 2-Br, 3.197(2) in 2-I. These
interactions were investigated using Quantum Theory of Atoms
in Molecules (QT-AIM).** The wavefunctions were calculated
using fragments from the experimental X-ray diffraction
studies. In cases where the diffraction data exhibited sufficient
quality, the structures were ultimately refined using Hirshfeld
refinement implemented as NoSpherA2 module in Olex2. In the
case of 2-Cl, the positions of hydrogen atoms were optimized
using Density Functional Theory (DFT) at B3LYP level of theory
(def2-SVP basis set). For the wavefunction calculations, DFT was
used at the B3LYP level of theory and with the ZORA relativistic
approximation® and ZORA-def2-TZVP basis*” for all the atoms
other than hydrogen and carbon (ZORA-def2-SVP). The SARC/J
Coulomb fitting basis set was utilized as an auxiliary basis
set.** The calculations were performed using the Orca 4.2.1.
package,* and the Multiwfn software®**” was used for QT-AIM
calculations. For visualisation of the calculated properties the
AIMAII software was used.?

The investigation of the calculated electron density (p(r))
topology revealed (3, —1) bond critical points together with
respective bond paths among all the involved atoms (Fig. 1D-F).
Both types of contacts, either N-H---N or N-H---X, exhibit
density properties corresponding to their non-covalent nature
(V?o(r) > 0). However, for the N-H:--N contacts, small and
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Fig.1 A perspective view of the molecular structures of hydrazone switches in crystal structures 2-Cl (A), 2-Br (B), and 2-1 (C). Used color code:
bromine (brown), carbon (light brown), chlorine (green), hydrogen (white), iodine (violet), nitrogen (blue), oxygen (red). Contour plots for 2-CL (D),
2-Br (E) and 2-1 (F) represent the Laplacian of electron density V2p(r) with shown (3, —1) bond critical points (brown dots) and bond paths (black
solid and dashed lines). The perspective view is the same as that used for displaying the molecular structures.

negative values of potential electron density %(r), and a ratio of
potential and kinetic energy densities |V(r)|/G(r) slightly larger
than 1.0, were calculated. This indicates small covalent contri-
bution and a large strength of these hydrogen bonds (Table 1).
The interaction energies were calculated from V(r) using
approximation (Ei,, = V(r)/2)** confirming that the N-H---N
hydrogen bonds are the strongest, with their strength
increasing from 2-Cl (11.3 keal mol ") to 2-I (13.2 kcal mol *,
Table 1). The N-H---X contact is significantly weaker, with
energies ranging between 3.5-4.1 kcal mol ™" (Table 1).

Photoisomerization study

The Z,E-isomerization of compounds 2-X, induced by irradia-
tion, was monitored using UV-Vis and 'H and "°F NMR spec-
troscopy. The spectra can be found in ESI - Fig. S29-S45.1

The study of photoswitching phenomena (Fig. 2A) of 2-F, 2-
Cl, 2-Br, and 2-I using UV-Vis spectroscopy was performed by
dissolving samples in chloroform (2.73 x 10> M for 2-F, 2-Cl, 2-
Br, and 1.36 x 107> M for 2-1).

The spectra of all studied hydrazones exhibited a similar
trend with Apa = 370 nm (2-F: ¢¥7° = 28 622 mol * dm® cm 7, 2-
Cl: ¢€7° = 26293 mol™ dm® cm™?, 2-Br: ¢7° = 21955 mol ™"
dm® em™, 2-1: £7° = 23106 mol™* dm® cm™"). These values
shifted hypsochromically upon Z — E isomerization (2-F: £*®* =
26 880 mol™* dm?® cm ™%, 2-Cl: 3% = 24 582 mol ™' dm® ecm™?, 2-
Br: ¢°* = 20650 mol ™! dm® em™, 2-I: £**° = 22182 mol ™’
dm® em™), upon irradiation for 30 minutes at 420 nm.
Conversely, the absorption bands shifted bathochromically
upon E — Z back isomerization after 30 minutes of irradiation
at 460 nm (2-F: >’ = 30543 mol ' dm® em™*, 2-CL: £*”*> = 26
292 mol ' dm® em ™%, 2-Br: £”°> = 23289 mol ' dm?® em ™%, 2-I:

Table1l Topological and energetic properties of p(r) calculated at the selected (3, —1) critical points. All values are provided in atomic units (a. u.)

unless stated otherwise

V(1) he(r) G(r) V(r) [V(r)|/G(r) e Eing/keal mol ™"
2-Cl mol1 N-H---N 0.130 —0.0018 0.034 —0.036 1.06 0.007 11.3
N-H---Cl 0.066 +0.0020 0.014 —0.012 0.86 1.142 3.8
2-Cl mol2 N-H---N 0.0126 —0.0012 0.033 —0.034 1.03 0.008 10.7
N-H---Cl 0.066 +0.0020 0.014 —0.012 0.86 1.123 3.8
2-Br N-H---N 0.142 —0.0012 0.037 —0.038 1.03 0.007 11.9
N-H:--Br 0.059 +0.0011 0.014 —0.013 0.93 0.563 4.1
2-1 N-H---N 0.144 —0.0029 0.039 —0.042 1.08 0.061 13.2
N-H:---1 0.051 0.0009 0.012 —0.011 0.92 0.515 3.5
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(A) Scheme for Z E-isomerization induced by irradiation from UV-Vis range for 2-F (X = —F), 2-Cl (X = —Cl), 2-Br (X = —Br) and 2-1 (X = ).

(B) Structure of diastereomer 2-X-E* isolated after photoswitching at 460 nm. (C) UV-Vis spectrum of 2-CL (2.73 x 107> M) in chloroform. (D) UV-
Vis spectrum of 2-Br (2.73 x 10™> M) in chloroform.

&7 = 24229 mol™* dm® em ™). For 2-Cl, the E — Z isomeri-
zation process was found to be completely reversible (Fig. 3C).

The photoswitching efficiency of 2-X hydrazones was tested
and demonstrated (see ESI, Fig. S36-S457). Unfortunately, only
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partial reversibility was observed, particularly for compounds 2-
Cl and 2-Br (Fig. S39 and S43t). Optimizing irradiation condi-
tions or selecting different solvents did not achieve full revers-
ibility for 2-Cl and 2-Br (Fig. S40-S42 and S447). It is noteworthy
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Fig. 3 The minimal energy pathway for Z,E-isomerization for 2-Cl calculated with CAM-B3LYP+D4/def2-TZVP/C-PCM(CHClz). Top — the
respective molecular geometries. Bottom — relative energies, enthalpies, and Gibbs energies.
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that this behavior has been previously reported for hydrazone
photoswitches.”” We did not investigate this trend in more
detail, as it is not the primary focus of this study.

Isomerization induced by irradiation at wavelengths of 420
and 460 nm, as investigated via "H NMR, is summarized in
Table 2. The N-H signals were chosen to elucidate the isomer-
ization process. Initial equilibrium for Z- and E-isomers was
determined in the range of 15.00-15.35 ppm and 12.23-
12.48 ppm, respectively. The dx_p(z) values displayed negligible
changes after irradiation at 420 nm, except for 2-I-E with A =
0.14 ppm. The signal intensity values for N-H(E) increased for
all 2-X-E compounds with the highest ratio observed for 2-CI-E
(55%). Intriguingly, irradiation at 460 nm induced back-
isomerization into the primary 2-X-Z and a minor 2-X-E*
isomer (Fig. 2B). The back-isomerization of 2-X compounds
proved to be efficient, notably yielding 2-I-Z isomer in 100%
yield. NMR assignment of diastereomers 2-X-E and 2-X-E* was
corroborated by DFT calculations (vide infra). The diastereomer
2-X-Z* was not detected by "H NMR in this study. Isomerization
of 2-F was also monitored by *°F NMR spectroscopy. Isomers 2-
F-Z and 2-F-E appeared as singlets at —137.0 and —137.6 ppm,
respectively, and remained unchanged after irradiation at
420 nm (Fig. S30t). An expected increase in signal intensity was
observed for 2-F-E. Upon isomerization to the initial state,
a multiplet was observed at —137.0 ppm for 2-F-Z. This tech-
nique does not distinguish between diastereomers 2-F-E and 2-
F-E*. Comparingly to structurally similar systems,'® the photo-
isomerization of pyridine rotor-based hydrazone, such as ethyl-
(2-phenylhydrazinylidene)(pyridin-2-yl)acetate, was observed to
be considerably inefficient, yielding only an additional 2% of
the minor isomer, with the back isomerization even being
suppressed. However, when a quinoline stator was incorporated
into the hydrazone structure, the photoisomerization became
notably more efficient, shifting the E/Z ratio (following the
nomenclature used in this work') from 90/10% to 5/95%.
Importantly, the back isomerization was not induced, likely due
to the absence of a suitable irradiation wavelength.” In
summary, our investigation confirmed the photoswitchibility of
o-halogen hydrazones with pyridine-based rotors, as well as the
reversibility of this process.
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Photostability study

The presence of diastereomer 2-X-E*, determined from photo-
isomerization studies of 2-X, was supported by DFT calcula-
tions. The obtained findings, based on 'H NMR spectra,
suggested possible photodegradation upon prolonged exposure
to 460 nm irradiation. Consequently, we chose to investigate the
photostability of 2-Br as a model system due to its satisfactory
yield.

Initially, 2-Br (0.02 M) was subjected to 460 nm irradiation
for 30 minutes, confirming the observed trend with back-
isomerization to 2-Br-Z and the formation of diastereomer 2-
Br-E* (Fig. S3271). This was corroborated by the downfield shift
of the initial N-H(E) signal from 12.45 to a new signal at
13.38 ppm. However, upon extending the exposure of the
sample to 460 nm irradiation for 3 hours, a significant alter-
ation in the proton spectrum was observed, indicating probable
hydrazone decomposition (Fig. S461). Notably, the N-H signal
characteristic for the hydrazone was undetectable, while the
remaining signals remained unaffected.

MS analysis supported the proton NMR findings, revealing
signals for fragments of the rotor part and confirming decom-
position of the C=N bond (Fig. S47 and S48t). The sample
concentration (0.02 M) was deemed inadequate for additional
supporting measurements (e.g., >N, "H-">N HSQC, and HMBC)
aimed at further investigating this process. Consequently, the
sample concentration was increased to 0.1 M. However,
measurements of this sample following exposure to 460 nm
irradiation for 3 hours did not confirm sample degradation
(Fig. S49-S51%). This limitation hindered the verification of
hydrazone group degradation.

An identical experiment was performed for 2-F (0.02 M) to
verify and compare the effect of o-halogen substituents on
photostability. Elevated signals corresponding to the initial
reactant 1 were observed, suggesting the decomposition of the
hydrazone. However, the N-H signals for both isomers
remained intact, indicating the robustness of the hydrazone
when exposed to 460 nm irradiation for 3 hours. This contrasts
with the findings obtained for 2-Br. Prolonged exposure of 2-F to
460 nm irradiation did not reveal any changes in this regard.

Table 2 Summarization of *H, 2C and *°F chemical shifts 6 [ppm] of selected atoms, isomeric ratios [%], absorption maxima Amax [NM] and molar
absorption coefficients e [mol™ dm® cm™] for 2-X series before and after photoisomerization. Measurements were performed in chloroform

2-F 2-Cl 2-Br 21

Initial 420 nm 460 nm Initial 420 nm 460 nm Initial 420 nm 460 nm Initial 420 nm 460 nm
6N,H(Z) 15.00 15.00 15.00 15.31 15.31 15.31 15.35 15.35 15.34 15.34 15.34 15.36
6N,H(E) 12.23 12.25 12.96° 12.48 12.45 13.31¢ 12.45 12.43 13.38¢ 12.29 12.43 b
Oc1s 151.4 n.d. n.d. 120.1 n.d. n.d. 109.7 n.d. n.d. 83.6 n.d. n.d.
% ZIE 91/9 53/47 93/7 92/8 44/55 91/9 93/7 51/49 90/10 91/9 62/38 100/0
k) —-137.0  -137.0  —137.0 — — — — — — — — —
O ~137.6  —137.5 b — — — — — — — — —

max 370 363 373 370 363 372 370 364 375 370 365 376

e 28 622 26 880 30543 26 293 24 582 26292 21955 20650 23289 23106 22182 24229

“ Formation of the 2-X-E*. ” Measured but not detected. n.d. not detected (the measurement was not performed).
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Computational studies

The hydrazone switching was also investigated theoretically at
DFT and TD-DFT level of theory using ORCA 5.0 software.**
Herein, CAM-B3LYP range-separated hybrid functional was
used*” together with the atom-pairwise dispersion correction
(D4).** The def2-TZVP basis set was used for all atoms.** The
calculations were speed-up using def2/] Coulomb fitting basis
set* and RIJCOSX approximation.*” The largest integration grid
(DefGrid3) and tightSCF convergence criteria were used in all
calculations. Also, the implicit solvation model C-PCM was used
during geometry optimization.*®*” The calculated data were
visualized with VESTA 3 program.*®

In order to elucidate the impact of different halogen atoms
on the isomerization process, the geometry optimization and
energetics calculations were done for the reaction mechanism
involving: (i) the proton transfer from azo-group to pyridine,
hence tautomerization (2-X-Z — 2-X-Z-a), where also respective
transition state was identified (2-X-Z-TS"), (ii) rotation of azo-
group (2-X-Z-a — 2-X-E-b) and locating the transition state (2-
X-TS“?), (iii) followed by the rotation of X-phenyl group (2-X-E-
b — 2-X-E-c), (iv) and finished again by the tautomerization (2-
X-E-c — 2-X-E). In case of first tautomerization, the intra-
molecular transfer of proton was considered which enabled to
locate its 2-X-Z-TSY, whereas the intermolecular transfer of
proton is required for the second tautomerization, thus such
transition state was not pursued. Moreover, analogous reaction
path was studied for respective diastereomers, 2-X-Z* < 2-X-E*.
The results of the calculations are depicted in Fig. 3 for X = -Cl,
and in Fig. S52-S547 for the rest of the compounds.

Having thermodynamic data available, the potential of these
compounds for Molecular solar thermal (MOST) energy storage
materials was evaluated - Fig. 4, Tables S2 and S3.} Therefore,
the enthalpy of the back-isomerization process (E — Z) AHE >Z

150

defining energy storage capacity was calculated as AHZ'Z =

H(2-X-Z) — H(2-X-E). The values of AHE > # were found in narrow
range, 18.27-18.90 k] mol ™" (4.37-4.52 kcal mol ") and these
values are similar to other systems based on the hydrazones.

Next, the activation Gibbs energies of the back-isomerization
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Fig. 4 The variation of activation Gibbs energies of the back-isom-
erization process AG* 7% and AG* £*7Z" for 2-X compounds based
on CAM-B3LYP/pcSseg-2/C-PCM(CHCls) calculations.
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process AG* 7% defining the rate of releasing the stored
energy were calculated as AG* 77 = G(2-X-TS*) — G(2-X-E). In
contrast to AHE_’#, significant variations in AG* £ % values are
observed for various halogen substituents -X, AG* #7% = 88-
138 k] mol " (21-33 keal mol ') indicating the potential to tune
the activation energy height of photoisomerization by selecting
appropriate ortho substituent on the stator. Analogous calcula-
tions were performed for back-isomerization of diastereomers
(E* — Z*) with similar trends.

Moreover, the "H NMR shifts were calculated for all reac-
tants, products and intermediates using the already optimized
molecular geometries, but the basis set more suitable for such
calculations, namely pcSseg-2.*° In case of iodine atoms, such
basis was not available, therefore def2-TZVP together with
respective ECP was used.’ The outcome of these calculations
are presented in Tables S4-S7.1 The variation of "H NMR shifts
along Z-E (Z*-E*) pathway for the hydrogen atom bonded either
to azo-group or to pyridine moiety is highlighted in Fig. 5. The
most acidic signal is found for 2-X-Z-a (2-X-Z*-a) compounds,
whereas the lowest values are found for 2-X-E compounds.
Interestingly, the "H NMR shifts are significantly different for
diastereomers 2-X-E vs. 2-X-E*, in contrast to the difference
found for 2-X-Z vs. 2-X-Z* diastereomers.

Furthermore, TD-DFT calculations were performed to
compute the excited states and predict the absorption spectra
for the most stable species according to Gibbs energy, which are
2-X-Z and 2-X-E*. The intensities calculated from the TD-DFT
oscillator strengths were transformed into the molar absorp-
tion coefficients as implemented in software Multiwfn.*® The
resulted plots are showed in Fig. 6. Generally, the main transi-
tion located at ca. 31 000 cm ™" for 2-X-Z and at ca. 32 000 cm ™"
for 2-X-E* show little dependence on halogen substituent -X.
Anyway, these calculations show that these dominant transi-
tions are shifted to higher energies for 2-X-E* which agrees with
the experiments.

Z*-E* isomerization

z* *a E*b E*c E*
22 1 1 1 1
Z-E
20 - i .
[©)
€ 18 =
a v
3
= 16 4 g
£
2]
I 144
g
12 # & "
10 T T T T T
z Z-a E-b E-c E

Z-E isomerization

Fig. 5 The variation of *H NMR shifts along Z—E (Z*—E*) pathway for
the hydrogen atom bonded either to azo-group or to pyridine moiety
of 2-X compounds based on CAM-B3LYP/pcSseg-2/C-PCM(CHCls)
calculations.
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Fig. 6 The TD-DFT UV-Vis spectra of 2-X-Z and 2-X-E* species
calculated with CAM-B3LYP/def2-TZVP/C-PCM(CHCls).

The origin of these electron transitions was inspected for 2-
Cl-Z and 2-CI-E* with the method called interfragment charge
transfer during electron excitation (IFCT).** Herein, the mole-
cules were divided into four regions: X-phenyl group (Xph),
pyridine group (py), N-N-C atoms (azo) and the acetyl-ester
group (ac) as depicted in Fig. S55.f Now, the UV-Vis spectra
can be decomposed into the individual contribution of the
excitation within the defined groups - intra-group states (IaG),
and into the charge transfer between the groups - inter-groups
states (IeG) as showed in Fig. S55.1 Thus, the most significant
absorption band at ~31 000 cm ™" for 2-Cl-Z is dominated by
IeG(Xph — azo), IeG(Xph — py), IaG(azo) and IeG(azo — py)
whereas the situation for 2-Cl-E* is slightly different, the main
contributions are IeG(Xph — azo), IaG(azo), IeG(Xph — ac),
IeG(azo — ac) - Fig. S55.7F

The optimized structures in the Z- and E-configurations (vide
supra) were subjected QT-AIM calculations to investigate the
nature and strength of intramolecular interactions of hydra-
zone switches dissolved in CHCI;. Additionally, since the crystal
structure of 2-F is unknown, understanding the calculated
molecular structure and its properties offers valuable insights.

The optimized structures of the hydrazone switches in the Z-
conformation closely resemble the structures of 2-Cl, 2-Br, and
2-I as determined by X-ray diffraction. However, a notable
difference lies in the lower planarity of the optimized molecular
structures. This was quantified by measuring the angle between
the least-square planes of the phenyl and aromatic ring. In the
experimental structures, this angle ranged from 3.9° in 2-Cl to
6.3° in 2-I, whereas in the optimized structures, the angle
exhibited more uniform values, ranging from 13.6° in 2-F to
14.6° in 2-Cl. We examined the topology of the calculated
electron density in the optimized structures to analyse intra-
molecular hydrogen bonding. Our investigation revealed the
presence of bond paths and (3, —1) critical points between the
hydrazone amino group and the pyridine nitrogen and halogen

20864 | RSC Adv, 2024, 14, 20856-20866
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atoms in the molecules of 2-Cl, 2-Br, and 2-I (Fig. S567). The
interaction energies, Ej,, for N-H---N contacts were found to be
lower (Eine = 10.2-10.3 keal mol™') and with smaller covalent
contributions (|V(r)|/G(r) = 1.03, Table S8+) compared to those
calculated for the experimental crystal structures (Table 1). The
N-H---X interactions exhibit similar energies to those observed
in the experimental crystal structures, with the lowest Ej,
observed for 2-1 (3.1 keal mol ', Table S87) In the case of 2-F, the
calculated electron density of the optimized structure lacks
bond path and critical point for the N-H---F contact (Fig. S567).
However, Ej, for the N-H---N hydrogen bond is very similar to
other members of the series (10.1 kcal mol ™, Table S8t).

The photo switched molecules are in the E-configuration and
based on the donor---acceptor distances, it could be expected
that they exhibit two intramolecular hydrogen bonds: one
between the hydrazone amine group and carboxylic oxygen
atom and the second between the hydrazone amine group and
halogen atom. Topological analysis of the calculated electron
density revealed that, similarly to molecules in the Z-configu-
ration, the bond paths and (3, —1) critical points between N-H
group and halogen atom are observed only in the case of the 2-
Cl, 2-Br, and 2-I molecules (Fig. S5771). Their E;, values are
similar to those observed for Z-configuration, ranging from the
smallest in 2-I (3.2 kecal mol™) to 3.9 kcal mol ™" for 2-Cl (Table
S9t). The N-H---O are weaker than N-H---N hydrogen bonds,
with Ep,. adopting uniform values ranging between 9.2 and
9.4 keal mol ™" (Table S97).

To determine the nature of the interaction between the fluo-
rine atoms and the hydrazone group, despite the absence of a (3,
—1) critical point, we can evaluate its characteristics using Non-
Covalent Interactions (NCI) index. This method utilizes the
analysis of p(r) using the reduced density gradient function (s) to
distinguish between attractive and repulsive non-covalent inter-
actions.”® For the 2-Cl, 2-Br, and 2-I compounds, the sign(,)p
values indicates transition from a weak van der Waals type of
repulsive interaction observed for smaller halogen atoms
(sign(A2)p > 0) to weakly attractive for bigger halogen atoms
(sign(A,)p < 0, Table S107). In the absence of a critical point in 2-
F, we are left to visually compare the calculated gradient iso-
surfaces (s = 0.42 au, Fig. S58 and S597). The interaction between
the fluorine atom and the hydrazone group in both conforma-
tions is primarily repulsive, indicating that this interaction does
not contribute to the stability of either conformation. Further-
more, when we consider the nature of the N-H:--X interactions
in the Z-configuration for entire series (2-F, 2-Cl, 2-Br dominantly
repulsive, vs. attractive for 2-I), we can speculate that these
differences among the members of the series may contribute to
a non-monotonous dependence of Gibbs energies of tautomeri-
zation, with the largest value predicted for 2-1.

Conclusions

A series of novel photoswitchable o-halogen-substituted hydra-
zone switches (2-F, 2-Cl, 2-Br, and 2-I) were investigated. We
confirmed the photoswitching capability of all studied
compounds upon irradiation in the UV-Vis range using "H NMR
and UV-Vis spectroscopy. We observed that 2-X-E isomers were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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obtained in yields of 47%, 55%, 49%, and 38% after irradiation
at 420 nm. The photoswitching experiments provided compel-
ling evidence of their reversible isomerization to 2-X-Z when
irradiated at 460 nm, with 100% back isomerisation of 2-I to 2-I-
Z. Furthermore, we discovered that back-isomerization
produced a new diastereomer, 2-X-E* (for X = -F, -Cl, and -
Br), which was supported by DFT calculations, and we also
demonstrated the photofatigue resistance of 2-X. Our findings
indicate that o-halogen substituents in hydrazones slightly alter
photoswitchability. For 2-F, 2-Cl, 2-Br, the Z — E conversion
rate is very similar, ranging from 47 to 55%; however, for 2-1, the
conversion was suppressed to below 38%. Conversely, the E —
Z conversion was complete only for 2-I. We investigated the
structure of the studied hydrazone switches in both the solid
state and in CHCI; solution using theoretical methods that
combine DFT and QT-AIM calculations. We revealed that the
N-H---N hydrogen bonding in Z-conformations is stronger than
the N-H:--O hydrogen bonding in E-conformations. The
N-H---X hydrogen bonding is significantly weaker and adopts
similar values (3.1-4.1 keal mol ") for both conformations and
phases. A closer examination of the nature of the N-H:---X
interactions using the NCI method revealed that the weakly
attractive interactions for both conformations in solution are
found only in 2-I. These results could be correlated with non-
monotonous dependence of Gibbs energies of tautomeriza-
tion as calculated by DFT, with the largest value predicted for 2-
I. The DFT calculations also suggest that these derivatives are
promising materials for molecular solar thermal energy storage.
They demonstrate a significant impact of the X-substituents on
the kinetics of the isomerization process, particularly on the
height of the photoisomerization activation energy barrier,
which exhibits values either comparable to or larger than those
observed for structurally strained macrocyclic hydrazones.**
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