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Abstract: Under solvothermal conditions, the Zn(II) complexes formed from salophen-based ligands
with N and O donor atoms are reported. These Zn(II) complexes were initially confirmed through
elemental analysis and supported by mass spectral data. The purity of the ligands and Zn(II)
complexes was confirmed by using NMR spectral studies. The functional group complexation
was established by FT-IR analysis. Additional supportive information about the complexes is also
reported through molar conductance and thermal studies. The bandgap energies of the ligands
and Zn(II) complexes are estimated with UV-visible DRS studies. The rate of recombination of
hole-electron pairs is directly related to photocatalytic activity, which is confirmed by using emission
spectral analysis. The surface metaphors for ligands and complexes are obtained from FESEM
analysis. These new sequences of Zn(II) complexes were used for the photooxidation of 2,2'-(ethyne-
1,2-diyl)dianiline and its derivatives. Mechanistic studies on the fast degradation of dyes were
supported in the presence of several scavengers. The rapid photooxidation process in the presence of
[Zn(CPAMN)] has been demonstrated, and a highly efficient photocatalyst for the photooxidation
of 2,2'-(ethyne-1,2-diyl) dianiline has been proposed. Furthermore, the experimental findings are
supported by the DFT studies.

Keywords: Zn(Il) complexes; DFT calculations; photocatalytic oxidation; rate of recombination;
surface area; 2-(2-nitrophenyl)-3H-indol-3-one

1. Introduction

The coordination chemistry of transition metal complexes has been the subject of broad
study in the past few decades. Moreover, metal-Schiff base complexes have continued to
enjoy extensive magnitude owing to their structural diversity and potential applications
in pharmacology and catalysis. Most of the studies have aimed to understand the role of
M(II) cations in many metalloenzymes in terms of structure-function relationships [1]. The
importance of transition metals in several biological systems [2] has motivated the study
of the complexes of Zn(Il) ions. Studies on lower/higher oxidation state complexes are
of special importance because of their potential uses as oxidizing agents, catalysts [3-5]
and electro-catalysts [6,7] for the oxidation of compounds such as alcohols, esters and
water [8,9]. M (II) complexes with various Schiff base ligands play an important role in
coordination chemistry, and a recognized Schiff base ligand is a salophen kind [10], with
a bi-functional and tetradentate ((ONNO-) ligand. Some asymmetric salophen kinds of
Schiff’s base were described by R. Atkins [11] in 1985, who suggested a wide-ranging
term for salophen kinds of tetradentate ((ONNO-) ligands. Because of the aromatic ring’s
substitution and outline hydroxyl group, salicylaldehyde and its analogues are suitable as
building blocks for salophen-based ligands. As soon as the azomethine group is formed
between the aldehyde and the primary amine, the alignment of the salophen kind of
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Schiff’s base [12,13] will form a new six-membered ring when it is complexed with different
metal ions.

Schiff’s base metal complexes with different d-block metals such as manganese [14],
cobalt [15], copper [16], and zinc [17] are extensively used as catalysts in oxidation reac-
tions. These metal complexes are active and selective catalysts in a diversity of organic
transformations as well as being straightforwardly synthesized, inexpensive and stable [14].
Schiff’s base ligands are typically 2-hydroxybenzaldehyde or salophen ligands. The high
electron-donating capability of the Schiff bases is good for promoting the rate of elec-
tron transfer. As a result, these salophen-type ligands are being considered as potential
candidates for increasing the overall catalytic performance of azomethine-functionalized
complexes [18,19].

Jacobsen’s catalyst is used in the well-known epoxidation reaction with a Schiff base
catalyst [13,20]. At the same time, Japanese chemist, Katsuki et al., reported a very strong
asymmetric epoxidation with a chiral catalyst that is correspondingly a salophen-based
Mn(III) complex [21]. Several substituents at the 3,3" and 5,5 positions of Schiff base and
an azomethine scaffold based on Jacobsen’s catalyst were examined [22,23]. In the primary
surveys of the (salophen) Mn(Ill)-catalyzed epoxidation, Zhang noticed that steric moieties
such as phenyl and #-butyl groups at the 3,3’ location of the salophen system are crucial in
the direction of attaining great enantioselectivity [13]. Metal-salophen-kind Schiff bases
of uranyl complexes also play an important role as catalysts in Diels—Alder reactions [24].
Katsuki et al. reported the synthesis of asymmetric epoxidation of unfunctionalized olefins
in the presence of chiral (salophen) manganese (III) complexes [23].

Zn(Il) complexes include zinc carbonate, zinc acetate, zinc chloride, zinc nitrate, and
zinc sulfate, along with zinc oxide, which may be of the greatest importance in affording its
viable consequences as a semiconductor material [25]. Zn(II) Schiff base complexes [26]
and Zn(II)-based frameworks [27] exhibit excellent photocatalytic activity.

Presently, one of the focused areas of research has been dedicated in recent years to the
mixed ligand complexes of transition metals containing nitrogen and oxygen donors [28],
with potential applications such as the luminescent and fluorescent detection of nitroaromat-
ics [29,30]. In this current article, we designed and synthesized three Schiff base salophen
ligands and their Zn(II) complexes and reported their photocatalytic and photooxidation
studies. The significance of the present work is that all the photooxidation reactions were
carried out in the presence of the Zn(II) complex and water as a solvent in visible light
irradiation conditions. Moreover, the multiple photooxidation and cyclization reactions of
new indol-3-one based compounds and also the amine group converted into a nitro group.
Therefore, this photocatalytic reaction is a multiple photooxidation reaction.

2. Materials and Methods

'H and '¥C-NMR spectra were recorded on a Bruker AV400 MHz Spectrometer with
chemical shifts referenced using the 1H resonance of residual CDCl; and ds-DMSO. Mass
spectra of the complexes were recorded by an HR-EI instrument (JEOL, Tokyo, Japan). The
melting points of the complexes were verified by using a Cintex apparatus with range
50-450 °C. Thermograms of all the samples were obtained using a Shimadzu differen-
tial thermal analyzer (DTG-60H) with a heating rate of 10 °C min~! in the range from
50 to 1000 °C under a nitrogen-purging rate of 20 mL/minute. The surface morphology
and cross-section images of the devices were taken by field-emission scanning electron
microscopy (FE-SEM, ULTRA PLUS, a member of Carl Zeiss). FI-IR spectra were con-
firmed using Bruker spectrometer with 4 cm ™! resolution. The phases of the new materials
were established by powder X-ray diffractometer (Miniflex, Rigaku, Tokyo, Japan) (Cu
Ka, A = 1.5406 A angle range of 20 = 10° to 45°). The electronic spectra were measured in
CHCl3/DMF (2:1) solutions on Shimadzu UV-3600 Plus UV-Vis Spectrophotometer. The
photoluminescence (PL) spectra of the catalysts were documented on a Fluorescence Spec-
trophotometer F-7100 and with respect to their absorption maxima. All the photoreactions
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were performed by using a multi-tube photo reactor system with LED visible light, Lelesil
Innovative Systems, India.

2.1. Synthesis of N», Op)—Donor-Based Schiff’s Base Ligands

To a solution of 2-hydroxy-1-naphthaldehyde (50 mmol) in ethanol (50 mL) at 60 °C,
we added 4-chlorobenzene-1,2-diamine/4-fluorobenzene-1,2-diamine /4-methoxybenzene-
1,2-diamine (25 mmol) drop wise. The resulting reaction mixture was allowed to reflux
for 4 h. After the reaction mass cooled down and the solvent was taken out, a standard
aqueous workup was done to obtain the ligand (Scheme 1) as 1,1’-((1E,1'E)- ((4-chloro-1,2-
phenylene)bis(azanylylidene))-bis(methanylylidene))bis(naphthalen-2-ol) (CPAMN), 1,1'-
((1E,1"E)-((4-fluoro-1,2-phenylene)bis(azanylylidene))-bis(methanylylidene))bis(naphthalen-
2-ol) (FPAMN) and 1,1-((1E,1’E)-((4-methoxy-1,2-phenylene)bis(azanylylidene))bis
(methanylylidene))bis-(naphthalen-2-ol) (MPAMN).

o

=~

OH HzN R Ethanol
2 OO * Reflux, 4h~
HoN OH HO

R = Cl (CPAMN)
= F (FPAMN)
= OMe (MPAMN)

Scheme 1. Synthesis of new salophen-based Schiff’s base ligands.

2.2. Synthesis of Zn(1I) Complexes

The Schiff’s base ligand (CPAMN/FPAMN/MPAMN) (1.00 mmol) and Zn(OAc);
(1.00 mmol) were dissolved in methanol (30 mL); then, they were heated at 60 °C under
solvothermal conditions for 8 h. The solvent was evaporated under reduced pressure
and recrystallized to yield microcrystalline materials with a yield of the materials 64-75%
(Scheme 2).

R = Cl ([Zn(CPAMN)])

_ Zn(OAc), _ =N, N= O = F ([Zn(FPAMN)])
OH HO Methanol 60 °C Q O/Zn\o = OMe ([Zn(MPAMN)])

Scheme 2. Synthesis pathway for new Zn(II) complexes.

All the metal complexes were characterized using data from different instrumental
techniques such as elemental analyses, mass spectra, TH-NMR, 13C-NMR, IR studies,
thermal studies, electronic spectra, and conductivity studies. The particle size and shape of
complexes were examined through morphological studies by using FESEM.

3. Results and Discussion

The physicochemical and elemental data of both ligands (CPAMN, FPAMN and
MPAMN) and Zn(Il) complexes are given in Table S1. The experimental data of ele-
ments such as H, C, N, Cl, and Zn coincide with the calculated values and are equal to
[Zn(CPAMN)], [Zn(FPAMN)], and [Zn(MPAMN)], respectively. The Maldi mass spectral
data of the ligands and Zn(II) complexes were well-matched with the respective molec-
ular weights of the molecules. The mass spectra of all ligands and its Zn(II) complexes
(Figures 51-56) were measured with the Maldi mass procedure (HRMS) and revealed
that the base peak was given as [ML]*. The m/z values of 513.154, 497.075, and 508.843
for Zn(Il) complexes correspond to molecular ions of [Zn(CPAMN)], [Zn(FPAMN)], and



Photochem 2022, 2

361

[Zn(MPAMN)], respectively [31]. These formulae are supported well by the data acquired
from mass spectral studies of all the ligands and complexes.

The purity of the ligands was checked by 'H-NMR spectra recorded in dg-DMSO. The
broad signals at 6 15.109 and 14.978 ppm are indicative of the presence of the protons of
phenolic -OH groups of CPAMN ligand [32]. The singlet observed at 6 9.680 and 9.671
ppm can be assigned to the azomethine protons of the CPAMN ligand. The signals in the
range of 6 8.584-7.020 ppm (Figure S7) may be attributed to the aromatic protons. Similarly,
the 'H-NMR spectra of the FPAMN ligand also reveal phenolic -OH groups, azomethine,
and aromatic protons at 15.109, 14.979, 9.692, 9.683, and 8.593-7.029 ppm, respectively
(Figure S8) [28]. In the case of the MPAMN ligand, at 15.749 ppm, phenolic protons were
observed (Figure S9). As shown in Figures 57-59, the remaining azomethine and aromatic
protons are arranged in nearly the same pattern in the CPAMN, FPAMN, and MPAMN
ligands. Similarly, the diamagnetic nature of Zn(Il) complexes was verified by using 'H-
NMR spectra in dg-DMSO at ambient condition (Figure S10). The disappearance of an
Ar-OH protons resonance signal was observed as compared to ligands, which indicates that
the ligand is complexed with Zn?* ions through phenolic hydroxy groups. The azomethine
protons of all the three Zn complexes shifted to the deshielding by 0.12-0.20 ppm, and this
indicates that the Zn?* ions complex with nitrogen atoms [32,33]. The remaining resonance
signals of aromatic protons are moved very minor to upfield side in the "H-NMR spectrum
of each complex as related to those in the spectrum of each ligand.

The imine carbon resonance signal, shown at 169.827 ppm in the spectral data of the
ligand FPAMN, is found to have altered to the downfield side by 3.931 ppm. Therefore, it
indicates that imine carbons were shifted toward the lower frequency side and exposes that
the Zn2* ions complexed with nitrogen atoms [34]. All the remaining resonance signals of
carbon atoms present in aromatic rings have shown a very minor shift to the deshielding in
the 13C-NMR spectrum of every complex as related to its ligand spectrum. The spectrum
of the Zn(II) complex has shown a new signal at 188.668 ppm, which is characteristic of the
coordinated phenolic carbon atom (Figure S11).

The bonding vibrational modes of all the ligands and Zn(II) complexes were recorded,
and the comparison between IR spectra of ligands (CPAMN, FPAMN, and MPAMN) and
their Zn(II) complexes is shown in Figure S12. The strong peaks noticed at 1645-1660 cm ™!
and 3295-3345 cm ™! in the spectrum of ligands are recognized as the stretching vibrational
modes of the imine (-C=N-) and phenolic (-OH) groups, respectively [35]. In all of the
complexes, the phenolic group goes away compared to the ligand spectrum, and the imine
peaks move to lower frequencies. This shows that the azomethine group is coordinated
with zinc. Two new absorptions were observed in the IR spectra of the complexes when
compared to their corresponding ligands; one is around 428, 436, and 419 cm™! (v (Zn-N))
and the other is around 516, 522, and 518 cm ™! (v (Zn-O)) for [Zn(CPAMN)], [Zn(FPAMN)],
and [Zn(MPAMN)], respectively. These absorptions in the IR spectra of complexes indicate
that the Zn(II) ion is coordinated to the CPAMN/FPAMN/MPAMN through two imine
and two phenolic -OH groups [35]. The IR spectral data of Zn(II) complexes along with
details are presented in Table 1, and representative spectra are shown in Figure S12a—c.

Table 1. Infrared and electronic spectral data (cm™1) of Zn(II) complexes.

Complex v (Ar-OH) v (-C=N-) v (Zn-0) v (Zn-N) Aonset (nm) Eg (eV) (So%d(es‘t/;te) Ali?(f;czjg)
CPAMN) 3295 1645 - - 503.66 2.46 2.75 65
FPAMN 3306 1652 - - 512.39 242 2.72 59
MPAMN 3345 1660 - - 514.52 241 2.87 57
[Zn(CPAMN)] - 1628 516 428 596.15 2.08 2.18 208
[Zn(FPAMN)] - 1634 522 436 553.57 2.24 2.15 184
[Zn(MPAMN)] . 1642 518 419 568.80 2.18 2.4 169
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The P-XRD peaks of the ligands CPAMN, FPAMN, and MPAMN exhibited 26 values
in between 5 and 3 with high-intensity peaks at 25.82°, 25.91°, and 24.79°, respectively.
However, the [Zn(CPAMN), [Zn(FPAMN)], and [Zn(MPAMN)] complex peaks changed
when they were linked to their respective ligands. The peaks revealed in the [Zn(CPAMN),
[Zn(FPAMN), and [Zn(MPAMN)] complexes at 26 = 9.26°, 9.28°, and 5.78° were new and
intense after complexation with Zn(II) ions, whereas the peaks at 26 = 25.82°,25.91°, and
24.79° had a small shift and decreased in intensity (Figure 1). This indicates that Zn(II)
complexes are formed with salophen ligands [36].

a— [Z1{MPANMN]]

. [Z 11 F PANN )]

— [Z 1 CP AMN]]

Normalized Intensity (cps)

5 10 15 20 25 30 35
20

Figure 1. Powder XRD pattern of ligands and Zn(II) complexes.

In order to investigate the morphology features of samples, SEM characterization was
performed. The results showed that there were sufficient Zn(Il) complex nanofibers with a
large aspect ratio, uniform diameter, and smooth surface. This was a foregone conclusion
during the solvothermal synthesis of Zn(Il) complex nanofibers [36]. Figure 2 shows the
morphology of the molecules stirred in the ethanol solution. The results show that Zn(II)
ions were able to be complexed with ligands, and the morphology of the ligands changed
completely. Based on the data obtained from physicochemical and spectral studies of Zn(II)
complexes, the tentative structures are shown in Scheme 2. The surface areas of the ligands
CPAMN, FPAMN, and MPAMN were lower than those of Zn(II) complexes ([Zn(CPAMN],
[Zn(FPAMN)], and [Zn(MPAMN)]). However, the ligand surface area is much smaller than
all the complexes and is given in Table 1.
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Figure 2. FESEM metaphors of (a) CPMAN, (b) FPMAN, (c) MPMAN ligands; (d) [Zn(CPMAN)],
(e) [Zn(FPMAN)] and (f) [Zn(MPMAN)] complexes.

3.1. Molar Conductance and Thermal Analysis

The molar conductance of Zn(Il) complexes was studied to establish the nature of
the complexes, whether they are ionic or covalent in nature. The concentration of all
the complexes was precise in dimethylformamide at 10~3 M. The outcomes are shown
in Table S1, and the range of the molar conductance of all the complexes is 12.49 to
16.19 ohm ™! cm? mol~!. These data suggest that all the Zn(II) complexes were non-electrolytic
in nature [37]. After 48 h of retest, the molar conductance values of each complex coincide
with the initial data. Therefore, all the complexes are stable due to strong complexation
with Zn(Il) ions with salophen ligands.

The thermal stability of all the Zn(II) complexes was studied to understand the de-
composition characteristics. The thermogravimetric data of all the Zn(II) complexes were
recorded under an inert condition (N2 atmosphere) up to 800 °C with a heating rate of
10 °C min~! and are presented in Table S2. All the Zn(II) complexes of CPAMN, FPAMN,
and MPAMN, undergo decomposition in a single stage, which indicates that the metal-
to-ligand ratio is 1:1, as shown in Figure 3. The observed TG curves show that Zn(II)
complexes lose their ligand part [38] at single-step weight losses of up to 84.12% (calculated
83.58%) between 250 and 700 °C. The TG curve shows a plateau from 250 to 700 °C and
then no further decomposition up to 800 °C. The obtained values match with the theoretical
values for the ligand part of each complex and the final part or residual mass specified as
anhydrous ZnO as the final product. Therefore, the crucible consists of a small amount of
undecomposed part of the complex left, which corresponds to ZnO [38].

3.0

125

=8 [Zn(CPAMN)] 2.0 =t [Z0 (F PAMN]] | e [ZN(MPAMN)]
251
1.64
@ & 2.0
3 S
1.24
] o 1.51
S 0al =
5 5 104
2 0.4 ® 05l
— 0.0 L———————————r
500 635 780 125 250 375 500 625 750 125 250 375 500 625 750
0 o]
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3. Thermograms of Zn(II) complexes.
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3.2. Absorption and Emission Studies

The electronic spectra of Zn(II) complexes were recorded in DMF, and we also ex-
amined the solid-state UV-vis-DRS spectra, which are shown in Figure 4 and Figure S13.
Each ligand consists of the three important transitions, such as 7w — 7* with two different
aromatic rings, and another transition is n — 7* of the azomethine group. All of the bands
in the ligand are shifted to a higher wavelength region after complexation with Zn(II) ions
due to ligand to metal charge distribution via Tog — Ty, [39]. The solution spectra of
ligands CPAMN displays the bands at 318, 379, and 453 nm, respectively, whereas in the
complexes [Zn(CPAMN)], they show at 331, 416, and 468 nm, respectively. Similarly, other
ligands FPAMN, MPAMN, and their metal complexes also showed three bands.

1.4
—_ o ' -1.2
242 Q () =i Q (b) S
< S 104 S 10
0 1.04 g .
2 Los 208
<038 - <
® T 06 T 06
5 0.6 - b4 S
= N =04
© 0.4+ = 04 T
E £ oz Eo2
_2’ 0.24 :5 B —a— FPAMN [=} —e— [Zn(MPAMN)]
aig ]~ ZnerAMNT § . Z 0.0] — EnFramny | Z 0.0 ‘ .
300 400 500 600 700 300 200 500 500 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4. UV-visible spectra of (a) CPAMN and [Zn(CPAMN)], (b) FPAMN and [Zn(FPAMN)] and
(c) MPAMN and [Zn(MPAMN)].

Figure S13 depicts the UV-visible diffuse reflectance spectra (UV-vis-DRS) of Zn(II)
complexes, revealing that the absorption edge of the Zn(Il) complexes is located in the
visible light region [39]. It indicated that visible light should be selected as the driving force
for the photocatalysis of these complexes. The bandgap (Eg) of the Zn(II) catalyst was used
further for the improvement of optical performance. It can be calculated according to the
following equation:

(xhv) = A(Eg —hv)?

where A is a constant, h is Planck’s constant and v is the frequency of the incident light [40].
The Eg of the complexes [Zn(CPAMN)], [Zn(FPAMN)], and [Zn(MPAMN)] was 2.18, 2.15,
and 2.24 eV, respectively, which was much smaller than that of standard ZnO (3.9 eV),
indicating that the energy band structure of the complexes has been modified. Compared
to the pure ligands CPAMN, FPAMN, and MPAMN, which were 2.75, 2.72, and 2.87 eV,
respectively (Table 1), the reduced bandgap of the Zn(II) complexes made it easier to
generate separated electrons and holes under the visible light radiation. Based on the above
analysis, it can be concluded that the Zn(II) complexes could effectively utilize visible light
to induce photocatalysis.

To get further insight into the observed electronic excitations, time-dependent density
functional theory (TD-DFT) calculations have been performed for all the molecules under
study [41]. The absorption properties of all the ligands have been calculated using the TD-
B3LYP functional with a 6-31G(d,p) basis set. Absorption energies, oscillator strength, major
transition, and percentage weight of ligand molecules are given in Table S3. The calculated
absorption maximum for CPAMN, FPAMN, and MPAMN are at 437 nm, 442 nm, and
455 nm, respectively, and these are in good agreement with the experimentally observed
absorption energies. All the ligands show a major transition from HOMO to LUMO.

The absorption properties of all the metal complexes have also been calculated using
TD-B3LYP functional with a mixed basis set. The standard basis set of atomic functions
6-31G(d,p) was used for H, C, N, E, Cl and O atoms of metal complexes, and the LANL2DZ
effective core potential basis set was used for zinc metal. The absorption values of three
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complexes are shown at 453 to 459 nm (shown in Table S3). The major transitions in all the
metal complexes are also from HOMO to LUMO.

Frontier molecular orbital pictures of the molecules are shown in Table S4 for ligands
and metal complexes, respectively. For all ligands, the distribution of electron density in
HOMO is centered on chloro, fluoro, and methoxy substituted benzene. As for the LUMO of
all the molecules, electron density is spread over the acceptor (naphthalene rings) through
the m-spacer (bridge), as shown in Table S4. In the case of metal complexes, the electron
density in HOMO and LUMO is spread over the backbone of the ligands (Table S4). The
HOMO-LUMO energy gap (HLG), along with HOMO and LUMO energies, is calculated
for all the ligand molecules and is given in Table S5. The HOMO energies of CPAMN
and FPAMN are —5.25 eV and —5.16 eV, respectively, which indicate the destabilization
of the HOMO level on replacing Cl with an F atom. Similarly, the LUMO energies of
CPAMN and FPAMN are at —1.87 eV and —1.81 eV, respectively. This result reveals that in
both cases, the energy gap is nearly the same, but as we replace the Cl atom and F atom
with the -OMe group at the central benzene ring, there is an increase in HOMO as well
as in LUMO energy levels (destabilization), as shown in Figure 5a. The destabilization of
the HOMO level is higher than the destabilization of the LUMO level, as corresponds to
chloro and fluoro-substituted molecules. The calculated HOMO, LUMO energies, and the
HOMO-LUMO energy gap (HLG) for metal complexes is shown in Figure 5b. The HOMO
and LUMO energy levels are destabilized by C1 — F— OMe substitution on the benzene
ring, and the resultant HLG for all the three metal complexes is almost the same. It has also
been calculated and found that there is not much difference in the energy gap of the three
metal complexes shown in Figure 5b.

a b
) ) 2.12 "L
-2.0 - =
1 -187 -1.81 -1,66 & i
g N i = 28
< _ 30
5 .34 . A z |
2 3.25 = 35
E.] & - 1 = 3.18 3.17 i
e 540 \ 1
& &
45
5 -
{-5.25 -5.16 e 50 1
64 — HOMO 4 " 3
— LUMO 55 535 -5.29 A0
CPAMN FPAMN MPAMN  [Zn(CPAMN)] [Zn(FPAMN)] [Zn(MPAMN)]

Figure 5. HOMO-LUMO energies and HOMO-LUMO gap of (a) ligands and (b) metal complexes.

The emission spectra of ligands and its Zn-complexes were recorded in solution. The
compounds were excited at A maxima of 480, 475, and 492 nm of ligands, whereas for
Zn(II) complexes, they were at 505, 492, and 520 nm, respectively. The emission spectrum
provides significant evidence about the rate of recombination of hole and electron pairs [41].
Based on this evidence, it is concluded that the ability to allocate carriers or trick charge
to investigate the possible formation of electron-hole pairs from Zn(Il) complexes [41].
As shown in Figure 6, the emission strength of the [Zn(CPAMN)] complex decreased
completely when correlated with the [Zn(FPAMN)] and [Zn(MPAMN)]. The [Zn(CPAMN)]
complex’s lower emission strength indicates a low rate of recombination, implying that
[Zn(CPAMN)] can benefit from hastening the separation of holes and electrons, resulting in
a high photooxidation process.
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Figure 6. PL spectral pattern of ligands and Zn(II) complexes.

3.3. Photocatalysis

Under visible light source conditions, new 2-(2-nitrophenyl)-3H-indol-3-one com-
pounds (2a—j) were synthesized in the presence of new Zn(Il) complexes and an oxidant
(PhI(OACc)2). The performance and stability of the catalyst play a vital role in the photocat-
alytic activities of the complexes [41]. The one-step synthetic pathway of 2-(2-nitrophenyl)-
3H-indol-3-one and its derivatives from internal alkynes [42] is shown the in supporting
information as Scheme S1. It is also noticed that the formation of 2-(2-nitrophenyl)-3H-
indol-3-one (2a-j) as products at 500 watts with a tungsten lamp.

3.3.1. Optimization of Catalysis (Ligands and Zn(II) Complexes

All the ligands and Zn(II) complexes are used for photooxidation and condensation in
the occurrence of visible light. The conversion of 2-(2-nitrophenyl)-3H-indol-3-one was not
observed in the presence of pure ligands, whereas in the presence of Zn(II) complexes, it
was shown in TLC, and after 24 h, no starting material was present (Table 2).

Table 2. Optimization of catalysts.

O]
NH, NH, Ligand/Zn (1) complex,
_ PhI(OAC), O )
— CH3CN, H,0 (1:9), hv N
la 2a 0,
Intensity of the Visible . o vi
S.No. Light (Tungsten) Time (h) % Yield Compound 5a

1 CPAMN 24 -
2 FPAMN 24 -
3 MPAMN 24 -
4 [Zn(CPAMN)] 24 84
5 [Zn(FPAMN)] 24 62
6 [Zn(MPAMN)] 24 40

3.3.2. Identifying the Active Species and Optimization of Oxidant for Photooxidation Process

The reactive species in any photocatalytic process are four types: superoxide radical
(O2°7), hydroxyl radical (*OH), hole (h*), and electron (e™) [43]. The photooxidation of
internal alkynes was established in the presence of Zn(Il) complexes and various types
of oxidants, along with scavengers, are used in the visible light irradiation technique.
The effect of several oxidants was tested for photooxidation reaction promotion: of all
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the oxidants tested, the strongest is PhI(OAc), as compared to other oxidants, as shown
in Table 3. Out of these four scavengers, a considerable decline in the reaction rate was
observed in the presence of the O,°~ scavenger (benzoquinone BQ). The existence of
electron scavengers (K;S,0g KSO) affects the rate of photooxidation (is slower) of 2,2’-
(ethyne-1,2-diyl)aniline, which indicates that the electrons also reactive species for the
photooxidation procedure. As a result, these findings imply that the generated O,*~
and electron (e™) are the primary active species in photooxidation reactions. Hence, a
photocatalytic mechanism [44] was proposed for the construction of compound 2a in the
presence of Zn(Il) complexes and the PhI(OAc); system (Figure 7).

Table 3. Optimization of oxidant and identification active species in the presence of scavengers for
conversion of 2-(2-nitrophenyl)-3H-indol-3-one.

Oxidant Scavenger E:::; ConIZaetr:wn
Tert-butyl peroxide t-butyl alcohol 24 10
Pyridine N-oxide t-butyl alcohol 24 16
4-Methylpyridine N-oxide t-butyl alcohol 24 22
(Diacetoxyiodo)benzene t-butyl alcohol 24 84
Bis(tert-butylcarbonyloxy) iodobenzene t-butyl alcohol 24 69
[Bis(trifluoroacetoxy)iodo]benzene t-butyl alcohol 24 74
Tert-butyl peroxide Benzoquinone 24 5
Pyridine N-oxide Benzoquinone 24 2
4-Methylpyridine N-oxide Benzoquinone 24 trace
(Diacetoxyiodo)benzene Benzoquinone 24 15
Bis(tert-butylcarbonyloxy) iodobenzene Benzoquinone 24 8
[Bis(trifluoroacetoxy)iodo]benzene Benzoquinone 24 5

O v
O 7 O {1zn(ih complex](Hz0)x(OAcy}  HoN \

2a O, NH,

Visible jight Q
PhI(OAC)2

CH4CN & H,0 (1:9)

Figure 7. Proposal mechanism for formation of 2-(2-nitrophenyl)-3H-indol-3-one.

In this photocatalysis process, we focused mainly on three features, such as (i) variation
in the strength of the energy source (effect of visible light), (ii) the effect of solvent and
(iii) recyclability and stability of the catalytic system.

Effect of Visible Light Intensity

The various types of visible light sources [45] used with different intensities play a
dynamic role in initializing the photooxidation and condensation in the occurrence of
a photo-catalyst. The variation of the power is directly proportional to the visible light
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strength, which is related to the yield and time of the final compounds as presented in
Table 3. In total, 500 watts of tungsten light was used for all the reactions, and the yield of
by-products (diones) was reduced by two-fold. Finally, optimization with 0.02 mmol of a
photocatalyst system is sufficient to yield the 2-(2-nitrophenyl)-3H-indol-3-one (Table 4) in
twenty-four hours with an obtained yield of 84%.

Table 4. Optimization of the intensity of visible light.

o
NH,  NH,

[Zn(CPAMN)], PhI(OAc)2 O ) O
O = O CHLCN, H,0 (1:9), hV N

0,

la 2a

Intensity of the Visible Light Time (h) % Yield Compound 52

(Tungsten)
1 300 Watts 46 40
2 400 Watts 38 62
3 500 Watts 24 84

2 After purification.

Effect of Solvent

The reaction has not progressed in the absence of acetonitrile solvent (Table 5), suggest-
ing that acetonitrile is crucial for this oxidation process. We thus studied different protic
and aprotic solvents, particularly acetonitrile as an additive in H,O. As shown in Table 5,
the reaction was much slower in methanol, ethanol, CH,Cl,, CHCl3, DMSO, toluene, and
DMF than in acetonitrile.

Table 5. Solvent effect for the synthesis of new 2-(2-nitrophenyl)-3H-indol-3-one.

S.No. Solvent and H,O Time (h) Yield (%) Compound 2a
1 Toluene 24 32
2 Dichloroethane 24 58
3 THF 24 35
4 1,4-Dioxane 24 18
5 Acetone 24 21
6 Methanol 24 30
7 Ethanol 24 42
8 CH3CN 24 84
9 DMF 24 13
10 DMSO 24 9
11 Pure H,O 24 65

One distinguishing feature that distinguishes acetonitrile from other solvents is its
oxygen solubility. Oxygen is highly soluble in acetonitrile (8.1 mM) than in other usually
used organic solvents [46], such as DMSO (2.1 mM) and DMF (2.1 mM). Dioxygen plays a
crucial role in this conversion. For confirmation, a controlled experiment was performed in
degassed acetonitrile; only 4% yield was observed in 24 h of reaction time, as compared
to 84% of compound 2a yields in acetonitrile with water (1:1). The same was performed
without organic solvent; only pure water as solvent had a 65% yield. This experiment
shows that O, plays a role in the oxidation of the substrates in the presence of Zn(II)
complexes and the PhI(OAc), system. It also acts as a photocatalyst, which means it helps
the process go faster. Therefore, in the acetonitrile and water solvent systems, these act as
proper accelerators for the consequent solvent selection.
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(ﬂ) Pure [Zn(CPAMN)]

Recyclability and Stability of the Catalytic System

Subsequently, after the completion of reactions, the suspended catalyst residue at the
bottom was separated by the centrifugation process. The collected catalyst samples are
of their original color, such as dark brown, indicating that the photo-oxidative product
washed out the entire product present on the catalyst surface with dichloromethane to
obtain the dark brown-colored catalyst [Zn(CPAMN)]. After the third rotation of the
reaction, all the 'H-NMR peaks are slightly broadened, as shown in Figure 8. Despite this,
the [Zn(CPAMN)] photocatalyst performed 78% and slightly decreased the compound yield
in the following cycle, which is due to the decreased purity of the complex [47,48]. After
the photocatalysis process, the metal complexes recovered. Estimation of powder-XRD
and FESEM analysis were carried out and are shown in Figures 9 and 10, respectively. As
compared to the powder-XRD pattern and FESEM metaphors of pure Zn(II) complex with
after photocatalysis, there was a very slight change in 20 values, whereas there was no
change in the morphology of pure and after photocatalysis.

(b) After Photooxidation reaction

S—

<

=€
=}

Figure 8. 'H-NMR spectrum of (a) pure and (b) after photocatalysis [Zn(CPAMN)] complex.
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After [Zn(MPAMN)]

Plure [.Zn(MPAl:/IN)]

After [Zn(FPAMN)]

A L A
Pure [Zn(FPAMN)]

After [Zn(CPAMN)]

1 M M
Pure [Zn(CPAMN)]

Normalized Intensity (cps)

5 10 15 20 25 30 35
20 (Deg.)

Figure 9. Powder XRD pattern of pure and after photocatalysis Zn(II) complexes.

Figure 10. FESEM images of pure (a) [Zn(CPAMN)]; (b) [Zn(FPAMN)]; (c) [Zn(MPAMN)]; and after
photocatalysis (d) [Zn(CPAMN)]; (e) [Zn(FPAMN)] and (f) [Zn(MPAMN)] complexes.
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3.3.3. The Efficiency of the Photocatalyst System

As shown in Figure 11, the order of efficiency of the photocatalyst system with all sub-
strates shows that [Zn(CPAMN)] and PhI(OAc), are more active than both [Zn(FPAMN)]
and [Zn(MPAMN)] complexes. In the Scheme S1 (supporting information), synthesis of the
compound 2a is a unique pathway such as the photooxidation method, and the formation
of the indolone ring containing by-product is a minor yield. All the reactants and final
target molecules are shown in Table 6, and the data of the final molecules are shown in
Figures S14-533. Finally, the new [Zn(CPAMN)] complex performance was compared with
some reported Zn-complexes as given in Table 7; the reported new Zn(CPAMN)] shows
the better photocatalytic activity.

100

(ZnicPAMN)T; [ (Zn(F PANN 1T [ (ZniMPANN )]

fcs (=] ]
=1 =] =1

% of Yields

[ ]
=1

0
5a 5b 5c 5d 5e b5f 5g 5h 56i 5j

Compounds

Figure 11. Optimization of photocatalytic performance of Zn(II) complexes.

Table 6. Synthesis of new 2-(2-nitrophenyl)-3H-indol-3-one and its derivatives.

(o) R
Zn-complex, ph1(OAc)2 R O Q R
V
CH3CN, H,0 (1:9), hV R
O,
2a

NH, R

Complexes Yield %
O [Zn(CPAMN)] 84
[Zn(FPAMN)] 59
[Zn(MPAMN)] 48
O Zn(CPAMN)] 90
[Zn(FPAMN)] 61

[Zn(MPAMN)] 39
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Table 6. Cont.

NH, R

(o) R
Zn-complex, ph1(OAc)2 R O Q R
7
CH;CN, H,0 (1:9), v R
O,
2a

Diamine Compound Product Complexes Yield %
cl HN o (0] Cl
cl Q = O cl Cl Zn(CPAMN)] 79
H, cl N
“ 0, [Zn(FPAMN)] 55
1c 2¢ [Zn(MPAMN)] 42
R HoN o) F
F
F Q _ O . O ) O . Zn(CPAMN)] 81
F
e F o, [Zn(FPAMN)] 49
1d 2d [Zn(MPAMN)] 31
F H,N . o F
/
_ Zn(CPAMN 85
/O Q - O ° ~o0 O NG O o\ n )
N F 0, [Zn(FPAMN)] 51
le 2e [Zn(MPAMN)] 43
Cl H,N | (e] Cl
C
o = o Zn(CPAMN 86
=3 n(CPAMN)
2 |
1 © [Zn(FPAMN)] 49
2f [Zn(MPAMN)] 37
NC H,N NG o CN
NG O = O on O b O oN Zn(CPAMN)] 69
NC
Nt N ° [Zn(FPAMN)] 50
1g 2g [Zn(MPAMN)] 41
NH, CN o CN
NC
_ Zn(CPAMN 74
=) L AV
NC H, °: [Zn(FPAMN)] 38
1h 2h [Zn(MPAMN)] 21
NH, o cl
Cl
al O = O cl O 2 O Zn(CPAMN)] 87
e o, [Zn(FPAMN)] 56
1i 2i [Zn(MPAMN)] 32
FsC H,N . (o] CF3
C.
FiC O — O CFy 3 O \ O CF, Zn(CPAMN)] 64
NH, CF, FsC N o
1 o2 [Zn(FPAMN)] 35
) 2] [Zn(MPAMN)] 19




Photochem 2022, 2

373

Table 7. Optimization of photocatalyst (PC) for conversion of 2,2'-(ethyne-1,2-diyl)dianiline into
2-(2-nitrophenyl)-3H-indol-3-one with various commercially available and new Zn(II) complexes.

S.No. Photocatalyst Time (h) Yield (%) 2
PC-1 Dichloro(N,N,N’,N’-tetramethylethylenediamine)zinc (28308-00-1) 24 -
PC-2 Zinc bis[bis(trimethylsilyl)amide] (14760-26-0) 24 5
PC-3 Zinc di[bis(trifluoromethylsulfonyl)imide] (168106-25-0) 24 8
PC-4 Ziram (CAS No. 137-30-4) 24 10
PC-5 Zinc phthalocyanine (14320-04-8) 24 -
PC-6 [Zn(CPAMN)] 24 84
PC-7 [Zn(FPAMN)] 24 59
PC-8 [Zn(MPAMN)] 24 48

@ After purification.

4. Conclusions

In this study, we concluded the synthesis and account of the new three Schiff base
salophen ligands and their Zn(II) complexes. The newly obtained Zn(II) complexes are
examined by analytical, thermal, and spectroscopic studies. We studied the photooxidation
of 2,2'-(ethyne-1,2-diyl)dianiline and its derivatives in the presence of Zn(Il) complexes and
converted them into new 2-(2-nitrophenyl)-3H-indol-3-one and its analogues under visible
light irradiation. When compared to ligands, the bandgap energies of all Zn(II) complexes
change only marginally, but their surface area increases three-fold. The outstanding pho-
tooxidation catalytic performance of [Zn(CPAMN)] is due to the low rate of recombination
of hole—electron pairs, larger surface area, and low bandgap. Hence, the [Zn(CPAMN)]
complex is suggested as an effective photocatalyst for the oxidation process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 / photochem2020025 /s1, Figures S1-S11: H, 13C NMR and mass
spectral data of ligands and its metal complexes; Figure S12: IR spectral images of ligands and Zn(II)
complexes; Figure 513: UV-vis-DRS spectra of ligands and Zn(II) complexes; Figures S14-533: NMR
and mass spectral data of 2,2'-(ethyne-1,2-diyl)dianilines; Table S1: Analytical and physicochemical
data of Zn(II) complexes; Table S2: Thermal data of Zn(II) complexes; Table S3: Electronic excitations
(AcaL in nm) oscillator strength (f) major transitions (MT) and % weight (%Ci) of ligands and
complexes at TD-B3LYP/6-31G(d,p) method; Table S4: Molecular orbitals pictures of HOMO LUMO
for ligands; Table S5: Calculated HOMO, LUMO energies and HLG (in eV) of ligands and complexes.
Scheme S1: Synthesis process for 2-(2-nitrophenyl)-3H-indol-3-one and its derivatives.
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