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GRAPHICAL ABSTRACT

ABSTRACT

A novel Zn(II) complex of 6-ClpicH and picH was synthesized and its structure was determined by XRD
technique. The detailed experimental optical susceptibility and band gap, refractive index, linear polar-
izability, optical and electrical conductivity parameters in various concentrations were investigated by
means of the UV-Vis spectroscopic data. The optical band gap, refractive index (n), linear optical suscep-
tibility ("), third-order nonlinear optical susceptibility (%), second- and third-order nonlinear optical
(B and 7y) parameters were examined by using DFT/M06-L and ®B97XD/6-311++G(d,p) levels. The ICsq
value of Zn(II) complex against a-glucosidase was also obtained at 0.44 mM. The experimental band
gap of the Zn(Il) complex at 13, 33, 44 and 94 puM concentrations in ethanol were found to be 4.38,
4.37, 435 and 4.28 eV, respectively. The third-order NLO susceptibility %) parameter at 94 uM concen-
tration corresponding to the photon energies of 4.6 and 5.7 eV in the UV-Vis region were observed at
206.6 x 1073 and 294.3 x 107'3 esu, respectively. Besides, the theoretical %> values were obtained at
50.58 x 107'* and 20.37 x 107! esu by using M06-L level. These results indicate that Zn(Il) complex
could be an effective third-order NLO candidate material. In brief, the detailed theoretical and experimen-
tal structural, spectral and optical properties of the Zn(Il) complex were presented comparatively.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Pyridine-2-carboxylic acid (2-picolinic acid, picH) and its
derivatives (6-methyl/6-chloro/6-bromo, 3-methyl/3-hydroxypyri
dine-2-carboxylic acid, etc.) have an immense interest due to their
coordination flexibility with a variety of metal ions [1-16]. These
compounds possess pyridine-N and carboxylate-O atom and gen-
erally bind to metal via N and O donor atom forming five member
rings. Many complexes of the picolinate-base ligands with metal
ions have been examined as models for their wide spectrum of bio-
logical activity, such as enzyme activity [17-21] and DNA-cleavage
system [13,22,23], etc. Besides these biological activities, interest
in these compounds also stems from their various chemical, struc-
tural, physicochemical and optical properties.

o-Glucosidase (EC 3.2.1.20), associated with type 2 diabetes
mellitus (T2DM), provide the formation of o-glucose at the end
of the substrate chain through hydrolyzing terminal glycosidic
bonds [17-19]. a-Glucosidase inhibitors (AGI), one of the agents
that reduce postprandial hyperglycemia, have an important role
in the treatment of T2DM and pre-diabetic conditions in terms of
delaying carbohydrate digestion, prolonging the overall carbohy-
drate digestion period, and slowing glucose absorption. The inhibi-
tory activity of Zn(II) complexes containing picolinate (pa/pic) and
its derivatives against a-glucosidase have been reported for Zn
(pa); [24], Zn(6mpa—ma),SO,4 [25] and [Zn(6-mpa),(H,0)]-H,0
[21]. The influence of these complexes is due to the strong chelat-
ing ability of these ligands with biologically important metal ions.
Therefore, scientific researches with regard to the design and syn-
thesis of effective glucosidase inhibitors have been continued.

In addition to the structural and spectral characterizations of
the metal complexes in the experimental and theoretical studies,
the investigations of linear and nonlinear optical features owing
to telecommunication technology applications such as information
storage, optical switching and communication have a great impor-
tance [26-30]. Depending on the technological requirements, the
novel optical materials could be afforded due to the versatile
metal-ligand bonds of non-centrosymmetric systems in complex
crystal structures. While some organic compounds containing the
electron-acceptor (A)-m system-electron donor (D)/A-m-D type
structures having the high values of first-order hyperpolarizability
(B) have been broadly examined [31-35], the metal complex struc-
tures have been less investigated because of the centrosymmetric
or noncentrosymmetric coordination geometries around the cen-
tral metal ions playing an effective role for the B value in these
structures. The powerful intramolecular charge transfer (ICT) arose
from between electron donating and accepting units owing to -
bridge in NLO materials could be stated the large difference
between ground and excited dipole moments. Furthermore, the
dominant electronic transitions in the metal complex structures
appear the NLO response of the electron donating and accepting
units around the metal ions acting as m-bridge. These systems
not only reduce the frontier orbital energy gap and increase NLO
response, but also provide to increase asymmetric electronic distri-
bution and the electronic absorption.

New density functional theory (DFT) models facilitate the eluci-
dation of different structure-property relationships in many differ-
ent molecular systems. DFT models used commonly are B3LYP,
B3PW91, PBE1PBE (the hybrid GGA), M06-2X, M06-L (hybrid
meta-GGA), ®B97XD, CAM-B3LYP and LC-wPBE (long range (LR)
corrected hybrid functionals). The ®B97XD method [36] containing
the long-range correction with empirical atom-atom empirical
dispersion (D) is modified by B97 exchange and correlation func-
tionals. To calculate the structural parameters and vibrational fre-
quencies for the large molecular systems including transition
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metals, M06-L functional [37], a local meta-GGA approximation,
have been commonly used [38]. It is stated that some of the DFT
methods are frequently used in the literature, that is, their popu-
larity does not mean that the method gives more successful results
in structural, spectral, optical and other molecular properties [39-
41]. In this case, it is inevitable that the choice of DFT methods in
investigating different properties of materials such as structural,
vibrational, electronic and nonlinear optical properties depends
on their compatibility with experimental results. Calculating the
complex structure with the most possible accuracy at the begin-
ning is extremely important in terms of determining the molecular
properties to be examined with high accuracy. The structural, spec-
tral and NLO results for the metal complexes including picolinate
and its derivatives were widely investigated by using the DFT
approaches (HSEh1PBE and B3LYP methods). The HSEh1PBE and
B3LYP methods used in our previous studies distorted the coordi-
nation structure of the Zn(Il) complex synthesized in the present
work. Therefore, the pre-works were performed to determine
appropriate DFT methods. As a result of these studies, MO6-L and
®B97XD methods were selected due to determining the stable
structure of the synthesized complex.

The goal of the current study is to synthesize Zn(Il) complex of
6-chloropicolinic acid (6-ClpicH) and picolinic acid (picH) and to
characterize the detailed spectral, electrical and optical behaviors.
The ICso value of Zn(II) complex against a-glucosidase was also
determined. The single crystal structure of the Zn(II) complex
was depicted by XRD technique and its spectral and electrical
and optical properties were examined by using FTIR and UV-Vis
spectra. Optical properties in different molar concentrations in
ethanol were investigated. Furthermore, DFT methods (MO6-L
and ®B97XD) were used to determine structural and spectral
behaviors as well as first- and second-order hyperpolarizability
parameters. By means of the whole experimental and theoretical
parameters, the structure-activity relationships (SAR) were pre-
sented for the first time. To determine the complex-protein inter-
actions and to evaluate in vitro result, molecular docking was also
carried out.

2. Experimental and computational details
2.1. The synthesis of the Zn(1l) complex {[Zn(6-clpic)(pic)(H>0),]}

All chemicals are analytical grade commercial products. 2-
Picolinic acid (picH), 6-chloropicolinic acid (6-ClpicH) and zinc(II)
acetate dihydrate (Zn(OAc),-2H,0)) purchased from Sigma-
Aldrich were used.

The single crystal X-Ray diffraction (XRD) technique [42-44],
FT-IR, NMR and UV-Vis spectrophotometers used for the structural
characterizations of Zn(II) complex are presented in the Supple-
mentary Material.

According to the Scheme 1, the synthesis of the Zn(II) complex
is fulfilled. The zinc(Il) acetate dihydrate (1 mmol) was dissolved in
15 mL of ethanol/water mixture (2:1). The picH (1 mmol) and 6-
ClpicH (1 mmol) were added to this solution. This mixture was stir-
red at 60 °C for 3 h in the closed vial and then allowed to evaporate
at room temperature. After 7 days, the colorless prism-shaped sin-
gle crystals were collected. Synthetic yield: 82.8%. picH: 'TH NMR
(DMSO dg, 300 MHz) §/ppm: 7.56-7.61 (1H, m, Ar-H), 7.92-7.98
(1H, m, Ar-H), 8.01-8.05 (1H, dt, J; = 1.1 Hz and J, = 7.8 Hz),
8.67-8.69 (1H, dt, J; = 1.0 Hz and J, = 3.8 Hz), >*C NMR (DMSO ds,
75 MHz) §/ppm: 125.4, 127.8, 138.2, 149.0, 150.1, 166.9. 6-ClpicH:
TH NMR (DMSO dg, 300 MHz) 8/ppm: 7.71-7.74 (1H, m, Ar-H),
8.00-8.03 (2H, m, Ar-H); *C NMR (DMSO dg, 75 MHz) 5/ppm:
124.7, 128.6, 141.8, 149.5, 150.8, 165.5. [Zn(6-Clpic)(pic)(H20),]:
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Scheme 1. The synthesis of the Zn(II) complex.

H NMR (DMSO dg, 300 MHz) 3/ppm: 3.41 (2x2H, br, H,0), 7.65-
7.68 (2H, m, Ar-H), 8.04-8.18 (4H, m, Ar-H), 8.40-8.48 (1H, m,
Ar-H); 3C NMR (DMSO dg, 75 MHz) 5/ppm: 123.5, 124.3, 127.4,
127.8, 141.1, 143.0, 147.0, 148.9, 151.1, 153.1, 165.6, 166.0. The
TH and '3C NMR spectra of the Zn(Il) complex are given in Fig. S1
and S2.

2.2. a-Glucosidase inhibition assay

The inhibitory activity of the synthesized Zn(II) complex against
o-glucosidase was evaluated by modified Sun’s protocol [17-
21,45]. By wusing p-nitrophenyl-a-D-glucopyranoside (pNGP,
Sigma, N1377) as the substrate, the o-glucosidase from Saccha-
romyces cerevisiae (Sigma, G5003) was determined as the target
protein. The complex and genistein were dissolved in DMSO. The
enzyme and the substrate were dissolved in potassium phosphate
buffer (0.05 M, pH 6.8). The enzymatic reaction mixture composed
of a-glucosidase (0.02 U, 20 pL), substrate (1.25 mM, 30 pL), com-
plex (10 pL) and potassium phosphate buffer (140 pL) was incu-
bated at 37 °C for 30 min. After the incubation, the absorbance of
yellow colour produced due to the formation of p-nitrophenol
was measured using Synergy H1 (BioTek, USA) 96-well microplate
reader at 405 nm. All experiments were performed in triplicates.
The inhibitory activity for the Zn complex against a-glucosidase
was calculated by using eq. (1):

Glucosidase inhibition = [(A. — As)/Ac]x100 (1)

In eq. (1), As and A, are the absorbance of sample and control,
respectively. Graphpad Software was used for computing ICs.

2.3. Computational details

The structural, vibrational, electronic and optical properties of
the synthesized complex were investigated by the GAUSSIAN 16,
Revision C.01 [46] and GaussView 6 [47] program. DFT/ M06-L
and ®B97XD methods [48-50] with 6-311++G(d,p) [51] basis set
for H, C, N, O, CI atoms, and LanL2DZ basis set [52] for Zn atom
were applied to calculate the structural geometric parameters
and vibrational frequencies of the Zn(Il) complex. VEDA program
[53,54] including the calculations of potential energy distribution
(PED) analysis was used for the assignments of vibrational modes
of the Zn(Il) complex. Furthermore, the time dependent DFT/
MO06-L and ®B97XD (TD-DFT/ M06-L and ®wB97XD) levels [55]
with conductor-like polarizable continuum model (CPCM) [56] in
ethanol and gas phase were used to compute the electronic absorp-
tion wavelengths, oscillator strengths (f) and transition dipole
moments of the Zn(Il) complex. The significant contributions came
from frontier molecular orbitals (FMOs) in electronic transitions
were determined with the help of SWizard [57] program. To depict
coordination environment around the Zn(Il) center and hydrogen
bonding interactions, the natural bond orbital (NBO) [58] calcula-
tions were carried out.

For each donor (i) and acceptor (j), the stability energy E?®
including ¢ and ¢; (diagonal elements), F(i,j)* (the off-diagonal
NBO Fock matrix elements) and g; (the donor orbital occupancy)
was calculated by using eq. (2) [10,27,59,60],

F(i,j)*

@ _ AF. — .0

BY = ABy =g, =) 2)
To detect microscopic linear and nonlinear optical behaviors of

the Zn(I) complex in ethanol and gas phase, the electric dipole

moment (), refractive index (n), linear optical parameters (o, Ao
and ‘"), second- and third- order nonlinear optical parameters
(B, v and x®) were calculated at the same levels by using equa-
tions below.

The mean and anisotropy of polarizability (¢ and Aot) parame-
ters were obtained by using eq. (3) and (4) [61-65],

7 (A + a;y +az) 3)
172
8= {5 (0w~ 0)" + (@~ 020" + (0~ 0]} @)

where the Cartesian components of o and Aol are dy, ayy, 0.1

atomic unit (a.u.) of o is converted to 0.1482 x 1072* electrostatic
unit (esu).

The theoretical refractive index (n) values based on mean polar-
izability () values in the gas phase and ethanol were obtained by
using the Lorentz-Lorenz eq. (5) [10,66],

(n* - 1)/(n*+ 2) =D/V (5)

where n (the refractive index) includes V called as the molar volume
(cm®) and D a multiplier depending on Avogadro’s number (N,). n is

directly calculated as dimensionless from eq. (5) based on «, Vand D
by using the unit of x 1072* cm? cm® and a multiplier of 2.
523564179 x 10*,

Based on the Lorentz approximation for the local field, the lin-
ear susceptibility (‘1) for the Zn(Il) complex was calculated by
using eq. (6) [10,66],

X1 = Nf o (6)

where f (f = (n® + 3)/3) is the local field correction factor with
respect to Lorentz expression, N is the number of molecules per unit
cm?, mean polarizability («) is calculated from eq. (3).

Without using the experimental technique, the third-order non-
linear optical susceptibility (%) parameter associated with the y
parameter for the Zn(II) complex was found by using the eq. (7)
[10,66],

¢ =Ny ™)
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where N and f is explained above. The second-order hyperpolariz-
ability (y) parameter was calculated by using eq. (9).

The first- and second-order hyperpolarizability (B and )
parameters were calculated by using eq. (8) and (9) [61-65],

1/2

B=(B:+B+5) (8)

<V >= % [Vxxxx + Vyyy + Vozze + 2 (V"ny T Yoz T Vyyzz)] ®)

where the Cartesian components of B iSBy = ey + Bayy + Pz
By = Byyy + Byxx + Byzz » B2 = Bz + oy + By 1 a.U. is converted to
8.6393 x 10733 esu for p.

By considering frontier molecular orbital (FMO) energies
obtained at the same levels, the molecular parameters (1: Chemi-
cal hardness, : Electronegativity defined as the negative of chem-
ical potential (u), S: Chemical softness and : Electrophilicity
index, ¢: Nucleophilicity index) defined as global chemical reactiv-
ity descriptors were computed by using eq. (10)-(14) [10,14,67,68].

y= (Eromo er Eromo) (11)
5:% (12)
= ;’; (13)
o= (14)

2.4. Docking procedure

iGEMDOCK program [69] was applied to examine protein-li-
gand interactions between the synthesized Zn(Il) complex used
as rigid and target protein (the template structure S. cerevisiae iso-
maltase (PDBID: 3A4A)). The detailed procedure is given in Supple-
mentary Material.

3. Results and discussion
3.1. Structural characterizations

Crystal data and refinement parameters of [Zn(6-Clpic)(pic)
(H,0),] were defined by X-ray diffraction technique (see Table 1).
The photograph of single crystal, crystal and theoretical optimized
structures of the Zn(II) complex are given in Fig. 1. Fig. 1 demon-
strates the coordination geometry of the Zn(II) complex with dis-
torted octahedral geometry. The complex is comprised of the
central Zn(Il) ion coordinated by one 6-choloropicolinate (6-
Clpic), one picolinate (pic) and two water ligands. The theoretical
optimization calculations were performed by considering initial
parameters of XRD geometry. The experimental and theoretical
bond lengths, bond and dihedral angles of the Zn(Il) complex are
comparatively presented in Table 2. According to the previous
works containing Zn(IlI) complex with picolinate ligands [1,13], it
could be said that there is good conformity in the structural param-
eters around the central metal ions for the Zn(Il) complex in this
study. In spite of the same metal ion and coordination geometry,
the positions of two water ligands are different from each other
due to the 6-chloropicolinate ligand having the electronegative
chlorine atom in the 6-position.
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Table 1
Crystal data and structure refinement parameters for the Zn(Il) complex.

Zn(1I) complex

CCDC Number 2,039,569
Chemical formula C12H11CIN;06Zn
Formula weight 380.05

Crystal color Colorless
Crystal system Monoclinic
Space group P24/n
Temperature (K) 296

Radiation type Mo Ko
Wavelength (A) 0.71073

Crystal size (mm) 0.68 x 0.47 x 0.34
h, k1 -14 - 14, -10 - 10, =19 - 19
a(A) 11.5464 (10)

b (A) 8.8243 (5)

c(A) 15.7180 (13)

o (°) 90°

B(°) 110.785(6)°

v (°) 90°

V (A3) 1497.3(2)

z 4

F(000) 768

Density (g cm™3) 1.686

p(mm1) 1.85

0 range (°) 1.9-32.9°
Measured refls. 10,342
Independent refls. 2936

Rint 0.057

S 1.10

R1/wR2 0.063/0.198
max/min (eA~3) 0.54/ —1.42

The experimental bond distances of Zn1-N1/02 (pic) and Zn-
N2/03 (6-Clpic) which allow the formation of a five-membered
chelate rings for the complex were observed at 2.127(4)/2.083(4)
and 2.288(5)/2.053(3) A. These theoretical bond lengths at the
DFT/MO06-L and ®B97XD levels were obtained at the range of 2.0
90-2.013 A and 2.209-1.993 A, respectively. These experimental
and theoretical bond distances were obtained longer than those
found in the previous studies [1,13]. It can be stated that this is
due to the steric and negative inductive effects of the chlorine atom
in the 6-choloropicolinate ligand. Based on bond lengths, it can be
said that the coordination ability and bond strength of picolinate
ligand are better than that of 6-chloropicalinate ligand. In five-
membered chelate rings, the experimental and theoretical (M06-
L level) bond angles of 02-Zn1-N1 and 03-Zn1-N2 were deter-
mined at 78.64(14)/75.26(16)° and 81.64/78.13 (see Table 2).
These angles are coherent with those of [Zn(pic),(H,0),]-2H,0
reported previously [13].

The 0-Zn-0/0-Zn-N/N-Zn-N bond angles defining distorted
octahedral geometry for [Zn(6-Clpic)(pic)(H,0),] were observed
at the range from 75.26(16) to 172.58(15), as can be seen in Table 2.
The two water ligands of [Zn(6-Clpic)(pic)(H,0),;] complex are
located in the equatorial position while those of [Zn(pic),(H,0),]-
2H,0 reported previously [13] are located in the axial position.
This position for [Zn(6-Clpic)(pic)(H,0);] complex is originated
from 6-Clpic ligand having high electron density and steric effect
due to having the electronegative chlorine atom in the 6-
position. In general, it can be said that there is a good consistency
between the experimental and theoretical geometric parameters.

The hyperconjugative interaction energies (E®®)) from natural
bond orbital (NBO) calculations by using the second-order pertur-
bation approach [59,60] were obtained at DFT/M06-L and ®B97XD
methods and 6-31++G(d,p)/LanL2DZ basis sets. In addition, the E®
values defined as the stabilization energy indicate the coordination
environment of metal ions in complex structures and their con-
jugative interactions as well as the strength of the interactions
between bonds. The E® values obtained at the range from 4.43
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(c)

Fig. 1. (a) Photograph of [Zn(6-Clpic)(pic)(H>0),] single crystal. (b) The crystal
structure of [Zn(6-Clpic)(pic)(H,0),] with the atomic numbering scheme. The
thermal ellipsoids are drawn at the 50% probability level at 296 K. (c) The optimized
complex molecular structure of [Zn(6-Clpic)(pic)(H,0),] obtained by M06-L level in
the gas phase.

to 43.06 kcal/mol (M06-L level) and from 5.331 to 53.74 kcal/mol
(@B97XD level) indicate significant interactions of the Zn(II) com-
plex (see Table S1). The n — n* interactions for the Zn(II) complex
occur between lone-pair (n) orbitals of N, O atom and anti-lone-
pair (n*) orbitals of Zn(II) ion. The E® values indicating the coordi-
nation to Zn(Il) ion through N and O atoms of the 6-Clpic, pic and
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Table 2

The experimental and theoretical geometrical parameters of the Zn(Il) complex.
Parameters XRD MO6-L ®B97XD
Bond lengths (A)
Zn1—-06 2.044 (4) 2.397 2.461
Zn1-03 2.053 (3) 2.033 2.001
Zn1-02 2.083 (4) 2.013 1.993
Zn1-05 2.103 (4) 2.388 2.435
Zn1—N1 2.127 (4) 2.090 2.067
Zn1—N2 2.288 (5) 2.199 2.209
01-C1 1.248 (6) 1.222 1.215
02-C1 1.249 (6) 1.288 1.282
04—-C7 1.230(7) 1.219 1.212
03-C7 1.264 (6) 1.292 1.286
Cl1—-C12 1.695 (8) 1.736 1.738
C7-C8 1.510(8) 1.519 1.530
C1-C2 1.509 (7) 1.527 1.537
N2-C8 1.331(7) 1.349 1.343
N1-C2 1.337 (7) 1.344 1.338
Bond angles (°)
06—Zn1-03 96.53 (16) 74.39 75.12
06—Zn1—02 172.58 (15) 146.8 147.6
03—Zn1-02 89.42 (15) 1179 116.2
06—Zn1-05 85.45 (16) 74.34 72.62
03-Zn1-05 91.50 (16) 7418 73.65
02—Zn1-05 89.97 (16) 79.72 81.53
06—Zn1—-N1 95.99 (16) 83.37 83.14
03—Zn1-N1 165.96 (16) 157.7 158.3
02—Zn1—N1 78.64 (15) 81.64 82.36
05—Zn1—N1 95.82 (17) 101.1 99.78
06—Zn1—N2 90.08 (17) 112.8 110.1
03—Zn1—N2 75.26 (16) 78.13 78.71
02—Zn1—-N2 95.75 (18) 100.1 102.0
05—Zn1-N2 165.47 (19) 148.2 150.5
N1—-Zn1-N2 98.40 (17) 110.3 109.7
C7—-03—Zn1 120.6 (3) 119.68 119.8
Zn1—06—H6A 126.5 95.42 92.93
Zn1—-06—H6B 1273 86.60 88.31
Zn1—05—H5A 127.3 92.88 96.33
Zn1—-05—H5B 125.7 88.73 87.25
C1-02—Zn1 115.8 (3) 116.0 116.0
C6—N1—-Zn1 128.4 (4) 130.0 129.8
C2—N1-Zn1 112.0 (3) 110.1 110.0
C12—N2—Zn1 132.7 (5) 1311 131.9
C8—N2—-Zn1 1103 (4) 110.2 109.1
Dihedral angles (°)
Zn1—-N1-C2—-C3 178.2 (4) 176.6 176.5
Zn1-N1-C2—C1 ~4.0(5) -3.58 -3.56
Zn1-03-C7-04 173.0 (5) 177.8 175.3
Zn1-03—-C7—-C8 -9.9 (6) -2.73 —5.60
Zn1—-N2-C8—-C9 -175.8 (7) —-172.8 -1721
Zn1—-N2—-C8—C7 8.1 (6) 6.98 7.98
Zn1—-N1-C6—-C5 —178.6 (4) —-175.4 —175.5
Zn1—-N2-C12—-C11 1724 (8) 170.5 169.7
Zn1—N2—-C12—Cl1 -19.0 (13) -9.28 -10.5

water ligands were found to be range from 17.85 to 43.06 and from
9.73 to 37.66 kcal/mol (MO6-L level), respectively (Table S1). The
coordination geometry of the crystal structure for Zn(Il) complex
defined by the XRD technique was supported by NBO results. The
corresponding interactions of the previously reported Zn(Il) com-
plexes of pic and 6-methylpicolinate (6-Mepic) ligands were
obtained at the range of 13.53 and 47.83 (B3LYP/6-311++G(d,p)/
LanL2DZ level) [13], 29.51 and 36.61 kcal/mol (HSEh1PBE/6-311
++G(d,p)/LanL2DZ level) [21]. All these results show the occurrence
of n — n* interactions for the Zn(II) complex.

Furthermore, the E® values of the LP(2)01 - ¢*(C1-C2) and LP
(2)04 —» o*(C7-C8) interactions belonging to the 6-Clpic and pic
ligands were appeared at the values of 18.80 and 18.68 kcal/mol
(MO6-L level) 26.49 and 26.28 (wB97XD level), as can be seen in
Table S1. The electronic configuration of Zn(II) ion was computed
as [core]4s(©-31)3d(9-98)4p(041)44(00D) with 17.9985 core electrons,
10.6966 valence electrons and 0.02201 Rydberg electrons
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(@B97XD level). The natural charge of the Zn(II) ion was calculated
at 1.28287e. This charge value which is lower than the free charge
ion (2 + ) indicates a charge transition from the Zn(Il) ion to the
picolinate and 6-chloropicolinate ligands. According to the above
electronic configuration, it can be said that the picolinate is a
non-innocent ligand in this Zn complex because the oxidation state
is not clear.

NBO results displayed the stabilization of the complex structure
through the bonding and anti-bonding orbitals, interactions
between bonds and coordination around metal ions.

It is clear from Table 3 and Fig. S3, the crystal packing structure
of Zn(II) complex demonstrates that the O-H---O type intermolec-
ular hydrogen bonding interactions emerged at between water
ligands and O atoms of carboxylate groups belonging to
picolinate/6-chloropicolinate ligands.

3.2. Thermal analysis

Thermogravimetric analysis (TGA, DrTGA and DTA) of the Zn(II)
complex was performed by using Shimadzu thermogravimetric
analyzer DTG-60H in platinum crucible up to 1000 °C at a heating
rate of 10 °C/min in a dry air atmosphere (flow rate of 20 mL/min).
As can be seen from Fig. 2, it is clear from the TGA and DrTGA/DTA
plots of the Zn (II) complex that the complex is thermally stable up
to 69.13 °C and decomposes at higher temperatures in four steps.
The first decomposition step occurs at the temperature range from
63.19 °C to 184.99 °C, the complex loses two water molecules
(Mass loss: Found 10.033%, Calc. 9.48%). The second and third
decomposition steps emerge at the temperature range from
184.99 °C to 470.74 °C, the complex loses chloride and two carbon
dioxide molecules (Mass loss: Found 34.45%, Calc. 35.01%). The last
decomposition step arises at the temperature range from 470.74 °C
to 782.46 °C, the complex loses two pyridine rings (Mass loss:
Found 42.326%, Calc. 41.52%). The DTA curve demonstrates a med-
ium and broad endothermic peak at 137.19 °C due to melting and
the first decomposition step and a very weak endothermic peak at
330.98 °C related to the second decomposition step. Associated
with the third and last decomposition steps, medium and strong
broad exothermic peaks appear at 427.62 °C and 638.55 °C, respec-
tively. It was observed that the mass of the complex lost 86.807%
and retained 13.193% of its mass between 63.19 °C and 782.46 °C
temperatures. It is considered that the remaining product is to be
metallic zinc residues. From the results of this analysis, it is clear
that the complex is thermally stable up to the melting point and
decomposition starts only after the melting point of the material.

3.3. Vibrational analysis

The experimental IR spectra for Zn(Il) complex, 6-ClpicH and
picH are given in Fig. 3. The theoretical vibrational frequencies of
the Zn(ll) complex were obtained at DFT//M06-L/ and
®B97XD/6-311++G(d,p)/LanL2DZ levels and scaled by 0.96. VEDA
program including the calculations of potential energy distribution
(PED) analysis [53,54] was used to assign the vibrational modes of
the Zn(Il) complex. The selected experimental and theoretical
vibrational frequencies are comparatively given in Table 4 and
the further vibrational modes are presented in Table S2.
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The FT-IR spectra and theoretical vibrational frequencies
demonstrate the coordination of pic and 6-Clpic ligands to Zn(II)
ion through the carboxylate group (COO~), as can be seen in
Fig. 3 and Table 4. The v,s and vy COO~ vibrational bands via FT-
IR spectra for the Zn(Il) complex were assigned as 1621 and
1375 cm~ . It is well known that the presence of monodentate
coordination of COO~ group to Zn(Il) ion depend on the difference
between asymmetric and symmetric stretching frequencies of this
group. The experimental/theoretical differences between v,s and v
COO~ vibrational bands were found to be 246 (experimental)/391
(MO06-L level) and 406 cm™! (®wB97XD level). From Fig. 3 and
Table 4, the OH stretching mode displaying the coordination of
the water ligands to Zn(II) ion was observed at 3176 cm ™. The cor-
responding modes were calculated at the range of 3694-
3570 cm~! (MO6-L level) and 3755-3645 cm™! (wB97XD level),
as can be seen in Tables 4 and S2. In reported studies on Zn(Il) com-
plexes with picolinate derivatives [13,16,21], depending the elec-
tronegative bromine atom and electron-donating methyl group in
the 6-position of picolinate ligand, as well as coordination geome-
try, the OH stretching modes (v OH) appeared at 3475 and
3343 cm~! (Zn(Il) complex with picolinate), 3355 and 3287 cm ™!
(Zn(11) complex with 6-methylpicolinate), and 3224 cm™! (Zn(II)
complex with 6-bromopicolinate (6-Brpic)). The substituent effects
in these modes were clearly observed.

The CH stretching mode (v CH) from FT-IR spectrum belonging
to 6-Clpic and pic ligands was assigned as 3062 cm™'. The corre-
sponding theoretical bands of the Zn(Il) complex with the range
of 99-80% PED contributions were obtained at range from 3099
to 3054 cm~! and from 3119 to 3073 cm™! by using M06-L/ and
®B97X/6-311++G(d,p)/LanL2DZ level, respectively (see Tables 4
and S2).

The v CN and v CC stretching vibrations of the Zn(II) complexes
with pic, 6-Mepic and 6-Brpic ligands were obtained at 1593 and
1244 cm~! [13], 1593 and 1260 cm™! [21], 1580 and 1272 cm™!
[16], respectively. In this study, the experimental/theoretical v
CN and v CC vibrations of the Zn(Il) complex were found to be
1561/1570 (MO6-L level) and 1155/1141 (MO6-L level) cm™,
respectively (Table 4).

The CH in-plane bending (B CH) vibrations have been reported
to emerge in the range of 1300-1000 cm~! [70]. The ring $ CH
modes of Zn(Il) complexes with pic, 6-Mepic and 6-Brpic ligands
appeared at 1446-1173 cm™! range [13], 1466 cm™! [21], 1580
and 1182 cm™! range [16], respectively. It is clear from, Tables 4
and S2 while the corresponding vibrational modes for the Zn(II)
complex were observed at the range of 1477-1022 cm™!, those
of modes with varying PED contributions at the MO06-L and
®B97X levels were calculated at the range of 1534-1023 and
1572-1039 cm™ ', respectively. The other vibrational modes, such
as torsion and out of bending vibrations from IR spectra were
assigned in the range 982-643 cm~! for Zn(ll) complex of pic
ligands [13], in the range 1014-713 cm™! for 6-methylpicolinate
[21], in the range 1018-404 cm™! for 6-bromopicolinate [16]. Like-
wise, theoretical frequencies were calculated at the range 921-
642 cm! for picolinate [13], in the range 996-709 cm™! for 6-
methylpicolinate [21], in the range 1023-435 cm™! for 6-
bromopicolinate [16]. In present study, these modes were
observed at the range from 910 to 431 cm™! (with FTIR spectra)

Table 3

Hydrogen-bond parameters for the Zn(Il) complex (A and °).
D-H---A D-H H--A D--A D-H--A Symmetry codes
05—H5B---01' 0.85 1.89 2.733 (6) 168 (i) —x —-y+1,-z+1
05—H5A--04" 0.85 1.86 2.701 (6) 171 (i) —x+1/2,y — 1/2, -z + 3/2
06—H6A--03" 0.85 1.85 2.671 (5) 163 (i) —x+1/2,y —1/2, -z + 3/2
06—H6B--01™ 0.85 1.89 2.727 (5) 169 (iii)x +1/2, -y + 1/2,z + 1]2

6
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Fig.2. TGA, DrTGA and DTA curves of the Zn(Il) complex at heating rate of 10 °C/min.

and from 977/997 to 405/408 (with M06-L/®B97X levels), as can
be seen in Tables 4 and S2.

The obtained differences in IR bands for these complexes could
be ascribed to the effects of electron-donating (CHs) and -accept-
ing substituents (Cl and Br) located at the 6-position in picolinate
derivatives, as well as the strength of coordination bond occurring
between ligand and Zn ion. In summary, Tables 4 and S2 display
that there is consistency between the experimental and theoretical
corresponding vibrational modes of the Zn(II) complex.

3.4. Concentration effects on UV-Vis absorption spectra and optical
analysis

The experimental UV-Vis spectra in different molar concentra-
tions in ethanol of the Zn(II) complex were presented in the range

of 200-800 nm (Fig. 4a). By considering this spectra, the optical
properties of the Zn(Il) complex were investigated. Moreover,
TD- MO06-L and ®B97X/6-311++G(d,p)/LanL2DZ levels were
applied to examine transition dipole moment, oscillator strengths
and the electronic absorption wavelengths. Based on these meth-
ods, the considerable contributions from molecular orbitals
between ligands and metal ion were determined by using SWizard
[57] and Chemissian [71] programs. The obtained results are given
in Table 5.

Fig. 4a displays the UV-Vis absorption spectra of the Zn(II) com-
plex at 13, 33, 44 and 94 uM concentrations in ethanol. While the
absorption intensities changed at these concentrations, the elec-
tronic absorption wavelengths were observed at the same position.
Three maximum absorption bands for the Zn(Il) complex appeared
at 365 and 267 and 215 nm (see Fig. 4a). Theoretical absorption

100 -
- " I’
60 — }
2
|—
40 -
ff
. Zn(ll) complex
od — 6-ClpicH
—— picH
£ I . I L: ] I ¥ | X I L I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'*)

Fig. 3. The FT-IR spectra of the Zn(Il) complex, 6-ClpicH and picH at the range of a 4000-400 cm™".
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Table 4

The selected experimental and theoretical characteristic vibrational frequencies for the Zn(Il) complex.
Assignments via PED% (with M06-L) FT-IR MO6-L ®B97XD
Complex 1 Scaled freq® 5% 1% Scaled freq® 5% 18
Vs OH 100% 3694 132.0064 19.9908 3755 138.1330 17.0011
vs OH 97% 3176 3570 61.9785 46.7660 3645 73.5816 64.5526
v CH 93% 3062 3067 2.6170 96.1997 3091 0.1715 54.9358
v 0C 92% 1697 209.8295 57.9414 1737 296.3536 38.5725
v OC 81% 1621 1687 762.3338 40.3194 1723 823.8567 23.4740
B HOH 84% 1593 1605 77.4447 1.2490 1609 48.5234 0.7959
v CC 63% 1584 1584 46.1428 22.6546 1603 74.4266 16.3529
v NC 11%+ v CC 36%+p CCC 11% 1561 1570 62.1322 22.5679 1585 106.6818 1.4589
v CC 58%+ B HCC 12% 1477 1534 72.2997 19.0586 1572 92.0608 20.5570
v CC 15%+ B HCC 48% 1407 1407 8.6465 3.5023 1390 26.2132 2.1176
v OC 32% 1375 1306 144.4502 47.8050 1331 258.0968 46.0661
v OC 22%+ v NC 14% 1295 1301 160.5737 12.1691 1320 349.9025 7.9656
v OC 21%+ v NC 29% 1256 1264 206.3546 19.9858 1253 40.8814 6.0751
L OC 15%+ B HCC 24% 1166 1149 16.6250 9.5193 1174 11.3890 1.4674
v OC 15%+ v CC 36%+ p HCC 16% 1155 1141 18.6747 9.0759 1155 16.0800 6.5357
v CC 10%+ v CIC 10%+ B HCC 32%+ B CNC 16% 1079 1113 31.1080 7.7563 1127 9.7029 5.1982
v CC 17%+ B HCC 39% 1053 1065 5.6964 10.7721 1084 8.5855 8.7717
v CC 32%+ B HCC 53% 1045 1044 17.2265 1.3883 1076 20.3087 2.1039
B CCN 13%+ B HCC 12%+ B CNC 27%+p CCC 19% 1022 1023 21.0575 5.8984 1039 23.2804 6.2279
v NC 24%+ B CCN 40%+ B CNC 17% 1003 1004 8.7813 38.0027 1016 8.1120 32.5203
v CC 25%+ B CCC 43%+ B NCC 10% 981 985 15.6409 34.0265 1010 0.1551 0.3322
v CC 18%+ v CIC 14%+ B OCC 28% 858 850 11.4095 2.8607 862 19.1338 2.9618
v CIC 12%+ B OCC 26% + p CCC 13% 700 741 77.1508 1.8940 754 73.6515 1.4435
v CC 15%+ B CCC 33% + B NCC 12% 660 652 6.1702 9.1768 658 3.7066 5.2077
v ZnN 10%+ p CCN 11% + p CNC 28%+ B CCC 35% 640 635 9.9096 2.9955 644 22.7837 2.6727
v CC 25%+ B OCC 15%+ B NCC 12% 456 434 5.7765 1.6989 443 4.8293 2.6730
v CC 11%+ T CCNZn 13% 431 430 5.7018 1.9103 441 23.5634 1.4414
v CIC 39%+ B CNC 11%+ B CICC 11% 411 407 4.8054 2.7359 415 4.2415 0.0564

v: Stretching; B: In plane bending; t: Torsion; y: Out of plane bending.

2 Scaled frequency are in unit of cm™'; ®

Iig infrared intent. are in unit of km mol~'; ® I, Raman activity is in unit of A*/amu.
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Fig. 4. (a) The UV-vis spectra and (b) the plots of («E)? vs. E of the Zn(Il) complex at 13, 33, 44 and 94 uM concentrations in ethanol.

wavelengths corresponding to these bands in ethanol were
obtained at 371.1, 261.2 and 215.4 nm calculated at TD-MO06-L/
6-311++G(d,p)/LanL2DZ level, respectively. It has been shown that
the increasing contribution of metal orbitals to the LUMO of the
complex increased the m-acceptor property of the ligand [72].
While the contribution of the Zn orbitals to the HOMO and LUMO
of the complex obtained at the TD-MO06-L and ®B97X calculations
ranges from 1% to 15% (HOMO) and from 1% to 9% (LUMO), the con-

tributions of ligands 6-Clpic and pic to the HOMO/LUMO range
from 11% to 72% (HOMO)/from 8% to 59% (LUMO) for 6-Clpic and
from 24% to 97% (HOMO)/from 40% to 91% (LUMO) for pic (see
Table 5). It can be stated that pic moiety is a much stronger 7-
acceptor than 6-Clpic in the Zn(II) complex because the LUMO con-
tribution of pic is higher than that of 6-Clpic. The contributions of
the ligands pic and 6-Clpic orbitals to the different ten highest
filled MOs in the Zn(II) complex range from 27% to 86% and from
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Table 5
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The experimental and theoretical electronic absorption wavelengths, transition dipole moments and oscillator strength for the Zn(Il) complex.

Solvent Exp. TD-MO06-L/6-311++G(d,p)/LanL2DZ
A (nm) A Osc. strength Heg (D) Major contributions determined via SWizard//Chemissian program
(nm) 6-Clpic: 6-Chloropicolinate; pic: Picolinate; W: Water ligands; H: HOMO; L: LUMO
Ethanol
365 3711 0.0044 0.587 (100%) H [Zn(1%) + Pic(86%) + 6-Clpic(13%)] — L [(Zn(%1) + Pic(77%) + 6-Clpic(22%)]
267 261.2 0.0168 0.966 (82%) H-3 [Zn(7%) + Pic(36%) + 6-Clpic(57%)] — L + 2 [Zn(2%) + Pic(50%) + 6-Clpic(48%)]
259.5 0.0797 2.098 (36%) H-6 [Zn(5%) + Pic(27%) + 6-Clpic(66%) + W(2%)] — L [Zn(%1) + Pic(77%) + 6-Clpic(22%)]
(17%) H-3 [Zn(7%) + Pic(36%) + 6-Clpic(57%)] — L + 2 [Zn(3%) + Pic(50%) + 6-Clpic(48%)]
215 215.4 0.0543 1.577 (38%) H-9 [Zn(2%) + Pic(55%) + 6-Clpic(42%)] — L + 1 [Zn(5%) + Pic(85%) + 6-Clpic(9%)]
(38%) H-7 [Zn(4%) + Pic(82%) + 6-Clpic(14%)] — L + 3 [Zn(6%) + Pic(51%) + 6-Clpic(42%)]
Gas phase
364.1 0.0019 0.382 (100%) H-1 [Zn(3%) + Pic(24%) + 6-Clpic(72%)] — L + 1 [Zn(1%) + Pic(91%) + 6-Clpic(8%)]
268.8 0.0068 0.624 (59%) H-3 [Zn(12%) + Pic(78%) + 6-Clpic(9%)] — L + 3 [Zn(1%) + Pic(79%) + 6-Clpic(20%)]
(31%) H-2 [Zn(8%) + Pic(61%) + 6-Clpic(30%)] — L + 3 [Zn(1%) + Pic(79%) + 6-Clpic(20%)]
259.7 0.0559 1.757 (42%) H-6 [Zn(6%) + Pic(34%) + 6-Clpic(58%) + W(2%)] — L [Zn(3%) + Pic(65%) + 6-Clpic(31%)]
(15%) H-7 [Zn(2%) + Pic(83%) + 6-Clpic(14%)] — L [Zn(3%) + Pic(65%) + 6-Clpic(31%)]
215.1 0.0020 0.299 (93%) H-1 [Zn(3%) + Pic(24%) + 6-Clpic(72%)] — L + 6 [Pic(40%) + 6-Clpic(59%)]
TD-®B97XD/6-311++G(d,p)/LanL2DZ
Ethanol
365
267 264.4 0.0002 0.114 (58%) H-1 [Zn(2%) + Pic(45%) + 6-Clpic(53%)] — L [Zn(2%) + Pic(73%) + 6-Clpic(24%)]
(12%) H [Zn(1%) + Pic(85%) + 6-Clpic(14%)] — L [Zn(2%) + Pic(73%) + 6-Clpic(24%)]
263.0 0.0003 0.133 (70%) H [Zn(1%) + Pic(85%) + 6-Clpic(14%)] — L + 1 [Zn(9%) + Pic(77%) + 6-Clpic(14%)]
(7%) H [Zn(1%) + Pic(85%) + 6-Clpic(14%)] — L + 3 [Zn(6%) + Pic(42%) + 6-Clpic(52%)]
242.9 0.1550 2.830 (65%) H-2 [Zn(3%) + Pic(65%) + 6-Clpic(31%)] — L [Zn(2%) + Pic(73%) + 6-Clpic(24%)]
(12%) H-1 [Zn(2%) + Pic(45%) + 6-Clpic(53%)] — L [Zn(2%) + Pic(73%) + 6-Clpic(24%)]
215 214.2 0.0058 0.516 (39%) H [Zn(1%) + Pic(85%) + 6-Clpic(14%)] — L + 3 [Zn(6%) + Pic(42%) + 6-Clpic(52%)]
(24%) H-10 [Zn(2%) + Pic(47%) + 6-Clpic(47%) + W(2%)] — L + 1 [Zn(9%) + Pic(77%) + 6-Clpic(14%)]
Gas phase
289.3 0.0002 0.1032 (77%) H [Zn(1%) + Pic(97%) + 6-Clpic(2%)] — L + 1 [Zn(2%) + Pic(85%) + 6-Clpic(13%)]
(13%) H [Zn(1%) + Pic(97%) + 6-Clpic(2%)] — L + 3 [Zn(1%) + Pic(52%) + 6-Clpic(47%)]
283.9 0.0003 0.1287 (78%) H-1 [Zn(4%) + Pic(31%) + 6-Clpic(65%)] — L [Zn(4%) + Pic(65%) + 6-Clpic(31%)]
(9%) H-1 [Zn(4%) + Pic(31%) + 6-Clpic(65%)] — L + 2 [Zn(2%) + Pic(52%) + 6-Clpic(46%)]
242.3 0.1115 2.3968 (70%) H-3 [Zn(13%) + Pic(39%) + 6-Clpic(42%)] — L [Zn(4%) + Pic(65%) + 6-Clpic(31%)]
(9%) H-10 [Zn(3%) + Pic(37%) + 6-Clpic(59%)] — L + 2 [Zn(2%) + Pic(52%) + 6-Clpic(46%)]
219.1 0.0222 1.0175 (58%) H-2 [Zn(15%) + Pic(49%) + 6-Clpic(36%)] — L + 1 [Zn(2%) + Pic(85%) + 6-Clpic(13%)]
(25%) H-5 [Zn(2%) + Pic(86%) + 6-Clpic(11%)] — L + 1 [Zn(2%) + Pic(85%) + 6-Clpic(13%)]

13% to 66% (TD-MO6-L level in ethanol), respectively. These contri-
butions obtained at TD-MO06-L and TD-®B97X in the gas phase
show similar variations. Therefore, the degree of covalency in the
Zn-pic bonding is much higher than in the bonding between Zn
and 6-Clpic/water ligands. Fig. 5 displays the most active FMOs
in electronic transition of the Zn(Il) complex obtained by M06-L
level in ethanol. The HOMO of the Zn(Il) complex is mainly cen-
tered on the Zn and pic ligand with minor contributions of the
two oxygen atoms of 6-Clpic ligand. The main lobes of the LUMO
are localized on the 6-Clpic ligand. According to the TD-MO6-L cal-
culation in ethanol, the lowest energy transition (with the low
oscillator strengths (f) and transition dipole moments (lleg)) corre-
spond to the metal-to-ligand charge transfer (MLCT) transition was
determined as the H — L(100%), as can be seen in Table 5. In this
transition, the contributions of the ligands pic and 6-Clpic orbitals
to the HOMO and LUMO range from 86% to 77% (for pic) and from
13% to 22% (for 6-Clpic), respectively. The gas phase TD-MO06-L cal-
culation demonstrates MLCT transition with the contribution of H-
1 - L+ 1(100%) between Zn and pic/6-Clpic ligands formed by dif-
ferent percentage contribution values. However, these lowest
energy transitions obtained at TD-MO6-L level in the ethanol and
gas phase are not observed at the TD-®mB97X level. The bands at
261.2,259.5 and 215.4 nm obtained at TD-MO6-L level in the etha-
nol (f=0.0168, 0.0797, 0.0543 and g = 0.966 D, 2.098 D and 1.577
D) display the electronic transitions formed by H-3 — L + 2(82%),
H-6 — L(36%) and H-9 — L + 1(38%) excitations. These transitions
with these high oscillator strengths and transition dipole moments
exhibit metal-ligand/ligand-metal and ligand-ligand charge

transfer stemmed from Zn, ligands pic and 6-Clpic by different per-
centage contribution.

The coordinations around Zn(II) ion of the [Zn(6-Clpic)(pic)
(H0),] and [Zn(6-Brpic),(H,0)2]-H,0 [16] complexes were simi-
larly defined as a distorted octahedral geometry, but the coordina-
tion of the [Zn(6-Mepic),(H,0)]-2H,0 [21] was described as a
distorted trigonal bipyramid. Regardless of the coordination geom-
etry of these complexes, two absorption peaks were obtained at
close values with slight differences depending on the coordination
ligands. These absorption values attributed ton - ©* and © —» ©*
transitions were observed at 265 and 215 nm for [Zn(6-Clpic)(pic)
(H30),], 277.33 and 228.01 nm for [Zn(6-Brpic),(H,0),]-H,0, 272
and 217 nm for [Zn(6-Mepic),(H,0)]-2H,0 due to the 6-Clpic/6-
Brpic/6-Mepic ligands having the electronegative chlorine and bro-
mine atoms and electron electron-donating methyl group in the 6-
position.

Optical properties were investigated by using the transmittance
and the reflectance spectra of the Zn(Il) complex at 13, 33, 44 and
94 uM concentrations in ethanol (Fig. S4). By considering the Tauc
and Menth’s model, the type of optical transition and the energy
band gap is obtained from the following eq. (15) [73-76]

(ohv) = A(hv — Eg)" (15)

In eq. (15), the absorption coefficient (o) including the transmit-
tance (T) and the length of the cuvette (d) taken as 1 cm was found
by o = —2.303logT/d [74,77]. The hv is the photon energy, E; is the
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Fig. 5. The most active occupied and unoccupied molecular orbitals in electronic transition of the Zn(Il) complex obtained by MO06-L level in ethanol.

band gap energy and A is a constant. The exponent m for allowed
direct and indirect transition is taken as 1/2 and 2, respectively.

By regarding the curve of dT/dx vs 2, the band edge energy of
the Zn(II) complex was obtained. From Fig. S5, the corresponding
Eg_qabs €nergy of maximum peaks in different molar concentrations
emerged at 281.7,281.2, 280.7 and 280.1 nm was found to be 4.43,
4.42, 441 and 4.40 eV, respectively (see Table 6). Consequently,
these values are consistent with direct transition (m = 1/2) for
the Zn(Il) complex. For this reason, by extrapolating the linear por-
tion of the plot relating (athv)? against (hv) to (othv)? = 0 in Fig. 4b,
the optical band gap energy values in different molar concentra-
tions were found to be 4.38, 4.37, 4.35 and 4.28 eV (see Table 6).
Despite the difference between molar concentrations, the band
gap energies of the Zn(Il) complex were obtained at the results
close to each other.

Furthermore, the absorption coefficient o described by the
Urbach formula [74,78] exponentially shows the dependence on
photon energy in the region of hv < Eg

a(hv) = acoexp(hy (16)

E_u)
In eq. (16), op is constant and E,, is the Urbach energy interpreted as
the width of the localized states. Based on Fig. 6, Urbach energies
obtained at the range of 190 and 102 meV for the Zn(II) complex
were computed from the inverse of the slope of the linear portion
of the curves Ina vs. hv. The E, value for [Zn(6-Brpic),(H,0),]-H,0
complex was found to be 56.5 meV regardless of molar concentra-
tions. These results obtained at the low Urbach energy display that
it could be minimal defect in the structure of Zn(II) complex.

The calculations of frontier molecular orbital (FMO) referred to
the HOMO and LUMO energies allowing the determination of
molecular hardness, softness, electrophilic and nucleophilic
indexes play a key role on chemical reactivity and biological activ-

ity of molecular systems. The experimental band gap (E;) value of
the Zn(II) complex at different molar concentrations was obtained
at an average of 4.35 eV (see Fig. 4b) and theoretical energy gap
values in ethanol and gas phase were calculated as 3.333 and
2.825 eV from FMO energies with M06-L level. According to the
previous studies on Zn(Il) and Co(Il) complexes of pyridine deriva-
tives [79,80]. The band gaps for the Zn(Il) complexes of pic, 6-
Mepic and 6-Brpic ligands were reported at 4.8534 [13], 4.22
[21] and 4.67 eV [16], respectively. These results display the
strengths of electron-accepting (Cl and Br) and electron-donating
(methyl group) located at the 6-position.

The values of yx, 1, S, @ and ¢ parameters called as electroneg-
ativity, chemical hardness, chemical softness, electrophilicity and
nucleophilicity indexes obtained from FMO energies with M06-L
level were obtained at 4.348 eV, 1.667 eV, 0.600 eV~!, 5.670 eV
and 0.176 eV~!, respectively. In comparison of the %, m, and S
results for the Zn(Il) complexes of pic [13], 6-Mepic [21] and 6-
Brpic [16], it is clear that the results show consistency in measur-
ability. The electrophilicity index depending on maximal electron
flow between donor and acceptor can be ranked as 4.152 eV ([Zn
(plC)z(HzO)z]ZHzo) < 4.463 eV ([Zn(G—Meplc)Z(HZO)]2H20) < 4.7
81 eV ([Zn(6-Brpic),(H,0),]-H,0) < 5.670 eV ([Zn(6-Clpic)(pic)
(H20),]). It can be said that the presence of the methyl and halogen
substituents in the Zn(Il) complexes decreases electrophilic prop-
erty due to the rising electron density.

The molecular electrostatic potential (MEP) surface analysis
[81,82] is a useful method that provides predictions for inter-
molecular interactions and molecular properties of systems such
as drug molecules and their analogues. The MEP surface of the
Zn(Il) complex obtained at M06-L/6-311++G(d,p)/LanL2DZ level
is given in Fig. 7. As seen in Fig. 7, it is observed that the red colored
negative regions showing electrophilic reactivity are on the unco-
ordinated electronegative O atoms belonging to the carboxylate

Table 6
The optical parameters of the Zn(Il) complex at 13, 33, 44 and 94 uM concentrations in ethanol.
Molar concentration Eg_abs Eg E, E, Eq n, f M_; M_3
(eV) (eV) (meV) (eV) (eV) (eVy x(1072) (eV)? x(107?)
13 uM 443 4.38 190 3.96 1.50 1.173 5.94 38 241
33 uM 4.42 4.37 125 3.84 1.34 1.162 5.15 35 2.37
44 M 441 4.35 111 3.70 1.16 1.146 4.30 31 2.29
94 uM 4.40 4.28 102 3.58 0.94 1.124 3.37 26 2.05
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Fig. 6. The plots of Ina vs. E of the Zn(II) complex at 13, 33, 44 and 94 M concentrations in ethanol.

group of the 6-Clpic and pic ligands, while the blue colored positive
regions showing the nucleophilic reactivity are on the C-H bonds of
ligands.

3.5. Concentration effects on the refractive index, linear and non-linear
optical analysis

The refractive index (n) and extinction coefficient (k) for the Zn
(II) complex at 13, 33, 44 and 94 uM concentrations in ethanol
were obtained by using the following equations [74-76],

S Ml (17)
oA
k:E (18)
-0.108¢ I

In eq. (17) and (18), R, « and / is the reflectance, absorption coeffi-
cient and wavelength, respectively. The refractive index values of
the Zn(Il) complex at 13, 33, 44 and 94 uM concentrations were
obtained at 1.50, 1.54, 1.59, 1.65 at 365 nm, respectively (see
Fig. 8a). The extinction coefficient of the complex appears at the
minimum peak of 0.22x107, 0.24x10°®, 0.29x10° and 0.34x10°° at
365 nm (see Fig. 8b). It can be concluded that these results with
respect to the different concentrations exhibit the same behaves
similarly as the concentration increases and decreases.

The dispersion of refractive index (n) was considered in the
investigation of optical materials because of a crucial factor in
the optical communication and the designing of optical devices.
Equation (19) including E, defined as the oscillator energy in elec-
tronic transitions and the dispersion energy E; defined as a mea-
sure of the strength of interband transition is used to calculate
the n index below the absorption edge depending on the photon

o R +0.108e

Fig. 7. Molecular electrostatic potential (MEP) surfaces for Zn(Il) complex obtained by MO06-L level in ethanol.
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Fig. 8. (a) The refractive index n and (b) the extinction coefficient k vs. / of the Zn(Il) complex at 13, 33, 44 and 94 uM concentrations in ethanol.

energy (hv) with Wemple-DiDomenico’s single oscillator model
[74,83,84].

1 —
-1

E; — (hv)*
EoE4

By regarding the slope (E,Eq)"! and the intercept (E,/E,;) on the
vertical axis by fitting the linear part of the curves, the values of
E, and E; were determined from Fig. 9. The E, and E4 values for
the Zn(II) complex at 13, 33, 44 and 94 uM concentrations in the
ethanol obtained at the range of 3.96-3.58 eV and 1.50-0.94 eV
from are bigger than those of the [Zn(6-Brpic),;(H,0),]-H,O com-
plex [16]. Besides, the oscillator strength (f), M_; and M_3
moments associated with E, and E; from optical spectra for the
Zn(II) complex were calculated by using eq. (20) [15,73,80,81],

(19)

52_&

=i (20

3
E2 = % f =E4E,

The M_; and M_3 values of the synthesized Zn(Il) complex were
obtained larger than those of the Zn(II) complex with 6-Brpic
ligands (see Table 6).

The investigation of NLO molecular systems to meet the emerg-
ing requirements areas, such as optical telecommunications is con-
siderable. In this regard, the select of ligands in coordination
complex structures due to the strength and versatility of the me-
tal-ligand bonds in the synthesizing non-centrosymmetric sys-
tems in crystal structures have been gaining importance for the
synthesis of materials exhibiting the second- and third-order non-
linear optical property. NLO materials showing fast reaction times
and easy workability is significant for the applications of optoelec-
tronic and photonic technology.

In present work, the linear optical susceptibility (%) and
third-nonlinear optical susceptibility (%®)) parameters were
examined without Z-scan technique [85,86]. The experimental
average refractive index (n) was obtained from the graph of the
refractive index versus the wavenumber in the mid-IR region
(4000-400 cm™!) by using eq. (17), as can be seen in Fig. S6. The
n of the Zn(Il) complex were found to be 1.49 and corresponding
theoretical n calculated at 1.86/1.52 and 1.75/1.41 in ethanol/gas
phase using M06-L and ®B97XD levels, respectively The experi-
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mental and theoretical n for the Zn(Il) complex of the 6-Brpic
ligand were obtained at 1.629 and 1.42 [16].

Furthermore, by considering the local-field polarizability model
of Clausius—- Mossotti, the between molar polarizability (o,) and
refractive index (n) in the UV-Vis region (200-800 nm) is given
by eq. (21) [87,88].

_ 3M (n*-1
% = 4nN.p <n2 ¥ 2)

In eq. (21), N, is the Avogadro number, M and p are the molec-
ular weight and density, respectively. While the molar polarizabil-
ity does not change up to about 3 eV, the Zn(Il) complex has a
molar polarizability of 67.33x 102* cm® versus 5.6 eV photon
energy at 94 puM concentrations in ethanol, depending on the
change of molar concentrations (see Fig. 10a). As a result, as can
be seen from Fig. 10a, the polarizability values also increase with
the increase in molar concentration corresponding to the photon
energy values of 3.4 and 4.6 eV. The y® parameter in the UV-

Vis region (200-800 nm) depending on refractive index is calcu-
lated by using eq. (22) [87,88].

A (n2 B 1)4

(4m)*

In eq. (22), the A parameter for all materials is approximately
used to 107'° esu regardless of frequency. It could be sated from
Fig. 10a,b that there is a coherent between the curves of third-
order nonlinear optical susceptibility ¥’ and molar polarizability
o,. From Fig. 10b, while the % values did not change up to about
4.3 eV, the y® values at 94 uM concentration corresponding to the
photon energies of 4.6 and 5.7 eV were observed at 206.6 x 10713
and 294.3 x 107'3 esu. It is seen that third-order nonlinear optical
susceptibility x®) increases due to the increase in molar
concentration.

Theoretical refractive index, linear and nonlinear optical param-
eters for the Zn(Il) complex in the gas phase and ethanol were
investigated by using DFT/M06-L and ®B97XD methods with 6-
311++G(d,p) basis set. In addition, the experimental and theoreti-

(21)

x? (22)

cal n, o and ¢! parameters were surveyed. Since the experimental
i, B and y parameters could be not obtained, these parameters
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Fig. 9. The plots of (1/n?-1) vs. E? of the Zn(Il) complex at 13, 33, 44 and 94 uM concentrations in ethanol.
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Fig. 10. (a) The molar polarizability o, and (b) the third-order nonlinear optical susceptibility % of the Zn(Il) complex at 13, 33, 44 and 94 uM concentrations in ethanol.

calculated theoretically were compared with the results of p-
nitroaniline (pNA) [89] and urea [90] using as prototype materials.
The experimental o, n, %" and theoretical , o, Ao, n, ¢V, B, v and
%3 parameters of the Zn(II) complex are presented in Table 7. The
experimental n in mid-IR region of the complex was found to be
1.49 (see Fig. S6) and corresponding theoretical n calculated at
1.86/1.52 and 1.75/1.41 in ethanol/gas phase using MO06-L and
®B97XD levels, respectively. The experimental linear optical c:and
xV parameters for the Zn(l) complex were obtained at
25.83 x 102* and 12.01 x 102 esu. These parameters for the com-
plex in ethanol were found to be 40.93 x 102* and 24.45 x 107
esu, 39.52 x 102 and 21.91 x 102 esu by using M06-L and
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®B97XD levels, respectively (see Table 7). The experimental/theo-

retical o and (! parameters for the Zn(Il) complex with 6-Brpic
ligand were calculated at 35.18 x 10724/40.93 x 102 and
15.20 x 1072/15.98 x 1072 esu [16]. It can expressly be seen the
effect of strength of electron-accepting (Cl and Br) located at the
6-position, by regarding comparison of these parameters for these
Zn(Il) complexes.

The first-order hyperpolarizability () values for the Zn(II) com-
plex in ethanol and gas phase calculated at 9.50 x 1073 and
3.72 x 1073% esu (with MO6-L level) were found to be the higher
than that of urea (0.130 x 1073 esu). On the other hand, the p val-
ues for the Zn(Il) complexes with pic/6-Brpic/6-Mepic ligands in
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Table 7
The ground dipole moment (ug, in Debye), the mean linear polarizability (<ov, in 1
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esu), refractive index (n), linear susceptibility (", in 1072 esu), anisotropy of linear

polarizability (Aa,, in 1024 esu), mean first — and second — order hyperpolarizabilities (3> and <y in 10-3° and 10-3® esu), and third — order susceptibility (%>, in 10** esu) for the

Zn(Il) complex.

Property MOG6L ®B97XD
Ethanol Gas phase Ethanol Gas phase

n 14.24 6.84 15.21 7.45
I 6.20
<or> 40.93 30.57 39.52 29.68
<Olexp> 25.83
<o>? 17
Ao 10.23 8.98 11.40 8.41
n 1.86 1.52 1.75 141
Nexp 1.49
X(U 2445 17.14 21.91 14.95

calc
Xg«;: 12.01
<p> 9.50 3.72 2.63 132
<p>? 9.2
<y> 84.81 52.53 44.51 38.61
x> 50.58 16.33 20.37 8.94
<y >? 15

2 pNA results taken from [89].

ethanol/gas phase were calculated at 0.005 x 10733 [13],
457 x 10739/4.21 x 1072° [16] and 1.9 x 10739/2.0 x 10739 esu
[21], respectively. These results show that it is lower than the non-
linear optical characteristic effect exhibited by Zn(II) complex with
pic and 6-Clpic ligands. The second-order hypepolarizability (7y)
values of the Zn(IlI) complex in ethanol/gas phase calculated at
84.81 x 10736/52.53 x 10736 and 44.51 x 1073%/38.61 x 1036
esu (with MO06-L and ®B97XD levels) were 5.654/3.502 times
and 2.967/2.574 times higher than that of pNA (15 x 10736 esu),
respectively. In reported studies on Zn(II), Cu(Il) and Co(II) com-
plexes of pyridine derivatives [79,80,91], the experimental % val-
ues were found to be 6.74 x 107 esu for bis(picolinic acetate)Zinc
(I), 2.00 x 107!3 esu for [Cuy(pydc),(inta)y(H,0),]-3H,0. In the
present work, when the theoretical ® values obtained at
50.58 x 107!3 and 20.37 x 107! esu are compared with the
reported Zn(II) complexes with 6-Mepic/6-Brpic ligands, the pre-
sent results exhibit that the powerful indicator of the microscopic
third-NLO activity. These differences can originate from the coordi-
nation geometry, around the metal ion and electron density trans-
fer within the molecular system.

By considering NLO results, it could be stated that the Zn(II)
complex could be an efficient material for microscopic second-
order and especially third-order NLO property.

3.6. Concentration effects on the optical and the electrical conductivity

The optical conductivity (o,p) and electrical conductivity (G ejec)
depending on light velocity (c), refractive index (n) and absorption
coefficient (o) displaying importance for optical materials and
devices are calculated by eq. (23) and (24) [92,93],

onc
O’Op[ = E (23)
nc
Oe = (24)

Fig. 11 displays the variations of optical and electrical conduc-
tivity versus E of the Zn(II) complex at 13, 33, 44 and 94 uM con-
centrations in ethanol. From Fig. 11a and 11b, the o, values of
the Zn(Il) complex being in the order of 10° s~! are much higher
than those of the o, values. While the o, parameter of the Zn
(II) complex do not change until 3.1 eV, it increases in the same
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way as depending on the increase in molar concentration in the
electronic maximum absorption regions (Fig. 11a). Unlike, the
Oelec Curves of the Zn(Il) complex sharply decrease until 3.1 eV,
other parts of the curve show similar trend with the ogp
parameter.

3.7. Concentration effects on dielectric parameters

The complex dielectric constant includes the real part ¢; and the
imaginary part ¢, described by the eq. (25) and (26) [74,76,80].

& =n*—KkK (25)

& = 2nk (26)

The graphs of the real and imaginary dielectric constant
depending on the photon energy are given in Fig. 12a and 12b.
By considering on molar concentrations between 3 and 6 eV energy
regions, the real and imaginary part of dielectric constant of the Zn
(II) complex demonstrate the same trend in accordance with the
increase in molar concentrations. As can be clearly seen from the
varying molar concentrations of the Zn(Il) complex, the real part
of the dielectric constant is greater than the imaginary part
because the refractive index of the complex is much greater than
the extinction coefficient, and at the same time the curves of the
real part display the same trend with curves of the refractive index.

The loss factor is obtained by eq. (27) [76,94].

&

tand = —

- @)

Fig. 13a shows the graph of the loss factor of the Zn(II) complex
depending on photon energy. The loss factor values at different
molar concentrations between the 3 and 6 eV energy regions of
the complex show the same trend with increasing molar concen-
trations. In addition, these factor values are very small, as the &,
values of the complex.

The VELF and SELF, which are defined as volume and surface
energy loss functions, are important parameters in terms of their
dependence on parts of the dielectric constants. These functions
are obtained by using eq. (28) and (29) [76,77].
&

2 _ o2

(¢1 - &)

VELF = (28)
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Fig. 11. (a) The optical conductivity o,,; and (b) the electrical conductivity G vs. E of the Zn(II) complex at 13, 33, 44 and 94 M concentrations in ethanol.
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Fig. 12. (a) The real part ¢; and (b) the imaginary part ¢, dielectric spectra of the Zn(II) complex at 13, 33, 44 and 94 uM concentrations in ethanol.

and

&

SELF=— 2
(&1 +1)" + &)

(29)

It is clear from the Fig. 13b that the VELF and SELF parameters of
the Zn(Il) complex exhibit the same trend with increasing in differ-
ent molar concentrations. VELF values between the 3 and 6 eV
energy regions at each molarity were observed greater than SELF
values. Fig. 13 shows similar behavior between VELF/SELF and tans
plots at varying molar constrictions of the complex.
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3.8. o Glucosidase assay

The ICso values of the Zn(Il) complex, acarbose, genistein and
resveratrol [95-98] are presented in Table 8. The ICso values of
the [Zn(6-Clpic)(pic)(H,0);] and [Zn(6-Mepic)(H,0)]-2H,0
against a-glucosidase were found to be 0.44 and 0.46 mM [21],
respectively.

From Table 8, the structure-activity relationship (SAR) for the
Zn(II) complex can be deduced the follows:

(a) It could be concluded that the coordination environment
and metal ions play an important role on a-glucosidase inhibitory
activity. In comparison of [Zn(6-Clpic)(pic)(H,0);] and [Zn(6-
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Fig. 13. (a) The loss factor tans vs. E and (b) the volume (VELF) and surface energy loss functions (SELF) vs. E of the Zn(Il) complex at 13, 33, 44 and 94 uM concentrations in
ethanol.
Table 8 that the changing of Co(II) ion and 6-Mepic ligand with Zn(II) ion

In vitro inhibition ICso values (mM) of the Zn(Il) complex for o-glucosidase, the
protein-ligand interactions and energies.

Compound IC50 (mM)? Z(I1) complex- Energy®
protein interaction (kcal/mol)

6 — Chloropicolinic not active Van der Waals interactions
acid (6-ClpicH)

2 — Picolinic acid not active S®-ASN-259 -7.0
(picH)

[Zn(6-Clpic)(pic) 0.44 £ 0.002  S-ARG-263 -7.8
(H20)2]

[Zn(6-mpa)>(H»0)]- 0.46 + 0.001 M?#-ILE-272 -6.7
H,0°¢

[Co(6-Mepic)(pic)- >0.60 S-ILE-272 -4.1
2H,0]¢

Genistein 0.008 + 0.001 S-HIS-295 -6.1

Acarbose® 0.91

Resveratrol® 0.01

Hydrogen bonding interactions

S-ASN-259 -7.0
S-GLN-260 -29
S-HIS-295 -10.5
M?-SER-298 -3.5
S-SER-298 -2.5
Erotal -92.8

2 ICsp values represent the means + S.E.M. of three parallel measurements
(p < 0.05).

Y The values of VDW and H — Bond energy are taken as lower than — 4.0
and — 2.5 kcal/mol, respectively.

€ From ref,[21].

4 From ref.[99].

€ From ref.[95,96].

 From ref.[97,98].

2 M and S indicate the main and side chain of the interacting residue,
respectively.

Mepic),(H,0)]-2H,0, the presence of chlorine atom having high
electron density on the picolinate ligand increased o-glucosidase
inhibitory activity.

(b) The ICsq value of the Co(Il) complex with 6-Mepic and pic
ligands, synthesized in our previous work [99], was found to
be > 0.60 mM for a-glucosidase inhibition. It is distinctly observed
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and 6-Clpic ligand significantly affected on a-glucosidase inhibi-
tory activity.

(c) It could be clearly noted that the different coordination
geometries of these complexes having distorted octahedral geom-
etry and trigonal bipyramidal geometry did not display a signifi-
cant effect on a-glucosidase inhibitory activity.

iGEMDOCK program [69] was applied to determine the interac-
tions of binding site of the target protein (the template structure S.
cerevisiae isomaltase (PDBID: 3A4A)) with the Zn(Il) complex.
Table 8 demonstrates the predicted interactions and their energies
as well as the ICsq values of the Zn(Il) complex. The hydrogen
bonding and van der Waals interactions between amino-acid resi-
dues with the Zn(Il) complex are given in Fig. S7. The Ey of the
complex obtained at —92.8 kcal/mol contains the interactions of
the amino-acid residues with the Zn(Il) complex. The H-bonding
interaction energy values between carbonyl oxygen atom of picol-
inate ligand and the S (side chain)-ASN259/HIS295/GLN260 0°/0%/
OF obtained at 2.91, 3.04 and 3.19 A bond distances were calcu-
lated at —7.0, 10.5 and —2.9 kcal/mol, respectively. Moreover, these
interactions for 6-chloropicolinate ligand were considered
between carbonyl oxygen atom of 6-Clpic ligand and the M (main
chain)/S-SER298 N*/O obtained at 3.08 and 2.89 A bond distances,
it was concluded that they were computed with low energy values
of —3.5 and —2.5 kcal/mol. When the E, value of [Zn(6-Clpic)(pic)
(H,0),] obtained at —92.8 kcal/mol was compared with that of [Zn
(6-Mepic),(H,0)]-2H,0 complex reported at —88.4 kcal/mol [21], it
could be noted a similar trend observed in the ICsq values of these
complexes against o-glucosidase. These energies show that [Zn(6-
Clpic)(pic)(H20);] is more stable than [Zn(6-Mepic),(H,0)]-2H,0
in interactions of the binding site of the target protein. These
results are coherent with the o-glucosidase inhibitory activity of
these complexes. As a result, it can be stated that similarities and
differences in van der Waals and hydrogen bond interactions
may arise due to different metal ions and coordination environ-
ments in complex structures.

Considering the molecular docking study on the inhibition
mechanism of glucosidases, it is speculated that hydrolysis may
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occur due to the formation of the anhydride moiety between the
carbonyl of the Zn (II) complex and the carboxylate group of amino
acid residues in the enzyme active site. Furthermore, it is deter-
mined that the interactions of hydrogen-bonding and van der
Waals among the Zn(II) complex and amino acid residues affect
the a-glucosidase inhibition.

4. Conclusions

The vibrational, electronic and optical behaviors of the [Zn(6-
Clpic)(pic)(H;0);] complex, whose structure was determined by
XRD technique, were examined by using experimental and theo-
retical models. The experimental optical susceptibility and band
gap, refractive index, linear polarizability as well as optical and
the electrical conductivity, dielectric constant obtained from the
UV-Vis spectroscopic data at 13, 33, 44 and 94 pM concentrations
in ethanol were investigated. From UV-Vis spectroscopic data, it is
concluded that the increasing molar concentrations decrease the
values of optical parameters of the Zn(Il) complex. By regarding
experimental and theoretical results, it could be noted a well con-
sistency between theoretical and corresponding experimental
results. The ICsq values of the [Zn(6-Clpic)(pic)(H,0),] and [Zn(6-
Mepic),(H,0)]-2H,0 against a-glucosidase were found to be 0.44
and 0.46 mM, respectively. It is distinctly observed that the chang-
ing of 6-Mepic ligand with 6-Clpic and pic ligands significantly
affected on a-glucosidase inhibitory activity. It could be concluded
that the coordination environment and metal ions play an impor-
tant role on a-glucosidase inhibitory activity. It can be stated to
show a potent third-order NLO property the ¥ results of the Zn
(II) complex obtained at 50.58 x 10~'3 and 20.37 x 107! esu with
MO6-L level and observed at 206.6 x 10! and 294.3 x 107* esu at
94 uM concentration in UV-Vis region. To sum up, the detailed the-
oretical and experimental structural, spectral and optical proper-
ties of the Zn(Il) complex were presented comparatively. Besides,
it could be stated that the NLO and in vitro results provided leading
information for novel pyridine-base metal complexes to be
synthesized.
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