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A novel complex silver nitrate of 5-iodindole molecule has been synthesized and characterized by single-crystal
X-ray diffraction, infrared and Raman spectroscopy, and 'H NMR analysis. DFT calculations were performed
using the B3LYP with 6-311++G(d,p) basis set for light atoms (C,H, N, and O) and the DGDZVP basis set for
heavy atoms (Ag and I). Theoretical and experimental bond lengths and bond angles have been compared and
determined to be in good agreement with each other. By using 'H NMR analysis, the chemical shift values of H
atoms in this new structure were determined and compared with the theoretically calculated values. Also,
experimental FT-IR and FT-Raman modes of the complex structure assigned that depending on total energy
distribution (TED) values have been compared with theoretical wavenumbers. The HOMO-LUMO energy gap, the
frontier molecular orbital, the molecular electrostatic potential map, and atomic charge analysis have been
carried out to reveal the electronic properties of the structure. The non-linear optical properties of the title
molecule and its thermodynamic properties such as entropy, heat capacity, enthalpy change, and Gibbs free
energy at different temperatures were investigated. Finally, the antibacterial activity of this new structure ob-
tained from the synthesis of 5-iodoindole with silver nitrate has been evaluated.

1. Introduction

The indole core is the main component of many important com-
pounds that are found in nature and have biological activity. Due to its
various biological activities and pharmacological importance, it is
widely used in the discovery of new drugs with different modes of action
[1]. The indole alkaloids and their derivatives exhibit anticancer [2],
antimicrobial [3], antiviral [4], antimalarial [5], anti-inflammatory [6],
antihypertensive [7], antidiabethic [8], anti-Parkinson’s [9], and anti-
oxidant [10] activities. There are many indole-containing drugs avail-
able on the market. For example, indomethacin is a non-steroidal anti-
inflammatory drug that is used to reduce fever, pain, and inflammation
[11]. Reserpine is used for the treatment of high blood pressure [12].
Arbitol is used for the treatment of influenza A and B viruses, respiratory
syncytial viruses, and SARS [13-15]. Vinblastine is a chemotherapy
drug used in combination with other drugs to treat a number of cancer
types [16]. Ergotamine which contains an indole scaffold in its structure
is used in the treatment of migraine and mammary carcinoma treatment
[17]. Tulongisin, which has antibacterial, anti-HIV, cytotoxic and
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antibiotic effects, contains indole alkaloid [18]. Also, indole and analogs
are used as plant growth regulators and as fungicidal, insecticidal, and
herbicidal agents in agriculture [16].

The use of transition metal complexes as reagents for the synthesis of
complex organic compounds has increased considerably in recent years.
Metal ions can be surrounded by free ligands, which determine the
reactivity in the desired direction, and metal complexes are formed in
ionic or neutral [19]. Transition metals play an important role in the
development of metal-based drugs to treat various diseases such as
carcinomas, lymphomas, diabetes, neurological disorders, and inflam-
mation [20]. By providing reactivity with different ligands, the prop-
erties of metal ions can be materialized as desired, and new metal-based
drugs can be designed [19]. Due to the high antimicrobial activity and
non-toxic effect on humans of silver among transition metal ions, use as
an antimicrobial has recently attracted attention again. Silver complexes
are as effective against bacteria as broad-spectrum antibiotics, as anti-
biotics have recently failed against bacteria, bacteria have developed
resistance to synthetic antibiotics, and synthetic antibiotics have more
side effects [21]. In addition, silver complexes are used as antiseptic,
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antitumor, and anticancer agents [22-24].

In the literature, there are experimental and theoretical studies of
many metal complexes of indole ligand. Joseyphus and Nair synthesized
the Co (II), Ni (II) and Cu (II) complexes of indole-3-carboxaldehyde and
conducted characterization and biological activity studies in 2010 [25].
In another study, complexes of 2-methylindole and 2.5dimethylindole
alkyldolyls coordinated through the nitrogen atom in the form of 3H-
indole were isolated and characterized by X-ray crystal structure anal-
ysis and spectroscopic methods [26]. In this study, complex structures of
5-iodoindole (Aga(NO3)2(CgHgIN)2), an indole derivative, were formed
with silver nitrate and structural, spectroscopic, electrical, thermody-
namic, and optical properties were investigated. In addition, the anti-
bacterial activities of the synthesized complex were evaluated. A full
structural analysis was performed by comparing the geometric opti-
mized structure, vibration frequencies, 'H NMR chemical shifts, and
UV-Visible spectrum analyses obtained by the DFT method with
experimental methods.

2. Material and methods
2.1. Computational methods

Computer-based calculations were made using the Gaussian 09 W
and visualized using the Gauss View 5.0 package program [27,28]. The
initial geometry of the synthesized complex structure obtained from the
XRD data was used in the optimization analysis. The ground state ge-
ometry optimization calculations were performed in density functional
theory with the Becke-3-Lee-Yang-Parr (B3LYP) by applying the
6-311++G(d,p) basis sets for carbon, nitrogen, oxygen, and hydrogen
atoms and the DGDZVP for the silver and iodine atoms. The DGDZVP
(Density Gauss Double-Zeta with Polarization functions), known as the
full electron basis set, is a suitable choice for calculating X-I bond length,
X-I IR vibration, and iodination reaction enthalpy values of organic
compounds [29]. It is also used in the calculations of structures con-
taining silver atoms [30,31]. Using the same basis sets, vibrational,
frontier orbital, molecular electrostatic potential surface, charges, non-
linear optical property and thermodynamic properties at different
temperatures were analyzed over the optimized structure. The 'H NMR
chemical shifts analyses of the title molecule were calculated and re-
ported in ppm relative to TMS at the 6-311++(2d,p) for light atoms and
the DGDZVP level for heavy atoms by using the Gauge Independent
Atomic Orbital (GIAO) [32]. Using the Crystal Explorer 17 program,
Hirshfeld surfaces were mapped and two-dimensional fingerprint
drawings were created [33].

2.2. Experimental methods

2.2.1. Synthesis method

5-iodoindole and silver nitrate were supplied by Sigma Aldrich
Chemical Company and were used without additional purification. The
silver complex structure of 5-iodoindole was synthesized through a
chemical process. The AgNO3 (169 mg, 1 mmol) was liquefied in 10 ml
of ethanol and was gradually added to a solution of 5-iodoindole in 10
ml of ethanol (486 mg, 2 mmol). After stirring for 2 h, the mixture was
filtered and covered with aluminum foil to protect it from light. The
mixture was kept at + 4 °C for 3 months, and the colorless and trans-
lucent Ag(NO3)2(CgHgIN), crystals were obtained at the end of this
period.

2.2.2. Spectroscopic and TH NMR measurement

The infrared spectrum was recorded in the range of 4000 cm™ "~ and
550 cm ™! by using a Bruker FT-IR spectrometer that has ATR equipment.
Also, the Raman spectrum was recorded between 4000 cm™! and 100
cm ™! by using a Jasco FT-Raman spectrometer with an NRS400 confocal
microscope. The 'H NMR spectrum of the title complex was recorded
with chemical shifts in the range of 0-15 ppm (8) in the chloroform
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solvent at room temperature using the Bruker Ultrashield 300 MHz
spectrometer.

2.2.3. Determination of antimicrobial activity by agar well diffusion
method

Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 13883,
Shigella dysenteriae ATCC 11835, Pseudomonas aeruginosa ATCC 27853,
Salmonella typhimurium ATCC 14028, Bacillus. subtilis ATCC 6633,
Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 29212,
Listeria monocytogenes ATCC 764, and Candida albicans ATCC 10231,
obtained from Kirsehir Ahi Evran University, Biology Department’s
Culture Collection Laboratory were used. Test bacteria were inoculated
into Nutrient Broth (Difco) and incubated for 24-48 h. Mueller Hinton
Agar (Oxoid) was used in the agar well diffusion method and to count
bacteria and yeasts (10° per mL) for 24-48 h. The wells of the culture
plates were drilled with a sterile cork borer (7 mm diameter). A stock
solution of each of the synthesized compounds (1.0 mg/mL) in ethyl
alcohol was prepared and graded dilutions of the tested compounds
were placed in corporate in a cavity (depth 3 mm, diameter 4 mm) made
in the center of the Petri dish (Mueller Hinton Agar for bacteria and
Sabouraud dextrose agar medium for yeast). The plates were incubated
in duplicates for 48 h at 37 °C (for bacteria) and at 30 °C (for yeasts). The
diameter of the zone of inhibition generated by each of the test com-
pounds against bacterial and yeast growth was measured using the
antibiogram zone measuring scale. A positive control using inoculation
and a negative control using ethyl alcohol were carried out. Ethyl
alcohol (1 mg/mL) dissolved compounds (75 pL) were added to these
wells. After 24-48 h, the inhibition zones formed on the agar plates were
measured in millimeters (mm). Ampicillin and Cycloheximide were used
as positive controls, and ethyl alcohol was used as a negative control.
The NCCLS guideline was used for each step of the disk diffusion method
[34]. Antimicrobial activity was evaluated according to the diameter of
the clear inhibition zone around the well. The absence of an inhibition
zone indicates no antimicrobial activity. Trials were repeated three
times, and the results represent the average of three independent
experiments.

2.2.4. Determination of antimicrobial activity by minimum inhibitory
concentration

Minimum inhibitory concentrations (MIC) for compounds against
test bacteria and yeast strains were examined in accordance with the
NCCLS guideline [35]. Mueller-Hinton broth was used in suspension of
bacteria (0.5 McFarland), in solutions of substances to be tested (1000
pg/ml in ethyl alcohol) and in MIC testing. Antimicrobial effects of
synthesized compounds: minimum inhibitory concentration (MIC)
values were found and tested. MIC values were determined spectro-
photometrically in 96-well microtiter plates according to the micro-
dilution broth method. MIC measurements for the antimicrobial effect
test, 1 mg/mL stock solutions of the synthesized compounds in ethyl
alcohol were prepared. Bacteria and yeast stock cultures were prepared
according to the McFarland 05 turbidity standard, containing 106 cfu/
ml of bacteria and yeast. Fresh bacterial growths (18 h) were stan-
dardized to the 0.5 Mac Farland standard in nutrient broth, which was
then used as an inoculum. In 96-well plates containing 100 pL of 500,
250, 125, 62.5, 31.2, and 15.6 pg/mL of compounds, 100 pL of inoculum
were seeded in duplicate and allowed to grow overnight with flow at 37
°C. For MIC determination by the Microdilution Broth method, a 96-well
sterile 100 pL of NB medium was added to all wells of the microtiter
plates with an automatic dispenser device (BioTek, Micro Fill). The
absorbance at 590 nm wavelength was measured with a microplate
reader (BioTek, pQuant) of plates incubated at 37 °C for 24 h. Ethyl
alcohol was used as a negative control. The positive control contains the
microorganisms.

2.2.5. X-ray crystallography
X-ray data of Ago(NO3)2(CgHgIN), were collected with a STOE IPDS
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II diffractometer at room temperature using graphite-monochromated
Mo Ka radiation by applying the ®-scan method. Data collection and
cell refinement were carried out using X-AREA [36] while data reduc-
tion was applied using X-RED32 [36]. The structure was solved using the
charge-flipping algorithm by SUPERFLIP [37] and refined by means of
the full-matrix least-squares calculations on F using SHELXL-2018 [38].
All H atoms were placed geometrically and treated using a riding model,
fixing the bond lengths at 0.86 and 0.93 A for NH and CH atoms,
respectively. The displacement parameters of the H atoms were fixed at
Uiso(H) = 1.2U¢q of their parent atoms. Crystal data, data collection and
structure refinement details are given in Table 1. Molecular graphics
were generated by using OLEX2 [39].

3. Results and discussion
3.1. Description of structure

The solid-state structure of Ag>(NO3)2(CgHgIN)2 has been unambig-
uously determined by single crystal X-ray analysis. Molecular structure
of the complex is illustrated in Fig. 1, while geometric parameters are
listed in Table 2. The structure contains two different Ag* ions. The first
silver cation, Ag, is pentacoordinated in a propeller arrangement as it is
bound to one iodine atom, two oxygen atoms from two different nitrate
groups and two carbon atoms of a C=C bond of the 5-iodoindole.
However, the second cation, Ags, is hexacoordinated and complexed
by one iodine atom, three oxygen atoms from two different nitrate
groups and two carbon atoms of a C=C bond of the 5-iodoindole. The
formal coordination number of Ag; is four, while it is five for Agy. The
Ag—O0 distances range from 2.389(5) to 2.669(4) i\, which are shorter
than the sum of the van der Waals radii of silver and oxygen (3.24 [o\).
The 5-iodoindole ligand is coordinated to the silver atom in an asym-
metric ;12 fashion. One of the Ag—C bonds is short [Ag;—C2 = 2.409(5) A
and Ago—Cio = 2.495(5) Al, while the other is relatively longer
[Agi—C; = 2.591(5) A and Ag2—C9 = 2.680(6) Al, however, all are
shorter than the sum of the van der Waals radii of silver and carbon

Table 1
Crystal data and structure refinement parameters for Ag,(NO3)2(CgHgIN)o.
CCDC depository 2,043,732
Color/shape Colorless/prism
Chemical formula [Ag>(NO3)2(CgHgIN),]
Formula weight 825.84
Temperature (K) 296(2)
Wavelength (A) 0.71073 Mo Ka
Crystal system Triclinic
Space group P1 (No. 2)

Unit cell parameters

a, b, c (A)

a, B, v (°)

Volume (A%)

Z

Deate. (g/cm®)

H" (mm™Y)

Absorption correction
Tmin> Tmax.

Fooo

Crystal size (mm®)
Diffractometer
Measurement method
Index ranges

6 range for data collection (°)
Reflections collected
Independent/observed reflections
Rint.

Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I > 20(I)]
R indices (all data)

Apmaxs Apmin, (/A%

9.0698(4), 10.9367(4), 11.8151(5)
115.855(3), 91.526(3), 100.801(3)
1028.17(8)

2

2.668

4.950

Integration

0.1854, 0.5192

768

0.65 x 0.32 x 0.17

STOE IPDS II

® scan

—11<h<11,-14<k<14,-15<1<15

2.765 < 0 < 27.706

23,620

4808/4348

0.0424

Full-matrix least-squares on F?
4808/0/271

1.147

R; = 0.0391, wR, = 0.0903
R; = 0.0448, wR, = 0.0932
1.43, —0.91
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(3.42 [o\). The Ag—I distances vary from 2.7489(6) to 2.8600(6) [o\, which
are shorter than the sum of the van der Waals radii of silver and iodine
(3.70 A).

If X; and Xy are defined as the midpoint of the C;=C2 and Co=Cjg
alkene bond of the 5-iodoindole ligands, the Ag;—X; and Ago—Xs dis-
tances are found to be 2.4063(5) and 2.4968(5) A, respectively. In
addition, the I2ﬁ—Ag1—X1, 01—Ag1—X; and Oﬂ—Agl—Xl angles are
149.75(2), 98.36(11) and 86.49(11)° while the Iili—Agg—Xg,
O,—Ago—Xo, 03—Ag,—X5 and O4—Agy—Xo angles are 122.47(2), 90.65
(12), 99.98(12) and 132.68(10)°, respectively. For quantitative evalu-
ation of the extent of distortion around silver(I) centers, the structural
indexes 14 [40] and 'r/4 [41]were employed for atom Agl, while the 5
[42] geometry index was used for atom Ags.

360° — (a + )
T T 3600 — 20 M
. p-a 180 —p
T4 3600 —0 1800 — 6 &)
_p-a
7=t 3)

where a and B (p > «) are the two greatest valence angles and 0 is the
ideal tetrahedral angle (109.5°). The 14 (and 'rl,) value for ideal square-
planar and tetrahedral coordination spheres is 0 and 1, respectively. For
five-coordinate structures, same values correspond to the t5 values of
square-pyramidal and trigonal bipyramidal geometries, respectively.
The calculated geometry indices for the Ag; atom are t4 ~ 0.699 and 1,
~ 0.581, whilst the structural index parameter for the Ag, atom is t5 ~
0.054. It can be seen clearly that Agl is closer to a distorted tetrahedral
arrangement, as the value of the structural index for Ag, points out a
slightly distorted square-pyramidal geometry.

The Aga(NO3)2(CgHgIN), unit forms linear 1D infinite coordination
polymers along [010] (Fig. 2a). Within a polymer, only a C—H---O
interaction exists in which atom C2 at (x, y, z) acts as a hydrogen-bond
donor to atom 06 at (—x + 2, —y, —z + 1). Adjacent polymers are
interconnected by one C—H:--O and three N—H.--O interactions
(Fig. 2b). In this connection, atom N2 at (X, y, z) acts as hydrogen-bond
donor to atoms O1 and O2 at (—x + 1, —y, —z + 1), so forming a
centrosymmetric R?(4) ring motif [43]. Furthermore, atoms N1 and C7
at (x, y, z) act as hydrogen-bond donor to atoms O5 and 06 at (—x + 1,
—y, —z + 1), respectively, together producing a second centrosymmetric
R%(8) ring motif. Full details of the hydrogen-bonding geometry are
given in Table 3.

3.2. Optimized molecular structure

The optimized molecular geometry of the title complex structure was
calculated using B3LYP/6-311++G(d,p) with DGDZVP level of theory.
These calculations were made in the gas phase and the initial geometries
were taken from the X-ray data. The computed structural bond lengths
and bond angles parameters are listed in Table 2 and compared with
XRD data. Also, the optimized molecular structure are presented in
Fig. 1. Most of the calculated bond lengths were found slightly longer
than the X-ray values. In particular, a significant deviation was observed
between the theoretical and experimental Ago—Cy and Ago—Cj bond
lengths. When the theoretical and experimental bond angle values are
compared, the these values of the benzene and pyrrole rings of 5-iodoin-
dole ligands in the complex structure are quite compatible with each
other. There are observed more deviations between the theoretical and
experimental values for the O;—Ag;—Co, O4—Ago—03, and Os—Ag>—Cio
bond angles. We can say that the reason for these deviations is that the
experimental results correspond to molecules interacting in the crystal
lattice, while the calculation method deals with an isolated molecule in
the gas phase. Correlation graphics for theoretical and experimental
bond lengths and bond angles were given in supplementary Fig. S1.
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Fig. 1. (a) A view of the asymmetric unit of Ag>(NO3)2(CgHgIN),, with atom labelling [symmetry codes: (i) — x + 2, =y, —z + 1; (i) —x+ 2, —y + 1, —z + 1] and (b)
optimized molecular structure. Displacement ellipsoids are drawn at the 30 % probability level.

According to these graphs, theoretical and experimental bond lengths
and bond angles are in high agreement with each other.

3.3. Vibrational spectral analysis

The title complex structure Aga(NO3)2(CgHgIN)2 has 42 atoms and
120 vibrational modes. Theoretical and experimental vibrational
wavenumbers, IR, and Ra intensities with total energy distribution
(TED) values are listed in Table 4. Also, experimental Far-IR spectra of 5-
iodoindole and its silver nitrate complex and the recorded FT-IR and FT-
Ra spectra of silver nitrate complex are given in supplementary Fig. S2.
The correlation graphs are presented to determine the agreement be-
tween the theoretical and experimental wavenumbers in Fig. 3. Due to
the fact that theoretical wavenumber values are higher than experi-
mental, scale factors were used to harmonize the theoretical and
experimental values. A scale factor of 0.997 was used for wave numbers
below 1800 cm ™! [44], while a scale factor of 0.955 was used for wave
numbers above 1800 cm ! [45].

The characteristic N—H stretching modes are observed in the range
of 3500-3000 cm~! [46]. The N—H stretching vibration values of the
title complex were calculated at 3499 and 3484 cm™!. Experimental
values were observed at 3412 cm ™! (w, IR)/3411 cm™! (s,Ra) and 3280
cm ! (w, IR)/3340 em! (vw, Ra) in the FT-IRand FT-Ra spectra. In the
literatiire, the N—H stretching vibration mode of indole and 5-iodoin-
dole molecules were recorded at 3412 cm™! in the FT-IR spectrum
[47,48].

The C—H stretching vibration values of heteroaromatic compounds
are found in the range of 3100 em1-3000 em ! [49]. Calculated C—H
stretching vibrations were found to be 3116 cm’l, 3106 cm’l, 3095
em™!, 3081 em™?, 3065 cm~?, 3054 cm ™!, 3041 cm !, 3037 cm L.
These modes were experimentally determined at 3102 em! (w, IR)/
3112 cm ! (w, Ra), 3069 em ! (m, Ra), 2956 em! (vw, IR). The C—H
stretching vibrations for indole molecule were found to be 3099 cm ™! in
the FT-IR spectrum [47]. In the frequency analysis that was previously
performed for the free 5-iodoindole ligand, the C—H stretching vibra-
tions were observed at 3100 cm ™1, 2988 cm ™!, and 2902 cm ™! in the FT-
IR spectrum and at 3114 cm ™! and 3062 cm™! in the FT-Ra spectrum.
Also these vibrations were calculated at 3108 ecm ™', 3090 cm ™, 3058
em™!, 3049 em ™!, and 3026 cm ™! by using same basis set for 5-iodoin-
dole [48].

The in-plane and out-plane C—H bending vibrations appear in the
range of 1000 cm™1-1300 cm™! and 750 cm™-1000 ecm ™, respectively
[50]. In plane C—H bending vibration of the title complex were
observed at 1057 (m, IR), 1072 (w, Ra), 1091 (m, IR), 1135 (m, IR)/
1131 (vw, Ra), 1191 (s, IR)/1191 (vw, Ra), 1236 (s, IR)/1250 (m, IR),
1287 (vsIR), 1330 (s, IR)/1332 (s, Ra) in the FT-IR and FT-Ra spectra. In
addition, the theoretical values corresponding to observed vibration
values are 1061 cm™, 1070 em™, 1092 em ™', 1124 cm ™!, 1206 ecm ™},
1265 cm_l, 1281 cm_l, 1330 cm ™. These vibration modes for 5-iodoin-
dole ligands were calculated at 1282, 1268, 1209, 1161, 1108 cm L, and
1087 cm ™! and observed at 1261 cm’1,1243 cmfl, 1192 cmfl, 1133
cm_l, 1088 cm_l, 1063 cm~! [48]. The out-plane C—H bending
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Table 2
Optimized geometrical parameters of Ag>(NO3)2(CgHgIN), in comparison with
experimental X-ray diffraction data.

Bond Lengths A Bond Angles (°)

Parameter  6-311++g XRD Parameter 6-311++g XRD
(d,p) (d,p)
with with
DGDZVP DGDZVP
Cy—Cs 1.446 1.438 Cy—C3—C4 133.66 134.46
@) %)
C3—C4 1.404 1.397 C3—C4—Cs 118.01 117.75
] 4
C4—Cs 1.384 1.366 C4—Cs—Cs 122.09 123.09
) (5)
Cs—Ce 1.408 1.400 Cs—Ce—C7 120.58 119.88
@) %)
Ce—Cy 1.386 1.370 Ce—C7—Cs 117.72 117.91
] (5)
Cr—Cg 1.396 1.390 C3—Cs—C7 122.03 122.21
@) (5)
C3—Cg 1.416 1.407 C3—Cg—N; 107.50 108.30
@) )
Ci—N; 1.370 1.363 C7—Cg—N; 130.46 129.48
) (5)
Cs—N; 1.383 1.368 Cg—N1—C; 109.65 108.81
6) “@
Cs—I; 2.136 2.105 N;—C1—C2 109.52 110.19
(5) 5)
Co—Cio 1.371 1.373 I,—C4—Cs 119.24 120.14
®) “
C10—C11 1.435 1.433 I,—Cs—Cs 118.66 116.69
Y] 4
C11—Ci2 1.402 1.392 Co—C10—C11 106.74 106.82
@] (5)
Ci2—Ci3 1.381 1.373 C10—Ci11—Cy2  133.44 133.98
@) 5)
Ci13—Cis 1.404 1.402 C11—Ci12—Ci3  117.42 117.81
(€] 5)
C14—Cis 1.389 1.375 C12—Ci3—Ci4  123.66 122.48
(C)] (5)
Ci15—Cie 1.395 1.387 C13—Ci14—Ci5  119.36 120.11
Y] )
C11—Ci6 1.422 1.402 C14—Ci5—Cis  118.05 117.75
) (5)
Co—N; 1.380 1.352 C11—Ci16—Cis  122.19 122.24
@) )
C16—N2 1.377 1.371 C11—C16—N2 106.91 107.60
) 4
Cis—I 2.156 2.104 Co—Ny—Cie 109.51 109.78
) 5)
Ag1—0, 2.557 2.389 C15—C16—N2 130.87 130.15
) 5)
Agi—Cy 2.745 2.591 N2—Co—Cio 109.61 109.36
(5) 5)
Ag1—C, 2.571 2.409 I,—C13—Ci4 117.97 117.07
) “@
Ago—0- 2.368 2.474 I;—C13—Ci2 118.27 120.43
5) 4
Ag,—03 2.892 2.653 0,—Ag1—C; 83.66 83.43
) a7
Ago—Co 3.375 2.680 0,—Ag1—C> 110.10 114.43
(6) 17)
Ago—Cio 3.021 2.495 Cor—Ag1—Cy 30.02 31.60
(5) (18)
Ago—04 2.406 2.464 04—Ag—03 115.79 121.87
“@ (16)
0;—N3 1.251 1.243 O2—Ag>—Cyo 108.90 97.27
(6) 17
0,—N3 1.239 1.268 0,—Ag>—03 47.64 48.93
O] (14)
O3—N3 1.239 1.251 C10—Ag>—03 88.09 93.49
(6) 17
04—N4 1.279 1.248 03—Ag>—Co 105.23 105.47
O] 17)
O5—N4 1.278 1.245 C10—Ag2—Cy 23.94 30.50
6) (18)
Og—N,4 1.222 0;—N3—0, 121.00
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Table 2 (continued)

Bond Lengths A) Bond Angles (°)

Parameter  6-311++g XRD Parameter 6-311++g XRD
(d,p) (d,p)
with with
DGDZVP DGDZVP
1.228 120.11
6) (5)
Ag—O} - 2,669  0;—N3—03 119.39 121.41
) @ )
Ag—1i - 2749  0,—N3—O3 119.59 118.46
6) 5)
Ag—Ti - 2.860  0,~N4—Os 117.04 118.58
6) )
04—N,—0O4 121.46 120.87
(5)
05—N5—05 121.48 120.54
_ ©)
Co—Ag1—0} - 85.47
(16)
C1—Ag—0} - 87.68
(16)
0,—Ag;—1} - 111.75
an
Co—Ag i - 133.42
a4
C—Ag—1j - 164.81
13)
Ol—Ag,—1i - 93.91
(10)
04—Agy—Ti - 78.88
an
O—Ag,—1i - 135.90
an
0,—Ag—0} - 83,71
(15)
Cro—Agy—Ii - 109.05
13)
05—Ag— T - 93.64
(10)
Co—Ago—Ti - 134.43
13)

;\:Angstrom, °: degree, Symmetry codes: (i) — x + 2, =y, —z + 1; (ii) — x + 2, -y
+1, —z+ 1.

vibrations of title molecule were experimentally observed at 754 (vs IR),
772 (m, Ra), 791 (vs IR), 860 (m, IR), 876 (m, IR)/ 876 (m,Ra), 901 (vw,
IR), 946 (w, IR). Calculated values for out-plane C—H bending vibra-
tions were found to be 752 cm™}, 772 cm ™!, 798 em ™!, 869 cm ™!, 876
em!, 889 cm ™!, 898 em ™, 909 em ™}, 911 em ™}, 941 em !, 963 em L.
These modes were observed at 754 cm ™+ (vs IR), 772 em ! (m, Ra), 860
cm! (m,IR), 876 cm! (m, IR/ w, Ra) and 901 cm™! (vw, IR). These
modes for 5-iodoindole ligand were determined at 929 cm™?, 884 cm ™!,
795 em™ !, 760 cm ™!, and 728 cm™! in the FT-IR spectrum and at 766
em ! in the FT-Ra spectrum, and also calculated at 949 cm_l, 888 cm_l,
866 cm ™1, 809 cm !, 771 em™, and 729 ecm ™! [48].

The C—C and C=C stretching vibrations for aromatic structure rings
occur in the region of 1650 c¢m 11200 cm ! [48]. The C=C stretching
vibrations were calculated at 1643 cm’l, 1639 cm’l, 1529 cm’l, 1481
em™ !, 1339 em ™! and, 1330 cm™ . Observed C=C stretching vibration
modes for the title complex in the FT-IR and FT-Ra spectra are at 1330
cm™! and 1332 em ™. Also, the C—C stretching vibrations were found at
1597 cm %, 1591 em ™}, 1472 em ™, 1467 em ™!, 1435 cm ™1, 1429 em !,
1362 cm™!, 1356 cm ™}, 1350 cm ™, 1339 em ™}, 1281 ecm™?, 1268 cm ™!
and, 1206 cm™!. These vibration modes were experimentally observed
at 1603 em ™! (vw, IR)/1615 cm™ ! (m, Ra), 1561 cm™! (w, IR)/1571
em™! (s, Ra), 1457 em™! (vw, Ra), 1445 em™! (m, IR)/1413 em ! (w,
Ra), 1377 em ™! (s, IR), 1287 cm ™! (vs IR), and 1191 em ™! (s, IR/ vw,
Ra). The C—C vibration peaks of 5-iodoindole were observed at 1621
cm™ !, 1406 cm ™!, 1309 cm ™! in the FT-IR spectrum and at 1408 cm tin
the Raman spectrum, while the C=C stretching vibrations were
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Fig. 2. (a) A one-dimensional coordination polymer of Ag,(NO3)2(CgHgIN), along the b axis and (b) Part of the crystal structure of Aga(NO3)2(CgHgIN),, showing the

intermolecular interactions represented by dotted lines.

Table 3

Hydrogen bonding geometry for Ag»(NO3)2(CgHgIN)2.
D—H--A D—H (&) H-A (A) D--A (A) D—H--A (°)
C2—H2.--06' 0.93 2.55 3.464(7) 167
Nl—HlN---OST 0.86 2.09 2.930(6) 167
N2—H2N---01" 0.86 2.38 3.192(7) 157
C7—H7---06"‘___ 0.93 2.52 3.334(7) 146
N2—H2N---02™ 0.86 2.22 2.963(6) 145

Symmetry codes: (i) — x + 2, —y, —z + 1; (iii) —x + 1, -y, —z + 1.

determined at 1589 cm ™1, 1461 cm ™1, 1438 cm 1, 1332 cm ™! in the FT-
IR spectrum and 1500 cm ! and 1443 cm ™! in the FT-Ra spectrum. Also
these vibration values for 5-iodoindole were calculated at 1640 cm ™,
1434 em ™!, 1331 em™! for the C—C stretching vibrations and at 1594
cm 1, 1480 cm™ 1, 1474 cm™ 1, 1366 cm ™! for the C=C stretching modes
[48].

The C—N stretching vibrations are observed in the region of 1342
cm 11266 cm ™! [51], but the identification of these vibrations is very
difficult since they are superimposed with the other vibrations such as
the C—C stretching, CCH and CNH bending in this region [52]. The C—N
stretching modes were calculated at 1092 cm™! and observed at 1091
em™! (m, IR) in the FT-IR spectrum. This mode for the free 5-iodoindole
molecule was observed at 1088 cm ™! and calculated at 1434 cm™! and
1108 cm ™! [48].

While the N—O stretching modes of the nitrate group of
Ago(NO3)2(CgHeIN), complex were observed at 1377 em ! (s, IR), 1236
em™! (s, IR), 1250 cm ! (m, Ra), 1072 cm ™! (w, Ra), 1036 cm ™! (m, IR),
and 1045 cm™! (vw, Ra) in the FT-IR and FT-Ra spectra. These modes
were calculated at 1511 cm_l, 1350 cm_l, 1265 cm_l, 1070 cm_l, and
1046 cm™!. In addition, some N—O and Ag-O stretching vibrations were
observed together at 727 cm ! (vs IR), and were calculated at 725 cm!
and 705 cm™!. The other Ag-O stretching vibrations were theoretically
found to be 226 cm’l, 180 cm’l, 153 cm’l, 127 cm’l, and 122 cm ™!

and were experimentally observed at 121 cm™! (vs Ra).

In the literature, Ag(I)-O stretching vibration of [Ag(3-
PyCHO)2(NO3)] complex in IR spectrum was given a medium peak at
642 cm~! and were calculated at 650 cm_l, 648 cm_l, and 180 cm ™!
[20]. In the other study, [Ag(methyl 4-pyridyl ketone)],NO3 compound
exhibited N—O stretching modes at 1499 cm~Y, 1063 em™!, and 689
em ™! in the IR spectrum and at 1071 cm ™! in the Raman spectrum and
these modes were calculated at 1502 cm ™%, 1058 em ™!, and 728 cm™!
[53]. Ag-O stretching vibration for (C;oH9N3)AgNOs complex was
observed at 232 (IR) cm ' calculated at 243 cm ™. Also, N—O stretching
vibrations in the same study were observed 953 cm ! (IR), 1099 em !
(IR), and 1110 em ! (Ra) and were calculated 911 cm ! and 1135 cm ™!
[54].

For the title complex, the Ag-C stretching vibration was calculated at
134 cm™! and was observed 137 cm™! as a very weak band. In the
literature, it has been stated that in the frequency region 400-155 cm ™},
the stretching Ag-C, Ag-S, and Ag-N vibrations have been expected. For
[Ag(Tu)(CN)], [Ag(Dmtu);]*[Ag(CN)2] ™, and [Ag(Imt)z]*[Ag(CN)2]~
structures, Ag-C stretching vibrations were calculated at 338 cm ™!, 393
em ™! and 393 cm™, respectively [55]. In the study named “Ethylene
and oxygen species adsorbed on defect oxidized surface Ag(111) theo-
retical analysis by DFT method” by Avdeev and Zhidomirov, symmetric
and antisymmetric Ag-C stretching vibrations were obtained at 169
em™! and 179 ecm™! for Ag-CHy-Ag [56]. Also, in the study called
Surface-enhanced Raman spectroscopy of CO adsorbed on colloidal sil-
ver particles, strong Ag-C tension vibration was observed at 169 cm ™!
[57]. In another study, Ag-C stretching vibration was reported at 350
em~! for (CH3)4NAg(CN), complex and at 367 cm~! for (CeHs)4AsAg
(CN)2 complex [58].

When the previous study of 5-iodoindole ligand and this study pre-
pared for silver nitrate complex structure were compared, according to
the experimental IR and Raman spectra for both structures, new vibra-
tion peaks were observed at 122 em~! (IR)/121 em™! (Ra), 137 em !
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Table 4
Calculated vibrational wavenumbers, frequencies, scaled frequencies, normalized absorption intensities of infrared and Raman spectra and observed infrared and
Raman frequencies, and their detailed assignments with total energy distribution (%) for Ag>(NO3)2(CgHgIN)».

Calculated Observed

Mode Fre Fre® Ir” Ira” IR Raman % TED®

1 6 6 0.12 86.20 - - 14T agcc + 14T o0agec + 10T 0agcH
2 7 7 0.10 27.05 - - 14Tagcc + 14T 0agon

3 12 12 0.15 100.00 - - 14T agicc + 10T oagon

4 15 15 0.01 33.18 - - 15T 0agon

5 17 17 0.42 9.46 - - 16 0ag0n

6 21 21 0.42 7.57 - - 21T agce + 10T oagon

7 25 25 0.05 10.63 - - 13T oagon

8 30 30 1.09 2.31 - - 37T oagoN

9 33 33 0.18 0.64 - - 33l oagon

10 36 36 0.32 12.29 - - 16I"0agon

11 44 44 0.45 3.54 - - 125804g0 + 29T 0agon

12 48 48 0.31 2.99 50vw - 1060ag0 + 30T 0agon

13 58 57 0.16 4.70 - - 10T agcc

14 62 62 0.04 7.26 62m - 10T agcc + 16T 0agon

15 88 88 0.95 0.97 - - 14T 4g0n0

16 95 95 0.02 2.11 - - 17T agono

17 101 101 1.13 0.52 - - 11Tccee + 11Tagono

18 105 105 0.91 1.20 106 m - 10l ¢ccee + 100 ceer

19 112 111 0.86 1.56 - - 13T oagon + 32T 'agon0

20 118 118 0.46 0.56 - - 17T oagon + 24T agono

21 122 122 0.57 0.33 122 m 121vs 220p40 + 27T 0agon + 36@ agon0
22 127 127 0.13 0.06 - - 220440 + 17Toagon + 20T agon0
23 134 134 1.04 2.05 137w - 12vp4¢c + 13T cccc + 10T cecn
24 154 154 1.79 0.10 - - 33vag0 + 15T 0ag0n

25 168 168 0.08 0.38 - - 185ccr

26 170 170 0.19 0.28 - - 146¢cr

27 180 179 2.85 0.04 - - 330vag0 + 10T 0agon

28 225 225 1.48 0.80 - - 23vag0 + 12I'ccee

29 227 226 6.88 0.11 - - 19vag0 + 17Tccee

30 233 232 0.09 0.67 239vw 231w 17v1c + 156¢cc

31 234 233 2.25 0.05 - - 24T ccce + 14Uccen + 100 ence
32 256 255 0.16 0.06 - - 21C¢cce + 16ceen

33 301 301 0.16 0.03 - - 23Tccee + 15T¢ceen + 13Tence
34 309 309 0.95 0.09 - - 23l ccce + 18T ceen + 17Tence
35 420 419 2.07 0.01 411 m - 27Tccee + 24T ceen

36 422 420 0.62 0.01 - - 18I ccec + 16Icecn

37 426 425 0.90 0.03 - - 146¢cc + 23T¢ece + 18T cecn
38 428 426 1.99 0.02 - - 25T ccee + 23T cecn

39 449 448 11.07 0.03 - - 41Cceny + 15TuncH

40 499 498 17.24 0.05 494 m - 43Tcenn + 14T aNcH

41 573 571 0.73 0.05 561 m - 256¢ce + 216¢en

42 578 576 0.40 0.06 - 572vw 216¢ccc + 196¢cu

43 584 582 1.51 0.03 582 m - 22T ¢ece + 31Tgeen

44 594 592 1.61 0.02 595 s - 25T ceee + 24T cecn

45 615 613 0.24 0.01 614vw - 10lccec + 14Tceen + 100ence + 120 cenn
46 623 621 0.01 0.05 - - 20T ccce + 18T cecn

47 655 653 2.64 0.12 648vs 647vw 10v;c + 288¢cce + 116¢en

48 663 661 2.21 0.13 - - 256¢ce + 106¢cH

49 707 705 0.04 0.02 - - 220450 + 150Nn0 + 34d0n0

50 727 725 3.07 0.02 727vs - 194g0 + 100Nn0 + 34d0n0 + 116ag0n
51 739 737 0.69 0.02 - - 27T ¢cece + 25T ceen

52 741 739 0.65 0.02 - - 1250n0 + 15T ¢ccee + 17T cecn
53 742 740 0.43 0.04 - - 11vago + 1260n0 + 200 ccee + 17T cecn
54 754 752 1.83 0.01 754vs - 27T ccec + 19T ¢cecn

55 775 772 15.20 0.03 - 772 m 36I'ccen + 10Incen

56 782 779 5.90 0.14 - - 10T ccee + 26T cecn

57 785 783 11.73 0.57 - - 24T ceen

58 787 784 0.39 0.42 - - 14vce + 166¢cc + 106¢cH + 14 cecn
59 800 798 1.90 0.02 791vs - 17T¢ccec + 35T cecn + 120ncen + 10T 1ccn
60 815 813 4.22 0.01 - - 15Iceee + 360ceen + 120neen + 100 cen
61 820 817 1.10 0.00 - - 45T agon0 + 17T 0agon

62 823 821 1.62 0.00 - - 54T sg0n0 + 33T oagon

63 872 869 2.47 0.19 860 m - 22T ccen + 123THecH

64 879 876 5.26 0.19 876 m 876w 137c0c + 107¢en + 19Tccen
65 886 883 2.03 0.03 - - 10lccee + 36l ceen + 11Tkcen
66 892 889 5.83 0.21 - - 127cce + 107¢ey + 15Tcecn
67 898 895 2.28 0.03 - - 35T'ceen + 12T HeeH

68 901 898 2.55 0.01 901vw - 14T'ccee + 39 ceen + 12@cen
69 912 909 0.49 0.08 - - 107¢ce + 167can + 12Tcen
70 913 911 0.60 0.04 - - 11ycey + 140cecn

(continued on next page)
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Calculated Observed

Mode Fre Fre® Ig" Ira” IR Raman % TED®

71 944 941 0.10 0.00 946w - 11C¢ccec + 37Tcect + 100ncen + 18T wcen + 100cen
72 966 963 0.04 0.00 - - 120¢cee + 46Tcecn + 19Tncen + 10Ticen
73 1049 1046 7.94 0.31 1036 m 1045vw 48uno + 1480ag0 + 1080n0 + 12T 0agon
74 1057 1054 0.70 0.22 - - 220¢c + 228¢cc + 278ccn

75 1064 1061 1.50 0.26 1057 m 220¢c + 138cec + 34dcen

76 1073 1070 0.59 0.30 - 1072w 2300 + 11T opg0n

77 1083 1079 1.06 0.53 - - 278ccr + 10T agcm

78 1095 1092 0.86 0.25 1091 m - 120¢c + 11oey + 406ccr + 118cnu
79 1115 1111 5.65 0.04 - - 148ccc + 428cen + 126cnm + 126ncn
80 1127 1124 4.96 0.01 1135 m 1131vw 128ccc + 188cen + 106cnn

81 1157 1154 0.67 0.02 - - 150ce + 136cec + 476ceu

82 1163 1160 0.19 0.03 - - 120¢c + 108¢cc + 386ccn

83 1209 1206 1.30 0.04 1191s 1191vw 14vcc + 158¢ce + 336cen

84 1209 1206 1.09 0.06 - - 14vcc + 178cce + 278¢en

85 1267 1263 1.53 0.26 - - 10vce + 395ccH

86 1269 1265 36.06 0.04 1236 s 1250 m 17vno + 318ccn + 1180no0

87 1271 1268 7.62 0.09 - - 100¢c + 11ono + 376¢cn

88 1277 1273 1.37 0.35 - - 18vce + 256ccH

89 1285 1281 1.89 0.16 1287vs - 190¢c + 108cce + 298¢en + 13cnm
90 1334 1330 5.11 0.12 1330's 1332s 250¢cc + 288ccu

91 1343 1339 6.59 0.10 - - 280cc + 298ccn

92 1355 1350 40.17 0.01 1377 s - 230n0 + 100ce + 166ccr + 3380n0
93 1360 1356 1.35 0.62 - - 21vce + 338cen

94 1366 1362 0.97 0.27 - - 260cc + 448ccn

95 1431 1427 12.54 0.30 - - 14vce + 258ccn + 108cnu

9 1434 1429 100.00 0.07 1445 m 1413w 11vce + 298¢cn + 108ono

97 1439 1435 10.99 0.19 - - 18vcc + 278ccn + 148cnu

98 1472 1467 7.40 0.21 - 1457vw 24vce + 368ccn

99 1477 1472 3.56 0.23 - - 200¢c + 378ccn

100 1484 1480 4.88 0.23 - - 190¢c + 128¢cc + 218ccu

101 1486 1481 8.52 0.10 - - 200¢c + 168ccc + 218cen + 146cnm
102 1515 1510 10.64 0.97 - - 14vce + 306ccH

103 1516 1511 94.93 0.09 - - 300n0 + 138ccn + 1650n0

104 1534 1529 1.26 0.75 - - 200cc + 128¢cc + 338ccn

105 1596 1591 2.02 0.06 1561w 1571's 300cc + 148ccc + 298ccr

106 1602 1597 2.72 0.10 1603vw 1615 m 27vcc + 148cce + 226¢cu

107 1644 1639 0.26 0.13 - - 290¢c + 16¢cc + 228cen

108 1648 1643 0.28 0.07 - - 290¢c + 168ccc + 248ccn

109 3180 3037 0.72 0.14 2956vw - 76 vew

110 3184 3041 0.39 0.10 - - 75 vew

111 3198 3054 0.05 0.04 - - 700cy

112 3208 3063 0.00 0.02 - - 74 vey

113 3209 3064 0.23 0.13 - - 77 vew

114 3210 3065 0.29 0.11 - 3069 m 79 vey

115 3226 3081 0.40 0.06 - - 64 vey

116 3240 3095 0.38 0.05 - - 77 veu

117 3252 3106 0.55 0.10 3102w 3112w 71 ven

118 3263 3116 0.95 0.15 - 77 ven

119 3648 3484 15.19 0.08 3280w 3340vw 73 vng

120 3664 3499 15.74 0.11 3412w 3411s 76 vng

v: stretching, §: in-plane bending, y out-plane bending vibration, I': torsion; s: strong, m: medium, w: weak, v: very.
# Scaled wavenumbers calculated at Density Functional Theory/Becke three Lee-Yang-Parr/6-311++G(d,p) with DGDZVP using scaling factors 0.997 for the
wavenumber less than 1800 cm™! and 0.955 above 1800 cm ™! [48].
b Relative absorption intensities and relative Raman intensities normalized with highest peak absorption equal to 100.
¢ Total energy distribution (TED) calculated Density Functional Theory/Becke three Lee-Yang-Parr/6-311++G(d,p) with DGDZVP level, TED less than 10 % are not

shown.

(Ir), 1036 cm ™! (Ir)/1045 cm™! (Ra), 1072 cm ™! (Ra), and 1377 em ™!
(Ir). Therefore, we can say that the complex has acquired a new char-
acteristic feature.

3.4. 1H NMR analysis

One of the important techniques used in the structural analysis of
organic molecules is chemical shift analysis [59]. Experimental and
theoretical 'H NMR analysis was performed to obtain information about
the number of protons in the title molecule and the immediate envi-
ronment of each of them. H chemical shift values were calculated in
chloroform solvent by using Gauge Independent Atomic Orbital (GIAO)
at DFT (B3LYP method)/6-311++G(2d,p) with DGDZVP over the

optimized structure. The 'H NMR spectrum of the title complex struc-
ture was recorded with chemical shifts in the range of 0-15 ppm.
Analysis results are given in Table 5 and presented in Fig. 4. The
experimental chemical shift values of the complex were observed as
follow: 'H NMR (300 MHz, d-CDCI3) /ppm: 8.05 (Hyy), 8.20 (Hay),
7.86 (Hp), 6.48 (Hy), 7.99 (Hy), 7.73 (He), 7.20 (Hy), 7.20 (Ho), 6.48
(H10), 7.92 (H12), 7.19 (H14), and 7.45 (H;5s). Also, the theoretical values
corresponding to the experimental data were calculated as follows: 8.15,
8.20, 7.87, 9.90, 8.4, 7.33, 7.67, 7.69, 6.97, 7.78, 7.28, and 7.50 ppm,
respectively. The values observed in the range of 1-5-2 ppm in the
experimental data belong to the H,O peaks in the solvent [60,61]. Both
the experimental and theoretical values are in the standard value ranges
(6.50-8.50 ppm) for H atoms, and they are also in good agreement with
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Fig. 3. Correlation graphics between theoretical and experimental wave-
numbers (cm ™) of Ago(NO3)2(CgHgIN),.

Table 5
1H NMR Chemical shift values of Ag>(NO3)2(CgHpIN)o.

Atom position Calculated Values (ppm) Experimental Values (ppm)

Hin 8.15 8.05
Hon 8.20 8.20
H, 7.87 7.86
H, 9.90 6.48
Hy 8.40 7.99
He 7.33 7.73
H, 7.67 7.20
Ho 7.69 7.20
Hio 6.97 6.48
Hip 7.78 7.92
His 7.28 7.19
Hjs 7.50 7.45
each other.

3.5. Homo-Lumo analysis

The energies of the highest energy molecular orbital HOMO and the
lowest energy molecular orbital LUMO are important parameters in
quantum chemistry [62]. These two parameter values affect the elec-
tronic structure, charge transfer, chemical reactivity, optical properties,
and dynamic stability of any chemical system. Also, molecular orbital
theory is an important parameter used to understand biological prop-
erties such as antibacterial, DNA binding and antioxidant activity [63].
Chemical hardness, chemical potential, optical polarizability, chemical
softness, and electrophilicity values are calculated from the HOMO and
LUMO energy values using the following formulas:I = —Egopo,A =

—Erumo-n = (— Enomo + Erumo) /2.4, = (Eromo + Erumo)/2, ¥ = —H,
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and w = p2/2n[64,65]. The HOMO and LUMO energies, the associated
energy gap, and the other properties energy values have been calculated
at B3LYP/6-311++G(d,p) with DGDZVP basis set in the gas phase and
are listed Table 6.

If the energy values of the HOMO and LUMO molecular orbitals are
excessive, the complexes can more easily release electrons towards
biological materials. When the biological reactivity increases with the
rise of the energy value of HOMO and the energy value of LUMO de-
creases, the molecular electron biological activity increases. [20]. Also,
hard materials with low chemical reactivity have a large energy gap,
while soft materials with high chemical reactivity have a small energy
gap. The HOMO and LUMO energy values are —5.98 eV and —2.18 eV,
respectively. The HOMO-LUMO energy gap value of title molecule is
3.80 eV. Also, the values of ionization potential (I), electron affinity (A),
global hardness (1), electronegativity (), chemical potential (i), global
softness (c), global electrophilicity (o) were found as follows: 5.98 eV,
2.18 eV, 1.90 eV, 4.07 eV, —4.07, 0.52, and 4.36 eV. When examined in
the studies in the literature, the energy gap, global hardness and global
softness values show that the title molecule has a hard structure and low
reactivity [64,66,67]. In the other study, the energy gap of the free 5-
iodoindole ligand was found to be 5.08 eV for the same basis set
calculation [48]. The energy gap of the complex with silver nitrate of 5-
iodoindole was found to be smaller than that of 5-iodoindole. Therefore,
we can say that the complex structure is more reactive and softer than
the free ligand.

The HOMO-LUMO distributions are given in Fig. 5. The positive and
negative sites of Aga(NO3)2(CgHgIN), are determined by red and green
colors respectively. While the HOMO is distributed over the Ags metal
ion, Ny, O4, Os, and Og atoms (nitrate group), the LUMO is distributed
over the Cyo, C13, C14, Ci5, and I, atoms.

The simulated density of state spectrum (DOS) that calculated by the
Mulliken population shows in Fig. 6. This spectrum was created by
combining current molecular energy levels with Gaussian curves of unit
height. DOS is related to states of molecular orbitals at different energy
levels of the molecule. The green and red lines in the spectrum allow to
detected occupied and virtual orbitals more easily [68].

3.6. Hirshfeld surface analysis

To investigate the contributions of different intermolecular in-
teractions in the crystal packing motif, Hirshfeld surface analysis and
related two-dimensional fingerprint drawings were performed with
CrystalExplorer 17 Software [33]. Hirshfeld surface analysis maps pre-
pared according to dporm, di, and de properties are shown in Fig. 7. de
and d; are the distances from a given point on the surface to the nearest
atom outside and inside. The Hirshfeld surfaces mapped over the d,orm
use the function of these normalized distances. The red, white, and blue
colors used for dporm-mapped Hirshfeld surfaces indicate short contacts,
intermolecular distances equal to van der Waals radii, and longer con-
tacts, [69-71].

According to dyorm Hirshfeld map, the red area corresponds to the
more dominant interactions between oxygen and hydrogen atoms, while
other visible spots on the Hirshfeld surface correspond to C—H, H—H, or
I-H contacts. Looking at the Fig. 8 fingerprint plots, the O---H/H:--O
(27.7 %) interactions make the largest contribution to the Hirshfeld
surfaces and are represented by the blue spikes on the lower left and
right. C---H/H---C (15 %) interactions are above the O—H regions. The
H---H contacts contribute 17 % to the Hirshfeld surfaces, while the I---H/
H---I interactions contribute 10.2 % above the C—H regions.

3.7. Molecular electrostatic potential (MEP)

MEP is an electrostatic potential surface plot related to electron
density [72]. It is one of the most important tools used to predict the
chemical reactivity of molecules and ensure information about the
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Fig. 4. Experimental (a) and theoretical (b) '"H NMR spectra of Agz(NO3)5(CsHgIN),.

electrophilic and nucleophilic regions of the molecule with different
color codes [73]. The order of the color scheme for the MEP from
electron rich region to electron poor region is as follows: red (electron
rich region) < yellow (slightly electron rich region) < green (neutral
region/zero potential) < blue (electron deficient region/positive

charges) [74].

The molecular electrostatic surface map for Aga(NOg3)2(CgHgIN), is
shown in Fig. 9. The negative regions (electrophilic) of the title complex
structure are particularly localized on the O4, Os, and Og atoms. Besides,
01, Oy, and O3 atoms with Cyg, C11, and Ci5 atoms in benzene and

10
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Table 6

The calculated energy gaps and quantum chemical properties of title compound.
Molecular Orbitals E (eV) Eg I A n(ev) x(eV) pu(eV) o(eV) ! w(eV)

(eV) (eV) (eV)

H —5.98 AEg | 3.80 5.98 2.18 1.90 4.07 —4.07 0.52 4.36
L -2.18
H-1 —6.47 AEy 1, 4.52 6.47 1.96 2.26 4.21 —4.21 0.44 3.93
L+1 -1.96
H-2 —6.89 AEq , 1, 5.02 6.89 1.87 2.51 4.38 —4.38 0.39 3.82
L+2 -1.87

H: HOMO (Highest Occupied Molecular Orbital), L: LUMO (Lowest Unoccupied molecular orbital), eV: electron volt, (eV)™: 1/electron volt, E,: Energy gap, I: lozi-
nation potantial, A: electron affinity, : global hardnes, y: electronegativity, p.: chemical potential, ¢: global softnes, w: global electrophilicity.

‘@
C
E=1.96 eV : ’;”h. LUMO+1
;,_;% N LUMO
290, " ° :
e E=2.18 eV
i
AE=4.52 eV Eg=330
R
V- "o 9
’. - E=598 eV
J ,J”J’ ), 9 HOMO
3%
°
. 4
.& v Jd
E=6.47 eV HOMO-1

Fig. 5. Frontier molecular orbital diagrams of Ag,(NO3)5(CgHgIN), to deter-
mine the energy gap between molecular orbitals.

pyrrole rings are in slightly electron-rich regions. Ag; and Ag, atoms are
in the electron-deficient light blue region. According to the electrostatic
potential surface map, N; and N5 atoms are also in the positive charges
dark blue regions (niicleophilic). Also, a two-dimensional contour map
of the title molecule is given in Fig. 10. This map again shows that the
electron-rich regions are localized around the O atoms in the nitrate
groups.
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Fig. 6. The simulated density of states spectrum of Ag>(NO3)2(CgHgIN)s.
3.8. Charge analysis

The electronic charges of atoms, which affect the molecular moment,
molecular parity, electronic structure and many other properties, pro-
vide important information about the binding potential of a molecule.
Therefore, they have a very important function in quantum chemical
computation studies [53,75,76]. The atomic charge analysis of the
optimized structure was obtained by Natural Bond Orbital, Atomic Polar
Tensor, and Hirshfeld charges. For atomic charge calculations of
Ag>(NO3)2(CgHgIN),, the 6-311++G (d, p) basis set was used for light
atoms and the DGDZVP basis set was used for heavy atoms. The results
are given in Table 7 and presented in supplementary Fig. S3.

According to the results obtained, all of the oxygen atoms in the
nitrate groups of the structure were found to be the most negative
compared to the other atoms. The N3 and N4 atoms in the nitrate group
have a positive charge, while the N; and Ny atoms in the pyrrole ring of
5-iodoindole have a negative charge. Ag; and Ag, silver metals are the
most positive charged atoms. Iodine atoms were found to be negative in
APT and Hirshfeld atomic charge analysis and positive in NBO charge
analyses. The Co, C4, Cg, C19, C12, and Cy4 atoms of 5-iodoindole ligands
in the complex structure were found to be negative in all three analysis
methods. All H atoms have positive values. When the results obtained
from the charge analysis of the title molecule are compared with the
molecular electrostatic surface map, the electrophilic and nucleophilic
regions in the MEP map are in good agreement with the charge analysis
results.

In the charge analysis study conducted using the same basis set on
the free ligand of 5-iodoindole, it was found that the N atom in the
pyrrole ring of the ligand was the most negative atom, while some C
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Fig. 7. The Hirshfeld surfaces of the Ag>(NO3)2(CgHgIN), mapped over dyorm,
d; and d..

atoms had less negative values. It was reported that the iodine atom of 5-
iodoindole has a negative charge in the APT and Hirsfeld charge anal-
ysis. The same results were also found for the title complex in this study.
When the complex is examined, it is seen that Ag metals also bond with
the negative C atoms in the pyrrole ring of 5-iodoindole [48]. Further-
more, in the charge analysis research of the synthesized [Ag(3-Py-
CHO)3(NO3)] compound, it is found O atoms in the nitrate group have
negative values in Mulliken and NBO charge analyses, whereas Ag metal
is positive [20]. These results support our study.

3.9. Non-linear optical properties

Recently, it has became very important to investigate the nonlinear
optical properties of crystal structures and organic molecules due to
their potential applications in research areas such as electrooptical
switches, frequency conversion, color display, and optical information
processing [77]. The reaction of electrons in the structure as a result of
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—
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exposure to an electric field can be explained as the optical property of a
substance. DFT calculations have become an effective method to explain
polarizabilities, hyperpolarizabilities, dipole moment, and electronic
charge distribution [53]. Therefore, in this study, its non-optical prop-
erties will be explained only by the theoretical calculation method. The
dipole moment of a structure exposed to an external electric field is
reshaped and is given by the following equation:

1
—yE’+ .. 4

1
ult) = Ho +apE* +3 PE* +2

In this equation, g is the permanent dipole moment of the molecule,
a is the molecular polarity, § is the first-order hyperpolarizability, and y
is the second-order hyperpolarizability [78]. The permanent dipole
moment (p), the mean polarizability (@), the anisotropy of the polariz-
ability (Aa) and first-order hyperpolarizability (o) values are calculated
as follows [79,80]:

1= 41+ 5)
A — 1 2 2 2 6(? 2 2 \11/2
a = ﬁ[(a«u - ayy) + (ayy - azz) + (azz - OtXX) + (axy + ayz + axz)]
(6)

Bo = (B + By + Be)’ + By + P + Bye)” + (Boe + P + B)*
(@]

Hyperpolarizability is the amount that affects the nonlinear optical
properties of the material. The nonlinear optical properties of
Ag>(NO3)2(CgHgIN), are tabulated in Table 8.

The first hyperpolarizability value of Aga(NO3)2(CgHgIN), is calcu-
lated at 9.10 x 107° esu. In the calculations made using the same basis
set for the free 5-iodoindole molecule, this value was found to be 1.20 x
10" esu. The complex formation of the free ligand with silver nitrate
increased the NLO optical properties [48]. Also, this value is approxi-
mately 24 times greater than that of urea (0.3728 x 10 esu) used as a
brink value in NLO characteristic analysis. Therefore, the title molecule
has important non-linear optical properties.

3.10. Thermodynamic properties

For the title complex structure, the heat capacity (Cp), entropy (S),
enthalpy changes (AH), and Gibbs free energies, which play crucial roles
in the material characterization and in understanding the reactivity and
environmental influences on the molecules, were calculated at constant
pressure in the gas phase. The values of these functions calculated in the
temperature range of 100-1000 K are given in Table 9, and their changes
depending on the temperature are presented in supplementary Fig. S4.
The zero-point energy, which is characteristic property of molecules,
remains constant at all temperatures and was found to be 707. 74

150

10.20%

B

Fig. 8. Two-dimensional fingerprint plots order with a dnorm view of the O—H/H---O(27.7%), H---H (17%), C---H/H---C (15%) and I-H/H---I1 (10.2%) contacts in

Ag5(NO3)2(CgHgIN) .
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Fig. 9. Molecular electrostatic potential surface map of Ag,(NO3)5(CgHgIN), in the gas phase.
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Fig. 10. Two dimensions contour map of molecular electrostatic potential surface values (all in arbitrary unit) of Ago(NO3)2(CgHgIN)s.

kJmol ™. For the synthesized complex structure, the lowest entropy,
heat capacity and enthalpy change values were found to be 477. 50
Jmol'lK’l, 170.94 Jmol 'K-! and 2.57 kJmol~! at 100 K, respectively,
while the highest values were found as 1321 Jmol 'K ™!, 590.76 Jmol
1K~ and 99.24 kJmol ! at 1000 K. Entropy, heat capacity, and enthalpy
change values showed an increase as the temperature rises. The increase
in entropy and enthalpy due to the rise in temperature shows that the

13

synthesized complex structure changes its thermodynamic system [48].
Also, Gibbs free energy value showed a decrease with increasing
temperature.

3.11. Antimicrobial activity

The antibacterial activities of the title complex structure were tested
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Table 7

Comparison of NBO, Hirshfeld and APT atomic charges for title compound.
Atoms APT Hirshfeld NBO Atoms APT Hirshfeld NBO
Agy 0.752 0.212 0.623 Cg 0.175 0.047 0.152
Ags 0.848 0.216 0.756 Co 0.115 0.024 0.032
I —0.138 —0.101 0.178 Cio —0.261 —0.069 -0.317
I —-0.170 —0.001 0.239 Ci1 0.058 —0.013 -0.077
0, —0.748 —-0.237 —0.476 Ci2 —0.091 —0.037 —0.206
O, —0.740 —0.196 —0.483 Ci3 0.268 0.028 —0.205
O3 —0.708 —-0.214 —0.524 Cia —0.214 —0.051 —0.247
Oy4 —0.799 —0.265 —0.565 Cis 0.042 —0.049 —0.205
Os —0.801 —0.266 —0.567 Cie 0.174 0.044 0.156
O¢ —0.785 —0.270 —0.415 H; 0.107 0.079 0.233
N —0.483 —0.069 —0.523 Hy 0.103 0.063 0.245
Ny —0.455 —0.079 —0.536 Hs 0.259 0.164 0.418
N3 1.317 0.277 0.706 Hy 0.067 0.056 0.223
Ny 1.468 0.259 0.691 Hs 0.069 0.056 0.223
C 0.078 0.034 0.001 Hg 0.042 0.059 0.220
Co —0.237 —0.061 —0.368 H; 0.119 0.073 0.232
Cs 0.013 —0.016 —0.087 Hg 0.102 0.062 0.247
Cy —0.093 —0.041 —-0.214 Ho 0.076 0.061 0.226
Cs 0.287 0.034 —0.207 Hio 0.068 0.053 0.221
Ce —0.189 —0.039 —0.221 Hyp 0.032 0.055 0.216
Cy 0.029 —0.045 —0.204 Hiy 0.240 0.157 0.408

Table 8 zones of inhibition (ZOI) ranging from 10 to 20 mm in diameter. The
able

The electric dipole moment u (Debye), average polarizability @, anisotropy of
polarizability Aa (10~2*esu), and first hyperpolarizability f, (10~*Cesu) of the
title molecule.

Dipole moment Polarizability First Hyperpolarizability
I 4.39 O 74.65 Brxx 5.95 By 8.91
y 1.22 Ay ~6.58 Baxy ~0.74 By ~0.14
ba 1.18 ayy 42.38 Byxy 1.73 B, -1.82
n 4.71 O 1.00 Byyy 0.79 Brot 9.10
Ozy —0.49 Bxxz —0.46 B -1.09
[ 42.50 Byxz —0.54
a 53.18 Byye —0.66
Ax 34.21 Prxz 1.23
By ~0.19
Pz —-0.70
Table 9
Thermodynamic properties at different temperatures of Ag>(NO3)2(CgHgIN),.
T(K) ), (J/mol S0 (J/mol AHO (kJ/ AGeorr(kJ/ ezpp(kJ/
K KD mol) mol) mol)
100 170.94 477.50 2.57 671.62 707.74
200 251.88 627.11 8.03 616.03 707.74
300 328.56 747.30 15.18 547.21 707.74
400 396.19 853.76 24.05 467.12 707.74
500 451.36 950.18 34.40 376.91 707.74
600 494.43 1037.98 45.91 277.49 707.74
700 527.62 1118.08 58.34 169.70 707.74
800 553.43 1191.39 71.46 54.24 707.74
900 573.95 1258.79 85.13 —68.21 707.74
1000 590.76 1321.03 99.24 —197.16 707.74

ngm : Heat capacity, S9: Entropy , AHY: Entalphy changes, Geor: Gibbs free en-
ergy, ezpg: Zero point energy.

against bacteria, such as E. coli ATCC 25922, K. pneumoniae ATCC
13883, S. dysenteriae ATCC 11835, P. aeruginosa ATCC 27853,
S. typhimurium ATCC 14028, B. subtilis ATCC 6633, S. aureus ATCC
25923, E. faecalis ATCC 29212, L. monocytogenes ATCC 7644, and
C. albicans ATCC 10231 by using both agar well diffusion and micro-
dilution methods. Antibacterial activity results of the title complex in-
hibition zone diameter (mm) and Minimal Inhibitory Concentration
(MIC) are given in Table 10. Ago(NO3)2(CgHgIN), complex structure was
highly effective against gram-positive and gram-negative bacteria, with
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title compound highly inhibited S. aureus and P. aeruginosa (ZOI = 20
mm) (Table 10). All gram negative bacteria except P. aeruginosa ATCC
ATCC 27853 were less sensitive to Aga(NO3)2(CgHgIN)2 in the agar well
diffusion study. The P. aeruginosa and S. aureus reference bacteria
exhibited higher inhibition zones than the other reference bacteria.
Gram-positive bacteria exhibited ZOI around 15-20 mm in diameter in
agar well diffusion studies, while Gram-negative bacteria exhibited ZOI
around 10 mm in diameter. The title complex shows strong antifungal
activity on the reference strain of C. albicans in the agar well diffusion
method with the highest inhibition sites in this study. Aga(NO3)a(-
CgHgIN)2 only showed a good antimicrobial effect against S. aureus and
P. aeruginosa (31.25 pg/ mL) in the MIC (1000 pg/m-1) evaluation. In
antimicrobial susceptibility testing with the microdilution broth
method, the gram-positive bacterium S. aureus and the gram-negative
bacterium P. aeruginosa showed sensitivity to the diluted Aga(NO3)a(-
CgHgIN)2 (100 pg/ml) in ethyl alcohol, and the minimal inhibitor con-
centration values were found to be 31.25. The synthesized complex
structure with silver in this study can have promising applications in the
biomedical, dentistry, and pharmaceutical fields. While 5-iodoindole
showed no antimicrobial effect against E. coli, P. aeruginosa, and C.
albicans [48], its silver nitrate complex showed strong antimicrobial
activity against these bacterias. In other words, the binding of silver
nitrate to the 5-iodiondole structure increased the antimicrobial effect.

4. Conclusion

In the present work, a new organic-inorganic hybrid compound, Ag2
(NO3)2(C8H6IN)2, has been synthesized at + 4°C by slow evaporation
for 3 months. The molecular and structural properties of this new
complex structure were determined by single-crystal X-ray diffraction
techniques, Far-IR, FT-IR, FT-Ra, and 'H NMR analayses. DFT calcula-
tions were carried out on an isolated molecule in the gas phase using
B3LYP with the 6311++G (d, p) basis set for C, H, and N atoms and the
DGDZVP basis set for Ag and I atoms. When the results are examined, it
is found that there is a good correlation between the theoretical and
experimental bond lengths, bond angles, and wavenumbers except for
small differences. Also, the experimental and calculated 'H NMR
chemical shift values of the title structure are determined to be in good
agreement with each other. Hirshfeld surface analysis and related two-
dimensional fingerprint drawings have been performed to investigate
the contributions of different intermolecular interactions in the crystal
packing motif. The HOMO-LUMO energy gap value has been determined
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Results of antimicrobial activity of the Ago(NO3)2(CgHgIN), the inhibition zone diameter (mm) and MIC values.

Microorganisms Diameter of inhibition zone (mm)

MIC (1000 pg/m™")

Ag(NO3)5(CgHgIN), (ug/mL) AMP Cycloheximide Ag5(NO3)2(CgHgIN), (ug/mL)
(10 pg)
E. coli ATCC 25922 10 - - 125
K. pneumoniae ATCC 13883 10 18 - 250
S. dysenteriae ATCC 11835 10 24 - 125
P. aeruginosa ATCC 27853 20 18 - 31.25
S. typhimurium ATCC 14028 10 - - 125
B. subtilis ATCC 6633 15 15 - 62.5
S. aureus ATCC 25923 20 20 - 31.25
E. feacalis ATCC 29212 15 15 - 62.5
L. monocytogenes ATCC 7644 15 - - 62.5
C. albicans ATCC 10231 10 - 18 62.5
3.6 eV in the gas phase’ and this energy value supports that this complex [4] M. Giampieri, A. Balbi, M. Mazzei, P.L. Colla, C. Ibba, R. Loddo, Antiviral activity

structure is a hard one. The molecular electrostatic potential (MEP),
local reactivity descriptors, and charge analyses have been used to
determine electrophilic and nucleophilic reaction regions. According to
these analysis results, electrophilic regions are localized over the O
atoms in the nitrate groups. NLO properties have been investigated and
the first hyperpolarizability value has been obtained, 24 times greater
than the urea used as a brink value. According to this result, the title
molecule has the potential to be used as an NLO material. In antimi-
crobial activity studies, the complex structure has been highly effective
against gram-positive and gram-negative bacterias. In particular, the
title compound highly inhibits S. aureus and P. aeruginosa. Also, the title
complex has been shown to exhibit strong antifungal activity on the
reference strain of C. albicans in this study.
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