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Abstract The gas phase molecular structure of a single iso-
lated molecule of [Ag(Etnic),NOs];1 where Etnic = Ethyl-
nicotinate was calculated using B3LYP method. The H-
bonding interaction between 1 with one (complex 2) and
two (complex 3) water molecules together with the dimeric
formula [Ag(Etnic),NOs3],;4 and the tetrameric formula [Ag
(Etnic),NOs]4;5 were calculated using the same level of the-
ory to model the effect of intermolecular interactions and
molecular packing on the molecular structure of the titled
complex. The H-bond dissociation energies of complexes 2
and 3 were calculated to be in the range of 12.220-14.253 and
30.106-31.055 kcalmol ', respectively, indicating the forma-
tion of relatively strong H-bonds between 1 and water mole-
cules. The calculations predict bidentate nitrate ligand in the
case of 1 and 2, leading to distorted tetrahedral geometry
around the silver ion with longer Ag—O distances in case of
2 compared to 1, while 3 has a unidentate nitrate ligand
leading to a distorted trigonal planar geometry. The packing
of two [Ag(Etnic),NOs] complex units; 4 does not affect the
molecular geometry around Ag(I) ion compared to 1. In the
case of 5, the two asymmetric units of the formula [Ag
(Etnic),NOs] differ in the bonding mode of the nitrate group,
where the geometry around the silver ion is distorted tetrahe-
dral in one unit and trigonal planar in the other. The calcu-
lations predicted almost no change in the charge densities at
the different atomic sites except at the sites involved in the C—
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Introduction

Intermolecular interactions such as hydrogen bonds between
molecules have attracted the attention of many researchers
[1-4]. Hydrogen bonding is considered the principal mode
of noncovalent interaction, not only affecting the activities of
many biological molecules but also playing an important role
in stabilizing and determining their structure and shape [5].

In recent years, silver compounds have attracted much
attention due to their antimicrobial activity; silver ions do
not show toxicity and carcinogenic activities in the range of
concentrations applied [6-9]. As a result, there is increased
interest in discovering more potential uses of silver(I) as a
therapeutic agent for different antimicrobial applications
[10-16]. Silver (I) complexes of the formula AgL,NO;, where
L is a monodentate N-donor ligand, possess different molec-
ular geometry and supramolecular structures depending on the
nature of the ligand (L) and the bonding mode of the nitrate
group. Recently, our research group has focused on the syn-
thesis and molecular structure of different silver (I) nitrate
complexes with quinoxaline and pyridine derivatives
[17-22]. It was found that the nitrate ion may be free, or act
as a monodentate or bidentate ligand through the oxygen
atoms, which leads to different coordination geometries
around the silver ion such as linear, bent, trigonal planar or
tetrahedral [22-27]. The factors affecting the molecular ge-
ometry of such complexes are still not well elucidated.

Since quantum chemical calculations have proved to
offer excellent prediction in determining the molecular
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Fig. 1 Calculated optimized H39
molecular geometry of a single
molecule of [Ag(Etnic),|NO;; 1
using B3LYP/LANL2DZ

structure of a variety of organic and inorganic systems
[25—40] as well as being useful for studying the intermolec-
ular interactions between two or more H-bonded molecules,
the present work aims to calculate the gas phase molecular
geometry of a single isolated [Ag(Etnic),]NO; molecule
using DFT/B3LYP method. The results were compared with
X-ray structure data available from the Cambridge Crystal-
lographic Data Center (CCDC) [41], and the interaction
between [Ag(Etnic),[NO; with one and two water mole-
cules was calculated to model the effect of the H-bonding
interaction on the molecular structure of the titled complex.
Dimeric and tetrameric formula of the [Ag(Etnic),][NO;
complex were also calculated using the same level of theory
in order to simulate the effect of molecular packing on the
molecular structure of the studied silver complex.

Fig. 2 B3LYP/LANL2DZ-
calculated optimized molecular
geometry of [Ag(Etnic),] pH39
NOj5:-'nH,O where n=1 or 2 for “B‘"“ o5
complexes 2 and 3, respectively il
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Theoretical considerations

All calculations for the [Ag(Etnic),[NO; complex, its H-
bonded complexes with one Ag(Etnic),NO3---H,O; 2 and
two water molecules Ag(Etnic),NOs---2H,0; 3 as well as the
dimer [Ag(Etnic),NOs],; 4 and tetramer [Ag(Etnic),NO3]4; 5
were carried out using Gaussian 03 software [42]. All com-
plexes were calculated using B3LYP/LANL2DZ method. Also,
all complexes except 5 were calculated using the same theory
but using the 6-31G(d, p) basis set for all atoms except for
silver, where the ECP/LANLO8 basis set was used [43]. Fur-
thermore, complexes 2 and 3 were calculated using
MPWPWO1 and PEB1PBE DFT methods, which were found
to be more specific for investigating the H-bonding interactions
[44]. The input structure of the studied silver complex was
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taken from the crystallographic information file (CIF) obtained
from CCDC [41]. Gauss view [45] was used to draw the
structures of the optimized geometries. The starting input of
complexes 1, 4 and 5 were taken from the CIF of the [Ag
(Etnic),]NO5 complex obtained from the CCDC. In the case of
complexes 2 and 3, the water molecules were placed close as
possible to the nitrate ion, and situated appropriately for H-
bonding with its O-atoms.

Results and discussion
Stabilities, dipole moments and thermodynamic functions

The optimized structures of complexes (1-5) are shown in
Figs. 1, 2 and 3. Selected comparative DFT calculated bond
distances and bond angles are given in Table 1. The calculated
total energies and dipole moments of the studied complexes
together with the H-bond dissociation energies of complexes 2
and 3 are given in Table 2. Generally, the interaction energies
(AE) between two molecules A and B are calculated as the

Fig. 3 Calculated optimized
molecular geometry of the
dimer [Ag(Etnic),NO;],, 4 and
one asymmetric unit of the
tetramer [Ag(Etnic),NOs]4, 5
using the B3ALYP/LANL2DZ
method

energy difference between the product complex E(ap) and its
components E () and Eg).

AE = E(4p) — E(4) — E(p) (1)

The H-bond dissociation energies of complexes 2 and 3 using
DFT/B3LYP method were calculated to be 13.757 and
30.106 kcalmol ', respectively,. MPWPW91 and PEBI1PBE
functions were reported [44] to give better performance for
studying hydrogen bonding interactions than the B3LYP meth-
od. As a result, the H-bonding interactions of complex 1 with
one and two water molecules were calculated using these meth-
ods; the results of interaction energies are given in Table 2. It can
be seen that these functions overestimate the calculated H-bond
dissociation energies (AE) compared to the conventional
B3LYP method. Furthermore, the mp2 interaction energies,
including BSSE correction at the B3LYP optimized structure
of these complexes, were calculated using the Counterpoise
method. The more accurate H-bond dissociation energies of
complexes 2 and 3 were calculated to be —12.22 and
—30.78 kealmol ', respectively. These results indicate relatively
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Table 2 Calculated energies . X .

(Froy), interaction energies (AE), Complex  —AE (kcal/mol) p* (Debye) C, “cal/molK S

dipole moments (1) and thermo- (cal/molK)

dynamic functions for the studied B3LYP MPWPW91  PEBIPBE  mp2

complexes using different meth-

ods at LANL2DZ basis set 1 - - - - 10.953 99.080 207.615
2 13.757 13.848 14.253 12.220 9914 108.624 226.112
3 30.106 30.248 31.055 30.779 9.641 117.548 240.090
4 15.883 - - - 0.000 - -
5 62.454 - - - 0.000 - -

* B3SLYP/LANL2DZ

moderate-to-strong H-bonding interactions between complex 1
and water molecules. The calculated dipole moments of com-
plexes 1-3 are calculated to be 10.953, 9.9139 and 9.6412
Debye, respectively. These results indicate a decrease in mole-
cule polarity due to the H-bonding interactions with water
molecules. On other hand, the optimized molecular geometry
of complexes 4 and 5 possesses a C; point group so the
calculated dipole moments for these complexes are equal to
zero Debye due to symmetry considerations. The calculated
constant volume molar heat capacity (C,) and entropy (S) of
complexes 1-3 are given in Table 2. It can be noted that the
interaction of water molecules with the [Ag(Etnic),][NO;
increases not only the absolute entropy of the system but also
its molar heat capacity at constant volume (C,) due to the
increased number of degrees of freedom of the system.

Structure description

The calculated optimized molecular geometry of the studied
complexes 1-5 at the DFT/B3LYP level of theory are given in
the Supplementary data. In the present work, the effect of H-
bonding interactions on the coordination geometry around the
silver ion was studied by comparing geometric parameters
such as bond distances and bond angles around metal ion for
complexes 1-5 with the X-ray solid state structure of 1 [19].

Molecular structure of [Ag(Etnic),NO3], 1

The gaseous phase molecular geometry of a single isolated
molecule of the titled complex calculated using the B3LYP/
LANL2DZ method is shown in Fig. 1. It can be seen from
Table 1 that the calculated Ag—N(py) and Ag—O distances are
in the range of 2.248-2.283 A and 2.472-2.576 A, respec-
tively, indicating distorted tetrahedral geometry around the
silver ion where the nitrate group acts as a bidentate ligand
through two O-atoms. The X-ray single crystal structure of
this complex showed that the shortest Ag—O distance is
2.825 A, indicating uncoordinated nitrate and almost a linear
geometry around the silver ion [19]. These results indicate that
the electrostatic interaction between the Ag" ion and the
nitrate group is the dominant processes in the gas phase where
there are no intermolecular interactions to be considered.

Also, calculations predicted the O42---H13 and O45---H9
distances to be in the range of 2.109-2.199 A and 2.279-
2.309 A, respectively, which indicates the presence of intra-
molecular C-H---O interactions between the O-atoms of the
nitrate group and neighboring H-atoms [22].

Molecular structure of Ag(Etnic),NO;z'-'nH>0, 2 and 3

In order to model the effect of the H-bonding interactions on the
bonding mode of the nitrate group as well as on the molecular
geometry around the Ag" ion, the interaction of complex 1 with
one and two water molecules was calculated at the same level of
theory. The optimized molecular geometries of Ag(Etnic),.
NO;--"H;0; 2 and Ag(Etnic),NO5---2H,0; 3 are shown in
Fig. 2 and the results of the most significant geometric param-
eters as well as the H-bonding information are given in Table 1.

The H-bonding interaction between the nitrate group and
one water molecule almost does not affect the coordination
geometry around the metal ion. Although the calculated Ag—O
distances are increased slightly up to 2.638 A, they are still
less than the summation of the Van der Waals radii of the two
elements, indicating that the bonding situation of the nitrate
group is almost unchanged compared to [Ag(Etnic),NOs]. On
the other hand, the interaction with another water molecule
changes the geometry around the silver ion from distorted
tetrahedral to distorted trigonal planar geometry where one
Ag-O distance is calculated in the range of 2.478-2.590 A
while the other is in the range of 3.503-3.748 A. The latter is
too long, indicating that the nitrate ion acts as a unidentate
ligand through one oxygen atom. Also, the intramolecular C—
H---O interactions become much weaker and are less signif-
icant than the intermolecular C—H---O interactions formed
between the water molecules and the adjacent hydrogen atoms
of the pyridine ring (see Fig. 2 and Table 1). Anyway, the
presence of these H-bonding interactions tends to weaken the
Ag—O(NO,) interactions.

Molecular structure of [Ag(Etnic),NOj3],, 4 and 5
In order to model the effect of molecular packing on the

molecular geometry of the studied silver complex, the dimer
[Ag(Etnic),NOz3],; 4 and tetramer [Ag(Etnic),NOs]4; 5 were
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Table 3 Calculated Miilliken

atomic charge (MAC) densities Etnic 1 2 3 4 5

for the studied complexes using

DFT/B3LYP/LANL2DZ Agl - 0.3858 0.395 0.3961 0.3831 0.3948 0.3902
N2 -0.0139* -0.2016" -0.2171* -0.207* -0.2198* -0.235%8 -0.2237%
03 -0.3333 -0.3374 -0.3365 -0.3355 -0.3353 -0.3295 -0.3385
N4 -0.0139* -0.2019* -0.1935% -0.1802% -0.2073* -0.2038* -0.2122%
05 -0.3333 -0.3291 -0.3294 -0.3295 -0.3161 -0.3254 -0.3332
Cé6 -0.402% -0.3025% -0.2737% -0.2899% -0.3057* -0.2958* -0.294*
H7 0.2784 0.2823 0.2795 0.2782 0.2794 0.27 0.3209
C8 -0.402* -0.2817* -0.2852% -0.2778* -0.2854* -0.2907* -0.3032%
H9 0.2784* 0.3562* 0.3438* 0.3345% 0.3482* 0.3353% 0.3523*
010 -0.2824 -0.2801 -0.2809 -0.2823 -0.2919 -0.2968 -0.2931
C11 0.2409 0.2368 0.2336 0.2336 0.2317 0.2349 0.2419
Cl2 -0.3063* -0.1755% -0.2217% -0.2246% -0.1849* -0.1702* -0.1874*
H13 0.2418* 0.3343% 0.3923% 0.3953% 0.3101* 0.3048* 0.3345%
Cl4 0.2409 0.2324 0.2352 0.234 0.2348 0.2343 0.228
015 -0.2824 -0.2515 -0.2548 -0.2611 -0.2582 -0.2784 -0.2602
Cl16 -0.1712 -0.1802 -0.1791 -0.1787 -0.1799 -0.1788 -0.2097
H17 0.2309 0.2392 0.2391 0.2372 0.2415 0.2467 0.3012%
C18 -0.2601 -0.2503 -0.2509 -0.2533 -0.2494 -0.2455 -0.269
H19 0.2761 0.286 0.2856 0.2835 0.2865 0.2877 0.2765
C20 -0.3063* -0.1888* -0.1898* -0.1983* -0.1767* -0.1707* -0.2047*
H21 0.2418 0.2473 0.2479 0.2448 0.2509 0.2546 0.3028
C22 -0.1712 -0.1835 -0.1914 -0.1908 -0.1793 -0.1807 -0.1927
H23 0.2309 0.2462 0.246 0.2421 0.2398 0.2923* 0.2426
C24 -0.2601 -0.2494 -0.2521 -0.2529 -0.2278 -0.2525 -0.2543
H25 0.2761 0.2831 0.2812 0.2803 0.3178 0.2993 0.2802
C26 0.2294 0.2163 0.2166 0.2151 0.2165 0.2322 0.2081
C27 -0.169 -0.1701 -0.1702 -0.17 -0.1705 -0.1741 -0.1681
H28 0.2177 0.2203 0.2202 0.2222 0.2221 0.2229 0.218
H29 0.2177 0.223 0.2228 0.2191 0.2204 0.2213 0.2194
C30 0.2294 0.2182 0.2164 0.2157 0.2212 0.2134 0.2258
C31 -0.169 -0.1712 -0.1708 -0.1707 -0.1636 -0.1992 -0.1855
H32 0.2177 0.2206 0.2206 0.2196 0.2018 0.2124 0.2135
H33 0.2177 0.2196 0.2183 0.2185 0.2452 0.2769* 0.2721*
C34 -0.6242 -0.6223 -0.6227 -0.6229 -0.6371 -0.6302 -0.6341
H35 0.2151 0.2175 0.2175 0.2171 0.1984 0.195 0.2106
H36 0.1994 0.2022 0.2013 0.2011 0.1862 0.2198 0.2042
H37 0.2151 0.2161 0.2155 0.2157 0.2581 0.2403 0.2128
C38 -0.6242 -0.6242 -0.6241 -0.6243 -0.6234 -0.6207 -0.6272
H39 0.2151 0.2135 0.2138 0.2159 0.2161 0.2181 0.2113
H40 0.1994 0.2023 0.2023 0.2015 0.2026 0.2054 0.1995
H41 0.2151 0.2156 0.2157 0.2137 0.2147 0.2169 0.2127
042 - -0.3503 -0.3754 -0.3829 -0.3175 -0.3258 -0.3508
N43 - 0.2182 0.2321 0.2308 0.2129 0.2378 0.2105
044 - -0.2479 -0.239 -0.2316 -0.2655 -0.3006 -0.2579

*Atomic charge densities of the 045 - -0.3333 -0.3025 -0.325 -0.3447 -0.3145 -0.3374

most significant variations

calculated using the same level of theory. The optimized
molecular geometry of complex 4 and one asymmetric unit
of complex 5 are given in Fig. 3. In the case of complex 4,
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2.625 A, indicating a more or less distorted tetrahedral
geometry around the silver ion. The calculated C-H---O
bonding distances are calculated to be weaker than in
complex 1.

On other hand, the packing of four [Ag(Etnic),NO;]
complex units changes the situation. Complex 5 has two
asymmetric [Ag(Etnic),NO3] complex units differing in the
bonding mode of the nitrate group. In one unit, the nitrate
group acts as bidentate ligand through two O-atoms while in
the second unit the nitrate group acts as monodentate ligand
through one oxygen atom (Fig. 3, Table 1). As a result,
the molecular geometry around the Ag" ion is predicted
to be distorted tetrahedral for the former and trigonal
planar for the latter. This different behavior of the
bonding situation of the nitrate group is dependent on
the degree of C—H'--O interaction within the molecular
units. It was found that the bidentate nitrate forms
weaker intramolecular C—H:--O interactions compared
to the unidentate nitrate ligand (Fig. 3, Table 1). One
could predict that, as the degree of C—H:--O interaction
increases as the Ag---O distances become much longer,
the molecular geometry around Ag'-ion is shifted to
trigonal planar rather than tetrahedral. The present cal-
culations predict centroid—centroid distances of 4.82—
4.88 A and offset angles in the range of 15.68-18.37°.
These results indicate that the 7—7t stacking interactions
are very weak [46] and have only a negligible effect on
the molecular geometry around the Ag'-ion.

Atomic charge population analysis

The calculated Miilliken atomic charges (MAC) for the
studied complexes 1-5 using B3LYP/LANL2DZ method
are collected in Table 3 where the atomic charge densities
of the most significant variations are indicated. The magni-
tude of the charges at the different atomic sites of the
coordinated Etnic ligands is almost the same as in the free
Etnic except at the ring nitrogen and at the sites involved in
H-bonding interactions (Table 3). The calculated MAC at
the N-sites can be seen to increase due to coordination of the
Ag" ion through the ring nitrogen atom, which induces a
charge in the adjacent carbon atoms to more negative (see
atomic charges at N2, N4, C6 and C20; Table 3). Further-
more, the formation of C—H:--O hydrogen bonds in the
studied complexes tends to increase the charge densities at
the H-sites involved in such interactions where the forma-
tion of the shorter intermolecular C—H---O interaction be-
tween [Ag(Etnic),NO3] complex and water molecules
increases the charge density at the H-sites more effectively
than the longer intramolecular C-H:--O interactions (see
atomic charges at H13 compared to H9).

The molecular electrostatic potential (MEP) is best
suited for identifying the effect of the intra- and inter-

molecular interactions on the different atomic sites [22].
Figure 4 shows the MEP of Etnic compared to the
studied complexes 1-5. The red regions of MEP are
related to negative sites while the blue ones are related
to positive sites. It can be seen from Fig. 4 that coor-
dination to the metal ion as well as the C—H---O inter-
actions change the electrostatic potential at the N and
H-sites involved in such interactions, respectively.

Etnic.

Complex 4

Complex 5

Fig. 4 Molecular electrostatic potentials (MEPs) mapped on the elec-
tron density surface calculated by DFT/B3LYP method for studied
compounds. Note the variations of the potential at the coordinated
nitrogen atom and the H-sites involved in the H-bonding interactions
compared to the free Etnic ligand

@ Springer
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Conclusions

In this work the molecular structure of the complexes [Ag
(Etnic),NO3]; 1, [Ag(Etnic),NOs]--*H,O; 2, [Ag
(Etnic),NO3]---2H,0; 3, the dimer [Ag(Etnic),NOs],; 4 and
the tetramer [Ag(Etnic),NOs]4; 5 were calculated using the
DFT/B3LYP method. The results were compared to model the
effect of hydrogen bonding interactions and molecular pack-
ing on the molecular structure of the [Ag(Etnic),NOs] com-
plex. The accurate H-bond dissociation energies of complexes
2 and 3 were calculated using the counterpoise method to be in
the range of 12.220-14.253 and 30.106-31.055 kcalmol ',
respectively indicating the formation of moderate to strong
H-bonds between complex 1 and water molecules. The
hydrogen bonding interactions tends to weaken the Ag-
O(NO,) bond. The calculations predict bidentate nitrate
ligand in case of 1, 2 and 4, leading to more or less
distorted tetrahedral molecular geometry around the sil-
ver ion. For complex 3, the nitrate group acts as an
unidentate ligand, so distorted trigonal planar geometry
around the silver ion is predicted. In the case of com-
plex 5, there are two asymmetric units of [Ag
(Etnic),NOs] molecules where distorted tetrahedral and
trigonal planar geometry are predicted around the silver
ion. The calculations predicted almost no change in the
charge densities at the different atomic sites except at
the atomic sites involved in the C-H---O interactions
and at the coordinated nitrogen of the pyridine ring.
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