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Abstract: The synthesis, single crystal X-ray diffraction (SC-XRD) characterization and Hirshfeld
topology analysis of molecular packing of the coordination polymer [AgyL(H20)2(ClOy4)21n,
where L = 2,4,6-trimorpholino-1,3,5-triazine were discussed. The asymmetric unit comprises one
AgrL(Hp0)(ClO4); unit. The coordination geometries around the two silver atoms are different
where Ag(1) is hexa-coordinated with one L, two bridged water, and two bridged perchlorate
augmented with one strong Ag-O interaction from the morpholine O-atom of another ligand (L)
unit. The coordination environment is more like to a distorted octahedral arrangement according
to the criteria of continuous shape measurements. Ag(2) is coordinated to one L, one terminal
water and one terminal perchlorate leading to a distorted trigonal planar arrangement around Ag(2).
Hirshfeld analysis of molecular packing indicated that the most important intermolecular contacts
affect the molecular packing of the studied complex are the H...H and the O...H interactions. Atoms
in molecules (AIM) and natural bond orbital (NBO) analyses were used to describe the strength and
nature of the Ag-O and Ag-N interactions.

Keywords: silver(l); topology; AIM; Hirshfeld; s-triazine

1. Introduction

Silver(I) complexes attracted the attention of many research groups due to their fascinating
structure aspects as well as their interesting biological activity as antimicrobial and antifungal
agents [1-19]. The complexation between the organic ligand and silver(]) is considered an improvement
for the ligand biological activity [20]. Silver sulfadiazine [21] is used as an antibacterial topical
cream for burn wounds. From structural point of view, the coordination environment of silver is
unpredictable and is found surprising for a d'° metal ion. It could accommodate different coordination
geometries, such as linear/bent, trigonal planar or tetrahedral which are the most common. Square
planar and hexa-coordinated silver(I) complexes are less common in the literature [22]. In addition,
it often serves as a connector (L-Ag-L) between ligands leading to fascinating supramolecular
structures. The structure topology of the Ag-complexes depends mainly on the nature of the
polydentate ligand and anion [23]. Recently, we presented the X-ray structure combined with topology
analysis of a huge unit cell comprises of 96 [AgL,]* complex ions in 46,000 A3 unit Cell [24]. Here,
we present the synthesis of a new silver(I) perchlorate complex with s-triazine type-ligand namely,
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2,4,6-trimorpholino-1,3,5-triazine (L). The structure aspects of this complex are investigated using
single crystal X-ray diffraction (SC-XRD) combined with Hirshfeld and atoms in molecules (AIM)
topology analyses.

2. Results

The ligand (L, Figure 1) was prepared using the method reported previously in the literature [25].
The studied silver complex has been synthesized using self-assembly technique by mixing the alcoholic
solution of the ligand 2,4,6-trimorpholino-1,3,5-triazine (L; Figure 1) with aqueous solution of silver(I)
perchlorate in distilled water. The [Ag,L(H,0)2(Cl1O4)2]n complex is formed as colorless crystals
after few days of slow evaporation of the solvent. The structure of the studied silver(I) complex is
characterized using elemental analysis, FTIR spectra and SC-XRD analysis.
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Figure 1. The structure of the ligand L.

3. Discussion

3.1. Crystal Structure Description

The crystal structure of the [AgyL(H20)2(ClO4)7], complex crystallizes in the centrosymmetric,
triclinic space group P-1. The asymmetric unit consists of two silver(I), one 2,4,6-trimorpholino-1,3,5-
triazine (L) ligand, two coordinated water and two coordinated perchlorate anions. The atomic
numbering scheme of the asymmetric unit is shown in Figure 2. Tables S1 and S2 (Supplementary
Materials) summarize selected interatomic distances and bond angles, respectively.

Figure 2. The asymmetric unit and atomic numbering scheme of the [Ag, L(H,0)2(ClO4)2]5 complex.
Note that the Ag1-N1; 2.325(2), Ag1-01; 2.346(2) and Agl-09; 2.699(2) interatomic distances are longer
than the corresponding Ag2-N2; 2.232(2), Ag2-02; 2.220(2), and Ag2-06; 2.672(3), respectively.

In the studied silver complex, there are two different silver atoms with different coordination
environments. Ag(1) is hexa-coordinated with one N-atom from the triazine ring (Agl-N1 = 2.325 A)
of the ligand (L), two water molecules (Agl-O1 = 2.346 and 2.685 A), two perchlorate units (Agl-O8
and Agl-09 = 2.699 A) and one O-atom of morpholine (Ag1-O11 = 2.565 A) from another ligand
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(L) unit (Figure 3). In this case, two water bridges and two bridged perchlorate units connect two
Ag(1) atoms. The Ag(1)...Ag(1) separation is quite large (3.783 A), indicating negligible argentophilic
interaction. The Ag(1) form strong Ag-O interaction (2.565 A) with the O-atom of morpholine from
another complex unit leading to the formation of one-dimensional coordination polymer along the
a-direction (Figure 4). On the other hand, Ag(2) is coordinated to one N-atom from the triazine ring,
one water and one perchlorate anion. In this case, the water and perchlorate anion acti as terminal
ligands. The N2-Ag2-02, N2-Ag2-O6 and O2-Ag2-O6 bond angles are 156.4°, 101.7° and 101.6°,
respectively. From this point of view, the Ag(2) has a distorted trigonal planar geometry (Figure 3).
It is worth noting that Ag2-O6(ClO,) and Ag2-O2(H,O) have slightly shorter distances of 2.672 A and
2.220 A, respectively, than the bridged ones. The structure of studied complex contains numerous
hydrogen bonds between the H atoms of the water molecules with the O-atoms from the perchlorate
anion and morpholine ring in the organic ligands (Table 1 and Figure S1; Supplementary Materials).
The bridged and terminal water molecules connects the one-dimensional polymer chains via strong
intermolecular O13...H1B (2.038 A), O4...H2B (2.248 A) and O12...H2A (2.084 A) hydrogen bonding

interactions shown in Figure 5.
/2/

Figure 3. The different coordination environments around Ag-atoms in the studied complex.
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Figure 4. The one-dimensional coordination polymer formed via the Agl-Oll(morpholine)
and Agl-N1l(triazine) interactions. Agl acts as connector between the ligand units forming 1D
coordination polymer.

Figure 5. Cont.
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(B)

Figure 5. The hydrogen bonding interactions formed between the morpholine O-atoms and the protons
from the bridged (A) and terminal water molecules and perchlorate anion (B) which connects the
octahedral and trigonal planar coordination environments, respectively.

Table 1. The important hydrogen bonds in the crystal structure of the studied complex [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O1-H1A...010 0.80 217 2.870 145.4
O1-H1B...013#1 0.78 2.04 2.801 165.7
O2#2-H2B#2...04#3 0.78 225 2.965 152.7
O2#4-H2A#4...012 0.85 2.08 2.893 159.9

Symmetry transformations used to generate equivalent atoms: #11 — x, —y, 1 — z; #2 +x,1+y, +z;#3 — x, 1 —y,
2—z#1+x,1+Yy, +z.

3.2. Continuous Shape Measure (CShM)

Continuous shape measure (CShM) [26,27] is the most common method used to determine
the extent of distortion in a given polyhedral from an ideal shape. There are two possible ligand
arrangements around the central metal ion for a hexa-coordinated metal complex: octahedral and
trigonal prism. Using the CShM, the values of shape measurements of the coordination environment
around Ag(1) are 4.984 and 9.291 with respect to the ideal octahedron and trigonal prism, respectively.
Larger value of shape measurement indicates a more distorted arrangement compared to the ideal case.
From this point of view, the geometry around Ag(1) is more like the octahedron than the trigonal prism.

3.3. Analysis of Molecular Packing

The Hirshfeld surfaces mapped over dnorm, shape index (SI) and curvedness are shown in Figure 6
and Figure S2 (Supplementary Materials). These properties give information about the intermolecular
interactions in the crystal [28-31]. The shape index and curvedness maps are the most suited to
identify the m—m stacking interactions. It is clear from these maps that the packing of the studied
complex showed no signs of m— stacking interactions as a result of the bulky effect of the morpholine
rings attached to the aromatic triazine ring. The curvedness map showed no green flat areas and the
shape index has no complementary red (negative) and blue (positive) triangles, which are distinct for
the identification of m—m stacking. The decomposition of the fingerprint plot gave the frequency of
each intermolecular interaction occur in the crystal (Figure 7). Based on this data, the zero percent
of C...C contacts confirm the absence of any n—m stacking interactions in the studied system. It is
clear that the main intermolecular interactions affecting the molecular packing of the studied complex
are the O..H and H...H interactions. The percentages of these interactions are 49.6% and 38.3%,
respectively. Different levels of H...H contacts were observed among the C-H bonds of the morpholine
rings. Summary of the most important H...H interactions are shown in Figure 8. These H...H
contacts appeared as red spots in the dporm map indicating their significance. The H16B...H19B
and H13A...H19A have contact distances of 2.053 and 2.133 A, respectively. The former is significantly
shorter than twice the van der Waal radii of H-atom indicating its importance in the molecular packing
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of the studied Ag-complex. The hydrophobic C...H interactions contributed by 2.4% from the overall
fingerprint and appeared as fad red spots in the dnorm map (Figure S3, Supplementary Materials).
The C9...H12A interaction have contact distance of 2.653 A, which is also shorter than the van der Waal
radii sum of the two elements (2.79 A).

G2 Y

Front View Back View
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Figure 6. The dnorm Hirshfeld surface of the [Ag, L(H20)2(ClO4)21n complex.

H...H; 38.3

0...H;49.6

Figure 7. The percentages of all possible intermolecular contacts in the crystal of the studied complex.
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Figure 8. The decomposed fingerprint plot of the H...H contacts (a) and the dnorm map (b) showing the
most important H...H intermolecular interactions: (A) H16B...H19B (2.053 A); and (B) H13A..H19A
(2.133 A).

On the other hand, the polar O...H interactions occur between the morpholine and perchlorate
O-atoms as proton acceptor with either the coordinated water or morpholine rings as proton donor.
Of the O...H interactions the shortest contacts are O13...H1B (1.843 A) and O12...H2A (1.954 A) which
occur between the protons from the coordinated water molecules and the O-atoms of the neighboring
morpholine ring. These O...H contacts have short intermolecular distances as observed from the intense
red spots in the dnorm map and the sharp spikes in the fingerprint plot shown in Figure 9. Moreover,
weak polar interaction occurs between the triazine N-atom and the morpholine C-H protons with
contact distance of 2.660 A (N3...H12A). This value is slightly longer than the sum of the van der Waal
radii of the N and H atoms (2.640 A). This interaction appeared to be less significant than the O...H
interactions. Interestingly, the decomposed fingerprint plot identified the Agl...O11 interactions (4.0%)
which appeared as dark red spots in the dnorm map and sharp spikes in the decomposed FP plot (Figure
54, Supplementary Materials). These results reveal the polymeric nature of the studied complex via the
significant Ag1...011 (2.565 A) interactions. On the other hand, two weaker Ag2...07 and Ag2...012
interactions were detected with contact distances of 2.996 A and 2.875 A, respectively. These interactions
appeared as fad red spot in the dyorm map compared to the Agl...011 one. The decomposed fingerprint
plots shown in Figure S5 (Supplementary Materials) indicated the less importance of the C...O, O...O,
N...O and Ag...H contacts in the molecular packing of the studied silver complex.
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Figure 9. The decomposed fingerprint plot (a) and the dnorm map (b) of the possible O...H contacts
observed from the Hirshfeld surface analysis of the studied silver(I) complex: (A) O13...H1B (1.843 A);
(B) 06..H12B (2.275 A); (C) O4..H2B (2.076 A); (D) 06..H2B (2.342 A); (E) O12..H2A (1.954 A);
(F) O7..H17B (2.453 A); (G) O7...H21B (2.375 A); and (H) 09..H19A (2.541 A), 09...H13A (2.376 A).
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3.4. AIM and NBO Analyses

The natural bond orbital (NBO) calculations were employed to discuss the amount of electron
density transferred among the ligand and Ag(I) ion as well as to describe the strength of Ag-O and
Ag-N interactions. The natural charge at the Ag(1) is calculated to be 0.5751, 0.6140, 0.5964 e using
B97D, wB97XD and B3LYP methods, respectively, while for Ag(2) are 0.6255, 0.6961, and 0.6610 e,
respectively. It is clear that, the more donor atoms around the hexa-coordinated Ag(1) decrease
its positive charge density compared to the tri-coordinated Ag(2). Hence, the ligands transferred
significant amount of electron density in the range of 0.3860-0.4249 e and 0.3039-0.3745 e, respectively,
to the Ag-atoms. Moreover, the interaction energies (E@) deduced based on the second order
perturbation theory were used to assess the strength of the Ag-O and Ag-N interactions [32-34].
The detailed donor (NBO;j)-acceptor (NBO;) interactions and their E@ values are given in Table S3
(Supplementary Materials). The net of each of these interactions are summarized in Table 2.
The Agl1-N1 (13.29-18.75 kcal /mol) is weaker than the Ag2-N2 (31.48-30.30 kcal/mol) one. Moreover,
the Agl-O1 bonds (12.04-20.36 kcal/mol) of the bridged water are also weaker than the Ag2-O2
(32.22-40.18 kcal/mol) of the terminal water. The two Agl-O8 and Agl-O9 have almost the
same interaction energies, which are slightly weaker than the Ag2-O6 of the terminal perchlorate
unit. All methods predicted very weak LP(Agl)—LP*(Agll), which confirm that the argentophilic
interaction among these Ag-atoms are insignificant.

Table 2. Summary of the net intramolecular charge transfer interactions and their E?) values (kcal/mol)
included in the Ag-N and Ag-O bonds using different DFT methods.

NBO; NBO; B97D  WB97XD  B3LYP NBO; NBO; B97D  WB97XD  B3LYP
LP(N1) LP*Agl) 1329 18.57 14.63 LP()N2  LP*Ag2) 3148 40.30 33.75
LP(O1) LP*Agl)  12.04 15.56 12.85 LP(O2) LP*Ag2) 3222 40.18 34.08
LP(O1) LP*Agli) 1578 20.36 17.43 LP(O6)  LP*Ag2) 2447 30.28 26.15
LP(O8) LP*Agl)  23.03 29.34 25.17
LP(O9) LP%Agl)  22.87 29.59 24.88
LP(O11) LP*Agl) 1661 22.11 18.16
LP(Agl) LP*Agl)  0.82 0.97 1.08

Moreover, the AIM topological parameters shown in Table 54 (Supplementary Materials) were
used to further describe the strength and nature of the Ag-N and Ag-O interactions. The results shown
in this table confirmed the stronger Ag2-N2 than Agl-N1 bond as the former has higher electron
density at the corresponding BCP than the latter [35]. Moreover, the interaction energy computed
using the relation (Ejn = —V(r)/2) [36] is higher for the Ag2-N2 than that for Ag1-N1, which agrees
with the X-ray structure. In addition, it is clear that the Ag2-O2 of the terminal water has higher p(r)
value than any of the two Ag1-O1 bonds from the bridged water. The same is true for the perchlorate
unit where in all cases; shorter distances have higher interactions energies than the longer ones. On the
basis of the small negative total energy density H(r) and the ratio | V(r) | /G(r) of ~1, we concluded that
the Ag-N and Ag-O bonds nature are intermediate between the ionic and covalent character [37,38].

4. Materials and Methods

4.1. General

All chemicals were purchased from commercial sources and were used without further
purification. Infrared spectra (4000-400 cm~!) were recorded on Nicolet 6700 spectrometer
(International Equipment Trading Ltd., Mundelein, IL, USA) in KBr pellets and the wavenumbers
are in cm~!. Elemental analyses were performed on Perkin-Elmer 2400 elemental analyzer

(Perkin Elmer, Inc., 940 Winter Street, Waltham, MA, USA).
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4.2. X-ray Measurements

Data were collected on a Bruker D8 Quest diffractometer with graphite monochromated Mo-Ka
radiation, A = 0.71073 A at 113 (2) K and a photon detector. Cell refinement and data reduction were
carried out using SAINT [39], and a multi-scan absorption correction was made using SADABS [40].
Heavy atom sites were located using direct methods and refined by full-matrix least-squares techniques
on F2 including anisotropic displacement parameters for all non-hydrogen atoms using SHELXT [41].
Hydrogen atoms bonded to carbon atoms were refined isotropically using geometrical restraints while
the H atoms bonded to oxygen atoms were allowed to vary freely. The crystallographic data of these
complexes were summarized in Table 3. The CIF file CCDC-1549763 contains the supplementary
crystallographic data for this compound measured. This can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 3. Crystallographic data and processing parameters for the studied complex.

Empirical formula Cy5Hp8AgoCloNgOs3
Formula weight 787.07 g/mol
Temperature 115(2)

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions

a =10.0030(15) A

b =10.1143(18) A
c=13.191(2) A

o = 100.928(5)°
B =92.299(5)°
v = 108.348(5)°

Cell volume 1236.6(4) A3
Z 2

Density (calculated) 2114 g/ cm’®
Absorption coefficient 1.877 mm~!
F(000) 784

Crystal size (mm)

0.412 x 0.211 x 0.200

0 range for data collection

2.17° to 25.31°

Index ranges

—11<h<12,-12<k<12,-15<1<15

Reflections collected

19888

Independent reflections

4486 [R(int) = 0.0260]

Completeness to theta = 25°

99.7%

Refinement method

Full-matrix least-squares on F?

Data/restraints/parameters

4486/0/356

Goodness-of-fit on F2

1.069

Final R indices [I > 2sigma(I)]

R1 =0.0189, wR2 = 0.0408

R indices (all data)

R1 =0.0220, wR2 = 0.0420

Extinction coefficient

0.0062(2)

Largest diff. peak and hole

0.675 and —0.710 eA 3

4.3. Hirshfeld Surface Analysis

Hirshfeld surface analyses of the silver complex were made using Crystal Explorer 3.1
program [42]. The Hirshfeld surface, shape index, and curvedness plots were drawn using the
same software. The Hirshfeld surfaces mapped over dporm (range of —0.082 to 1.029 A) together with
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their 2D fingerprint plots were used to analyze the intermolecular interactions [43] in the studied
complex. The Hirshfeld surfaces mapped over shape index (range of —1.0 to 1.0 A) and curvedness
(—4.0 to 4.0 A) were drawn to investigate the possibility of 7t—r stacking among molecular units.

4.4. Synthesis of the Silver(I) Complex

To a solution of L; (~0.3364 g, 1 mmol) in 10 mL methanol, aqueous solution of silver(I) perchlorate
(~0.2073 g, 1 mmol) was added. The mixture was filtered off and the clear filtrate is left at room
temperature for slow evaporation. After 5 days, colorless crystals of [Ag;L(H20)2(C104)21n complex
were obtained. The crystals were collected from solution and were found suitable for X-ray analysis.

Yield: 84%; IR (Vimax, cm™1): [AgaL(H20)2(ClOyg)s]n: 3422 (m), 2994(w), 2970(w), 2918(w),
1541(vs), 1107(vs), 1090(vs), 926(w); Anal. Caled. C15H3Ag>,ClhNgOq3: C, 22.89; H, 3.59; N, 10.68%.
Found: C, 22.90; H, 3.60; N, 10.67%.

4.5. Computational Details

Single point calculations for the studied complex were performed using Gaussian 09 program [44].
Different DFT methods (B3LYP, B97D, and WB97XD) were used to describe the nature and strength
of the Ag-N and Ag-O interactions in the studied complex. Gaussian built in cc-pvtz basis sets for
nonmetal atoms (C, H, N, O and Cl) and def2-TZVP for silver is used. The latter is obtained from
EMSL basis set exchange [45]. The Cartesian coordinates of the input structure are taken from the
crystallographic information file (CIF) of the studied silver(I) complex. The resulting wavefunction
files were analyzed using Multwfn [46] program to perform the topology analysis in the framework
of the quantum theory of atoms in molecules (QTAIM) [47]. Topological parameters such as total
electron density (p(r)), local electron kinetic energy density (G(r)), local electron potential energy
density (V(r)) and total energy density (H(r)) were used to describe the nature of the Ag-N and Ag-O
bonds. Moreover, natural bond orbital (NBO) calculations were made using the NBO 3.1 [48] program
to assign the nature of orbitals included in the metal-ligand interactions. Using the same method,
the natural atomic charges were obtained.

5. Conclusions

Using self-assembly technique, the [AgyL(H20)2(C104)2], complex was synthesized, where L
is 2,4,6-trimorpholino-1,3,5-triazine. The X-ray crystal structure analysis revealed that, the ligand
(L) connects the complex units via strong Ag-O(morpholine) interactions leading to the formation
of one-dimensional coordination polymer. The coordination geometry around Ag(1) and Ag(2) are
distorted octahedral and trigonal planar, respectively. The molecular packing of the studied complex is
mainly controlled by the polar O...H and nonpolar H...H interactions. The AIM and NBO results were
used to describe the nature and strength of the Ag-O and Ag-N interactions. From the obtained results,
it is clear that more donor atoms around the hexa-coordinated Ag(1) decrease its positive charge density
compared to the tri-coordinated Ag(2). All methods used predicted very weak LP(Agl)—LP*(Agll),
which confirm that the argentophilic interaction among these Ag-atoms are insignificant. Moreover,
the interaction energy computed using the relation (Ej = —V(r)/2) is higher for the Ag2-N2 than that
for Agl-N1, which agrees with the X-ray structure.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/6/160/s1,
Figure S1: The hydrogen bonding network along the viewing b-direction in the studied silver(I) complex, Figure S2:
The shape index (SI) and curvedness Hirshfeld surfaces of the [Ag, L(H20)2(C1O4),1, complex, Figure S3: The
decomposed fingerprint plot (upper) and dnorm map (lower) of the C...H interactions, Figure S4: The decomposed
FP plot (upper) and the dporm map (lower) of the Ag...O interactions: (A) Agl-O11 (2.565 A); (B) Ag2...012 (2.879 A);
and (C) Ag2...07 (2.996 A). Note the significant variation of the red color intensity, Figure S5: The decomposed
fingerprint plot of the less important contacts observed in the crystal of the studied complex, and Figure S6:
FTIR spectra of the studied complex. Table S1: Selected Interatomic distances [A] for studied complex, Table
S2: Selected Interatomic angles [°] for studied complex, Table S3: The detailed intramolecular charge transfer
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interactions included in the Ag-N and Ag-O interactions using different DFT methods and Table S4: The AIM
topological parameters calculated using different DFT methods.
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