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&bstract: In this study, a novel hybrid organic-inorganic compound, 4-(ammoniummethyl)pyridinium tetracholoraobaltate(II)
Tonohydrate, with non-centrosymmetric properties have been synthesized and characterized by several techniques of powder
Hnhd single-crystal X-Ray diffraction, infrared IR and UV-Visible spectroscopies, and calorimetric (DSC) and the thermogravi-
2tetric (TG) analysis. The crystallization of this hybrid compound was found in a monoclinic system with a P21 space group.
2Additionally, the optimized structures of cation, anion and compound by using hybrid B3LYP method with 6-311++G(d,p) and
131+G(d) basis sets shown good correlations with the experimental data and the complete vibrational assignments and force
2®nstants are reported for three species. The surface morphology and the micrographs were checked by the scanning electron
Zhicroscopy (SEM). The UV-Visible absorption spectrum has been used to study the optical properties and the energy gap of our
2mpound.Hirshfeld surface (HS) analysis associated matched up with 2D fingerprint plots were used to confirm the existence
2#f intermolecular and non-covalent interactions in the compound and confirmed by several topological approaches: Quantum
dheory of Atom-in-Molecules (QTAIM), reduced density gradient (RDG) and molecular electrostatic potential surface (MEP).
ZBhe frontier molecular orbitals HOMO and LUMO have been investigated for chemical reactivity and kinetic stability.

Xeywords: X-Ray diffraction; molecular structure; IR spectra; Non covalent interactions; Hirshfeld Surface; DFT calculations.
30

3. Introduction

32 Pyridine and its derivatives possessed a significant role in heterocyclic chemistry [1-3]. The aromatic hetero-
3yclic molecules associated to the hybrid materials are widely inquired in chemical [4], biological, and physics [5]
¥esearch areas, as well as their application in various fields involving catalytic, magnetic, electrical conductivity,
Biochemistry, photochemistry and Non-Linear Optical (NLO) [6]. For the latest, the structure must present the
&haracteristic of non-centrosymmetric materials. Telecommunications, information storage, optical computing,
®ptical switching laser fusion reaction, medical diagnostics and signal processing where predicted in the applica-
iton areas development of materials with outstanding nonlinear optical (NLO) responses. Pyridine-based ligands
dsave reached a huge role over the last few decades due to their wide ability to produce compounds with several
ametals in different oxidation states [7]. According to the relative position of the amino group with respect to the
gyridine group, (Aminomethyl)pyridines belong to the class of ligands which can act the role of a bridging and
ghelating ligand, although 4-(aminomethyl)pyridine (4AMP) type ligands can act as both a chelating agent or a
bridging ligand. Consequently, they had attracted significant attention as biological activities such as antimicrobial
48], anti-inflammatory [9] and antiviral activity [10]. Special attention and interest in chemistry area evoke hybrid
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gompounds based on transition metal cobalt(Il) halide because of its interesting properties not only its chemical
goroperties but also their physical and biological nature which can be designed by several tools offered by molecular
ghemistry. Therefore, hybrid compounds containing [CoX4]* tetrahedral anions (X = halogen: Cl, Br) have a great
4siterest across a wide fields of molecular materials and several interesting structural phase transitions [11, 12].
4€oCls]> anions own a good stabilizing behavior of the crystal structure. Their interactions with organic cations
fmpable of creation of N-H--Cl and C-H--Cl hydrogen bonding have been widely reported an attention in literature
413, 14]. The purpose of this research has been focused on experimental tools combined with theoretical calculations
J2y using TD-DFT approach, gives more details information helped understand and delineate the characteristics and
dhe proprieties of the title crystal. In this study, it was aimed to synthesize a novel hybrid material,
FLsH10N2)[CoCl4].H2O, and examine by single crystal and powder XRD studies in order to establish molecular
Feometry, crystallographic structure and atomic parameters. Intra and intermolecular interactions of crystal struc-
gtire are performed by HS, AIM and RDG topological analysis. Besides, infrared spectroscopy allows identifying as
Precisely as possible the different functional groups and their vibrational assignments present in the compound.
ddence, the optimized structures of cation, anion and compound by using hybrid B3LYP method with 6-311++G(d,p)
gnd 6-31+G(d) basis sets agree with the experimental data which were used together with the scaled quantum me-
@hanical force field (SQMFF) approach to perform their complete vibrational assignments [15-17]. To predict the
@eactivity of molecules, frontier molecular orbital HOMO-LUMO theory is employed and confirmed by the UV-Vis
@nalysis. Thermal survey (DSC-TG) have been undertaken and discussed.

@ Results and Discussion
& 1. X-Ray Powder Diffraction Analysis

65  Fig.la exhibits the experimental and simulated PXRD patterns. It is notice that the simulated X-ray powder
@iffraction pattern in a good agreement at the majority of the peak positions with the experimental one. We can
@ssume that the elaborated crystals are pure and that the crystallographic data are correct.

68  After heating, the compound retains its crystallinity. XRD models for high temperature measurements show
guch behavior (Fig. 1b). The appearance and disappearance of the peaks after heating confirm that the crystallinity
wf our compound is preserved. On the other hand, our compound changes peaks with temperature to give a new
7thase at 150 °C, it corresponds to a dehydration of (CsH1oN2)[CoCls].H20. The anhydrous compound remains stable
#fter cooling to room temperature.
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8Figure 1. XRDP patterns simulated and experimental of (CeH10N2)[CoCls].H20 (a). Thermal evolution of XRPD patterns during
81 heating of the powder compound (CeH1oN2)[CoCls].H20 at 30, 50, 150 °C and cooling to room temperature (b).
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&2. SEM Morphologies

86  Scanning Electron Microscopy (SEM) shows the smooth and uniform particle morphology of the grown crystal
§CesH10N2)[CoCls].H20, in a wide size range 50 pm, 10 pm, 5 um and 2 pm, given in micrometers, is exhibited in
$ig.2. The surface morphology appears as an assemblage of uniformly fragments with a surface flat and evenly
8distributed, indicating good quality.
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100
101 Figure 2. SEM images of (C¢HyoN,)[CoCl,].H,0O at 50 um (a), 10 pm (b), 5 um (c) and 2 pm (d).

3. Single crystal X-Ray Diffraction

103  The single crystal X-ray analysis of non-centrosymmetric compound (CéH10N2)[CoCls].H20 was carried out to
wtudy the crystal structure. The asymmetric unit contains both the cationic and anionic parts of complex, a [CoCl4]*
Haion of slightly distorted tetrahedral coordination, an organic dication (CsHsN2)>* and a water molecule, where all
e atoms occupy general positions (Fig. 3a). Fig. 3b predicted the optimized molecular structure of
1@sH10N2)[CoCls]. H2O compound. Crystallographic data and details on the structure determinations of the title
in8ystal at room temperature are given in Table 1 while Table 2 identifies a slight difference among chosen calculated
Weometrical parameters and empirical X-ray crystallographic parameters.
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11Figure 3. ORTEP representation of the asymmetric unit of (CsH1oN2)[CoCls].H20 with atom-labeling scheme. Displacement el-
118psoids are drawn at the 50% probability level. Hydrogen bonds are denoted as dashed lines (a) and the optimized molecular
119 structure (b).
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120 Table 1. Crystallographic parameters details for (CeHioN2)[CoCls].H20.
CCDC Number 2,183,425
Temperature 150K

Empirical formula CsH10N2:CoCls-H20
Formula weight (g mol) 536.72
Crystal system monoclinic
Space group P2:
a(A) 6.1072 (9)
b(A) 13.344 (2)
c(A) 7.4940 (11)
B() 98.951(6)
V4 2
V(A3) 603.28 (15)
F (000) 330
Mo Ka (mm) u=2.28
Reflections collected 3902
Independent reflections 2183
Reflections with I > 20(I) 2127
Rint 0.030
Absorption correction: multi-scan
Tmin=0.529, Tmax = 0.727
Refined parameters 145
R[F>> 20 (B] 0.025
wR(F?) 0.061
Goodness-of-fit on F? 1.06
Flack parameter —-0.020 (16)

121

122 Table 2. Optimized and experimental bond lengths and bond angles (A °) parameters of (CeH1oN2)[CoCls]. H20.

Bond length (A) X-ray Calculated
Inorganic
Co—Cl1 2.3813 (9) 2.4231
Co—CI2 2.2663 (10) 2.4275
Co—ClI3 2.2547 (11) 2.2500
Co—Cl4 2.2741 (11) 2.5342
Cl1—CI2 3.5976 (13) 3.9957
Cl1—CI3 3.6665 (14) 3.66536
Cl2—Cl4 3.7323 (14) 3.70403
Cl3—Cl4 3.7963(15) 3.89951
Organic
N3—-C2 1.348 (6) 1.3614
N3—-C4 1.341 (7) 1.3599
N8—C7 1.469 (5) 1.5272
C4—-C5 1.376 (7) 1.3985
C5—Cé6 1.395 (5) 1.4073
C6—C7 1.497 (6) 1.5183
Bond angles (°) X-ray Calculated
Inorganic
Cl1—Co—ClI2 103.39 (4) 110.9214
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Cl1—Co—CI3 106.60 (4) 103.2575
Cl1—Co—Cl4 106.19 (4) 114.0167
CI2—Co—ClI3 115.12 (4) 123.4439
CI2—Co—Cl4 110.58 (4) 96.5559
Cl3—Co—Cl4 113.92 (4) 109.0466
Organic
N3—-C2—-C1 110.08 (16) 119.3761
C4—N3—-C2 122.8 (4) 123.2771
N3—-C4—-C5 119.2 (4) 118.6842
N8—-C7—-Cé6 109.98 (16) 107.6369
C2—-C1-Cé6 110.16 (18) 119.1596
C4—-C5—-C6 111.33 (17) 119.6935
Cl1—-C6—-C5 111.4 (2) 119.1267
Cl-C6—-C7 111.79 (18) 120.1642
C5—-C6—C7 111.2 (2) 119.7107

123 Notably, the 4- (ammonium methyl)pyndmlum (4AMP), (CsHsN2)*, is described by C-C bond lengths ob-
warved around 1.419 A and calculated toward 1.441 A, an average value of the bond angles equal to 111.37°, this last
walue is noted for the angle (C4-C5-C6), comparable to the theoretical values 119.57°. Indeed the C-N calculated
Wistance varies from 1.3599 to 1.5272 A, and observed by XRD from 1.341 (7) to 1.469 (5) A, this is explained by the
protonation of the organic cation. The geometric parameters of the organic part do not present any peculiarity to
tsose encountered in other similar compounds [18, 19]. On the other hand, the geometric of [CoCl4]? group was te-
trahedral with a cobalt atom that is surrounded by four chloride anions. The calculated length of the Co-Cl bond
waries from 2.2500 up to 2.5342 A, then the experimental varies from 2.2547 (11) up to 2.3813 (9) A. The average
malue of the bond angles Cl-Co-Cl observed by XRD is 109.3° and the calculated is 109.5°. These geometries are
Mamparable to other halogenocobaltates reported in the literature [13, 20]. As expected, the four-coordinate cobalt
13%) geometry index of [CoCl4]* defined by Alvarez by:

360—(a +B) 360—(115.12+113.92) 0.928

134 T ="1n 141

135 Where, a and B correspond to the largest angles in the four coordinate species. As a consequence, we can
Bdmit that the compound gives a 7, close to 1 indicating a slightly deformed tetrahedral geometry [14]. It's clearly
shown that the projection of the unit-cell content along the @ axis, can be described by anionic chains which de-
mslop onto beplane, formed by tetrachlorocobaltate anions and water molecules connected together through hy-
deogen bonds O-H---Cl. These chains spread out parallel to the (011) planes to form inorganic layers between which
tte 4AMP are ensured via hydrogen bonds N-H--O, N-H-Cl, O-H--Cl and C-H--Cl, thus forming a
Hiree-dimensional network (Fig. 4a-4b).
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HEiure 4. Packing of the title compound viewed along bc plane (a) and a view along abplane of the inorganic part and the pat-
T4ns of hydrogen bonding (b) in (CsH1oN2)[CoCls]. H20.
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145 In this monoclinic unit, the different entities are linked to each other via 3 types of hydrogen bonds presented
igs Table 3. The donor-acceptor distances dn-u-ci are ranging from 3.198(3) A t03.718(3) A, give appearance to R3(4)
wnd R$(14) (Fig. 5a) [21]. Whereas, dci-cipresent an average of 3.683 A gives birth to graphs R3(7) (Fig. 5b).

148  Three bonds O-H:---Cl which ensure the bond between the water molecules and the chloride ions of the inor-
wanic group [CoCls]> forming infinite chains of (CIH,0); ", whose distances vary between 2.47 (2) A =279 (3) A,
Biving rise to chains of €}(4)which are along the axis @ in z=1/4 and 3/4 (Fig. 5c). The N-H--O type bonds linking
thie nitrogen protons to the oxygen atoms of the water molecules whose dn+-0=2.686 (5) A [22]. According to
Brown's theorem, this bond is considered a strong bond [23].
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154Figure 5. Different types of Hydrogen bond motifs in (CéH1oN2)[CoCls].H20. The dotted lines indicate the hydrogen bonds.

155

156 Table 3. H-bonds geometry of (CsHioN2)[CoCls]. H20.
D—H-A D—H () H--A(A) DA (A) D—H-+A(°)
N3—H3--Cl1 0.86 (2) 241 (3) 3.230 (4) 160 (5)
N8—HSA...Cl4ii 0.90 (2) 2.46 (3) 3.242 (4) 146 (4)
N8—HS8B...O1Wri 0.87 (2) 1.89 (3) 2.686 (5) 151 (4)
N8—HSC-Cl1" 0.88 (2) 2.53 (3) 3.319 (4) 151 (4)
N8—HSC-CI3® 0.88 (2) 2.80 (4) 3.274 (4) 115 (3)
O1W—HW1A--CITi 0.85 (1) 2.55 (3) 3.276 (3) 145 (3)
O1W—HWIA--CI2® 0.85 (1) 2.79 (3) 3.321 (3) 122 (3)
O1W—HW1B---Cl2i 0.84 (1) 2.47 (2) 3.242 (3) 153 (4)
C4—H4--CI2i 0.95 2.69 3.621 (5) 167
C7—H7A-Cl3" 0.99 2.72 3.548 (4) 146
C7—H7B--ClI1i 0.99 2.81 3.624 (4) 140

157 Symmetry codes :(i) x-1, y, z; (ii) —x+1, y+1/2, —z+1; (iii) x, y, z+1; (iv) —x+2, y+1/2,

143 in the published article [24], BSLYP/6-311++G** calculations were performed to investigate structural, electronic,
I8spological and vibrational studies. In the Co, Cr, Cu transitions metal that method can be used.In that published
mrticle, the (CrO4>) anions are connected to the 2-phenylethylammonium cations through N-H...O and C-H...O
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fsydrogen bonds, forming a two-dimensional arrangement. In the structure of this compound, the [CoCls]* anion
igas slightly distorted tetrahedral coordination linked to an organic dication (CsHsN2)** with a water molecule
Imnnected together through hydrogen bonds O-H--Cl. Here, hydrogen bonds N-H--O, N-H--Cl, O-H--Cl and

164H---Cl forming a three-dimensional network.

4. HS analysis

166 In the field of crystal engineering, the analysis of the surface of molecular system and the intermolecular in-
Ietactions was studied to perform and to compare the molecular contributions of various intermolecular contacts
msound the packing of crystal to create the crystal structure trough the Crystal Explorer 3.1 program. Single-crystal
T¢oray diffraction is absolutely sufficient to determine the exact structure of this material, Hirshfeld surface analysis
i%0a quantitative study that calculates the percentage of each interaction that exists in this compound, and it can be a
mplementary study to XRD which is a qualitative study.

172 In order to represent the shape details and the molecular packing in the crystal, Fig. 6 shows the HS mapping
ger the asymmetric unit (a), the dnorm (-0.480 - 1.090) map (b) of (CeH1oN2)[CoCls].H20. This latter is represented in
w4 bright red spots matches to the strong N-H--Cl, C-H---Cl and O-H---Cl interactions as well as the other visible
gpots (blue and white) due to the H---H and C:--C contacts.

@) (b)

N-H3..Cl1

»

X
f C7-H7A..CI3"

N8-H8C...CI1'

O1W-HWIA...CI1"

176

1Figure 6. The asymmetric unit (a), Hirshfeld surfaces mapped with dnorm(-0,480 - 1,090) (dotted lines “red” represent hydrogen
178 bonds) (b) of (CeH1oN2)[CoCl4].H20.

179 As displayed in Fig. 7a and Fig. 7b, the 2D fingerprint plots and the different percentages of intermolecular
Wontacts, respectively, are the signs of the intermolecular interactions present in the structure of the studied com-
psound (CsH1oN2)[CoCl4]. H20. As it is expected in 2D fingerprints, H---Cl/Cl---H intermolecular contacts occupy most
wbthe HS (63.5%) and appear as two symmetrical wings with a large long peak of sum (de + di = 2.4 A) smaller than
e sum of the van der Waals radii of the hydrogen (1.09 A) and chlorine (1.75 A) atoms. As well as, the value of
warichment ratio ERna equal to 1.60 are developed in the crystal structure with the creation of N-H--Cl, C-H--Cl
wid O-H--Cl H-bonds. The next largest strong hydrogen bond interaction portion of 18.3% was contributed to
igh..H interactions with de + di = 1.8 A. Table 4 shows that these contacts adopt an ERun value equal to 0.62 far from
18nity, (CsHi1oN2)[CoCls].H20 has several hydrogen atoms (St = 54.45%), therefore H--H interactions are preferential
1#8g. 7b). Also it is seen from Hirshfeld surface area that O---H/H--O intercontacts occupy 5.6% and appear as two
wlarp spikes pointing down with de + di = 1.8 A with a high value of ERon=1.81 allow to stabilize the interactions in
gy stalline packaging with the formation of hydrogen bonds of the N-H--O type which are strong hydrogen bonds
®O-H) = 2.686 (5)A. On the other hand, 2.5% of HS is attributed to the C--H/H--C contacts which appear with de+ d:
8.3 A. The rest of the intermolecular contacts N---Cl/Cl--N, Co---Cl/Cl---Co, Cl---Cl, C---Co/Co---C, H--Co/Co---H,
™8--H/H--N et Cl--O/O--Cl are found to be less than 2%, which causes a low value of ER. The small segments deli-
ited by a blue outline observed on the Curvedness map, the absence of red and blue triangles on the Shape index
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19tap as shown in Fig.7c and the null contribution of the C---C contacts on the HS, reveal the absence of -7 interac-
196ns in our crystal packing [25]. This confirms the results observed by X-ray diffraction.

(a) (b)
4 '
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2L85%
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0.00% II ,

Bigure 7.2D fingerprint plots of major interactions in crystal stacking (a), Atom's Percentage (b) of (CsH10N2)[CoCl4].H20.

199 Table 4.Enrichment ratio (ER) of (C¢H1oN,)[CoCl,].H,0.
ER H C Co Cl N (0)
H 0.62 0.54 0.42 1.60 0.29 1.81
C - - 1.74 - -
Co - 1.38 - -
Cl 0.08 2.34 0.05
N - -
0 -
%surface 54.45 4.25 1.1 36.7 0.65 2.85
200

Mb. FTIR Spectroscopy

202 B3LYP/6-311++G(d,p) calculations have optimized the structure of anion with Dzssymmetry while the cor-
wsponding to cation and compound with Ci symmetries. The structure of compound was optimized with the
B3LYP/6-31+G(d) level of theory because imaginaries frequencies were obtained with the 6-311++G** basis set. The 9
26rmal modes of vibration expected for the [CoCl4]* anion are classified as 2A1+ B1 +2B2 + 2E, being the 2 B2and 2 E
aodes active in infrared and all modes active in Raman. From harmonic force fields for each species computed with
ttve SOMEF procedure and considering PED (Potential energy distribution) >7-10% the complete vibrational as-
Hignments were performed taking into account the normal internal coordinates, scaling transferable factors and the
Ntbolvib program [15-17]. Fig. 8 shows the experimental and theoretical IR spectra of the title compound and its ca-
tion and anion. Fig. 9 shows the predicted Raman spectra for those three species by using the B3LYP/6-311++G(d,p)
zind B3LYP/6-31+G(d) methods. The IR absorption bands have been compared with other assigned to similar
nampounds [26-29]. Here, the vibrational assignments were performed using normal internal coordinates, trans-
fezable scaling factors and the harmonic force fields calculated with the SQMFF methodology and the Molvib pro-
»ram [15-17]. In Table 5 are summarized observed and calculated wavenumbers and assignments for the compound
anid its cation and anion in gas phase by using those different hybrid B3SLYPMethods.The experimental IR bands in
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1t region high-wavenumbers at 3545 and3471 cmare assigned to the symmetric and asymmetric stretching of O-H
mroup [30]. Both bands indicates the presence of water molecule in (CsH1oN2)[CoCls].H20 [31]. Bands between 3471
xad 2986 cm™ are attributed to the stretching modes of NHs* and CHzgroups and, to C-H stretching vibrations of the
Hsomatic ring predicted between 3443 and 3042 cml. The broadening of bands between 2833 and 2613 cm is due to
hrpdrogen bonds interactions because the two N20-H22 and N20-H23 bonds of NHs* group forming the
MP0-H22---C15 and N20-H23---Cl3 interactions. Hence, the symmetric NHs* stretching modes predicted at 2648 cm-lis
»msigned at 2833 cm'while the symmetric deformation of this group predict at 1663 cm- is assigned to the strong
band at 1644 cm. The effect of lowering the frequencies is observed in the shifting predicted for the N3-H11 bond
from 3442 cm™ in the cation to 2902 cm™ in the compound. Additionally, the vibrations of (C=C), (C=N), (C-C), and
16-N) stretching modes are predicted at lower wavenumbers in the compound and, hence, they are assigned be-
thgeen 1644 up to 770 cm. The bending modes of the aromatic ring (BN3-H11 and C-H) are assigned at different
mavenumbers, as compared with the cation due to the presence of water and to the interactions of H bonds. Thus,
1tge deformation modes of water and NHs* groups are assigned between1644 and 1510 cm, as predicted by calcu-
d2gions and as observed in Table 5. Due to the different H bonds, some librations modes of water are coupled, as was
213pserved for the twisting mode [32]. Thus, the IR bands at 1610 and 672 cm are assigned to deformation and wag-
Bing modes of water molecule while the rocking and twisting modes are predicted at 239 and 51 cm™ but not as-
mgned. Moreover, the vibration bands located among 1000 to 500 cm™ were assigned to some out-of-plane C-H
aeformation modes, to CH: twisting modes, to C-C stretching and to vibrations of ring, as described in Table 5.

234  Observing the predicted wavenumbers for the anion by SQM calculations, it is easy to see that the presence of
wstion produce shifting in the positions of vibrations modes corresponding to compound toward lower wave-
mambers. Note that all vibration modes related to anion could not be assigned because the IR spectrum was rec-
wrded up to 500 cml. A very important resulted obtained from vibrational analyses are the strong couplings ob-
msrved between the N20-H22-ClI5 and N20-H23-C13 deformation modes due to the H bonds interactions involved
®ile the other interaction N10-H11--O24 only produces coupling of twisting mode of water molecule.

240 In general, the theoretical wavenumber agrees well with those obtained experimentally despite that the expe-
rimental IR spectrum is recorded in the solid state whereas the theoretical is performed for isolated molecules.

242
24
’ Experimental ‘
|
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245 = S e
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o A L " !l N L | A l ’ ;.).'L.
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250 .] A —~ LI-). > | IJ. An /‘ l. _l.l s
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254 Figure 8. Experimental and calculated FTIR spectra of (CsH1N2)[CoCls].H20 compound.
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273Figure 9. Predicted Raman spectra for hybrid compound and it cation and anion species by using the B3LYP/6-31+G(d) and
B3LYP/6-311++G(d,p) methods.

274
275
276

Table 5. Observed and calculated wavenumbers (cm) and assignments for (CsH1oN2)[CoCls].H20
and its cation and anion in gas phase by using hybrid B3LYP/6-311++G** Method.

Exp.? (CeH10Np)**® [CoCl,)*? (CeH10N2)[CoCl4].H,0°
IR SQ Assignments® SQ Assignments SQ Assignments?
3545 365 vaH,0
3471 344 vaNH; 336 vaNH;
3471 344 vN3-H11 324 vsH,0
3392s 343 vaNH; 314 vC8-H9
3226 332 vsNH3 312 vC12-H13
3143s 314 vaCH;, 311 vC6-H7
309 vC2-H10
3077s 309 vC4-H12 309 vC14-H15
307 vC5-H13
307 vC1-H9
2986 304 viCH, 301 vaCHa
2951s 296 viCH,
2920 290 vN3-H11
2833 264 veNH;
2613 247 vaNH;
1644s 166 8NH3
1644s 162 vC1-C2,vC4-C5 163 8aNH3,8N20H22CI5
1610s 158 8:NH; 163 BN10-H11
1610s 158 8:NH3 160 8H,0
1610s 156 BN3-H11 158 3.NH;
1610s 155 SN20H23CI3,5,NH3
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1524s
1510s
1476s
1419s
1399

1366
1330

1258
1211s
1211s
1148s
1148s
1107s

1083

1017

1007
993sh
930sh
921m
860vs

860vs

792w
770vs
770vs
672w
648w
578w
533m
510s

148
145
143

137
129

128
122

118
108
103
102
982
972
966
934
879

829

827
816
686

676
648
564
523
460

401
359

307
301

220

113

vC6-C7,6CH>
pC2-H10,8C4-H12
SCH;

BN3-H11,vC1-C2
vC5-C6,vC1-C6
vC6-C7
vC4-N3,vC2-N3

BC1-H9, BC5-H13
vC4-N3,vC2-N3
8sNH;

PRy
vC2-N3,vC4-N3
yC2-H10,yC4-H12
yC4-H12,yC2-H10
wagCH,

pCH,
yC2-H10,yC4-H12,
yC1-H9,yC5-H13

yC5-H13,yC1-H9
vC1-C6,vC5-C6

TRy
yN3-H11
BR2
TwCH,
BRs
tR,,yC6-C7
TRQ,‘CRg 399 vaCOCIZ
BCo6-C7 347 v,CoCl,
341 vaCoCl,
p'NH3
pNH3
255 wagCoCl,
235 twCoCl,
7R3
182 8CI2Col1Cl4
153 8CI3Co1ClI5
vC7-N8

152
150
145
139
137

133
128

124
120
120
113
111
111
106
106
997
963
954
937
852

837

818
780
714
678
658
574
504
449
425
392
349
346
329
285
251
249
239
219
205
184
158
139
129
106
99

vC6-C16,vC14-C16
8aNH3,8N20H23CI3

3CHz, N20C17C16

pCH,, pNH3

BC6-H7, BC14-H15,vC6-C8
BC8-H9. BC12-H13
S8N20H22CI5,6N20H23CI3
S3N20H23CI3,6N20H22CI5
S3N20H22CI5,8.NH;
S3N20H22CI5,6N20H23CI3
8N20H22CI5,6N20H23CI3
yC6-H7,6C12H13024
S8N20H23CI3,6N20H22CI5
S3N20H23CI3,6N20H22CI5
S3N20H23CI3,6N20H22CI5
BR;vC8-N10,vC12-N10
yC14-H15,yC12-H13
vC17-N20
yC6-H7,yC8-H9
8N20H22CI5,6N20H23CI3

S8N20H22CI5,6N20H23CI3

S8N20H23CI3,yC16-C17
vC16-C17

TR,,yC16-C17

wagH,0

PRz PR3

S3N20H22CI5, 3N20C17C16
3N20H22CI5,yC16-C17
S3N20H22CI5,6N20H23CI3
SN20H22CI5

TR,,TR3

SN20H23CI3

SN20H23CI3,v,CoCl,
S3N20H22CI5,6N20H23CI3

vH22-CI5
vaCoCl,,vH23-CI3
vH23-CI3

pH,0
S8N20H22CI5,vsCoCl,
vaCoCl,,vsCoCl,
S8N20H23CI3,8N20H22CI5
S8N20H23CI3,8N20H22CI5
8CI2C01CI3,6N20H22CI5
SN20H22CI5,6N20H23CI3
3CI2Co1CI3,7wH23-CI3
twH22-CI5,twH23-CI3
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92 TwWH22-CI5,tC17-C16, wagCoCl,
83 TwWH23-CI3,6N20H23CI3
72 8N20H23CI3,twH23-CI3
61 1C7-C6 62 pCoCl, 62 5Cl2Co1CI3
58 SNBC7C6 51 TwH13-C12,twH,0
47 TwH23-Cl,3pCoCl,
32 TWNH;
26 TWNH; 28 5CI5Co1Cl4

2Xbbreviations: v, stretching; 8, deformation in the plane; y, deformation out of plane; wag, wagging; t, torsion; p, rocking; tw,
IWisting; 6, deformation; a, antisymmetric; s, symmetric; *This work, PFrom scaled quantum mechanics force field with

BBLYP/6-311++G** method, ‘From scaled quantum mechanics force field with B3LYP/6-31+G* method.

R®. Force Constants

281 The scaled force constants are interesting parameters that predict the forces of different bonds and, also
adranges related to these factors allow justifying, for instance, formation of H bonds interactions. Here, these factors
asere calculated from harmonic force fields for the compound and its cation and anion using the B3LYP/6-31+G(d)
aad B3LYP/6-311++G(d,p) methods [15-17]. In Table 6 are shown comparisons of obtained values for those three
xpecies. Comparing first the force constants of cation and compound, we observed that f{vIN-H)constants of cation
agndergoes a significant decreasing when the anion is incorporate to compound, in particular, the f{vN-H)nus con-
astant related to NHs group decrease from 6.44 to 4.23 mdyn A+, as a consequence of two N-H--Cl interactions. A
Hsnilar effect is observed in the deformation constant of this group. Comparing the constants of anion and com-
psound the f(1vCo-Cl) present a decreasing while the f{&{CI-Co-Cl) constant increases due to the two N-H--Cl interac-
190ns. On the other hand, the force constants related to the water molecule present similar values to reported for
amtonohydrate trehalose (OH stretching, 7.49 mdyn A~ while OH deformation, 0.795 mdyn A rad-) [32] because the
2ampound only a H bond interaction forms with the water molecule.

29T'able 6. Scaled internal force constants for (CsH1oN2)[CoCls].H20 and its cation and anion in gas phase by using

294 hybrid B3LYP/6-311++G** and B3LYP/6-31+G* Methods.
295
B3LYP Method?
Force 6-311++G** 6-31+G*
. Cation® Anion® Compound

f(vO-H) 6.67
flvN-H) 6.56 5.35
f(vN-H)nms3 6.44 4.23
f(vCH2) 5.27 4.93
f(vC-H) 5.21 5.33
flvCo-Cl) 1.64 0.91
f(0CH2) 1.00 1.16
f(0ONH3) 0.49 0.74
flACI-Co-Cl) 1.28 3.28
f(6H20) 0.86

296 Units are mdyn A+ for stretching and mdyn A rad for angle deformations,?This work.

RA7. Optical behavior

298  The solid-state UV-Vis spectrum between 200 and 800 nm excitation length of (CeH10N2)[CoCls].H20 at room
temperature, is displayed experimentally in Fig. 10a.
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300 In the UV-visible region, the experimental spectrum exhibits three maximums absorption bands at 430, 470
amd 559 nm. These obtained bands can be assigned to the d-d transitions of orbitals of the cobalt ions Co?  according
e the literature [33], in its quadruplet coordinated tetrahedral symmetry placed in the center of the distorted te-

deahedron formed by four CI-ions [34].

304 In the aim to study the reactivity and the kinetic stability of the molecule, Tauc's model is used to estimate the
aptical band gap (Eg) of (CsHi1oN2)[CoCls]. H20 (Fig. 10b), by using the equation:

306 (a.hv)*=(hv -Eg)
307  Where hv was the incident's photon energy, h was the Plank’s constant and v was the incident's photons fre-
apaency [35]. This value was found to be Eg =2.325 eV, reveals that our compound possessed a semiconductor cha-

auecteristic. This value matched well to the value found by the LUMO-HOMO orbital theory Exomorumo=2.35eV.

310 The band gap value of (CsH1oN2)[CoCls].H20 is comparable to the calculated values of the gap energies found
dti other compounds containing [CoX4] (with X = Br and Cl) [36].

(a) (b)

~
3 B
E 470 nm \.:
= =
3 430 nm ¥
= ~
= 559 nm 3
T T T v T g T v T
T - T - T - T v T - T - T 1 2 3 4 5 6 7
200 300 400 500 600 700 800 ho(eV)

Wavelength (nm)

Higure 10. Solid-state UV-Vis spectrum (a) and determination of the energy gap obtained via the Tauc model of
F@H10N2)[CoCls].H20 (b).

AB. Thermal Analysis

316 The results of the calorimetric (DSC) and the thermogravimetric (TG) analysis for (CsHioN2)[CoCls]. H20 are
depicted in Fig. 11. The endothermic peak appeared on the DSC curve at 375 K, is accompanied by weight loss equal
4183.32 % on the TG curve (calculated: 3.35%). This corresponds to the departure of the water molecule. The DSC
ainalysis curve proves an endothermic peak corresponds to a progressive loss of mass in TG curve which extends to
$b7 K and could be explained by a melting accompanied by a progressive degradation of the compound at 635 K.

321  Above this temperature an endothermic peak found by DSC accompanied with a major loss weight observed
d72 TG (experimental 20%, calculated 20.5 %) indicating the decomposition of the material and the pyrolysis of the
apganic molecule giving a gaseous liberate with the release of chlorine molecules.
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325 Figure 11. Simultaneous thermogravimetric and differential thermal analysis for (CsHioN2)[CoCls]. H20.

26. AIM approach

327 AIM (Atoms in Molecules) survey has been finished for (CeH1N2)[CoCls].H20 in order to understand the ex-
dzgence and the steadiness of critical point indicated by BCP and numerous types of inter and intra-atomic contact
J2onds [30, 37-40].Fig. 12 illustrates AIM graphical analysis of using Multiwfn software at LANL2DZ level, whereas
3Bable 6 tabulates the computational topological parameters of the title compound. When the compound is opti-
astized with the LanL2dz basis set H -Cl and O --H interactions are observed. However, with the 6-31+G* basis set
asee predicted for the compound the N(O)-H---Cl contacts but not the H---Cl interaction. The electron density p(r), the

Izaplacien v? p(r), the eigen values of the Hessian matrix (A1, A2, A3), the A1/A3 ratio, the kinetic energy densities
I3(1), the total energy densities H(r), the potential V(r) and the bond energy E represents the topological parameters
amlculated to evaluate RCP's and BCP's properties of the title crystal.

336 The classification of hydrogen bondscan be grouped into 3 categories:
3$trong hydrogen bonds when (VZ p(r)) <0 and (H(r)) <0.
3¥loderate hydrogen bonds when (Vz p(r)) >0 and H(r) <0.

3Weak hydrogen bonds when (V2 p(r)) >0 and H(r) > 0.

340 As shown in Table 6, the AIM analysis of (CsH1oN2)[CoCls].H20 compound is characterized by five hydrogen
Jonds and that H -Cl and O --H interactions exhibit Cls -Hs, Cl2 --Hi1, Cl2 --H2, Cls --H2s and Oo2s --Nuo interac-

#ons.TheLaplacien of the total electron density v? p (rscr) has been between 0.01305 and 0.05469 greater than the
313m of the van der Waals.As a consequence, we can appreciate the existence of weak hydrogen bonds.In this study,
dom topological parameters presented in Table 6, we can perceive that (CsHioN2)[CoCls].H20 is steadied by five
3geak Hydrogen bonds since the Laplacien and H(r) values are positive with bond energies ranging from -11.70
dpmol to -3.20 k].mol'. In this case, these latest results prove the presence of hydrogen bonds correspond to
MHO)-H---Cl contacts observed by XRD and HS.

348
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349 Table 6.Topological parameters for Hydrogen bond interactions of (CgH;oN,)[CoCl,].H,0.
Potential Energy | Interaction Electron Localized
Density | Laplacian of
Bond energy density energy localization orbital
of all electron Ellipticity | Etaindex
critical density E(r) or (Eint) function locator
electrons density
points V(r) H(r) kJ.mol"! (ELF) (LOL)
Cls..Ho 0.00752 0.02287 -0.00322 0.00124 -4.23 0.03308 0.15637 0.03984 0.16817
ClL..Hn1 0.00804 0.05469 -0.00891 0.00237 -11.70 0.06389 0.20728 0.04146 0.18966
Cla...Hzs 0.01220 0.04148 -0.00688 0.00174 -9.03 0.04417 0.17711 0.07286 0.17667
Cls...Hzs 0.01361 0.04727 -0.00247 0.00077 -3.24 0.04936 0.10493 -1.29637 0.21648
O24...N1o 0.00397 0.01305 -0.00244 0.00051 -3.20 0.01063 0.09421 1.37615 0.13664

350

351

352 Figure 12. AIM graph of (CsHioN2)[CoCls].H20 with different type of interactions.
$30. Reduced Density Gradient (RDG) analysis

354 For the investigation of the type of interactions especially weak interactions like hydrogen bond, van der
JBaals interaction and steric effect present in hybrid material, RDG approach, improved by Johnson [41] and Con-
iweéras-Garcia et al. [42], has been developed.By using VMD and Multiwfnsoftwares, the different types of interac-
ons of (CeH1oN2)[CoCls]. H20 compound were visualized in Fig. 12a.The evolution of RDG (a.u) against sign (A2)p
BBthe title crystal has been collected in Fig. 12b. We can note that A2 is the greatest eigenvalue of the Hessian matrix,
dt9ndicates the variations of the stability of inter and intra interactions. The RDG approach has been evaluated by
e following equation:

1 [Vp(r)|

361 RDG(r) = G
23n2) 3 p(r) /3

362  We can notice that the RDG peaks around -0.05, -0.02 u.a with sign (A2)p correspond to a strong attractive
dssteraction NCI confirmed also by AIM analysis. The intensity and types of bonds can be easily identified from the
adifferent color coded. As shown in Fig. 12b, The red color spots represents to repulsive interactions (steric effect)
astinly characterized by sign (A2)p> 0. The blue color regions performed for the attractive interactions (hydrogen
Ionds) by sign (A2)p< 0 [43]. The region circled in green depicts the van der Waals interactions (weak interaction)
Fd possessed a sign (A2)p nearly to zero.As evidently seen, these interactions are established on the properties of
&ectron density. The light blue spot between the chlorine atom and the hydrogen atom indicate the creation of a
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;yong attractive contact N-H --Cl and O-H --Cl. Furthermore the green plates situated among the hydrogen atoms
3 ascribed to van der Waals interactions and the elliptic red plate positioned at the center of the ring and between
ambalt and chlorine atoms are associated to repulsive interactions. These consequences are steady with those
atchieved by AIM examination and observed in the literature [14,25,44].

(a) (b)
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-0.03
-0.02
-0.01
.00 |
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(H-bond) Van der Waals Strong repulsion
Strong attraction interaction (Steric effect)

3.

Figure 13. Visualization of different interactions using Multiwfn and VMD softwares (a), Variation of RDG as a function of o
3raultiplied by the sign of A2 (b) of (CsH1oN2)[CoCls]. H20.

Zd1.MEP surface analysis

377 MEP (Molecular Electrostatic Potential) surface allowed us to assess the locations of both electrophilic and
arsicleophilic attacks, as well as hydrogen bonding interactions [24,45-46]. The expression V(r) located at a given
point r in all sides of the molecule, depends on the energy interaction between the electrons of the molecule and a
38ooton with positive charge located in r position.MEP was optimized using DFT-theoretical method, with
BILYP/6-31G(d,p) basis set and mapped in Fig. 14. The electrostatic potential variety is defined by different col-
38ps.In the present study, the reactive sites of the nucleophilic region (positive electrostatic potential) performed by
dse blue color are detected around the 4AMP group, then the majority of the electrophilic sites (negative electros-
dstic potential) appeared with the red color are observed all over the [CoCls]* anion, while the green or yellow col-
3865 indicates the neutral region. These confirm the existence of intermolecular N-H---Cl, O-H--Cland N-H -O inte-
askctions between the organic and the inorganic entities in the title compound.It is clearly seen that these results can
yrove the information concerning the region of intramolecular interaction of the title crystal.

388
389
390
391
392
393

394
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395

396

397

398

399

400
401 Figure 14. MEPS graphof (CsH1oN2)[CoCls].H20.

@A2. HOMO and LUMO analysis

403 To investigate the stability and the reactivity of a title compound, a computational calculation was performed
40ding Time-Dependent DFT approach at the B3LYP/6-311++G(d,p) level to establish the frontier molecular orbital
4#MO) analyzes.Fig. 15 illustrated the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
qwolecular orbital) of (CeHioN2)[CoCls].H2Ocompound. It has to be noted that the positive phase is signed by red
4o5lor, thought the negative phase indicated by the green color. HOMOs and LUMOs are localized on the chloride
4ndion and the 4AMP group, respectively. Table 7 illustrated different energy parameters such as the difference of
4mergies between HOMO-LUMO, chemical potential (u), Electronegativity (x), Global hardness (1)), Softness (g) and
4bectrophilicity(w) which calculated via Enomo and Erumo. The orbital energy level analysis proves the Enomo and
4iuvmo values of -6.14176 eV and -3.78406 eV, respectively. The gap energy value AEHomorumo= 2.35 eV, reveals that
4GsH10N2)[CoCl4].H20 has semiconductor behavior, which agrees very well to the other organic chlorocobaltate(II)
gempound [14]. Moreover, by demonstrating below that this compound possessed a gap energy AE value
qepresents a high efficient electrical activity and a low reactivity criterion, while the higher chemical hardness (1 =
#147885) and lower chemical softness (g = 0.42414) value indicates the stability of the molecules in the title crystal.

dable 7. Calculated energy values of (CsH1oN2)[CoCls].H20 compound. All values are in eV whereas ¢ is given in eV-'.

Parameters (eV)

Enomo -6.14176
Erumo -3.78406
AE= Erumo- Enomo 2.3577

Chemical potential () -4.96291
Softness (g) 0.42414
Ionization energy (I) 6.14176
Electron affinity (A) 3.78406
Electronegativity (x) 4.96291
Chemical hardness (1)) 1.17885

Electrophilicity index (w) 10.44682
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417

418
LUMO

419 -3.78406 eV

420
421
422 AE=2.3577eV
423
424

425

HOMO

426 -6.14176 eV

427

428

429 Figure 15. HOMO-LUMO plotof (CsH1oN2)[CoCls].H20 compound.
M0Materials and Methods

1. Materials

432 All products used for the synthesis of our compound: The cobalt(Il) chloride hexahydrate (purity 97%), hy-
4¥sochloric acid HCI (37%), 4-(aminomethyl)pyridine (purity 96%), were purchased from Sigma-Aldrich company.
iBhey are all analytical grade purity.

B32. Synthesis and X-ray data collection

436 The single crystals suitable for diffraction were obtained by the slow evaporation of a solution of the com-
gpound 4AMP (1mmol) diluted in 20 mL of ethanol in a mixture of CoCl2-6H20 (1 mmol) and of HCI (5M), mixed for
£ under magnetic stirring at room temperature. The appeared blue crystals with prismatic shaped were collected
grefully. The yield of the isolated product was 70.0%. Elemental analysis, Calc.: C, 21.89 %; H, 3.04 %; N, 8.51 %.
$ound: C, 21.82%; H, 3.09 %; N, 8.48 %. Elemental analyses were measured on a TruSpec Macro CHN-S analyzer.
flihe blue crystals were collected to the X-ray data at 150 K. Bruker-AXS APEXII area detector diffractometer was
aged for the measurement of data employing monochromated MoKa radiation (A = 0.71073 A). Absorption correc-
4idns were carried out using multi-scan technique with the SADABS program [47]. The crystal structure was solved
day SHELXT-97 software [48] and structural refined by SHELXL [49] through the WINGX program [50]. DIAMOND
46r Windows was used to preparation the figures of the structure. PXRD pattern was recorded employing D8
ADVANCE (Bruker AXS) diffractometer equipped with a Johansson Ge(111) primary monochromator giving a
sonochromatic Mo radiation (A = 0.7093 A) and using the energy-dispersive linear detector LYNXEYE XE 500 pum.
42ta was collected in the angular region of 2.5-45° (20). To acquire the compound SEM, JEOL JSM-6490 electron
gficroscope operating at 20 kV has been applied.

$8. Physical measurements

451  Infrared spectrum was recorded at room temperature between 4000-400 cm~! with a Perkin-Elmer FT-IR 1000
#pectrometer involving KBr and pressed into pellets. UV-Vis spectrum was carried out via a PerkinElmer Lambda
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#8 spectrophotometer. The Thermal analysis was realized employing a multimodule 92 Setaram and SDT Q600
4malyzer. The sample of 11.2 mg was heated from room temperature to 1300 K at a heating speed of 5 K.min".

$4. Computational methodology

4Fhe experimental CIF file was used as initial theoretical structure of compound. Then, the cation structure was ob-
4stined removing the anion of structure of compound and, in the same way, the anion structure was obtained when
4¥8e cation is removed. Thus, the optimizations of cation, anion and compound in gas phase were performed with
4¥%e B3LYP/6-311++G** method. Hence, the natures of the reached stationary points were checked by calculating the
séibrational wavenumbers. Obviously, positives frequencies were obtained for the three species indicating that these
gitructures correspond to minimum global and they correspond to the most stable ones which were used to perform
4t%e corresponding vibrational analyses. The complete vibrational assignments of those three species were per-
4exrmed by using the scaled quantum mechanical force field (SQMFF) [15-17]. NBO, AIM and molecular electrostatic
gpotential calculations at the same level of theory were predicted to investigate different intramolecular interactions
4md sites of reaction. To predict the reactivity of molecules, frontier molecular orbital HOMO-LUMO theory is em-
gtoyed while Time-dependent DFT calculations (TD-DFT) at the 6-311++G** levels of theory were applied to pre-
4dirct the ultraviolet-visible spectrum of compound in water using with the Gaussian program [51]. Quantum
4dgemical calculations and molecular geometries optimizations has been achieved by the software Gaussian 09 [51]
4md the calculation results has been visualized with the GaussView program [52]. The topological investigation of
410n-covalent interaction was envisaged via employing Multiwfn program [53]. The softwares used for the RDG
qreduced density gradient) were Multiwfn and VMD [54]. To investigate the intermolecular interactions, Hirshfeld
gurfaces and their associated 2D and three-dimensional (3D) fingerprints we manipulate the CrystalExplorer 3.1
gpsogram [55] via a CIF file.In addition, thermal survey (DSC-TG) have been undertaken and discussed.

474

#5Conclusions

476 In this research, we have introduced various successful tools toward a new hybrid material based on
golf-assembly cobalt complex template pyridine derivative. The synthesis of non-centrosymmetric organic inor-
ganic compound (CeH1N2)[CoCls].H20 at room temperature by the slow evaporation predicted, has been studied
grmong XRD analysis. This latest revealed that the title crystal crystallized in a monoclinic system with P21 space
ggooup. The structure cohesion and stabilization have been ensured via hydrogen bonds N-H--O, N-H:--Cl, O-H---Cl
4md C-H--Cl, thus forming a 3D-network as explored by HS and topological analysis. PXRD was proportionally
48preed with the single crystal. HOMO-LUMO energies already confirmed by UV-Vis indicates that the investigated
4aystal have high chemical stability and low reactivity. Thermal analysis was intended to study the thermal beha-
4gior. Additionally, the MEP map defines the nucleophilic and electrophilic sites as well as the hydrogen bonding
4stteractions. This study shows clearly that the B3LYP/6-311++G** DFT calculations are in good compatibility with
¢éperimental results while complete assignments were performed for the compound and its cation and anion by
48%ing the SQMFF methodology. The scaled force constants support the formation of only N-H--O and N-H--Cl in-
4ggactions. Clearly, the effects of incorporation of anion in the compound are the decreasing in the scaled force
49nstants values of cation and the slight increase in the constants corresponding to anion.
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Appendix

495 CCDC 2183425 contain the supplementary crystallographic data for this compound, and can be obtained free
46 charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
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