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Abstract 

A new salt Bis(o-xylylenediammonium) tetrachloride monohydrate, 

(C8H14N2)2Cl4.H2O, produces a novel centrosymmetric organic–inorganic compound 

synthesized in an aqueous solution by slow evaporation technique. This compound has been 

crystallized in the orthorhombic space group Pnma and the following parameters obtained are 

a=9.0677(9) Å, b=24.282 (2) Å, c=9.4726 (8) Å, V=2085.7 (3)Å
3 

and Z=4, at 150 K, it is

characterized by X-ray diffraction, infrared, fluorescence and UV-Vis spectroscopy. The 

crystal packing is governed by the N–H···Cl, O–H···Cl hydrogen bonding interactions 

between the organic network and the inorganic one, which stabilize the crystal packing. 

Moreover to gain an insight into the behavior of these interactions, Hirshfeld surfaces analysis 

have been investigated. Theoretical calculations were performed using density functional 

theory (DFT) and were made by comparison with the experimentally determined structure to 

study the molecular structure with geometrical optimization, electronic and topological 

properties of OXDACl at B3LYP/6-311++G(d,p) level. 

Keywords: Single crystal X-ray diffraction, photoluminescence, Hirshfeld Surface, RDG, 

DFT.  

1. Introduction

Ionic organic-inorganic salts have received a lot of attention in recent years due to 

their noncovalent interactions, such as hydrogen bonding, that play significant roles in various 

fields ranging from molecular recognition [1], host–guest chemistry [2], crystal engineering 

mailto:houdamarouani2015@gmail.com


ACCEPTED MANUSCRIPT - CLEAN COPY

[3], supramolecular chemistry [4], biochemistry [5] and pharmaceutical chemistry [6] to 

materials science. 

Xylylenediamine and its derivatives have been of great interest due to their possessing 

of valuable pharmacological properties [7], which have been evaluated by antimicrobial 

studies against various bacteria and fungi species, cytotoxicity against cancer cells and good 

antioxidant activity [8]. 

Here, o-xylylenediamine organic molecules where the two ammonium groups are in 

ortho position which can be associated with chloride anions to produce systems with a 

potentially forceful network of hydrogen bond interactions. 

The role of weak intermolecular interactions in the determination of crystal structures 

is one of the principal avenues of investigation now being probed in crystal engineering 

studies. Interactions such as hydrogen bonding and π–π stacking play a very important role in 

the organization of structural units in areas ranging from biochemistry to material science. 

For several years numerous research works have been devoted to the preparation of 

hybrid salt materials. In this article, we report a crystal o-xylylenediammonium chloride, its 

Hirshfeld surface analysis and a physicochemical characterization. The crystal packing is an 

organic salt network constructed by hydrogen bonds. The contact enrichments were computed 

by Hirshfeld surface analysis in order to evaluate which contacts play major roles in the 

stabilization of the crystal packing.Intermolecular interactions were studied by AIM and RDG 

analyses, infrared spectroscopy, Fluorescence and UV-vis spectroscopy of a novel hybrid 

organic-inorganic compound have been investigated. 

 

2. Experimental 

2.1. Synthesis and crystallization 

Products and solvents were obtained from Sigma Aldrich Company. The chemical 

synthesis of the title compound (C8H14N2)2Cl4·H2O was carried by adding of HCl (37%) to 

the ethanol solution of ortho-xylylenediamine. The solution was stirred for 1h and left to stand 

in the open air. After 1 week of slow evaporation, colorless prismatic form crystals stable at 

room temperature formed at the bottom of the crystallizer. The typical size of the crystals is 0.50 

× 0.31 × 0.19 mm. 

 

2.2. Materials and Physical measurements 

X-ray diffraction measurements were made at 150 K using a diffractometer Bruker-AXS APEXII, 

employing monochromated MoKα radiation (λ = 0.71073 Å). Absorption corrections were 
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performed using multi-scan technique using SADABS program [9]. Amongst 10803 

measured reflections only 2430 are independent and 2269 with intensity I > 2σ(I) on the range 

(2.3°-27.5°). The crystal structure was solved by the direct method and refined via full-matrix 

least-squares techniques using the SHELXL package [10] across the assist of the WINGX 

program [11] with all non-hydrogen atoms anisotropic. All the hydrogen carbon atoms were 

situated in geometrically optimized positions and treated as riding atom, apart from those 

bound to N and O atoms which were found in the difference map and refined isotropically. 

The drawing of the molecular structure was made with DIAMOND program [12]. A final 

refinement on F
2
 converged at R(F

2
) = 0.032 and wR(F

2
) = 0.082. Further details of the 

structure analysis are given in Table 1. An ORTEP drawing of the molecular arrangement is 

exposed in Fig. 1a. 

IR spectrum was recorded in the range 4000−400 cm
−1

 with a Perkin-Elmer FT-IR 

1000 spectrometer dispersed with KBr using the technique of pellets. Solid state UV-Vis 

absorption spectra were obtained by a PerkinElmer Lambda 35 spectrophotometer in the 

range of 200-800 nm. Emission spectrum was obtained on a PerkinElmer LS55 fluorescence 

spectrometer equipped with a 450 W xenon lamp as the excitation source using solid sample 

at room temperature. 

 

2.3. Computational details  

All DFT calculations were performed starting from the experimental single-crystal X-

ray software (cif file) and was optimized with the DFT method accomplished in the gas using 

the Gaussian 09 program [13]. The calculations were performed using the hybrid B3LYP 

functional [14] and the standard 6-311+G(d,p) basis set. The vibrational assignments were 

performed considering the potential energy distribution components (PED) ≥ 10% using the 

VEDA4 package [15]. The GaussView molecular visualization program [16] was used to 

verify the assignments of the bands. 

Three-dimensional (3D) Hirshfeld surfaces (HS) and associating two-dimensional 

(2D) fingerprint maps were used for the visualization and understanding of intermolecular 

interactions and were drawn using the CrystalExplorer 3.1 program [17] imported on a CIF 

file. Vibrational frequency calculations were then performed at the same level of theory of the 

optimized geometries to confirm that there are no imaginary frequencies. Multiwfn program 

[18], in accordance with Bader's theory [19], was used to determine the topological analysis 

of noncovalent interaction while the reduced density gradient of the compound are mapped by 

Multiwfn and plotted by the VMD program [20]. 
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3. Result and discussion 

3.1. X-ray diffraction  

The title compound crystallizes in the centrosymmetric orthorhombic space group 

Pnma with the following unit cell dimensions: a = 9.0677(9) Å, b = 24.282(2) Å, c = 

9.4726(8) Å, and Z = 4 (Table 1). The asymmetric unit of the title material 

(C8H14N2)2Cl4·H2O depicted in an ORTEP drawing, contains one diprotonated o-

xylylenediammonium, three chloride anions and one water molecule (Fig. 1a). It is worth 

noting that atoms Cl2, OW1, H1W1 and H2W1 were situated in special positions.  

The packing of (C8H14N2)2Cl4·H2O, viewed along the a-axis (Fig. 2a), shows that the 

compound is built up by a succession of cationic and anionic layers, which alternate along the 

b-axis, the junction of these layers is ensured by hydrogen bonds types N-H…Cl.  

In this structure, the chloride anions are associated together in pairs through two O–

H…Cl hydrogen bonds, generated by water molecule and form [(Cl)2·H2O]
2- 

clusters 

(Fig. 2b). These clusters are interconnected via N–H…Cl hydrogen bonds to build an infinite 

layer parallel to the ac plane at z = ¼ and 3/4.  

Fig. 2c shows that the distribution of organic cations is in a zigzag in z=1/4 and 3/4 

planes. The distances between adjacent o-xylylendiammonium cations are 3.40 Å and 3.843 

Å, indicating the presence of π…π interactions (Fig. 3), then forming an infinity of inclined 

chains along the a axis. Assessment of the organic geometrical features (Table 2) shows that 

the o-xylylenediammonium cation exhibits a normal spatial configuration with C-C average 

distances of 1.420(2) Å and around 1.497(2) Å for C-N distances. The angles C-C-C and N-

C-C spread respectively within the ranges 118.6(1) °-123.1(1) ° and 110.8(1) ° and 112.2(1) °, 

quite similar to those found in other xylylenediamine derivatives para and meta [21-24].  

Both ammonium goups cation adopt a trans conformation with respect to the benzene 

ring. The same conformation was observed in other related crystal structure 

(C8H14N2)2(CdCl6) [23]. The cis conformation has been observed in (C8H14N2)(NO3)2 [24]. 

Within the structure all the chloride anions are involved as acceptors to form an 

infinite three-dimensional network, their distances dN…Cl are varying between 3.177 (1)Å and 

3.241 (1)Å and dO…Cl between 3.197 (2) Å and 3.325 (2) Å (Table 3). 

Inside this arrangement (Fig. 4), the entities are interconnected via multiple hydrogen 

bonds generate rings forming 𝑅4
2 8  motif providing stability of the synthesized compound. 

DFT calculations were applied on OXDACl at B3LYP/ 6-311++G(d,p) level in order 

to estimate the effect of intermolecular interactions on geometrical parameters. The optimized 

structure of the compound was performed using Gaussian program [13] and their interface 
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Gauss view [16] is shown in Fig. 1b. The structural parameters obtained by the DFT method 

for the studied compound are given in Table 2 compared with experimental results. It is 

noticing that there is not a big difference between the experimental and theoretical bond 

lengths, the C-C bond lengths vary from 1.3913-1.5155. The linkage lengths of the methyl 

groups bound to N are, N1-C2 = 1.5208 Å and N10-C9= 1.4934 Å, which are close to the 

observed XRD values of about 1.497 Å. These interactions are studied, afterward, using the 

Hirshfeld surface analysis. The C-C-C binding angles forming the o-xylylenediammonium 

ring were calculated between 117.34°-123.47° and 114.32°-113.87 for N-C-C. By comparison 

between the theoretical and experimental binding angles there is a slight difference. This 

difference is due to that the theoretical calculations were performed in the gas phase where the 

molecules are isolated while experimental results belong to molecules in solid-state, where the 

crystal structure is related to intermolecular interactions, despite that the optimized parameters 

represent a good approximation. 

 

3.2. Hirshfeld Survey  

The Hirshfeld surface of the molecule is used in order to visualize and explain the 

intermolecular interactions present in the crystal. Hirshfeld surface analysis [25] and their 

associated 2D fingerprint plots [26] were performed using the software CrystalExplorer 3.1 

program [17]. As an additional methodology for the study of intermolecular interactions, the 

Hirshfeld surfaces and fingerprint graphics are generated and illustrated in Fig. 5, showing 

surfaces that have been mapped with dnorm, shape index and curvedness. The dnorm values were 

mapped on the Hirshfeld surface using red, blue and white color scheme, where the red region 

represent the region of close contacts and blue longer contacts. 

For the compound, H…Cl/Cl…H contacts that are attributed to N-H…Cl and             

C-H…Cl hydrogen-bonding interactions have the most significant percentage contributions to 

the surface of Hirshfeld 46.6% and represented by two symmetrical wings with two long and 

narrow points at a maximum sum of de+ di ~2.2 Å less than the sum of van der Waals radii of 

involved atoms (1.8 + 1.09 ~ 2.84), it affirms that the inter-contact are considered close. 

The H…H contacts comprise 38.8% of the entire surface of Hirshfeld appear in the 

middle of the scattered points in the two dimensional fingerprint maps by two weak peaks 

around de + di ~2.4 Å, a value greater than the sum of the van der Waals radii of the atoms of 

hydrogen (1.09 + 1.09 ~ 2.18 Å). This reveals the absence of close H…H contacts. 

The contacts C…H/H…C cover 10.1% of the overall surface of Hirshfeld show on its 

2D graph the presence of a symmetric pair of wings around a sum (de + di ~ 2.6 Å) less than 
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the sum of the van der Waals radii of the carbon (1,75 Å) and hydrogen (1.09 Å) atoms. These 

contacts are considered as being close contacts. 

The fingerprint plots corresponding to the contacts C…C, which represent only 2.3% 

of the Hirshfeld surface with (de + di ~3.6 Å) smaller than the sum of the van der Waals radii 

of the carbon atoms (3.8 Å) confirm the presence of π-π interactions in the crystalline stack. 

This is also confirmed by the presence of the red and blue triangles on the Shape index 

cartography (Fig. 6c) and in the plane regions delimited by a blue outline on the Hirshfeld 

surfaces mapped with Curvedness (Fig. 6d) [27]. Concerning the rest of the other contacts 

such as O…H/H…O (2%) and Cl…Cl (0.2%) has a very weak contribution on the Hirshfeld 

surface.  

The intermolecular interactions were further evaluated by computing the enrichment 

ratios (ER) in order to highlight which contacts are over-represented and are likely to 

represent energetically strong interactions and the driving force in crystal formation [27]. This 

ratio is defined as being the ratio between the percentage of existent contacts in the crystal 

and the theoretical percentage of random contacts which are summed up in Table 4. The list 

of enrichment ratios shows the contacts H...Cl/Cl...H (ERHCl = 1.45) clearly supply evidence 

of the formation of hydrogen bonds of type N-H...Cl and O-H...Cl. The H…H contacts 

present the most second high percentage of contribution on the surface of Hirshfeld due to the 

large amount of hydrogen on the crystal packing (68.15 %), but they have too small degree 

appeared with an enrichment ratio 0.83. The O…H/H…O contacts represent less than 2.5% of 

the contact surface but are, by far, the second largest enriched at EROH=1.44, due to extensive 

parallel displaced stacking between cations. The C…H/H…C largest hydrogen bonds 

constitute the third greatest interaction surface and have the third greatest enrichment (ERCH = 

1.00). The enrichment ratio values of the last contact Cl…Cl are of little significance because 

of their small contributions to the global Hirshfeld Surface.  

 

3.3. Quantum theory of atoms in molecules (QTAIMs) analysis 

Atoms-In-Molecule (AIM) analysis proposed by Bader [28, 29] performed at the 

B3LYP/6-311G(d,p) level of theory to investigate various type of inter-inter and intra 

molecular interactionsin the studied structure. The topological parameters which are: the 

electron density (ρ(r)), the Laplacian ( 2 ρ(r)), the eigenvalues (λ1, λ2, λ3), the (λ1/λ3) ratio, the 

kinetic energy densities (G(r)), the total energy densities (H(r)), the potential (V(r)) and the 

bond energy (Eint) calculated by Espinosa method [30], give a lot of information on the 

properties of BCPs are shown in Fig. 7. 
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As can be seen from Table 5, the different topological properties of OXDACl 

compound are given. The energy density H(r) and its Laplacian 2 ρ(r) allow deducing the 

nature of the interactions. While, 2 ρ(r) is positive, the energy density H(r) is observed is in 

the range of -0.00059 a.u and 0.00173 a.u at the CP of binding, they are mainly electrostatic 

and the distance between the interacting atoms is greater than the sum of the van der Waals 

rays of these atoms, so is indicative of the existence of weak and medium hydrogen bonds. 

Our study shows that the bond critical points are located in all bonds. BCP analysis shows 

that 15 bonds are considered as weak and 3 are considered as medium hydrogen bonds, based 

on Rozas et al. [31]. The AIM analysis reveals that our material is stabilized by 18 hydrogen 

bonds that meets Koch and Popelier criteria [32] and that Cl25…H2, Cl26…H23, Cl26…H20, 

Cl27…H16, Cl31…H22, Cl31…H7 and O28…H7 interactions present symmetrical topological 

properties to Cl25…H38, Cl26…H54, Cl26…H51, Cl27…H24, Cl31…H53, Cl31…H38 and O28…H38 

interactions. 

To conclude we can say that the AIM analysis is used to confirm the H ... H contacts 

that are already observed by Hirshfeld surface analysis and to detect the presence of cycles in 

a molecular system. 

 

3.4. Reduced density gradient (RDG) analysis 

The Reduced Density Gradient (RDG) analysis provide graphical visualization of the 

regions where intra and inter non-covalent interactions (NCI). The RDG theory is based on 

the charge density introduced by Johnson et al. [33] and Contreras-Garcia et al. [34].  

In Fig. 8a, the color coding scheme for 3D spatial visualization of RDG surface 

indicates of OXDACl: blue for attractive, red for repulsive and green for intermediate 

interactions. The results were carried out and plotted by using Multiwfn and VMD programs 

[18, 20]. Fig. 8a shows the evolution between RDG (a.u) versus sign (λ2)ρ, where sign (λ2)ρ 

is the second eigen value of the electron density Hessian matrix. So with the sign (λ2)ρ, we 

can discriminate between the three regions, when we have tried to understand the nature of 

strength of the different interactions presenting in our compound. The nature of interactions 

depends on the value of sign (λ2)ρ, sign (λ2)ρ> 0 for repulsive interaction, sign (λ2)ρ< 0 for 

attractive interaction and sign (λ2)ρ nearly zero for van der Waals interaction (weak 

interaction). 

The interactions appear in the form of green plates are attributed to van der Waals 

interactions, its plates are located exactly between the hydrogen and the chlorine atoms, which 

signify the strong attractive interaction N-H…Cl and C-H…Cl (Fig. 8b). The elliptic red plate 
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situated at the center of two rings which separated by a distance equal to 3.843 Å, is related to 

π-π stacking interactions between the pyridine rings and describe a strong steric effect. Then, 

the electron density values of 0.006–0.022 a.u correspond to steric repulsion effect between 

chlorine and hydrogen atoms in OXDACl. 

 These results confirm the presence of strong hydrogen bond interaction between 

solvent and molecule and are consistent with that of the AIM analysis. 

 

3.5. Molecular electrostatic potential (MEP) 

The Molecular Electrostatic Potential (MEP) surface gives information about the 

interaction energy between the electric charge produced by the electrons and the nuclei 

around the molecule. Moreover, MEP surface help us to identify the reactivity of wide variety 

of chemical systems in both electrophilic and nucleophilic reactions and hydrogen bonding 

interactions [35]. To predict reactive sites for electrophilic and nucleophilic attack for the 

investigated molecule, MEP surface is plotted over optimized at B3LYP/6-31G(d,p) basis set 

as can be seen in Fig. 9. As for the molecular electrostatic potentials (MEPs), it is seen that 

most of the negative potentials appear to be distributed on over Cl atoms (red color) 

represents the most electronegative potential (electrophilic sites), while the positive potentials 

appear to be at H atoms (blue color) represents the most positive electrostatic potential 

(nucleophilic sites), whereas the green or yellow colors indicates the neutral region. This 

graph mapped that the nucleophilic sites are located around the hydrogen atoms and the 

electrophilic sites are located around the chlorine atoms. These regions give information about 

intermolecular interactions. 

 

3.6. Frontier molecular orbital analysis 

The highest occupied molecular orbitals (HOMOs) and the lowest-lying unoccupied 

molecular orbitals (LUMOs) are named as frontier molecular orbitals (FMOs) which play an 

excellent role to indicate the transfer of electron in molecular systems. The energy gap ΔE 

between HOMO and LUMO determines the kinetic stability, chemical reactivity and, optical 

polarizability and chemical hardness–softness, and also good indicators of the chemical 

stability of a molecule. In fact, the frontiers orbitals of the HOMO’s levels indicate a charge 

distribution on the Cl atoms. On the other hand, the LUMO's levels present a charge 

distribution on the organic group. 



ACCEPTED MANUSCRIPT - CLEAN COPY

The HOMO and LUMO graphics that can be observed by using Gauss View program 

[16] are mapped in Fig. 10 in which red and green regions represent positive and negative 

phase, respectively. 

The energies, electron affinity, global electrophilicity index, ionization potential (IP), 

global hardness and global softness of the most important orbital such as the HOMO 

(HOMO-1) and LUMO (LUMO+1) orbitals are calculated by TD-B3LYP method using the 

6-311 ++ G (d,p) basis and are listed in Table 6.  

Using the HOMO and LUMO orbital energies, the ionization potential and the electron 

affinity are respectively expressed as follows: A= -ELUMO = 2.239 eV, I= -EHOMO = 5.447 eV 

corresponding to HOMO-LUMO gap of 3.208224 eV and HOMO-1-LUMO+1 gap of 

3.54591757 eV. Some relevant examples presenting band gaps ranging from 3.1739 to 3.2803 

eV are given in the literature [36]. The electronegativity is τ is defined by Mulliken [37] as 

follows τ = 
(I + A)

2
. The chemical hardness and softness are determined by the following 

relationships η = 
(I−A)

2
 and S = 

1

2η
. 

Moreover, Parr et al. [38], proposed the global electrophilicity index of a ligand as ω = 

μ2

2η
, were μ is the chemical potential defined by μ = 

−(I + A)

2
. The electrophilicity index provides 

insight into almost every arena of chemistry and encompasses information about the structure, 

properties, stability, reactivity, interactions, bonding, toxicity, and dynamics of many electron 

systems in ground and excited electronic states. Thus the high value of electrophilicity index 

Table 6 of our compound favors its powerful electrophilic behavior. Also it seen that the 

chemical potential is negative it means that our crystal is stable, which is important in 

understanding a diverse class of biophysicochemical processes. 

To conclude, from the above values, we can see that the value of the gap energy is an 

index of high kinetic stability and low chemical reactivity, because it is energetically 

unfavorable to add electron to a high-lying LUMO or to extract electrons from a low-lying 

HOMO. 

 

3.7. UV–vis absorption and fluorescence properties 

The solid-state UV–Vis spectrum of crystalline OXDACl measured at room 

temperature is shown in Fig. 11(a). The absorption spectrum exhibits one distinct absorption 

band centered at 290 nm. This band is attributed to the π–π* transition of the aromatic ring in 

o-xylylenediaminium, which is relative to the aromatic conjugation in the cations according to 

the literature [21, 39]. 
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The optical band gap energy is determined by the Tauc method [40] by plotting (αhσ)
2 

versus hσ as shown in Fig. 11(b). The evaluated band gap of our compound was found to be 

3.58 eV, suggesting that the crystal may possess dielectric behavior to induce polarization 

when powerful radiation is incident on the material [41]. 

The photoluminescence properties was studied by Perkin Elmer LS55  

spectrophotometer and determined in the solid-state at room. The obtained emission spectrum 

(Fig. 11(c)) exhibits a peak in increasing order of intensity at λem = 430 nm showing emission 

in blue region. This fluorescent maximum emission band can be attributed to the π-π* charge 

transitions of xylylenediammonium group [21].  

 

3.8. Vibrational IR spectra and assignments 

Infrared spectroscopy was used to verify the functional groups present in the crystal, 

and to investigate their vibrational behavior in the solid state. The IR spectrum of OXDACl 

measured between 400 and 4000 cm
-1

 and simulated one is using B3LYP/LanL2DZ basis set 

are shown in Fig. 12, when we observed good correlations among the experimental and 

predicted spectra. The distribution of the different groups was studied experimentally and the 

calculated one from DFT method and assigned by VEDA program [15] and GaussView 

software [16]. The assignments of the observed bands are based on comparisons with data 

previously reported for similar materials [21]. 

Brief in this work, we have tried to identify as precisely as possible the characteristic 

bands based on our calculations as a preliminary database and also by comparison with 

previous vibration studies of similar compounds found in the literature [8]. 

The bands in the high-wavenumber region, between 3445 and 3150 cm
-1

, correspond 

to the stretching vibrations of the N-H and O-H groups interconnected by a system of 

hydrogen bonds in the crystal [39]. The corresponding calculated values appear at 3383 and 

3058 cm
-1. The weak band at 2950 cm

-1
 corresponds to the C-H stretching mode; its 

theoretical peak is located at 2943 cm
-1

. The bands at 1648 and 1588 cm
-1 

are assigned to the 

stretching vibrations of C=C and to the NH3
+
 asymmetric and symmetric stretching vibration 

modes, which are theoretically predicted at 1662 and 1578 cm
-1 

[23]. The bands of medium 

intensities observed at 1487 and 1366 cm
-1

 are ascribed to the C-H asymmetric and symmetric 

bending vibrations, respectively. Theoretically, these modes are predicted at 1422 and 1366 

cm
-1

. The observed bands in the 1200-1000 cm
-1

 region correspond to the valence vibrations 

of C-C and C-N groups; this was calculated to be found in region 1255-1080 cm
-1

. The bands 
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in the range 1000-600 cm
-1

 can be attributed to the out of plane bending modes of C-H, N-H, 

and C-C groups. The corresponding bands are calculated to be found at 1006 and 599 cm
-1.  

 

4. Conclusion 

 In conclusion, we can state that the new chloride salt has been successfully 

synthesized and grown at room temperature by the slow solvent evaporation method. They are 

investigated by experimental and theoretical physicochemical methods. The structural 

determination discovered that π–π, N–H…Cl and O–H…Cl are implicated in the crystal 

packing, as investigated by the Hirshfeld surface and topological analysis. Characterization of 

intermolecular interactions and crystal packing via Hirshfeld surface analysis revealed that the 

H…Cl/Cl…H intermolecular interactions are the most abundant contacts. The enrichment 

ratio allowed determining which types of contacts are over or under-represented in the crystal 

packing. AIM, RDG and Frontier molecular orbital analysis approach determines the nature 

and properties of molecular interactions and reveals clearly the different characteristics of N-

H and O-H bonds to suggests the good stability of title compound. MEP mapping is 

determined to predict the nucleophilic and electrophilic reactions also the hydrogen bonding 

interactions of the molecule.  

Structural and spectroscopic properties were presented as well via TD-DFT and DFT 

calculations. The comparison between both theoretical and experimental methods shows a 

good correlation. The solid-state photoluminescence measurement revealed that the salt shows 

a strong emission in blue region. 
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Figure captions 

 

Fig. 1. ORTEP drawing of (C8H14N2)2Cl4·H2O with displacement ellipsoids drawn at the 30% 

probability level. H atoms are shown as spheres of arbitrary radii (a) and the optimized 

molecular structure (b). 

Fig. 2. The packing of OXDACl viewed down the a-axis (a). Partial view of the inorganic part 

of OXDACl showing [(Cl)2H2O] groups (b). The packing of OXDACl viewed down the c-

axis without chloride and water molecules (c). Hydrogen bonds are denoted as dashed lines. 

Fig. 3. View highlighting intermolecular interactions between organic cations π–π stacking. 

Fig. 4. Hydrogen bonds in OXDACl compound. 

Fig. 5. Hirshfeld surfaces mapped with dnorm (-0.480 - 1.090) (b) (dotted lines ―red‖ represent 

hydrogen bonds), shape index (-1 - 1) (c) and curvedness (-4 - 0. 4) (d). 

Fig. 6. Fingerprint plots of the main interactions in the crystal packing and percentage of 

atoms present in OXDACl. 

Fig. 7. AIM molecular graph screening the different bond critical points (BCPs) of OXDACl 

calculated at DFT level. The BCPs are denoted as orange smaller balls. 

Fig. 8. Representation of different types of interactions in OXDACl compound (a). The map 

of Reduced Density Gradient (RDG) defines the interaction limits for OXDACl (b). 

Fig. 9. Map of the Molecular Electrostatic Potentials (MEP) surfaces of OXDACl. 

Fig. 10. Frontier molecular orbital plots of OXDACl compound calculated with                 

B3LYP/6-311++G(d,p). 

Fig. 11. UV-Vis spectrum (a) and the energy gap according to the Tauc model (b) of 

OXDACl. Emission spectrum in the solid state at room temperature of OXDACl compound 

(c). 

Fig. 12. Experimental and theoretical IR spectra of OXDACl compound. 
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Fig. 1. ORTEP drawing of (C8H14N2)2Cl4·H2O with displacement ellipsoids drawn at the 30% 

probability level. H atoms are shown as spheres of arbitrary radii (a) and the optimized 

molecular structure (b). 
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Fig. 2. The packing of OXDACl viewed down the a-axis (a). Partial view of the inorganic part 

of OXDACl showing [(Cl)2H2O] clusters (b). The packing of OXDACl viewed down the c-

axis without chloride and water molecules (c). Hydrogen bonds are denoted as dashed lines. 
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Fig. 3. View highlighting intermolecular interactions between organic cations π–π stacking. 
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Fig. 4. Hydrogen bonds in OXDACl compound. 
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(a)                                                                                         (b)  

 

 

(c)                                                                                             (d)  

 

 

 

 

 

 

 

 

 

 

Fig. 5. Hirshfeld surfaces mapped with dnorm (-0.480 - 1.090) (b) (dotted lines ―red‖ represent 

hydrogen bonds), shape index (-1 - 1) (c) and curvedness (-4 - 0. 4) (d). 
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Fig. 6. Fingerprint plots of the main interactions in the crystal packing and percentage of 

atoms present in OXDACl. 
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Fig. 7. AIM molecular graph screening the different bond critical points (BCPs) of OXDACl 

calculated at DFT level. The BCPs are denoted as orange smaller balls. 
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(b) 

 

Fig. 8. Representation of different types of interactions in OXDACl compound (a). The map 

of Reduced Density Gradient (RDG) defines the interaction limits for OXDACl (b). 
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Fig. 9. Map of the Molecular Electrostatic Potentials (MEP) surfaces of OXDACl. 
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Fig. 10. Frontier molecular orbital plots of OXDACl compound calculated with                 

B3LYP/6-311++G(d,p). 
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Fig. 11. UV-Vis spectrum (a) and the energy gap according to the Tauc model (b) of 

OXDACl. Emission spectrum in the solid state at room temperature of OXDACl compound 

(c). 
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Fig. 12. Experimental and theoretical IR spectra of OXDACl compound. 
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Table captions 

 

Table 1: Crystal data and experimental parameters used for the intensity data collection 

strategy and final results of the structure determination. 

Table 2: Optimized and experimental bond lengths and bond angles (Å ,°) parameters of 

OXDACl. 

Table 3: Hydrogen-bond geometry (Å, º) 

Table 4: Enrichment ratio of different inter-contact and percentage of each atom on the 

surface Hirshfeld in (C8H14N2)2Cl4·H2O. 

Table 5: AIM analysis of the bond critical points (BCP) for OXDACl 

Table 6: Difference of energies between the possible combinations, chemical potential, 

Electronegativity, Global hardness, Softness and Electrophilicity. All values are in eV except 

for S which is given in eV
-1

. 
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Table 1: Crystal data and experimental parameters used for the intensity data collection 

strategy and final results of the structure determination. 

CCDC       2068832 

Temperature      150K 

Empirical formula     (C8H14N2)2Cl4·H2O 

Formula weight (g mol
-1

)    436.24 

Crystal system     Orthorhombic 

Space group      Pnma 

a       9.0677 (9) Å  

b       24.282 (2) Å 

c       9.4726 (8) Å  

Z       4 

V       2085.7 (3) Å
3
 

F(000)       920 

µ(Mo Kα)      0.71073 Å 

Index ranges      −11<hmax<11, −31<kmax<25, −12<lmax<12 

Reflections collected     10803 

Independent reflections    2430 

Reflections with I > 2σ(I)    2269 

Rint       0.039 

Absorption correction: multi-scan   Tmin= 0.787, Tmax = 0.896 

Refined parameters      140 

R[F
2
> 2σ(F

2
)]      0.032 

wR(F
2
)       0.082 

Goodness of fit     1.08 

Δρmax= 0.28  e Å
−3     

Δρmin=-0.32 e Å
−3
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Table 2: Optimized and experimental bond lengths and bond angles (Å ,°) parameters of 

OXDACl. 

 

Bond length (Å) 

 

X-ray Calculated  

B3LYP 6-311++G(d,p) 

N1-C2 1.497 (18) 1.5208 

C9-N10 1.497 (18) 1.4934 

C3-C4 1.396 (19) 1.4010 

C3-C8 1.405 (18) 1.4106 

C4-C5 1.382 (2) 1.3913 

C5-C6 1.383 (2) 1.3914 

C6-C7 1.387 (2) 1.3919 

C7-C8 1.394 (19) 1.3999 

C8-C9 1.511 (18) 1.5155 

OW1-H29W1 0.851 (4) 1.0048 

OW1-H30W1 0.797 (4) 0.9652 

 

Bond angles (°) 

 
X-ray Calculated  

B3LYP 6-311++G(d,p) 

H3—N1—H4 109.6 (16) 109.36 

C4—C3—C2 118.3 (12) 117.34 

C8—C3—C2 123.1 (12) 123.47 

C4—C3—C8 118.6 (12) 119.13 

C5—C4—C3 121.8 (13) 121.25 

C4—C5—C6 119.3 (13) 119.48 

C5—C6—C7 120.0 (13) 120.03 

C6—C7—C8 121.0 (13) 121.04 

C7—C8—C3 119.3 (12) 119.06 

C3—C8—C9 122.5 (12) 122.80 

C7—C8—C9 118.2 (12) 118.12 

N10—C9—H19 109.4 109.56 

N10—C9—C8 111.2 (11) 114.32 

C8—C9—H20 109.4 106.97 

C9—N10—H23 109.0 (12) 107.36 

H22—N10—H23 108.9 (16) 106.45 

H29W1-OW1-H30W1 90.3 (3) 104.03 
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Table 3: Hydrogen-bond geometry (Å, º) 

D—H···A    D—H  H···A  D···A   D—H···A 

N1—H1A···Cl1  0.83 (2)  2.37 (2) 3.1766 (13)  161.6 (16)  

N1—H1B··· Cl3
i  

0.926 (19)  2.317 (19)  3.2405 (14)   174.4 (14)  

N1—H1C···Cl3
ii  

0.871 (19)  2.344 (19)  3.1950 (14)   165.6 (16)  

N10—H10A···Cl2
iii

  0.923 (18) 2.264 (19) 3.1799 (13)  171.7 (15) 

N10—H10C···Cl3  0.903 (19) 2.273 (19) 3.1731 (14)  174.5 (16) 

OW1—H1W1···Cl2  0.85 (4) 2.35 (4) 3.197 (2)  172 (3)  

OW1—H2W1···Cl1
iv  

0.80 (4)  2.54 (4)  3.325 (2)   168 (3) 

Symmetry codes: (i) x−1/2, y, −z+3/2; (ii) x, y, z−1; (iii) x+1/2, y, −z+3/2; (iv) x−1/2, y, 

−z+1/2. 
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Table 4: Enrichment ratio of different inter-contact and percentage of each atom on the 

surface Hirshfeld in (C8H14N2)2Cl4·H2O. 

RE H C O Cl 

H 0.83 1.00 1.44 1.45 

C  4.26 - - 

O  - - - 

Cl  - - - 

     

% Surface  68.15 7.35 1 23.5 
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Table 5: AIM analysis of the bond critical points (BCP) for OXDACl 

 

 

 

 

 

 

 

 

 

 

 

 

Bond critical 

points 

Density 

of all 

electrons 

Laplacian 

of electron 

density 

Potential 

energy 

density 

V(r) 

Energy 

density 

E(r) or 

H(r ) 

Interaction 

energy (Eint) 

kJ.mol
-1 

Electron 

localization 

function 

(ELF) 

Localized 

orbital 

locator 

(LOL) 

Ellipticity 
Eta 

index 

Cl25…H2-N1 0.01858 0.06162 -0.01376 0.00082 -17.88 0.06169 0.20419 0.00436 0.19371 

Cl25…H38-N32 0.01875 0.06096 -0.01375 0.00075 -17.87 0.06417 0.20763 0.00439 0.19558 

Cl25…O28 0.00633 0.01909 -0.00364 0.00057 -4.73 0.02133 0.12892 0.60904 0.15173 

Cl26…H54-N52 0.01104 0.03982 -0.00674 0.00161 -8.76 0.03412 0.15837 0.11195 0.16416 

Cl26…H23-N21 0.01074 0.04079 -0.00673 0.00173 -8.75 0.03038 0.15053 0.12602 0.15938 

Cl26…H51-C49 0.00694 0.02291 -0.00319 0.00127 -4.15 0.02563 0.13981 0.95681 0.14823 

Cl26…H20-C18 0.00671 0.02305 -0.00318 0.00129 -4.13 0.02283 0.13284 1.03444 0.14590 

Cl27…H24-N21 0.02389 0.06605 -0.01764 -0.00056 -22.93 0.09980 0.24991 0.00410 0.22183 

Cl27…H16-C15 0.00434 0.01202 -0.00162 0.00069 -2.11 0.01988 0.12514 0.58602 0.12972 

Cl31…H22-N21 0.02307 0.07057 -0.01785 -0.00011 -23.21 0.08368 0.23217 0.00423 0.21312 

Cl31…H53-N52 0.02419 0.06669 -0.01785 -0.00059 -23.21 0.10162 0.25178 0.00431 0.22413 

Cl31…H7-C5 0.00687 0.02376 -0.00313 0.00141 -4.06 0.02397 0.13575 0.12110 0.14216 

Cl31…H38-C36 0.00709 0.02387 -0.00319 0.00139 -4.15 0.02613 0.14101 0.13050 0.14305 

Cl31…H29-O28 0.01906 0.06034 -0.01426 0.00041 -18.54 0.06602 0.21014 0.02135 0.20290 

O28…N1 0.00759 0.03281 -0.00548 0.00136 -7.13 0.01484 0.10947 0.63954 0.13860 

O28…N32 0.00764 0.03285 -0.00548 0.00136 -7.13 0.01515 0.11050 0.64861 0.13920 

O28…H7-C6 0.00704 0.02833 -0.00463 0.00123 -6.02 0.01573 0.11241 0.51088 0.15585 

O28…H38-C36 0.00702 0.02839 -0.00461 0.00125 -5.99 0.01562 0.11203 0.54506 0.15583 
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Table 6: Difference of energies between the possible combinations, chemical potential, 

Electronegativity, Global hardness, Softness and Electrophilicity. All values are in eV except 

for S which is given in eV
-1

. 

Parameters   

EHOMO -5.44745 

 

ELUMO -2.239226 

 

Energy Band Gap (∆E) 3.208224 

 

EHOMO-1 -5.487995 

 

ELUMO+1 -1.9420775 

 

∆E= ELUMO+1- EHOMO-1 3.54591757  

 

Chemical potential (μ) -3.843338 

Softness (ς)        0.802056 

Ionization energy (I)        5.44745 

Electron affinity (A)        2.239226 

Electronegativity (τ) 3.843338 

Chemical hardness (η) 1.604112 

Electrophilicity index (ω)        4.604181 

 

 

 

 

 

 

 

 

 

 

 

 

 




