
HAL Id: hal-03007655
https://hal.science/hal-03007655

Submitted on 23 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Synthesis, Structural, Spectroscopic, Thermal, Optical
Studies and Hirshfeld Surface Analysis of a New

Aluminum Complex:
(C<sub>8</sub>H<sub>9</sub>N<sub>2</sub>)<sub>3</sub>[Al(C<sub>2</sub>O<sub>4</sub>)<sub>3</sub>]×3H<sub>2</sub>O

Amal Arouri, Rihab Dridi, Laurent Jouffret, Mohamed Faouzi Zid

To cite this version:
Amal Arouri, Rihab Dridi, Laurent Jouffret, Mohamed Faouzi Zid. Synthesis, Structural, Spec-
troscopic, Thermal, Optical Studies and Hirshfeld Surface Analysis of a New Aluminum Complex:
(C<sub>8</sub>H<sub>9</sub>N<sub>2</sub>)<sub>3</sub>[Al(C<sub>2</sub>O<sub>4</sub>)<sub>3</sub>]×3H<sub>2</sub>O.
Crystal structure theory and applications, 2019, 08 (03), pp.29-43. �10.4236/csta.2019.83003�. �hal-
03007655�

https://hal.science/hal-03007655
https://hal.archives-ouvertes.fr


Crystal Structure Theory and Applications, 2019, 8, 29-43 
https://www.scirp.org/journal/csta 

ISSN Online: 2169-2505 
ISSN Print: 2169-2491 

 

DOI: 10.4236/csta.2019.83003  Aug. 31, 2019 29 Crystal Structure Theory and Applications 
 

 
 
 

Synthesis, Structural, Spectroscopic, Thermal, 
Optical Studies and Hirshfeld Surface Analysis 
of a New Aluminum Complex: 
(C8H9N2)3[Al(C2O4)3]∙3H2O 

Amal Arouri1, Rihab Dridi1, Laurent Jouffret2, Mohamed Faouzi Zid1* 

1Laboratory of Materials, Crystal Chemistry and Applied Thermodynamics, Faculty of Sciences of Tunis, University of Tunis El 
Manar, Tunis, Tunisia 
2Clermont Auvergne University, Clermont-Ferrand, France 

 
 
 

Abstract 
The compound, tris-(5-methylbenzimidazole) tris-(oxalato)-aluminate (III) 
trihydrate, (C8H9N2)3[Al(C2O4)3]∙3H2O, was synthesized by slow evaporation 
at room temperature and characterized by single crystal X-ray diffraction and 
X-ray powder diffraction, infrared (IR), ultraviolet (UV-visible) spectrosco-
pies, and thermal analysis. The results show that this complex crystallizes in 
the monoclinic system, space group P21/c, with the mesh parameters a = 
13.499(7) Å, b = 14.872(9) Å, c = 16.995(5) Å, ß = 91.44(3)˚, V = 3411(3) Å3 
and Z = 4. The formula unit is composed of tris-(oxalato)-aluminate 
[Al(C2O4)3]3− anions, tris-(5-methylbenzimidazole) cations and three uncoor-
dinated water molecules. The geometry of the aluminum ion is octahedral, 
formed by six oxygen atoms belonging to three oxalate anions serving as che-
lating ligands. Cohesion of the structure is ensured by intermolecular hydro-
gen bonds of O-H...O, N-H...O type linking ionic entities and water molecules 
as well as by π-π and π-π* between cycles of 5-methylbenzimidazole cations. 
In order to clarify the intermolecular interactions formed by the organic ca-
tions and inorganic anions, an analysis of the calculated Hirshfeld surfaces 
was used. The UV-Vis spectrum reveals an optical band gap width of 2.88 eV, 
which shows that this compound has a semiconductor material behavior. 
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1. Introduction 

The design and fabrication of novel multifunctional hybrid compounds are now 
attracting increasing interest due to their broad applications in catalysis, evolu-
tion of organic materials-inorganic materials, electrochemistry, photochemistry, 
etc. [1] [2] [3] [4]. In fact, aluminum-based compounds (III) have been used in 
biology, industry, medicine and even in agriculture [5] [6] [7] [8]. 

On the other hand, the oxalate group presents an excellent connector ligand 
for the complexation with different metal ions and a good hydrogen-bonding 
participant giving rise to different dimensional structures [9]. Moreover, the or-
ganometallic compounds based on oxalato ligands have been studied intensively 
in coordination chemistry. The 5-methylbenzimidazole cation has shown up as 
an excellent template for building up supramolecular systems and for partici-
pating in hydrogen bonding interactions due to its donor/acceptor protons.  

In that sense, we have focused our attention on the combination of this cation 
with aluminum metal ion and oxalic acid. It seemed interesting to investigate the 
structural, optical, and thermal, of our unreported complex when associating 
with 5-methylbenzimidazole ligands.  

Within this context, we report a chemical synthesis, structural characteriza-
tion by single crystal X-ray diffraction, vibrational study by infrared spectrosco-
py, optical and thermal properties of a new hybrid compound namely, 
tris-(5-methylbenzimidazole) tris-(oxalato)-aluminate (III) trihydrate. Hirshfeld 
surface analysis was also performed. 

2. Experimental 
2.1. Materials and Methods 

All chemicals and solvents used in the isolation were obtained from Sigma Al-
drich and used without further purification. 

The diffraction data was performed using an Enarf-Nonius FR590 four-circle 
kappa geometry diffractometer type scintillation detector with graphite mo-
nochromator using Mo Kα (λ = 0.71073 Å) radiation.  

X-ray powder diffraction measurements were performed on a 
“PAN-analytical, X’pert PRO MPD” diffractometer using Kα1 (Cu) (λ = 1.5406 
Å) radiation. 

The infrared spectrum of the title compound, made on a pellet containing the 
crushed product dispersed in a KBr matrix (approximately 4% by mass of the 
sample to be analyzed) at room temperature, was recorded using Perkin Elmer 
Spectrum spectrophotometer in the range of 4000 - 400 cm−1. 

The UV–visible absorption spectrum was recorded on a 2802 UV/VIS spec-
trophotometer (UNICO). 

The thermal analysis (TGA-DTA) was carried out under a helium atmosphere 
at a heating rate of 10˚C min−1 in the temperature range [35˚C to 600˚C] using a 
SETARAM brand thermogravimetric analyzer type SETSYS 1750. 

https://doi.org/10.4236/csta.2019.83003


A. Arouri et al. 
 

 

DOI: 10.4236/csta.2019.83003 31 Crystal Structure Theory and Applications 
 

2.2. Synthesis of (C8H9N2)3[Al(C2O4)3]∙3H2O 

The complex (C8H9N2)3[Al(C2O4)3]∙3H2O was prepared by adding an amount of 
oxalic acid dihydrate H2C2O4∙2H2O (99.5% purity) (2 mmol, 252.2 mg) in an 
aqueous solution of aluminum nitrate nonahydrate Al(NO3)3∙9H2O (98% purity) 
(1 mmol, 212.99 mg) and 5-methylbenzimidazole (C8H8N2) (98% purity) (1 mmol, 
132.66 mg), each one has dissolved in 10 cm3 of water under magnetic stirring at 
room temperature for 30 minutes. The resulting aqueous solution was filtered. 
After 2 weeks of slow evaporation at room temperature, the colorless prismatic 
crystals were obtained with a quality judged exploitable in X-ray diffraction. 

3. Results and Discussion 
3.1. Single Crystal x-Ray Diffraction 

A colorless prismatic crystal was selected under a polarizing microscope for sin-
gle crystal X-ray diffraction analysis. The raw diffraction data were collected us-
ing the EXPRESS-CAD4 program [10] and processed through the WINGX 
software package [11]. 

The crystalline structure of this compound was solved using the SIR 2014 
program [12], which allowed the different atoms to be localized in the cell other 
than the hydrogen atoms. At this stage, an empirical psi-scan [13] absorption 
correction was applied. 

The hydrogen atoms of the water molecules were found in a difference Fouri-
er map and refined, using the SHELXL-2014 program [14], with restraint: 
d(O−H) = 1.11(1) Å. H atoms of the 5-methylbenzimidazole cation attached to 
carbon and nitrogen were fixed using the AFIX 43 instruction authorized by the 
SHELXL-2014 program. Those attached to carbon atoms were placed in calcu-
lated positions with C–H distance of 0.96 Å, while those attached to nitrogen 
were restrained with d(N−H) = 0.86 Å. Their anisotropic thermal parameters 
were maintained Uiso(H) = 1.2Ueq(X) (X = C or N). After final refinement, a 
Fourier-Difference examination reveals no significant peak. All graphic repre-
sentations have been developed via the Diamond version 3.2 program [15]. 

The crystallographic data, the experimental details of the data collection and 
the results of refinement of the crystal structure are summarized in Table 1. 

3.2. X-Ray Powder Diffraction 

The PXRD diagram was obtained at room temperature. The measurement was 
made with Bragg-Brentano geometry at 2θ, in the range of 5˚ to 70˚ with a pitch 
of 0.02˚. 

The X-ray powder diffraction data of the (C8H9N2)3[Al(C2O4)3]∙3H2O sample 
was analyzed with the Rietveld technical refinement by means of GSAS-EXPGUI 
software [16] [17]. The final Rietveld plot is shown in Figure 1. 

The peaks of the experimental diffractogram and those of the theoretical one 
are in a good agreement, which confirms the purity of that phase 
(C8H9N2)3[Al(C2O4)3]∙3H2O. 
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Table 1. Crystal and structure refinement data for the title compound: 
(C8H9N2)3[Al(C2O4)3]∙3H2O. 

Chemical formula (C8H9N2)3[Al(C2O4)3]∙3H2O 

Formula weight (g∙mol−1) 744.60 

Temperature (K) 298 

Crystal system; Space group Monoclinic; P21/c 

a(Å); b(Å); c(Å); β(˚) 13.499(7); 14.872(9); 16.995(5); 91.44(3) 

Volume (Å3); Z 3411(3); 4 

Sample size (mm) 0.24 × 0.15 × 0.08 

Radiation, λ, (Å) λ = 0.71073 

μ (mm−1) 0.14 

F000 1552 

θ Range (˚) 2.0 ≤ θ ≤ 27.2 

Scan mode ω − 2θ 

Absorption correction psi-scan 

Tmin, Tmax 0.8948; 0.9999 

Number of reflections measured; 
Independent reflections; Rint, 

8630 
7540; 0.0603 

Reflections with [I > 2σ (I)] 3695 

R(F2); ωR(F2); S (GOOF) 0.0782; 0.2472; 1.016 

Δρmax, Δρmin (e∙Å−3) 0.63; −0.41* 

*CIF file containing complete information about the structure of (C8H9N2)3[Al (C2O4)3]∙3H2O was depo-
sited with the Cambridge Crystallographic Data Center (CCDC 1965815). The file is freely available upon 
request from the following web site: http://www.ccdc.cam.ac.uk/data_request/cif. 

 

 
Figure 1. Experimental and calculated powder X-ray diffraction patterns of 
(C8H9N2)3[Al(C2O4)3]∙3H2O. 
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3.3. IR Spectrum of (C8H9N2)3[Al(C2O4)3]∙3H2O 

The IR spectrum of the compound tris-(5-methylbenzimidazole) 
tris-(oxalato)-aluminate (III) trihydrateis is shown in Figure 2. 

In the region of high frequencies, the bands at 3458 and 3100 cm−1 are due to 
the stretching vibrations of the O-H and C-Haromatic bonds [18]. Harmonic bands 
of weak deformations are observed between 2000 and 1980 cm−1 [19]. The band 
at 1686 cm−1 is assigned to the C=O stretching mode of the oxalate ligands [20]. 

The absorption band at 1419 cm−1 is attributed to the C=C and C-C stretching 
modes of the 5-methylbenzimidazole ring [21]. The weak bands at 1295 and 813 
cm−1 are attributed to the ν(C-Naromatic) and δ(C-H) modes [22]. 

The absorption band located at 722 cm−1 corresponds to the δ(N-H) mode 
[23]. The band at 467 cm−1 is assigned to the ν(Al-O) mode [24]. 

3.4. UV-Vis Spectrum of (C8H9N2)3[Al(C2O4)3]∙3H2O 

The obtained UV-Vis Spectrum for the studied tris-(5-methylbenzimidazole) 
tris-(oxalato)-aluminate(III) trihydrate salt is depicted in Figure 3. The UV-Vis 
spectrum reveals two distinct absorption bands around 273 and 279 nm attri-
buted, respectively, to the π-π and π-π* absorption bands of the 
5-methylbenzimidazole cations [25]. Thus, the value of the energy of optical 
gaps is obtained by the Tauc relation [26]: 

(αhν)n = B(hν − Eg) 

α: the absorption coefficient, hv: the energy of the incident photon, B: a constant 
that depends on the energy, Eg: the optical gap energy, n: a constant that takes 
different values depending on the type of electronic transition. The experimental 
band-gap energy (Eg) estimated by extrapolation of the linear part is about 2.88 
eV (Figure 4). This band-gap value shows that this compound exhibits semi-
conductor behavior (the gap energy is less than 4 eV). 
 

 
Figure 2. IR spectrum of the compound (C8H9N2)3[Al(C2O4)3]∙3H2O. 
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Figure 3. UV-Vis spectrum of the compound: (C8H9N2)3[Al(C2O4)3]∙3H2O. 

 

 
Figure 4. The inset shows the experimental energy band gap obtained by extrapolation of 
the linear part. 

3.5. Thermal Analysis of the Compound (C8H9N2)3[Al(C2O4)3]∙3H2O 

The thermogram analysis (TGA-DTA) of (C8H9N2)3[Al(C2O4)3]∙3H2O (Figure 5) 
shows that the percentage of the experimental mass loss is in the order of 6.90%, 
which is calculated in the order of 7.25%. Indeed, the latter is equivalent to 
starting from three salvation molecules of water at a temperature between 50˚C 
to 85˚C. This step is characterized by two endothermic peaks in a temperature  
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Figure 5. Thermal Analysis of the Title compound: (C8H9N2)3[Al(C2O4)3]∙3H2O. 
 
range of 65˚C - 120˚C. At around 120˚C, there is a second loss which reflects the 
decomposition of the organic part and oxalate [% calculated, 59.49 (experimen-
tal%, 53.86)]. A last loss of mass phenomenon is observed at 350˚C, which cor-
responds to the conversion of Al2(CO3)3 to Al2O3 with the departure of CO2 [% 
calc, 6.01 (Experimental %, 7.95)]. This step is characterized by an endothermic 
peak at 375˚C. 

4. Description of the Structure 

The asymmetric unit of the tris-(5-methylbenzimidazole) tris-(oxalato)-aluminate 
(III) trihydrate compound is formed by three (C8H9N2)+ cations, one [Al(C2O4)3]3− 
anion, and three water crystallization’s molecules (Figure 6). 

The central atom of the anionic moiety is hexacoordinated by six oxygen 
atoms from three chelating oxalate (Figure 7). The central ion Al3+ is at 
1.0772(2) Å in the equatorial plane defined by four atoms (O1, O2, O4 and O5), 
it’s also defined by three atoms (O3, Al, O6) located in axial position. 

The aluminum is in the (+3) oxidation state. This was confirmed by the bond 
valence sum calculations (Table 2) according to Brown [27]. 

The projection of the structure in the [010] direction shows that the crystalline 
stack of the compound is an alternation of anionic layers between which are in-
serted organic cations and free water molecules (Figure 8). 

A detailed examination of the hydrogen bonds of the crystalline structure of 
the compound (C8H9N2)3[Al(C2O4)3]∙3H2O revealed the existence of two types of 
intermolecular interactions considered strong (O-H...O) and (N-H...O) con-
necting complex anions, organic cations and water molecules (Figure 9). In-
deed, the complex anions [Al(C2O4)3]3− act as acceptors via their oxygen atoms 
and the organic cations (C8H9N2)+ contribute to these intermolecular interac-
tions via their nitrogen atoms as donors. 
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Figure 6. Asymmetric unit of (C8H9N2)3[Al(C2O4)3]∙3H2O. 

 

 
Figure 7. Representation of AlO6 octahedral geometry in the complex anion [Al(C2O4)3]3−. 

 

 
Figure 8. Projection of the structure, in the [010] direction, of (C8H9N2)3[Al(C2O4)3]∙3H2O 
compound. 
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Table 2. Interatomic Distances (Å) and Bond Values Sum (BVS) in the AlO6 Octahedron.  

 Interatomic Distances Å Bond Valence Sum (BVS)* Distortion index 

Al-O1 1.8567(3) 0.5735 

 

Al-O2 1.8778(3) 0.5417 

Al-O3 1.8885(3) 0.5263 

Al-O4 1.8923(3) 0.5209 

Al-O5 1.9011(3) 0.5087 

Al-O6 1.9072(3) 0.5004 

<d (Al—O)> 1.8872(3) Σsi = 3.1715 0.7% 

*: (S = Σsi = Σexp[(R0 − Ri)/B]; B = 0.37. 

 

 
Figure 9. Representation of hydrogen bonds in the (C8H9N2)3[Al(C2O4)3]∙3H2O com-
pound. 
 

Two types of interaction π-π and π-π* (d = 3.827(8) Å and d = 3.560(8) Å) are 
observed between organic cations. The cationic framework can therefore be con-
sidered as a succession of dimers arranged head to tail (Figure 10). 

5. Hirshfeld Surface Analysis 

The Hirshfeld surface analysis [28] and the associated 2D-fingerprint plots were 
constructed from CIF file and were performed by the aid of Crystal Explorer 
program [29] in order to dissect crystal structures into non-covalent contacts 
[30] [31] and to clarify the intermolecular interactions in a visual manner. The 
crystal structure of (1) is a good example of the interplay of different molecular 
interactions. In order to analyze the various interactions that lead to the crystal 
structure, an intermolecular inter-contacts contributing to the Hirshfeld surface 
has been made. 

The dnorm values were mapped over the Hirshfeld surface using different colours. 
Red regions represent closer contacts: O-H…O and N-H…O hydrogen bonds 
(Figure 11(a)). Blue regions represent longer contacts (no interactions) [32] [33]. 
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Figure 10. Representation of the cationic cycles and the interactions π-π and π-π*. 

 

 
(a) 

 
(b) 

Figure 11. (a) View of the Hirshfeld surfaces mapped over dnorm displaying the intermo-
lecular interactions; (b) View of the Hirshfeld surfaces mapped overshape Index display-
ing the π-π interactions. 
 

The shape-index map (Figure 11(b)) confirms the presence of the aromatic 
donor-acceptor interaction by the presence of two adjacent blue and orange tri-
angles. 

The 2D fingerprint plots view with the de and di distance scales are exposed on 
the graph axes. Figure 12 shows the most important interactions that assure the 
structure cohesion. The highest contribution occurs due to hydrogen contacts 
O-H…O (49.5%) and C…H (7.8%). The C…C contact in fingerprint plots 
(3.8%) confirms the π–π and π–π* stacking interactions between the rings of 
5-methylbenzimidazole cations. 
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Figure 12. Full two-dimensional fingerprint plots showing all interactions, O-H…O 
(49.5%), H…H (33.6%), C…H (7.8%), C…C (3.8%), N…C (2.5%), N…H (1.6%), O…O 
(0.9%), N…O (0.1%), O…C (0.1%). 

6. Conclusion and Perspective 

A new aluminum (III) complex was synthesized by the slow evaporation method 
at room temperature. The crystalline structure of this compound has been cha-
racterized by single crystal X-ray diffraction and powder XRD. It is confirmed by 
IR, UV-visible spectroscopies, and thermal analysis TGA-DTA. Molecules of 
organic cations, complex anions and water are connected by hydrogen bonds 
N-H···O and O-H···O, thus by π-π and π-π* interactions between rings of 
5-methylbenzimidazole to form a three-dimensional network. Investigation of 
intermolecular interactions via Hirshfeld surface analysis reveals that O…H 
contact intermolecular interaction is the most abundant in the crystal structure. 
In perspective, we will also try to synthesize new heteropolynuclear phases and 
study their magnetic and biological properties. 
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