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Abstract: A new iron(III) complex, [Fe(dipic)(NO₃)(H₂O)₂], containing the 2,6-pyridinedicarboxylate (dipic) 

ligand, was synthesized and characterized by single-crystal X-ray diffraction. The crystal structure revealed 
an octahedral coordination environment around the Fe(III) center, where the dipicolinate ligand coordinates 

in a tridentate mode together with one nitrate ion and two water molecules. The crystallographic data were 

deposited in the Cambridge Crystallographic Data Centre (CCDC 2400919). Density functional theory 
(DFT) calculations were performed using the PBE-D4/def2-TZVP and B3LYP-D4/def2-TZVP methods. The 

calculated energies indicated that the sextet state represents the most stable electronic configuration of the 

complex. Frontier molecular orbital and electrostatic potential (ESP) analyses were employed to investigate 

the electronic structure and reactive sites. Hirshfeld surface analysis showed that the crystal packing is 
mainly governed by O···H/H···O intermolecular interactions, while void analysis revealed a low free-volume 

fraction, indicating efficient crystal packing and structural stability. The combined experimental and 

theoretical results provide valuable insights into the structural and electronic properties of this new iron(III) 
dipicolinate complex. 

Keywords: Complex, X-ray structure analysis, Hirshfeld surface analysis, 2,6-pyridinedicarboxylic acid 

(2,6-PDCA, dipic), ligand, complex, DFT, ESP. 

 

Introduction 

 

2,6-Pyridincarboxylic acid (2,6-PDCA, dipic) is a versatile N,O-chelating, bidentate and 

tridentate chelating ligand that forms stable complexes via one or more carboxylate oxygen atoms 

[1-4]. The reason for the interest is that the ligand has a rigid 120° angle between the H2pda and the 

central pyridine ring and two carboxylate groups and therefore can provide a variety of binding 

modes for formation [5]. 

 

 
Fig. 1. The bonding of the carboxylate (COO) group to the metal, i.e., asymmetric monodentate 

(A), symmetric bidentate (B) and asymmetric bidentate (C, D). 

 

Dipicolinic acid (H₂dipic) has attracted considerable attention in coordination chemistry because of 

its versatile coordination behavior and ability to form stable metal complexes. In addition to acting 
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as a hydrogen-bond donor and acceptor, it exhibits diverse coordination modes, including 

monodentate, bidentate, tridentate, and bridging forms in its neutral, monoanionic, and dianionic 

states [6–16]. Owing to these properties, dipicolinate complexes have found applications in 

medicinal chemistry, analytical chemistry, and bioinorganic studies.  

Numerous metal–dipicolinate complexes have been synthesized and structurally characterized, 

including complexes of Cu, Zn, Mn, Ni, and Fe [17-19]. Among these, iron–dipicolinate complexes 

are of particular interest because of the biological and chemical importance of iron. Previous studies 

have reported a variety of Fe(III) complexes containing one or two dipicolinate ligands, in which 

the metal center commonly adopts a distorted octahedral coordination geometry [20]. 

Dipicolinic acid is also known for its ability to stabilize unusual oxidation states and its applications 

in corrosion inhibition, metal-ion determination, and environmental analysis [21-28]. Although 

Fe(II) salts are frequently used as starting materials, oxidation to Fe(III) often occurs during 

complex formation, resulting in thermodynamically stable Fe(III) products. Magnetic and 

Mössbauer spectroscopic studies have shown that bis(dipicolinato)ferrate(III) complexes generally 

exist in a high-spin state [29,30]. 

In this work, we present the synthesis, DFT, Hershfeld surface, and ESP analysis of the complex 

[Fe(dipic))(NO3)(H2O)2] Fe(III) with 2,6-pyridinedicarboxylic acid in the presence of 

Fe(NO3)2
.6H2O. 

 

Experimental Part 

 

Materials and Methods. Iron(II) nitrate hexahydrate, Fe(NO₃)₂·6H₂O, and 2,6-pyridinedicarboxylic 

acid (2,6-PDCA) were used as starting materials. All reagents were of analytical grade and were 

purchased from Merit Chemicals without further purification. 

X-ray Structure Determination. The molecular and crystal structure of the synthesized complex 

was determined by single-crystal X-ray diffraction using an Xcalibur® Oxford Diffraction 

diffractometer equipped with a graphite monochromator and Cu Kα radiation (λ = 1.54184 Å). 

Synthesis of the Complex Compound. Iron(II) nitrate hexahydrate, Fe(NO₃)₂·6H₂O (0.288 g, 1 

mmol), and 2,6-pyridinedicarboxylic acid (2,6-PDCA, H₂dipic) (0.167 g, 1 mmol) were separately 

dissolved in distilled water. The resulting solutions were mixed in a 1:1 molar ratio and stirred 

magnetically at 60 °C for 30 min. The reaction mixture was then allowed to stand at room 

temperature for crystallization. After 10 days, yellow crystals suitable for single-crystal X-ray 

diffraction analysis were obtained. Structural analysis revealed the formation of the complex 

[Fe(dipic)(NO₃)(H₂O)₂]. The isolated product was obtained in 76% yield. Anal. Calcd for 

[Fe(dipic)(NO₃)(H₂O)₂] (C₇H₇FeN₂O₉, Mr = 344.06): C, 24.41; H, 2.05; N, 8.13; O, 41.85%. Found: 

C, 24.35; H, 2.01; N, 8.04; O, 41.57%. 

 

 
Scheme 1. Synthesis reaction of complex compound [Fe(dipic)(NO3)(H2O)2] 

 

Structural Commentary. The complex [Fe(dipic)(NO₃)(H₂O)₂] crystallizes in the orthorhombic 

crystal system with the space group Pca2₁. The unit-cell parameters are a = 11.7097(2) Å, b = 

9.0760(1) Å, c = 9.8525(2) Å, α = β = γ = 90° (Table 1). 

In the crystal structure, the dipicolinate ligand coordinates to the Fe(III) center in a tridentate 

chelating mode through the pyridine nitrogen atom and two carboxylate oxygen atoms. The 



coordination sphere is completed by one nitrate ion and two coordinated water molecules, resulting 

in a distorted octahedral geometry around the metal center.  

 

Table 1. Crystal data of the [Fe(dipic)(NO3)(H2O)2] complex 

 

 

  

                               a                            b 

Fig.2. Molecular structure a) and orthorhombic shape b) of the complex [Fe(dipic)(NO3)(H2O)2] 

 

Selected bond lengths include Fe1–N1 = 2.078(3) Å, Fe1–O1 = 2.099(5) Å, Fe1–O3 = 2.080(5) Å, 

Fe1–O5 = 2.030(5) Å, and Fe1–O6 = 2.029(5) Å (Table 2). These values are comparable to those 

reported for related iron–dipicolinate complexes. For example, in 

[C₅H₅NH][Fe(dipic)(Hdipic)(C₅H₅N)₂], the Fe–N and Fe–O bond lengths are 2.133(2), 2.1614(19), 

and 2.2095(18) Å, respectively [30]. Similarly, in (NH₄)[Fe(dipic)₂], the Fe–N and Fe–O bond 

distances are 2.0538(13) and 2.0123(8) Å, respectively. 

The coordination geometry is further confirmed by the observed bond angles. In particular, the O7–

Fe1–N1 angle of 150.7(3)° indicates a distorted octahedral arrangement around the Fe(III) ion (Fig. 

2). 

Fig. 3 shows the crystal structure of the complex. The dotted lines indicate the molecular and 

intermolecular hydrogen bonds. Table 3 lists the hydrogen bond geometry. 

Parameters Values Parameters Values 

[Fe(dipic)(NO3)(H2O)2] 

Formula C7H7FeN2O9 Crystal size, mm 0.30 x 0.28 x 0.24 

Molecular 

mass 
344.056 Temperature T, oC 293 

Syngonia orthorhombic  Scan interval 0, o  = 4.9–71.1° 

Spatial 

group 
Pca21  Interval h,k,l -14: 14; -11: 11; -12:  8 

a, Å 11.7097(2) Tmin, Tmax No. of measured 8976, 1730, 1551 

b, Å 9.0760(1) (sin θ/λ) max (Å−1) 0.614 

c, Å 9.8525(2)  Rint 0.068 

α˚ 90 Tmin, Tmax 0.463, 1.000 

ᵦ˚ 90 No. of reflections 1734 

ᵧ˚ 90 No. of parameters 174 

V, Å3 1047.10(3)   R1, wR2(1˃2σ(I)) 0.0386, 0.1061, 1.06 

Z 5 ∆pmin/maxeÅ-3 -1.00, 0.38 

Dxg/sm3 2.023   Theta(max) 71.327 

µ(CuKα),m

m-1 
12.116 CCDC-number 2400919 



 
Fig. 3. Crystal structure of the complex. Dotted lines indicate hydrogen bonds. 

 

Table 2. Selected bond lengths and bond angles of the [Fe(dipic)(NO3)(H2O)2] complex 

Bond length (Å) Bond angle (°) 

Fe1—O1 2.099 (5) O1—Fe1—O8 134.67 (19) 

Fe1—O5 2.030 (5) O1—Fe1—O7 75.5 (2) 

Fe1—O8 2.142 (5) O5—Fe1—O1 90.2 (2) 

Fe1—O3 2.080 (5) O5—Fe1—O8 87.10 (19) 

Fe1—O6 2.029 (5) O5—Fe1—O3 91.0 (2) 

Fe1—O7 2.161 (5) O5—Fe1—O7 89.8 (2) 

Fe1—N1 2.078 (3) O5—Fe1—N1 91.7 (2) 

O1—C6 1.291 (7) O8—Fe1—O7 59.23 (10) 

O5—H5A 0.8566 O3—Fe1—O1 149.18 (9) 

O5—H5B 0.8561 O3—Fe1—O8 76.1 (2) 

O8—N2 1.257 (11) O3—Fe1—O7 135.3 (2) 

O3—C7 1.290 (7) O6—Fe1—O1 89.8 (2) 

O6—H6A 0.8527 O6—Fe1—O5 176.83 (12) 

O6—H6B 0.8521 O6—Fe1—O8 90.66 (18) 

O2—C6 1.223 (9) O6—Fe1—O3 90.6 (2) 

O7—N2 1.290 (11) O6—Fe1—O7 87.1 (2) 

O4—C7 1.234 (8) O6—Fe1—N1 91.4 (2) 

C1—N1 1.346 (10) N1—Fe1—O1 75.2 (3) 

C1—C2 1.378 (7) N1—Fe1—O8 150.1 (3) 

C1—C6 1.506 (8) N1—Fe1—O3 74.0 (3) 

N1—C5 1.325 (10) N1—Fe1—O7 150.7 (3) 

 

Table 3. Geometry of hydrogen bonds of complex compound [Fe(dipic)(NO3)(H2O)2] (Fig.3). 

D-

Hꞏ ꞏ ꞏ A 

D-H, Å Hꞏ ꞏ ꞏ A, 

 Å 

Dꞏ ꞏ ꞏ A, 

 Å 

DHA, angle Symmetry Code 

O5   -- 

H5A  .. 

O2 

0.8600 1.9200 2.708(6) 153.00 1-x, -y,1/2+z 

O5   -- 

H5A  .. 

O7 

0.8600 2.5500 3.022(8) 115.00 1/2+x, -y,z 

O5   -- 

H5B  .. 

O8 

0.8600 2.6000 2.876(7) 100.00 - 

O5   -- 0.8600 1.9000 2.747(7) 173.00 1/2+x, -y,z 



H5B  .. 

O1 

O6   -- 

H6A  .. 

O4 

0.8500 1.8700 2.707(6) 168.00 1-x,1-y, -1/2+z 

O6   -- 

H6B  .. 

O3 

0.8500 2.0000 2.750(7) 146.00 1/2+x,1-y, z 

O6   -- 

H6B  .. 

O8 

0.8500 2.3100 3.002(8) 139.00 1/2+x,1-y, z 

C3   -- H3   

.. O9 

0.9300 2.2200 3.145(6) 179.00 -1+x, y,z 

 

DFT Calculations. To identify the most stable spin state of the Fe(III) complex, density 

functional theory (DFT) calculations were performed for the doublet, quartet, and sextet spin 

configurations using the PBE-D4/def2-TZVP and B3LYP-D4/def2-TZVP methods. The 

calculations were based on the molecular geometry obtained from single-crystal X-ray diffraction 

analysis. The calculated total energies indicated that the sextet spin state is the most energetically 

favorable configuration for the Fe(III) complex according to both computational methods. 

 

Table 4.  ESP calculation of the Fe complex in different spin-electronic states 

Method Doublet Quartet Sextet 

PBE-D4/def2-TZVP -1455925.85 -1455930.00 -1455937.84 

B3LYP-D4/def2-TZVP -1456403.67 -1456406.98 -1456431.57 

 

MO energies and ESP level analyses of this complex sextet state were performed. 

 

    

α-LUMO 

(E=-2.96 eV) 

β-LUMO 

(E=-4.55 eV) 

α-HOMO 

(E=-7.31 eV) 

β-HOMO 

(E=-7.31 eV) 

Fig. 4. Frontier molecular orbitals (HOMO and LUMO) and electron density distribution of the 

[Fe(dipic)(NO₃)(H₂O)₂] complex. 

 

Table 5.  MO energies and the energy gap (ΔE) of Fe complex in triplet state by PBE-D4/def2-

TZVP and B3LYP-D4/ def2-TZVP 

 PBE-D4/def2-TZVP 

HOMO (α) HOMO(β) LUMO (α) LUMO (β) ΔE(α) ΔE(β) 

Fe complex MO -5.79 -6.05 -3.61 -5.47 2.18 0.58 

The percentage of p and 

d in the cited MOs (%): 

p: 77.23 

d: 18.60 

p: 94.34 

d: 4.90 

p: 92.13 

d: 7.29 

p: 12.79 

d: 86.84 

  

B3LYP-D4/ def2-TZVP 

Fe complex MO HOMO (α) HOMO(β) LUMO (α) LUMO (β) ΔE(α) ΔE(β) 

-7.31 -7.31 -2.96 -4.55 4.35 2.76 



The percentage of p and 

d in the cited MOs (%): 

p: 89.00 

d: 7.61 

p: 94.29 

d: 4.88 

p: 92.13 

d: 7.27 

p: 13.50 

d: 86.18 

  

 

 
Fig.5. ESP level maxima and minima. PBE (left) and B3LYP (right) 

 

ESP Surface Analysis. Electrostatic potential (ESP) surface analysis is a powerful tool for 

identifying electron-rich and electron-deficient regions within a molecule. The ESP surface of the 

investigated complex is shown in Fig. 5. On the ESP map, blue regions correspond to positive 

potential maxima and represent electron-deficient sites that are susceptible to nucleophilic attack. In 

contrast, red regions correspond to negative potential minima and indicate electron-rich areas with a 

high electron density. Therefore, the ESP surface provides valuable information about the 

distribution of charge and the potential reactive sites of the complex. 

The electrostatic potential maxima and minima of the [Fe(dipic)(NO₃)(H₂O)₂] complex were 

evaluated using the PBE-D4/def2-TZVP and B3LYP-D4/def2-TZVP methods. The most positive 

ESP region is located in the vicinity of the hydrogen atoms of the ligand framework (Fig. 5a,b), 

with potential values of 74.58 and 78.56 kcal mol⁻¹, respectively. In contrast, the most negative ESP 

region is localized around the oxygen atoms of the coordinated nitrate group, with potential values 

of −40.62 and −43.24 kcal mol⁻¹, respectively. These results indicate that the hydrogen atoms act as 

electron-deficient sites, whereas the nitrate oxygen atoms represent the most electron-rich regions 

of the complex. 

Hirshfeld Surface Analysis. Hirshfeld surface analysis is a valuable tool for investigating weak 

intermolecular interactions in crystalline materials. It provides insight into both short- and long-

range contacts and enables visualization of intermolecular interactions relative to the van der Waals 

radii of the constituent atoms. The Hirshfeld surface of the [Fe(dipic)(NO₃)(H₂O)₂] complex was 

analyzed using the CrystalExplorer program. The crystal structure is stabilized by C–H···O and O–

H···O intermolecular hydrogen bonds. These interactions are represented by distinct red regions on 

the dnorm-mapped Hirshfeld surface, indicating close intermolecular contacts and significant 

contributions to the stabilization of the crystal packing. 

 

 
 

  

Fig. 6. Hirshfeld surface (a), shape index(b), curvedness (d) and fragment patches(e). 

 

The dnorm-mapped Hirshfeld surface exhibits minimum and maximum values of −0.6743 and 

1.0475, respectively. On the dnorm surface, red regions correspond to intermolecular contacts 



shorter than the sum of the van der Waals radii, whereas blue regions represent contacts longer than 

the corresponding van der Waals separations. As shown in Fig. 6, the most prominent red regions 

are associated with O–H···O and C–H···O hydrogen-bonding interactions, indicating their 

significant contribution to crystal stabilization. 

The Hirshfeld surface area and volume were calculated to be 246.28 Å² and 256.00 Å³, respectively. 

Quantitative analysis of intermolecular contacts was performed using the two-dimensional 

fingerprint plots based on the internal (di) and external (de) distances from the Hirshfeld surface. 

The dominant intermolecular interactions are O···H/H···O contacts, contributing 50.0% of the total 

surface area, followed by O···C/C···O (19.0%) and H···H (14.4%) interactions (Fig. 7). 

Crystal Packing and Void Analysis. The crystal packing and void characteristics of the 

coordination compound [Fe(dipic)(NO₃)(H₂O)₂] were analyzed using the CrystalExplorer program 

to evaluate the packing efficiency and distribution of unoccupied space within the crystal lattice. 

Void calculations were performed using a probe radius of 1.2 Å and a grid spacing of 0.2 Å. The 

complex crystallizes in the orthorhombic crystal system with the space group Pca2₁ and a unit-cell 

volume of 1047.10(3) Å³. 

The void analysis revealed a total void volume of 81.04 Å³, corresponding to 12.92% of the 

unit-cell volume, whereas the remaining 87.08% is occupied by molecular fragments. This 

relatively low void fraction indicates efficient crystal packing and a densely organized crystal 

lattice. The absence of large cavities or solvent-accessible channels suggests that the inclusion of 

guest molecules within the crystal structure is unlikely. 

 

 
 

 

 
 

 

Fig. 7. Two-dimensional (2D) fingerprint plots derived from the Hirshfeld surface analysis of the 

[Fe(dipic)(NO₃)(H₂O)₂] complex 

 

The compact crystal packing is mainly governed by intermolecular O–H···O hydrogen-bonding 

interactions involving coordinated water molecules and nitrate oxygen atoms, which contribute 

significantly to crystal stabilization and lattice cohesion. 

 



 
  

a b c 

Fig. 8. Void surface visualization of the crystal structure of [Fe(dipic)(NO₃)(H₂O)₂] generated using 

CrystalExplorer (probe radius = 1.2 Å, grid spacing = 0.2 Å), viewed along the a, b, and c 

crystallographic axes. The transparent regions represent the calculated void spaces within the 

crystal lattice. 

 

The low void percentage (12.92%) is consistent with efficient packing and good structural stability. 

The void surfaces visualized along the crystallographic axes appear as isolated regions rather than 

interconnected channels, confirming the absence of significant porosity within the crystal structure. 

Overall, the void analysis demonstrates that [Fe(dipic)(NO₃)(H₂O)₂] exhibits a densely packed 

crystal structure characterized by high packing efficiency and limited free volume. The stability of 

the crystal lattice is governed by the combined effect of intermolecular hydrogen-bonding and π–π 

stacking interactions, which effectively reduce the void space and reinforce the supramolecular 

framework. 

 

Conclusion 

 

In this research work, a new complex compound crystal consisting of [Fe(dipic)(NO3)(H2O)2] was 

obtained and grown as a single crystal in the presence of Fe(NO3)2. 6H2O and 2,6-

pyridinedicarboxylic acid. Its structure was confirmed using the X-ray method. Its data were 

entered into the Cambridge Crystallographic Database 

(https://www.ccdc.cam.ac.uk/structures/Search?Ccdc=2400919&amp;Author=nazarov&amp;Acces

s=re feree ). In order to determine the optimal spin state of Fe(III) of the complex, the doublet, 

quartet and sextet states of the complex were calculated using the PBE/D4/def2-TZVP and 

B3LYP/D4/def2-TZVP methods based on the geometry determined by the X-ray method. As a 

result of the calculations, it was determined that the Fe(III) complex has a minimum energy in the 

sextet state using both methods. According to the ESP analysis of the complexes, the largest 

maximum is located near the H atoms of the ligand ring, and the lowest minimum is located near 

the O atoms of the –NO 3 group of the complex. According to the Hirshfeld surface analysis, it was 

found that the main part of the main interactions of the atoms is O…H/H…O (50.0%) and 

O…C/C…O 19.0%. The low void percentage (12.92%) is consistent with a structurally robust and 

thermodynamically stable crystal packing. 
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