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a b s t r a c t 

The synthesis and structural characterization of a hydrated high-spin iron(II) complex [Fe(4- 

qtrz) 2 (tcm) 2 (H 2 O) 2 ] are reported where 4-qtrz = 4-quinolin-3-yl-4 H -1,2,4-triazole and tcm = tricyanome- 

thide. The complex was prepared solvothermally and crystallizes in the triclinic space group P ̄1 with 

Z = 1, a = 8.5221(3) Å, b = 8.9343(5) Å, c = 10.0081(5) Å, α = 85.147(2) °, β = 77.166(2) °, γ = 83.784(2) °. 
The complex is centrosymmetric, with mutually trans pairs of water molecules, of tcm, and monodentate 

4-qtrz coordinated via the triazole unit and a combination of O–H ���N and C–H ���N hydrogen bonds, 

forming a three-dimensional framework structure in which the shortest Fe ���Fe distance is 8.5221(3) Å. 

An analysis of non-covalent interactions was conducted through reduced density gradient, quantum the- 

ory of atoms in molecules and natural bond orbitals. Accordingly, the important contributions of several 

intra- and inter-molecular hydrogen bonds stabilize the supramolecular structure. The hydrogen bonds 

occur by electron transfer from the tricyanomethanide nitrogen lone pairs to σ ∗ orbitals in the tria- 

zole, quinoline and water moieties. Other hydrogen bonds are attributed to π (CN) → σ ∗, in triazole and 

quinoline, transfer. Additionally, a set of π���π ∗ interactions between cyano groups (CN ���CN), π (phenyl 

of quinoline) ���π ∗(CN), and π [CC of C(CN) 3 ] to π
∗(phenyl of quinoline) were also observed. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Polynitrile anions have recently received much attention in the 

elds of coordination chemistry and molecular materials [1-7] . 

hese organic anions are of interest for their ability to link metal 

ons in a variety of different ways either functioning alone or in 

ombination with neutral co-ligands, provide opportunities for the 

eneration of molecular architectures with varying dimensions and 

opologies [8-15] . 

Quantum Chemistry methods have gained popularity as a com- 

lement to crystallographic studies, allowing the in-depth explo- 
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ation of intermolecular interactions in crystals [16-21] . Quantum 

heory of atoms in molecules (QTAIM) and the Reduced Den- 

ity Gradient (RDG) are commonly used in discovery and explain- 

ng weak interactions. QTAIM study the topology of electron den- 

ity encoding the information in the critical points. It have been 

mportant in identifying unconventional interactions, e.g. Dutta 

t al., characterized an unlikely parallel CN ���CN interaction in 

Cu(3-CNpy)(PDC)(H 2 O) 2 ] (3-CNpy: 3-cyanopyridine and PDC: 2,6- 

yridinedicarboxylate) [22] . 

On the other hand, the RDG – in simultaneous plotting with 

igned density – locates the non-covalent interactions in the 

olecular real-space by using mapped isosurfaces [ 23 , 24 ]. These 

lots, called NCI plots, permit the classification by relative strength 

nd the identification of atom participating in the interactions. 
ysis of supramolecular interactions directing crystal packing of a 

omethanide)iron(II)] complex: A combination of XRD, MEP, NBO, 
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Fig. 1. Structure of molecular models for calculations. Model I: Dimer with intra- and intermolecular hydrogen bonds and CN ���CN interaction; Model II: Dimer with intra- 

and intermolecular hydrogen bonds; Model III: Dimer with π���π interactions. 

Fig. 2. The molecular structure of 1 , showing the atom-labeling scheme. Displacement ellipsoids are drawn at 50% probability level, and the atoms marked ‘a’ are at the 

symmetry position (1- x , 1- y , 1- z ). Leading dimensions ( ̊A, o ): Fe1–N1, 2.1652(15); Fe1–N22, 2.1740(17); Fe1–O1, 2.0888(14); N1–Fe1–N22, 86.74(6); N1–Fe1–O1, 87.17(6); 

N22–Fe1–O1, 87.26(6). 
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he combination of these methods with X-ray crystallography have 

een important in identifying the basis of supramolecular struc- 

ures, e.g. Hernandez-Paredes found the role of C–H ���O interac- 

ion in the assembly of 5–methoxy–2-nitroaniline and its co-crystal 

ith 2-amino-5-nitropyridine [25] . 

Herein, we report the successful synthesis and X-ray crystal 

tructure characterization of an iron(II) complex bearing tcm and 

-qtrz ligands (tcm = tricyanomethide and 4-qtrz = 4-quinolin- 

-yl-4 H -1,2,4-triazole). High level theoretical and crystallographic 

tudies demonstrate that [Fe(4-qtrz) 2 (tcm) 2 (H 2 O) 2 ] ( 1 ) complex 

reates a three-dimensional structure mainly due to the ability of 

tcm) anion in forming various non-covalent interactions. 
2 
. Experimental 

.1. Materials and physical measurements 

Organic starting compounds, iron salt, and solvents were pur- 

hased from commercial sources (analytical reagent grade) and 

sed without further purification. 

Elemental analyses (C, H and N) were performed using a Perkin- 

lmer 2400 series II CHN analyzer. Infrared spectra were recorded 

n the range 40 0 0–50 0 cm 

–1 on a FT-IR Bruker ATR Vertex 70 Spec-

rometer. 
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Fig. 3. A projection down [010] of part of the crystal structure of 1 showing the formation of a sheet built from O–H ���N hydrogen bonds and lying parallel to (010). 

Hydrogen bonds are drawn as dashed lines and, for the sake of clarity, the H atoms bonded to C atoms have been omitted. 
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.2. Synthesis 

1 was prepared solvothermaly under autogenous pressure from 

 mixture of FeSO 4 ·7H 2 O (55.6 mg, 0.2 mmol), 4-qtrz (39.24 mg; 

.2 mmol) and Ktcm (51.67 mg, 0.4 mmol) in H 2 O/MeOH (4:1 v/v, 

0 mL). This mixture was sealed in a Teflon-lined autoclave and 

eated at 160 °C for 2 days. After cooling to room temperature at 

 rate of 10 °C h 

–1 , red crystals were obtained containing 1 . Anal.

alc. (%) for C 30 H 20 FeN 14 O 2 (664.45 g/mol): C, 54.23; H, 3.03; N,

9.51. Found: C, 54.17; H, 3.14; N, 29.32%. Main IR bands (ATR-IR, 

m 

–1 ): ν(CN) : 2187(s). 

.3. X-ray crystallography 

Suitable single crystals of 1 were chosen for an X-ray diffrac- 

ion study. Crystallographic measurements were collected at 

00 K with a Bruker APEXII CCD diffractometer, using graphite- 

onochromatised Mo K α ( λ = 0.71073 Å) radiation. Data collec- 

ion, cell refinement and data reduction were performed using 

PEX2 and absorption correction with SADABS [26] . The struc- 

ure was solved by direct methods using SHELXS-97 [27] and 

efined by full-matrix least squares on F 2 with all data, us- 

ng SHELXL-2014 [27] . All H atoms were located in difference 

aps. The H atoms bonded to C atoms were then treated as 

iding atoms in geometrically idealised positions with C–H dis- 

ances 0.95 Å and with U iso (H) = 1.2 U eq (C). For the H atoms

n the water ligand, the atomic coordinates were refined with 

 iso (H) = 1.5 U eq (O), giving O–H distances of 0.82(3) Å and 

.88(3) Å. Crystallographic data and details of the data col- 

ection and structure solution and refinements are listed in 

able 1 . 
3 
. Computational details 

The intra- and intermolecular interactions in the crystal struc- 

ure were analyzed by studying the RDG, QTAIM, and Natural 

onds Orbitals (NBO). The RDG calculations were performed with 

CIPlot 3.0 using the densities obtained through Unrestricted Open 

hell Density Functional Theory (DFT) calculations [ 23 , 24 ]. All cal- 

ulations DFT and NBO calculations were carried-out at the level 

ith UM06–2X and 6–311G 

∗∗ basis set with Gaussian 09 Rev. 

.02 [28] . QTAIM calculation were realized with Multiwfn 3.6 [29] . 

ll isosurfaces and QTAIM molecular graphs were performed with 

MD [30] . 

Three molecular models were built by dimers representing the 

nter- and intra-molecular interactions in the crystal (Models I- 

II in Fig. 1 ). In these models, the density was extracted from 

ingle-point calculations. Additionally, the geometry of the isolated 

olecule was optimized and the absence of negative eigenvalues 

n hessian matrix confirmed by a vibrational analysis. Unrestricted 

pen shell and restricted open shell calculations were carried-out 

n this molecule in order to compare the electronic structure of 

his high-spin complex. 

. Results and discussion 

.1. Synthesis and characterization 

The starting salt Ktcm and the 4-qtrz ligand were synthetized 

nd characterized, and further used in the synthesis of the title 

omplex. The IR spectrum of 1 exhibits strong absorption band at 

187 cm 

–1 ascribed to the ν(CN) of the tcm anion. The value of 

his absorption band is slightly shifted to higher wave-numbers, 

orresponding to coordinated (tcm) − moieties [31] . 
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Table 1 

Crystal data and structure refinement parameters for 1 . 

Chemical formula C 30 H 20 FeN 14 O 2 

M r 664.45 

Crystal system, space group Triclinic, P ̄1 

Temperature (K) 100 

a, b, c ( ̊A) 8.5221 (3), 8.9343 (5), 10.0081 (5) 

α, β , γ ( °) 85.147 (2), 77.166 (2), 83.784 (2) 

V ( ̊A 3 ) 737.16 (6) 

Z 1 

Radiation type Mo K α

μ (mm 

–1 ) 0.57 

Crystal size (mm) 0.32 × 0.26 × 0.17 

Data collection 

Diffractometer Bruker APEXII CCD 

Absorption correction Multi-scan ( SADABS ; Bruker, 2015) 

T min , T max 0.686, 0.738 

No. of measured, independent and observed [ I > 2 σ ( I )] reflections 30759, 5354, 3877 

R int 0.116 

(sin θ / λ) max ( ̊A –1 ) 0.757 

Refinement 

R [ F 2 > 2 σ ( F 2 )], w R ( F 2 ), S 0.049, 0.138, 1.07 

No. of reflections 5354 

No. of parameters 220 

H-atom treatment H-atom parameters constrained 


ρmax , 
ρmin (e Å –3 ) 0.54, −0.81 
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Fig. 4. Part of the crystal structure of compound (A) showing the C–N ���π (arene) 

interaction within the hydrogen-bonded R 2 2 (18) ring. For the sake of clarity, the H 

atoms bonded to C atoms, and the unit-cell outline have been omitted. Hydro- 

gen bonds and the N ���ring interactions are drawn as dashed lines: the Fe atoms 

marked Fe1 and Fe1 ∗ are at (0.5, 0.5, 0.5) and (0.5, 0.5, −0.5) respectively. 
.2. Description of the crystal structure 

The octahedral Fe(II) lies on a center of inversion, selected as 

hat at (0.5, 0.5, 0.5), and it is coordinated by mutually trans pairs 

f 4-quinolin-3-yl-4 H -1,2,4-triazole molecules, tricyanomethanide 

nions and water molecules. The monodentate quinolinyltriazole 

igands coordinate via the triazole unit, rather than via the quino- 

ine unit ( Fig. 2 ). The all- trans configuration of this centrosymmet- 

ic complex means that the ligating atoms N1, N22 and O1 adopt 

 facial ( fac ) arrangement. The bond distances to Fe ( Fig. 2 ) indi-

ate the presence of a high spin configuration, since for a low-spin 

onfiguration, the bond distances to Fe would be clustered around 

.97 Å [32] . Within the quinolinyltriazole ligand, the two compo- 

ents make a dihedral angle of 39.52(6) o , the tricyanomethanide 

igand is effectively planar, and its C–C distances are identical 

ithin experimental uncertainty, as are the C–N distances, indicat- 

ng a uniform delocalization of the negative charge over all three 

yano groups. 

The supramolecular assembly is dominated by two O–H ���N hy- 

rogen bonds ( Table 2 ), augmented by a number of C–H ���N hy-

rogen bonds. The hydrogen bonds involving H1A links the com- 

lexes into a C(11) [33-35] chain running parallel to the [100] di- 

ection, within which the shortest Fe ���Fe distance is 8.5221(3) Å, 

hile that involving H1B links complexes related by inversion into 

yclic, centrosymmetric dimers characterised by an R 2 
2 
(18) motif, 

nd an Fe ���Fe distance of 10.0081(5) Å. In combination, these two 

ydrogen bonds generate a complex sheet lying parallel to (010) 

 Fig. 3 ). Three of the C–H ���N hydrogen bonds lie within this sheet,

ut that involving atom C44 as the donor links the sheets into a 

ontinuous three-dimensional array. 

There is also a single C–N ���π (arene) interactions, with dimen- 

ions N24 ���Cg1 i 3.880(2) Å, C24 ���Cg1 i 3.9887(19) Å and C24–

24 ���Cg1 i 86.90(13) o , where Cg1 represents the centroid of the 

uinolinyl ring (C44A, C45–C4 8,C4 8A) and the symmetry code 

 = (1- x , 1- y , 1- z ). This interaction thus reinforces the hydrogen-

onded R 2 
2 
(18) ring described above ( Fig. 4 ). However, there are 

o significant cyano ���cyano interactions in this structure. Al- 

hough there is a pair of anti-parallel, inversion-related cyano 

roups lying across the center of the hydrogen-bonded R 2 
2 
(18) ring 

 Fig. 4 ), the associated geometric parameters [N23 ���N23 i 3.994(3) 
˚
 , C23 ���N23 i 4.510(3) Å . And C23 ���C23 i 5.234(3) Å , where the
4 
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Table 2 

Hydrogen-bond geometry ( ̊A, o ) for 1 . 

D–H ���A D–H H ���A D ���A D–H ���A Symmetry 

O1–H1A ���N24 0.82(3) 2.02(3) 2.837(2) 179(3) 1 + x, y, z 

O21–H1B ���N41 0.88(3) 1.95(3) 2.817(2) 172(3) 1- x , 1- y , - z 

C5–H5 ���N23 0.95 2.43 3.249(3) 145 1- x ,1- y ,- z 

C42–H42 ���N23 0.95 2.51 3.454(3) 174 x,y,z 

C44–H44 ���N24 0.95 2.41 3.297(3) 154 1 + x , −1 + y,z 

C48–H48 ���N2 0.95 2.45 3.397(3) 175 x, y , −1 + z 

Fig. 5. Molecular frontier orbitals and energy levels diagram of 1 . 
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ymmetry code i = (1- x , 1- y , - z )] indicate that the interaction en-

rgy between these two groups is likely to be negligibly small [36] . 

. Molecular modeling 

.1. Isolated molecule 

After the geometry optimization procedure, the structure of 

he isolated molecule was non-significantly modified, keeping the 

ymmetry point group (c i ) and the majority of geometrical char- 

cteristics. In this sense, the electronic and magnetic properties 
5 
an be interpreted in the light of frontier molecular orbitals. Fig. 5 

hows the orbital diagram for the title compound as obtained by 

nrestricted and restricted open shell DFT calculations. The elec- 

rons in HOMO delocalize on both tricyanomethanide anions, while 

UMO electrons are delocalized on the quinoline fragments. SO- 

Os are associated to d orbitals of Fe(II) ( Fig. 5 ). 

The HOMO-SOMO(S 1 ) and the SOMO(S 4 )-LUMO gaps are 

.42 and 1.06 eV, respectively. These values show the feasibil- 

ty of ligand-metal (trycianomethanide-iron(II)) and metal-ligand 

iron(II)-quinoline fragments) electron transfer and, consequently, 

he redox properties of the metal. The spin density plots are given 
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Fig. 6. Total spin density plot of 1 . Left Restricted open-shell Density Functional Theory; Right: Unrestricted open-shell Density Functional Theory. 

Fig. 7. Molecular electrostatic potential of 1 showing the extrema points. 
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n Fig. 6 , showing the degree of delocalization of unpaired elec- 

rons condensed on the metal and the linking atoms of the ligands. 

The rest of the charge distribution in the molecule is observed 

n the Molecular Electrostatic Potential (MEP) ( Fig. 7 ). The maxi- 

um and minimum of MEP are located on the water ligands. The 
Table 3 

QTAIM and NBO properties of the representative intera

showed in Fig. 8 . 

Label ρ(au) ∇ 

2 ρ(au) |V|/G ε

B1 0.00832 0.0273 0.752 0.0117 

B2 0.00265 0.00829 0.723 0.310 

B3 0.0209 0.0876 0.828 0.0396 

B4 0.00460 0.0141 0.812 0.816 

B5 0.00711 0.0236 0.775 0.0926 

B6 0.0105 0.0366 0.750 0.0509 

B7 0.000967 0.00350 0.652 0.608 

B8 0.00561 0.0156 0.793 2.20 

B9 0.00540 0.0152 0.792 0.993 

a cm: tricyanomethanide; qui: quinoline; trz: triazol
b Values after slash are second order perturbation e

6 
ollowing extrema are mainly located on the hydrogen atoms of 

he triazole fragment (maxima) and the nitrogen atoms of the tri- 

yanomethanide anion (minima). As will be shown, all of intra- 

nd inter-molecular interactions are associated to these MEP’s ex- 

rema. 

.2. Non-covalent interactions 

Fig. 8 shows the RDG isosurface and QTAIM molecular graph 

f the Models I-III. We identified two intramolecular interactions 

nvolving hydrogens, labels B 1, and B 2 in Fig. 8 , and linking the 

-quinolin-3-yl-4 H -1,2,4-triazole ligand by the quinoline (B 1 ) and 

riazole (B 2 ) moieties, respectively. According to RDG vs sign( λ2 ) ρ
lot (Fig. S1), B 1 is located at −0.00832 au in sign( λ2 ) ρ character- 

zing a weak interaction. The QTAIM values of critical point showed 

n Table 3 suggest a closed shell non-covalent interaction ( ∇ 

2 ρ > 0 

nd |V|/ G < 1 [37] involving symmetrical density ( ε ≈ 0). The NBO 

esults of isolated molecule (optimized structure) support this ob- 

ervation showing that interaction as a charge transfer from the ni- 

rogen lone-pair to the σ ∗[0.6102 ·C( sp 2 ) – 0.7923 ·H( s )] with a sec-

nd order perturbation energy, E (2) , of 1.58 kcal/mol (0.25 kcal/mol 

or non-optimized geometry) ( Table 3 ). 
ctions in the models. Labels are the interactions 

E (2) (kcal/mol) Donor-acceptor transfer a 

0.25/1.58 b LP(N) tcm → σ ∗(CH) qui 

< 0.03/0.07 b π (CN) tcm → σ ∗(CH) trz 

1.46 LP(CN) tcm → σ ∗(HO) H2O 

< 0.03 π (CN) tcm → π ∗(CN) tcm 

0.18 LP(N) tcm → σ ∗(CH) trz 

0.25 LP(CN) tcm → σ ∗(CH) qui 

< 0.03 π (CN) tcm → σ ∗(CH) qui 

0.10 π (CC) pH → π ∗(CN) tcm 

0.20 π (CC) tcm → π ∗(CC) ph 

e; H 2 O: water; pH: phenyl; LP: lone-pair. 

nergy of geometry-optimized discrete unit. 
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Fig. 8. NCI plot and QTAIM molecular graphs of models I, II , and III showing the representative intra- and inter-molecular interactions. Full NCI plots are shown in Figs. 

S1-S3. 
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The ρ (0.00265 au) and ∇ 

2 ρ (0.00829 au) in B 2 are lower 

han the B 1 . Similar to B 1 , the |V(r)|/G(r) ratio < 1. The value of ε
0.31 au) suggests a π contribution [38] , which is confirmed by the 

BO analysis. A charge transfer from π (CN) [0.6364 C( sp ) + 0.7714 

( sp )] to the σ ∗(CH) orbital and E (2) (0.07 kcal/mol, Table 1 ) was

bserved. According to Grabowski and Leszczynski, low values of ρ
nd ∇ 

2 ρ imply long X–H ���π distance and low E (2) [39] . 
7 
Moreover, the presence of curvatures of the bond path 

ear to both attractors related to B 2 ( Fig. 7 ) are associated 

o structures near to catastrophe points, i.e. bond cleavage 

nd/or formation [40] . Maley and Mawhinney [41] showed that 

he curvature is related to the C–S bond breaking in isothi- 

rane. A similar result was reported by Nanayakkara and Kraka 

42] for the isomerization of the HCN to CNH. Consequently, 
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ll of these evidences suggest that B 2 is a weak C–H ���π
nteraction. 

The intermolecular interactions are four hydrogen bonds, 

N ���CN, and π���π interaction. The interaction – labeled as 

 3 – represents a hydrogen bond between the nitrogen of tri- 

yanomethanide and the water ligand. There are relatively high 

alues of ρ and ∇ 

2 ρ , and low value in ε ( Table 3 ), suggesting a

trong closed shell interaction and a cylindrical symmetry. The na- 

ure of the interaction is a charge transfer from nitrogen lone-pair 

f tricyanomethanide to the σ ∗(OH) with the greatest second order 

erturbation energy (1.46 kcal/mol). Similarly, B 5 and B 6 are re- 

ated to the interaction between the lone-pair of nitrogen and an- 

ibonding σ (CH) of triazole and quinoline fragments, respectively. 

B 7 shows the lowest density and laplacian of density values, 

mplying a weak interaction. The values ε close to one revealed 

 high contribution of π orbitals. The path curvature near to ni- 

rogen confirmed the weakness of the interaction due to a catas- 

rophe point in the vicinity of this structure. The characteristics of 

his critical point are similar to B 2 , consequently, we can associate 

his interaction to a π (CN) → σ ∗(CH) transfer. 

The CN ���CN interaction, B 4 , both nitriles have a quasi-parallel 

onformation – torsion angle of 49.5 ° This arrangement is not 

ommonly observed in the literature [43] . The critical point as- 

ociated to this interaction have ρ-value of 0.0046 au and el- 

ipticity of 0.816. In the CN ���CN parallel configuration of [Cu(3- 

Npy)(PDC)(H 2 O) 2 ], Dutta et al. reported ρ-value of 0.0039 au at 

3LYP-D/def2-TZVP level of theory [22] . In the other case, antipar- 

llel configuration, it was reported 0.0553 au in ρ from experimen- 

al electron density for 2-methyl-4-nitro-1-phenyl-1 H -imidazole-5- 

arbonitrile [44] . The intermediate value between the two extrema 

evealed the dipole-dipole nature of this interaction, as suggested 

y literature [43-45] . 

B 8 and B 9 are two interactions relating the tricyanomethanide 

on with the phenyl portion of quinoline fragment ( Fig. 8 ). The 

opological properties of these critical points are quite similar, in- 

icating a closed shell interaction with a high asymmetry in the 

harge distribution along bond path. According to NBO results, 

hese interactions are associated to π → π ∗ transfer. B 8 implies 

lectron transfer from the π [0.7601 C( p ) + 0.7801 C( p )] orbital of

he phenyl portion of the quinoline towards the π ∗[0.7667C( p ) –

.6427 N( p )] of the tricyanomethanide anion. On the other hand, 

he electron transfer in B 9 is from orbital π [0.8729 C( p ) + 0.4879

( p )] of the tricyanomethanide to the π ∗[0.7081 C( p ) – 0.7061 

( p )] of phenyl ring. 

oncluding remarks 

In summary, synthesis, characterization, and supramolecular 

hree-dimensional structure of a new centrosymmetric iron(II) 

omplex formulated as [Fe(4-qtrz) 2 (tcm) 2 (H 2 O) 2 ] is reported. The 

tructural analysis shows that the environment around the six- 

oordinated Fe II ion is octahedral and it presents the high spin 

onfiguration. The non-covalent interactions analysis by reduced 

ensity gradient, quantum theory of atoms in molecules and natu- 

al bond orbitals showed important contributions of several intra- 

nd inter-molecular hydrogen bonds stabilizing the supramolecu- 

ar structure. These hydrogen bonds are mainly associated to elec- 

ron transfer from lone pairs on the nitrogen atoms of C(CN) 3 an- 

on to σ ∗(HC) and σ ∗(HO) orbitals in the triazole, quinoline and 

ater moieties of the complex. The rest of hydrogen bonds are at- 

ributed to π (CN) tcm 

→ σ ∗(CH from triazole or quinoline) transfer. 

dditionally, a set of π���π ∗ interactions between cyano groups 

CN ���CN), π (phenyl of quinoline) ���π ∗(CN), and π [CC of C(CN) 3 ] 

o π ∗(phenyl of quinolone) were observed. 
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[31] A. Świtlicka , J. Palion-Gazda , B. Machura , J. Cano , F. Lloret , M. Julve , Dalton
Trans. 48 (2019) 1404–1417 . 

32] A.G. Orpen , L. Brammer , F.H. Allen , O. Kennard , D.G. Watson , R. Taylor , J Chem
Soc (1989) S1–S83 Dalton Transactions . 

33] J. Bernstein , R.E. Davis , L. Shimoni , N.L. Chang , Angew. Chem. Int. Ed. 34 (1995)
1555–1573 . 

34] M.C. Etter , Acc. Chem. Res. 23 (1990) 120–126 . 

35] M.C. Etter , J.C. MacDonald , J. Bernstein , Acta Crystallog. Sec. B 46 (1990)
256–262 . 

36] F. Allen , C.A. Baalham , J. Lommerse , P. Raithby , Acta Crystallo Sec. B 54 (1998)
320–329 . 

37] E. Espinosa , I. Alkorta , J. Elguero , E. Molins , J Chem Phys 117 (2002)
5529–5542 . 

38] S.J. Grabowski , P. Lipkowski , J. Phys. Chem. A 115 (2011) 4765–4773 . 

39] S.J. Grabowski , J. Leszczynski , Chem Phys 355 (2009) 169–176 . 
40] R.F.W. Bader , Atoms in Molecules: A Quantum Theory, Clarendon Press, 1994 . 

[41] S.M. Maley , R.C. Mawhinney , J Comput Chem 40 (2019) 916–924 . 
42] S. Nanayakkara , E. Kraka , Phys. Chem. Chem. Phys. 21 (2019) 15007–15018 . 

43] S. Lee , A.B. Mallik , D.C. Fredrickson , Cryst Growth Des 4 (2004) 279–290 . 
44] A. Paul , M. Kubicki , A. Kubas , C. Jelsch , K. Fink , C. Lecomte , J. Phys. Chem. A

115 (2011) 12941–12952 . 

45] P. Sharma , A. Gogoi , A .K. Verma , A . Frontera , M.K. Bhattacharyya , New J Chem.
44 (2020) 5473–5488 . 

http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0018
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0019
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0020
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0021
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0022
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0022
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0022
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0022
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0022
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0022
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0023
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0023
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0023
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0023
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0023
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0023
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0023
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0024
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0025
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0026
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0026
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0027
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0027
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0028
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0029
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0029
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0029
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0030
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0030
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0030
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0030
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0031
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0031
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0031
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0031
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0031
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0031
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0031
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0032
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0032
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0032
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0032
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0032
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0032
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0032
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0033
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0033
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0033
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0033
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0033
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0034
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0034
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0035
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0035
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0035
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0035
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0036
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0036
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0036
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0036
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0036
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0037
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0037
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0037
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0037
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0037
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0038
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0038
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0038
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0039
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0039
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0039
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0040
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0040
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0041
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0041
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0041
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0042
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0042
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0042
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0043
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0043
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0043
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0043
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0044
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0044
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0044
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0044
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0044
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0044
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0044
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0045
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0045
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0045
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0045
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0045
http://refhub.elsevier.com/S0022-2860(20)31753-1/sbref0045

	Analysis of supramolecular interactions directing crystal packing of a trans,trans,trans-[diaquabis(4-quinolin-3-yl)-4H-1,2,4-triazole)bis(tricyanomethanide)iron(II)] complex: A combination of XRD, MEP, NBO, QTAIM, and NCI analyses
	1 Introduction
	2 Experimental
	2.1 Materials and physical measurements
	2.2 Synthesis
	2.3 X-ray crystallography

	3 Computational details
	4 Results and discussion
	4.1 Synthesis and characterization
	4.2 Description of the crystal structure

	5 Molecular modeling
	5.1 Isolated molecule
	5.2 Non-covalent interactions

	Concluding remarks
	Authors’ contributions
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


