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Graphical Abstract (text) 

This manuscript reports the synthesis, X-ray characterization and DFT studies of two new 

metal–organic complexes, [Co(phen)(PDA)H2O]·CH3CN·H2O (1) , (phen = 1,10-phenanthroline, 

PDA =1,10-phenanthroline-2,9-dicarboxylate) and [Ce2(PDA)3(H2O)2] ·3H2O (2). The energetic 
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features of the antiparallel stacking and H-bonding interactions are reported and discussed in 

detail. 

 

Graphical Abstract 

 

 

ABSTRACT 

Two new metal–organic complexes, [Co(phen)(PDA)H2O]·CH3CN·H2O (1), (phen = 1,10-

phenanthroline, PDA = 1,10-phenanthroline-2,9-dicarboxylate) and [Ce2(PDA)3(H2O)2]·3H2O (2) have 

been synthesized and characterized by elemental analysis, infrared spectroscopy, and single-crystal X-ray 

crystallography. Structural characterization by single-crystal X-ray diffraction shows that in 1 the cobalt 

ion forms a discrete seven-coordinated complex with a distorted pentagonal bipyramidal geometry around 

the metal centre. These discrete units are further packed into 3-D supramolecular assemblies by different 

kinds of the noncovalent interactions. Complex 2 consists of a 1D coordination polymeric structure with 

the cerium ion coordinated by PDA and water in the form of left-handed and right-handed helices. The 

extended aromatic systems of PDA and phen have a strong tendency to establish antiparallel π···π 

stacking interactions generating interesting assemblies in the solid state of 1. They have been studied 

theoretically using DFT calculations and characterized by means of the quantum theory of “atoms-in-

molecules” (QTAIM) and the noncovalent interaction (NCI) plot methods. This study is useful to 

understand in more detail the energetic and structural stability of these categories of metal-organic 

complexes. The results reported herein suggest that the antiparallel π-stacking interactions involving the 

neutral and, in principle innocent, phen auxiliary ligand are energetically very relevant in the solid state of 

1. 

                  



4 

Keywords: Antiparallel π···π stacking interaction, Cerium, Cobalt, Single-crystal X-ray crystallography, 

Noncovalent interaction. 

1. Introduction 

The design and construction of new metal-organic coordination compounds are of current 

interest in the fields of crystal engineering [1-3]. Supramolecular engineering is gaining interest, 

since it provides a rational strategy for designing various crystalline materials, which can be 

constructed from basic building blocks with appropriate structure-directing groups for 

intermolecular contacts, such as coordination bonds and weak intermolecular interactions. 

Generally, the metal-ligand ratio, conformation, connectivity, dimensionality, and packing in the 

final product depend on the components of the network and experimental conditions [4]. In this 

regard, the selection of appropriate organic ligands as structure-directing agents is crucial [5]. 

Among various organic ligands, aromatic N-heterocyclic multi-carboxylic acids are valuable in 

this context because they can act as good bridging ligands between two transition metal or 

lanthanide ions and the rigidity of the aromatic part favors the formation of ordered single 

crystals [6-8]. From the point of view of ligand design, 1,10-phenanthroline-2,9-dicarboxylic 

acid (H2PDA), with its large conjugated aromatic plane, rigid phenanthroline skeleton, two donor 

nitrogen atoms and two negatively charged carboxylate groups, is one of the most prominent 

such ligands [9]. The structural properties of this ligand increase its ability to coordinate to metal 

ions. It was observed that the coordination mode of PDA is highly dependent on the size of the 

metal ion. Hancock reported the formation constants for complexing of series of metal ions with 

PDA in aqueous media and showed that PDA displays a strong size selectivity, due to the 

formation of three rigid, five-membered chelate rings in final product [10-13]. For instance, 

small transition metal ions such as Co(II), are coordinated in a tridentate fashion [14], while 

lanthanoid ions with higher ionic radii can bind to all four donor atoms of the PDA ligand [15]. 

In previous work, we reported on the design and synthesis of various coordination compounds 

derived from H2PDA as a ligand [16-21]. As an extension of our previous work, we report here 

on the hydrothermal synthesis of a Co(II) and a Ce(III) complex of the PDA ligand with the 

former also containing 1,10-phenanthroline (phen) as an ancillary ligand. These two new 

complexes have different dimensionalities and are formulated as 

[Co(phen)(PDA)H2O]·CH3CN·H2O (1) and [Ce2(PDA)3(H2O)2]n·3nH2O (2). The selection of 
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Co(II) and Ce(III) metal center was motivated by their large difference in atomic radius (~30 pm) 

since we were interested in analyzing their different behavior towards the primary and auxiliary 

ligands (phen and PDA, respectively). Moreover, theoretical investigations (DFT-D3 

calculations) have been performed with the purpose to (i) study the noncovalent interactions 

observed in the 3D supramolecular assemblies of compound 1 and (2) characterize them using 

the Bader’s quantum theory of “atoms-in-molecules” [22] combined with the noncovalent 

interaction plot (NCIPlot) index method [23]. The latter is very convenient to reveal noncovalent 

interactions in real space. The combination of theory and experiment reported herein provides 

valuable information for researchers working in crystal engineering, supramolecular and 

coordination chemistry, since coordination complexes containing 1,10-phenanthroline-2,9-

dicarboxylic acid are scarce in the literature. The strong influence of metal coordination on the 

strength of the π-stacking interactions have been confirmed using DFT calculations and NCI plot 

computational tools. Indeed, the strength of the π–π stacking interaction is enhanced by the 

coordination to the cobalt centres, due to the amplification of the dipole–dipole force. They have 

been designed to investigate the effect of primary and secondary ligands on the crystalline lattice 

and non-covalent interactions in this type of coordination complexes. 

 

2. Experimental  

2.1. Materials and general methods 

All reagents were commercially purchased and used without further purification except for 

PDA which was synthesized according to a reported procedure [24]. IR spectra of sample in a 

KBr disc were recorded on a Buck 500 spectrometer.  Elemental analyses (CHN) were 

performed using a Thermo Finnigan Flash EA 1112 microanalyzer. 

2.2. Syntheses 

Synthesis of 1: A mixture of Co(CH3COO)2·4H2O (0.050 g, 0.2 mmol), H2PDA (0.050 g, 0.2 

mmol), phen (0.072 g, 0.4 mmol) and MeOH/MeCN (10 mL, v/v = 1/1) was stirred for about 

two hours in air. The mixture was then transferred to a 23 mL Teflon-lined autoclave and kept at 

 6   C for   days  After slow cooling (2  C h
−1

) to room temperature, the product was isolated as 

light brown crystals in 80% yield based on Co. Anal. Calcd. for C28H21CoN5O6: C 57.74, H 3.63, 
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N 12.02 %; Found C 57  9, H   4 , N    94 %. IR (KBr pellet, cm
−1
) ν:  4 9 (bs),  22  

(bs),1615 (s), 1567 (s), 1508 (w), 1425 (w), 1370 (s), 1316 (m), 1196 (w), 1140 (w), 879 (m), 

850 (m), 802 (m), 720 (m). 

 

Synthesis of 2: A mixture of Ce(NO3)3·6H2O (0.108 mg, 0.25 mmol), H2PDA (0.067 g, 0.25 

mmol) and H2O was stirred for about an hour in air and the pH was adjusted to about 4.5 with 

NaOH solution. The mixture was then transferred to a 23 mL Teflon-lined autoclave and kept at 

130 °C for 2 days. After slow cooling (2  C h
−1

) to room temperature, the reaction mixture was 

filtered and the filtrate was kept at room temperature for slow evaporation. Yellow crystals of 2 

were obtained over the course of 10 days in 60% yield based on Ce. Anal. Calcd. for 

C42H28Ce2N6O17: C 43.15, H 2.41, N 7.19 %; Found C 43.01, H 2.60, N 7.02 %. IR (KBr pellet, 

cm
−1
) ν:  740 (bs), 3462 (bs),1639 (s), 1560 (s), 1455 (m), 1377 (s), 1305 (m), 1184 (w), 880 

(m), 806 (s), 712 (m). 

 

2.3. X-ray Crystallography 

For 1, the X-ray diffraction measurements were carried out on a STOE IPDS 2T 

diffractometer with graphite-monochromated MoKα radiation  The single crystal was mounted 

on a glass fiber and used for data collection. Cell constants and orientation matrixes for data 

collection were obtained by least-square refinement of the setting angles for 1328 reflections. 

Diffraction data were collected in a series of ω scans in  ° oscillations and integrated using the 

Stoe X-AREA software package [25]. Numerical absorption corrections were applied using the 

WinGX-2013.3 software [26]. The structure was solved by direct methods and subsequent 

difference Fourier maps and then refined on F
2
 by a full-matrix least-squares procedure using 

anisotropic displacement parameters. Atomic factors are from the International Tables for X-ray 

Crystallography [27]. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms were placed in ideal positions and included as riding atoms with 

relative isotropic displacement parameters. All refinements were performed using the X-STEP32 

[28] and SHELXL [29] programs. 

For 2, the X-ray intensity data were measured on a Bruker Smart APEX CCD 

diffractometer equipped with a fine-focus sealed tube (Mo-Kα, λ =   7  7  Å) and a graphite 
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monochromator. A suitable crystal was chosen using a polarizing microscope, covered with a 

film of heavy oil and mounted on a polymer loop for data collection. Crystallographic data were 

collected at a temperature of  5 (2) K to a maximum 2θ value of 33.199° and integrated with 

Bruker SAINT [30] using a narrow-frame algorithm. Data were corrected for absorption effects 

using the multi-scan method (SADABS) [30-31]. The structure was solved using SHELXT
 
[32] 

and refined with SHELXL [33] with the hydrogen atoms included as riding contributions in 

idealized positions with isotropic displacement parameters tied to those of the attached atoms. A 

summary of refinement parameters is given in Table 1. 

 

2.4 Theoretical Methods 

The interaction energies were computed at the RI-BP86-D3/def2-TZVP [34-37] level of theory 

with the Turbomole 7.0 program [38] and the crystallographic coordinates as starting points. The 

counterpoise method was used to avoid the basis set superposition error [39]. For the Co(II) d
7
 

metal centre the high spin configuration (three unpaired electrons) was used since it is 

energetically more stable than the low spin (one unpaired electron). The 0.001 a.u. isosurface 

was used for molecular electrostatic potential (MEP) surface calculations. The QTAIM [22] and 

NCIPlot [40] analyses have been performed using the Multiwfn program [41] and represented 

using the VMD visualization software [42]. 

 

3. Results and Discussion 

3.1. Synthesis 

Complexes 1 and 2 have been synthesized from H2PDA under hydrothermal conditions. 

The conditions reported in the Experimental Section have been optimized for yields of pure 

crystalline products. When we used Co(II) ion and phen as an auxiliary ligand, the resulting 

complex (1) had a discrete monomer structure. Replacing Co(II) with Ce(III) and eliminating the 

phen auxiliary ligand led to the formation of a 1-D coordination polymer (2). 

 

3.2 Crystal structures 
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3.2.1. Structure description of 1 

As shown in Figure 1, 1 is a mononuclear complex and the asymmetric unit consists of one 

Co(II) ion, one PDA ligand, one phen ligand, one coordinated water molecule, one 

uncoordinated water molecule and one uncoordinated acetonitrile molecule. The coordination 

geometry around the Co(II) centre and the coordination modes of the PDA and phen ligands in 1 

are shown in Figure S1 (ESI). The Co(II) ion is seven-coordinate (CoN4O3) and exhibits a 

distorted pentagonal bipyramidal (PBP) geometry, being bound by two carboxylate O atoms 

from the PDA ligand [Co−OPDA = 2 391(3) and 2.409(3) Å], two N atoms of the PDA ligand 

[Co−NPDA = 2  46(4) and 2.158(4) Å], two N atoms of the phenanthroline ligand [Co−Nphen = 

2.102(5) and 2.183(5) Å] and the O atom of a water molecule [Co−O(water) = 2.130(3) Å].  In 1, 

the PDA is thus bound as a tetradentate chelate ligand.  

In 1, the O−H∙∙∙O (along the (– 9  9  ) plane) and C−H∙∙∙O (along (    1) plane) hydrogen 

bonds form several graph sets (Figures S2 and S3). The strong O–H···O hydrogen bonds 

between the coordinated/uncoordinated water molecules and the uncoordinated carboxylate 

oxygen atoms of PDA form a   
      graph set (Figure 2) and three different chain motifs 

(  
        

            
     ) generating an infinite, zigzag chain along the (–19 19 1) direction 

(Figure S3).  

As shown in Figure 3, this compound also forms two different self-assembled dimers 

guided by π∙∙∙π stacking interactions in the solid state. One involves the PDA rings from two 

neighboring units with a centroid···centroid separation of 3.454 Å (Figure 3a) and the other one 

the phen ligands with a longer centroid···centroid separation of 3.808 Å (Figure 3b). Both 

interactions are further analyzed below (theoretical section) where the dimerization energies are 

compared. 

3.2.1. Structure description of 2 

The asymmetric unit of 2 is composed of two crystallographically unique Ce(III) ions, 

three PDA ligands, two coordinated water molecules, and three uncoordinated water molecules 

(Figure 4). The Ce1 centre is eight-coordinate and appears most closely described as having a 

dodecahedral geometry with coordination by four carboxylate oxygen atoms [Ce1–Ocarboxylate = 

2.410(1)–2.475(1) Å] and four nitrogen atoms of the phenanthroline rings [Ce–N = 2.624(1) –
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2.645(1) Å] from two PDA ligands. The Ce2 centre is coordinated to four carboxylate oxygen 

atoms from three PDA ligands [Ce2–Ocarboxylate = 2.416(1)–2.473(1) Å], two nitrogen atoms of 

the phenanthroline rings of one organic ligand [Ce2–N = 2.654(1) and 2.656(1) Å] and two water 

molecules [Ce2–O = 2.482(1) and 2.503(1) Å]. The Ce ions and PDA ligands build helical 

chains extending parallel to the b axis (Figure 5a). The whole structure of 2 is racemic due to the 

presence of right-handed and left-handed helices packing in an ABAB fashion (Figure 5b). 

 

3.3 Theoretical study 

This study is mainly focused on 1 since 2 is polymeric and, consequently, its solid state 

architecture is dominated by coordination bonds. In particular, we have studied in 1 the 

formation of the supramolecular assemblies directed by the H-bonding (the   
      assembly 

shown in Figure 2) and the antiparallel π···π interactions (self-assembled dimers shown in Figure 

3). The molecular electrostatic potential (MEP) surface plot of 1 was used to recognize the most 

electron rich and electron poor parts of the compound (Figure 6). The MEP maxima are located 

at the protons of the coordinated water molecule (+43.9 kcal/mol). The most negative MEP value 

is located at the O-atoms of the 1,10-phenanthroline-2,9-dicarboxylate groups (–59.9 kcal/mol), 

as expected. The MEP values are also positive above and below the PDA ligand (ranging from 

+8.8 to +11.9 kcal/mol) and at the aromatic H-atoms of the ligand (+27.6 kcal/mol). The MEP 

values over the aromatic rings of the phen ligand are smaller than those observed for the PDA 

ligand, ranging from –3.1 to +4.4 kcal/mol.  

Fig. 7 shows the combined QTAIM/NCIplot analysis of the   
      dimer of 1 confirming the 

existence of two symmetrically equivalent H-bonds, each one characterized by a bond critical 

point (represented by a small red sphere) and bond path connecting the H-atom of the 

coordinated water molecule to the O-atom of the carboxylate group. The existence and strong 

nature of this H-bond is confirmed by the NCIplot index analysis that reveals a small and blue 

isosurface coincident to the location of the bond CP. The NCIplot analysis also reveals the 

existence of an extended green isosurface between both monomers, basically located between the 

uncoordinated O-atoms of the carboxylate groups and one five-membered chelate ring (CR), thus 

suggesting the existence of two symmetrically equivalent O···CR interactions and π-stacking of 
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the carboxylate groups, since a bond CP and bond path interconnect the C-atoms of these groups. 

This combination of factors explains the large dimerization energy (ΔE1 = –27.3 kcal/mol) and 

confirms the crucial role of the   
      synthon in the solid state architecture of 1. Moreover, we 

have estimated the strength of each H-bond by using the value of the potential energy density at 

the bond CPs. To do so, we have used the equation proposed by Espinosa et al. (E = 0.5*Vr) [43] 

and the energy values are shown adjacent to the bond CPs, showing that the contribution of each 

H-bond is –5.30 kcal/mol, so the total contribution due to the H-bonds is –10.6 kcal/mol. This 

result suggests that the O···CR/π···π interaction is stronger than the sum of the H-bonds and 

dominant in the formation of the dimer.  

We have further analyzed the π···π self-assembled dimers described in Figure 3. The combined 

QTAIM/NCIplot index analysis of the dimer where the PDA units are stacked is shown in Fig. 

8a. Remarkably, six bond CPs, and bond paths interconnect the six C-atoms of the central rings 

of the PDA moieties, thus evidencing a large overlap of the π-systems. The interaction is 

characterized by two additional bond CPs that interconnect two C-atoms of the fused pyridine 

rings. Moreover, a green NCIplot isosurface, basically located between the phenyl rings of the 

PDA ligand, is also observed, in agreement with the QTAIM analysis. The interaction energy is 

moderately strong (ΔE2 = –13.1 kcal/mol), confirming the importance of the antiparallel π-

stacking interaction. Figure 8b shows the QTAIM/NCIplot analysis of the antiparallel π-stacking 

dimer involving the phen ligand. In this case four bond CPs and bond path interconnect four C-

atoms of organic ligand. The QTAIM analysis shows an extended green isosurface that embraces 

two six-membered rings of the ligands. In this case, the dimerization energy is very large (ΔE3 = 

–26.2 kcal/mol) and shows that this π-stacking mode involving phen ligands is more important 

than the π-stacking mode involving PDA ligands. This is likely due to larger electrostatic 

repulsion in the PDA···PDA stacking (this is obviously compensated by the dominant dispersion 

and polarization forces of this type of interaction). This electrostatic repulsion is smaller in the 

phen···phen stacking because the MEP values over the aromatic rings involved in the interaction 

are smaller. The phen···phen stacking dimer exhibits a dimerization energy that is similar to the 

  
      dimer thus confirming its importance in the solid state of 1. 
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4. Concluding remarks 

The manuscript presents a combined experimental and theoretical investigation about the 

metal complexation and crystal form of some metal-organic complexes based on the 1,10-

phenanthroline-2,9-dicarboxylic acid ligand. The research topic explored in the manuscript is of 

interest since it helps us to understand in more detail the energetic and structural stability of these 

metal-organic complexes. From scientific point of view, the present manuscript provides a 

valuable methodological discussion and analysis about the ability of the Co(II) and Ce(III) 

metals to create high-order ligand coordination and form metal-organic crystals. The influence of 

the metal coordination on the strength of the π-stacking interactions has been considered using 

DFT calculations and NCI plot index analysis. When Co(II) is selected as a transition metal ion 

and phen as an auxiliary ligand, the resulting compound has a discrete, monomeric structure. 

However, by using Ce(III) as a lanthanoid ion with higher ionic radii and eliminating the phen as 

an auxiliary ligand an 1-D coordination polymeric structure is formed (2). The NCI plot and 

QTAIM computational tools show the structure directing role of H-bonds combined with O···CR 

and antiparallel π-stacking interactions in the solid state of 1. 
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CCDC 2063600 and 2063337 contain the supplementary crystallographic data for 1 and 2. 
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Figure 1. ORTEP drawing of the 1 with thermal ellipsoids shown at the 50% probability level. 

The uncoordinated solvent molecules and H atoms are omitted for clarity.  
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Figure 2. Part of the crystal structure of 1 showing the formation of one O-H…O hydrogen-

bonded zigzag chain with a (a)   
      graph set. 

  

 

Figure 3. Representation of two self-assembled dimers formed by π∙∙∙π interactions 

involving PDA (a) and phen (b) ligands in 1. 
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Figure 4. Asymmetric unit of 2. Uncoordinated water molecules are omitted for clarity. 
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Figure 5. (a) The single helix chain (b) and the alternately packed right-handed and left-handed 

helices in 2. The helical axis is parallel to the b axis. 
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Figure 6  Two opposite views, “water up” (a) and “water down” (b), of the MEP surface of 1 at 

the RI-BP86-D3/def2-TZVP level of theory (isosurface 0.001 a.u.). 

 

Figure 7 QTAIM (bond CPs in red) and NCI index analyses of the   
       synthon of 1. The 

gradient cut-off is ρ = 0.04 a.u., isosurface s  =    5, and the colour scale is −   4  a u  

< (signλ2)ρ <    4 a u  Only intermolecular interactions are shown. The strength of the H-bond is 

indicated in fuchsia next to the bond CPs. 
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Figure 8. QTAIM (bond CPs in red) and NCI index analyses of the antiparallel PDA···PDA (a) 

and phen···phen (b) π-stacking assemblies of 1. The gradient cut-off is ρ =    4 a.u., isosurface s  

=    5, and the colour scale is −   4  a u  < (signλ2)ρ <    4 a u  Only intermolecular interactions 

are shown.  
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Table 1. X-ray diffraction crystallographic data and structure refinements for 1 and 2 

 1 2 

Empirical formula C28H21CoN5O6 C42H28Ce2N6O17 

Formula weight 582.43 1168.95 

Temperature (K) 298(2) 150(2) 

Crystal system Triclinic Monoclinic 

Space group P  ̅ P21/c 

a (Å) 10.478(2) 14.2234(8) 

b (Å) 10.581(2) 18.5431(10) 

c (Å) 12.237(2) 15.7009(8) 

α (°) 90.65(3) 90 

β (°) 106.64(3) 103.690(2) 

γ (°) 103.09(3) 90 

V (Å
3
) 1261.9(5) 4023.4(4) 

Z 2 4 

Dcalc (g cm
−3

) 1.533 1.930 

μ (mm
−1

) 0.735 2.323 

F(000) 598 2296 

Reflections collected 9341 15410 

 R1
a
, wR2

b
 [I > 2σ(I)] 0.0613, 0.1309 0.0217, 0.0498 

GOF 0.9 1.045 

CCDC 2063600 2063337 
 

a
 R1 = Σ||Fo| - |Fc||/Σ|Fo|. 

b
wR2 = {Σw(Fo

2
 - Fc

2
)
2
/ Σw(Fo

2
)
2
}

1/2
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