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Abstract
The supramolecular structure of (3BP)[Cu(H2O)Cl3] (3BP = 3-bromopyridinium cation) is 

developed based on N-H Cl, N-H O , C-Br Cl, O-H Cl and Cu Cl interactions. Cu Cl semi-

coordinate bond and O-H Cl hydrogen bonding interactions connect [Cu(H2O)Cl3]- anions to 

form chains. The two legs of the bifurcated hydrogen bonding interactions of the pyridinium 

cation nitrogen (N-H Cl and N-H O) link these chains to form layer structures. The three-

dimensional structure is developed by interdigitating these layers based on C-Br Cl halogen 

bonding interactions. The energy of the interactions N-H Cl and C-Br Cl was calculated, the N-

H Cl hydrogen bonding interactions are found stronger than the analogous C-Br Cl halogen 

bonding interactions. The calculated electrostatic potential of 3BP+ cation and [Cu(H2O)Cl3]-

anion was used to describe cation-anion, inter-anions and inter-cations interactions and the 

relative strength of the N-H Cl and C-Br Cl interactions. Moreover, the electrostatic potential 

model was found to be efficient in describing the arrangement of [Cu(H2O)Cl3]- anions inside 

crystalline lattices in all crystal structures published in Cambridge Structural Data Base (CSD).

Keywords: Electrostatic Potential; Halogen halogen interactions; DFT calculations; 

Copper(II) complexes. 

Introduction
Crystal Engineering is a quickly developing discipline of chemistry.[1-6] It aims at 

designing solid materials with desired properties such as magnetic, electrical and 

nonlinear optical properties.[7, 8] A pre-request to this aim is the understanding of the 

interactions that are responsible for arranging of crystalline species within the 

crystalline lattices as well as their relative strengths.[1, 5, 6, 9] Hydrogen bonding 

interactions is the most extensively studied and utilized tool in crystal engineering. 

Recently, other interactions like halogen bonding and -  stacking have received much 

interest both experimentally and theoretically.[1-3, 5, 10-12]

Halogen bonding is a non-covalent interaction between covalently bound 

halogen atom and a nucleophile (Nu), A-Y Nu; Y = halogen atom, A-Y is known as the 

halogen donor and Nu is known as the halogen acceptor.  Halogen halogen and 

* Corresponding author: e-mail: fawwadi@yahoo.com  



176

halogen halide interactions are special types of halogen bonding interactions. 

Halogen halogen interactions can be represented by C-X1 X2-C (X = Cl, Br, I). 

These interactions are characterized by that the inter-halogen distances are less than 

the sum of van der Waals radii (rvdW). There are two preferred geometries; (a) C-

X1 X2 angle = X1 X2-C angle  150 , this arrangement is known as type (I) 

arrangement. (b) the second arrangement occurs when C-X1 X2 angle = 90  and 

X1 X2-C  180 , which is called the perpendicular arrangement or type (II) 

arrangement.[13] Halogen halide interactions, C-X1 X2-, (X1  F), are characterized 

by essentially linear C-X1 X2- angle and the X1 X2 distance is less than the sum of  

rvdW of the halogen atom and the ionic radius of the halide anion.[14-17] In a series of 

publications, we and others have shown that the electrostatic potential can be used to 

describe halogen halogen and halogen halide interactions and the arrangement of 

the supramolecular synthons resulting from these interactions within the crystalline 

lattices.[13-15, 18-23] Moreover, this electrostatic model (vide infra) was used to determine, 

qualitatively, the relative strength of these interactions.[13, 14]

The electrostatic model is based on two ideas; (a) the presence of a positive 

electrostatic potential end cap on the carbon attached heavier halogen atoms and a 

negative electrostatic potential around the -region of the halogen atom.[13, 21] (b) the 

deformation of electron density around heavier halogen atoms.[13, 24] Carbon attached 

heavier halogen atoms have two different radii, short one along C-X bond and longer 

one perpendicular to the C-X bond. In this article, we will use the calculated 

electrostatic potential of [Cu(H2O)Cl3]- anion and 3BP+ cation (3BP+ = 3-

bromopyridinium cation) to describe the arrangement of these ions inside the 

crystalline lattice of the structure of (3BP)[Cu(H2O)Cl3] and of all published 

[Cu(H2O)Cl3]- crystal structures. 

Experimental
Synthesis and crystal growth 

One mmol of 3-bromopyridine in 30 mL ethanol was added to 1 mmol of 

CuCl2.2H2O. Immediately, a colloidal suspension was formed. This was dissolved by 

adding 3 mL of concentrated HCl solution to give a yellow solution. The mixture was 

then heated and stirred for 5 minutes. Next morning, viscous solution was formed with 

tiny unworkable crystals on sides of beaker.  About 15 mL of acetonitrile were added; 

the mixture was boiled, and left to cool. Next morning, nice yellow needles were 

developed in clusters. 

Crystal structure determination 

The structure of (3BP)[Cu(H2O)Cl3] was determined at room temperature. Data 

collection was carried out on a Syntex P21 diffractometer upgraded to Bruker P4 

specifications. Lattice dimensions were obtained from 29 accurately centered 
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reflections.[25] Data were corrected for absorption utilizing -scans data assuming an 

ellipsoidal shaped crystal. SHELXTL package was used for the structure solution and 

refinement. The structure was refined by least-squares method on F2.[26] Hydrogen 

atoms were placed at the calculated positions except those attached to oxygen atom, 

they are observed in the difference-Fourier map and were isotropically refined.  The 

structure was solved in P-1 space group with lattice parameters 7.4317 Å, 7.4335 Å, 

9.4512 Å, 95.658 , 100.793 , 97.555 .

Theoretical study 

Gaussian 03 was used for the electronic energy calculations.[27] DFT 

calculations were carried out for the single point energy calculations with Becke’s 

three-parameters formulation B3LYP. The total energies were computed by using cc-

pvdz basis set on all atoms except copper, and 6-31g on copper. The energies of 

interactions between the 3BP+ cation and [CuCl3(H2O)]- anion were modeled for both 

hydrogen, and halogen bond interactions (Scheme 1). The energies of interactions 

were calculated using the formula 

)3(])([])()[3(.int
3232 BPClOHCuClOHCuBP EEEE

Scheme 1: Geometries of the modeled interactions; A and B are the modeled 

hydrogen bonding interactions. C and D are the modeled halogen bonding interactions. 

The energy of each interaction (halogen or hydrogen bonding) between the 

3BP+ cation and [Cu(H2O)Cl3]- anion was calculated as function of the separation 

distance R (Scheme 1). The energy of each interaction was calculated with each of the 

two symmetrically different chloride ligands (Cl1 and Cl3, Scheme 1 and Figure 1). The 
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N-H Cl and H Cl-Cu angles were constrained to 180  in the modeling of hydrogen 

bonding interactions (Scheme 1A and 1B), similarly, C-Br Cl and Br Cl-Cu angles 

were constrained to 180  in the modeling of halogen bonding interactions (Scheme 1C 

and 1D). The calculated energy of interaction is corrected for basis set superposition 

error (BSSE) by the standard counterpoise method.[28] The coordinates of the separate 

cation and anion were taken from the crystal structure data. 

Figure 1. Molecular structure of (3BP)Cu(H2O)Cl3

Results
Structural results 

The crystal structure of (3BP)[Cu(H2O)Cl3] consists of planar 3BP+ cation and 

distorted square planar [Cu(H2O)Cl3]- anion. The molecular unit of (3BP)[Cu(H2O)Cl3] is 

shown in figure 1. The Cu-Cl distances range from 2.256 to 2.284 Å, while the trans Cl-

Cu-Cl and Cl-Cu-O angles are 172.16 and 170.66° (Table 1), respectively. Each 

copper ion complete its 4+1+1 distorted octahedral geometry by the formation of two 

Cu Cl semi-coordinate bonds. The Cu Cl distances are 2.87 Å and 2.98 Å for 

Cu Cl1 and Cu Cl2, respectively. 

Table 1: Selected Distances (Å) and Angles ( ). 

Cu-Cl1 2.260 O-Cu-Cl1 170.66 
Cu-Cl2 2.256 O-Cu-Cl2  87.66 
Cu-Cl3 2.284 O-Cu-Cl3 85.12 
Cu-O 2.080 Cl2-Cu-Cl3 172.16 
  Cl2-Cu-Cl1 94.66 
  Cl3-Cu-Cl1 82.96 

The supramolecular structures of (3BP)[Cu(H2O)Cl3] is developed based on 

three intermolecular interactions; (a) Cu Cl semi-coordinate bond (vide supra). (b) 

Hydrogen bonding, the data summarizing these contacts are tabulated in table 2. 

Investigation of these interactions reveals the presence of two patterns of hydrogen 

bonding, linear and asymmetric bifurcated hydrogen bonding. (c) The C-Br Cl2

halogen bonding, the Br Cl2 distance and C-Br Cl2 angle are 3.42 Å and 169.7 ,

respectively. This interaction is characterized by that the inter bromine-chloride 

distance is less than the sum of rvdW radii by 0.18 Å, and essentially linear C-Br Cl2
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angle.[29] In a structure with similar motif (3BP)2[CuCl4], the Br Cl distance is less than 

the sum of rvdW radii by  0.33 Å. This is due to the fact that the charge of [CuCl4]2-

anion is minus two while that of [Cu(H2O)Cl3]- is minus one. 

Table 2: D-H A hydrogen bond distances and angles in (3BP)[Cu(H2O)Cl3].

D-H A D A (Å) H A (Å) D-H A ( ) H-bond type 

N-H Cl3 3.34 2.65 137.8 Asy bif 

N-H O 3.08 2.43 125.7 Asy bif 

O-H8 Cl3 3.40 2.52 173.2 Asy-bif 

O-H8 Cl2 3.30 2.94 106.0 Asy-bif 

O-H7 Cl3 3.30 2.94 117.5 linear 

The stronger Cu Cl semi-coordinate bond connects two anions to form a dimer 

structure (Figure 2). The weaker Cu Cl semi-coordinate bonds as well as O-H8 Cl3

hydrogen bonding link these dimers to form extended chains structure that run parallel 

to b-axis (Figure 2). The chains are connected via the bifurcated hydrogen bond to 

form layer structure in the ab plane (Figure 3). The three-dimensional structure is 

created via bromine chloride contacts as illustrated in figure 4. Each bridging pair of 3-

bromopyrdinum cations stacks in an anti-parallel fashion so that the Br atom of one 

cation overlaps with the pyridinium ring of the second one in the bridge (Figure 5). It is 

clear that the -  interaction is minimal, or indeed absent. The cations stack based on 

(N)-Br interactions; Here the bromine atom from one cation lies above the nitrogen 

atom of an adjacent cation. The nitrogen bromine distance and the angle between the 

nitrogen-bromine line and the normal to the plane of the cation are 3.45 Å and 8.2 ,

respectively.[14, 20, 22, 29]

Figure 2. Chain structure of (3BP)[Cu(H2O)Cl3]. Short and long Cu Cl semi-

coordinate bonds are represented by thin and black dotted lines, respectively. O-

H Cl2 hydrogen bonding is represented by thick blue dotted lines.[10]
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Figure 3: Layer structure of (3BP)[Cu(H2O)Cl3]. View is along the b-axis. The 

bifurcated hydrogen bonds are shown in dotted red lines.  

Figure 4: The stacking diagram of (3BP)[Cu(H2O)Cl3] viewed down the b-axis. The 

layers, described in figure 3, interact via bromine chloride contacts to form three-

dimensional crystal structure. The bifurcated hydrogen bonding and bromine chloride 

contacts are represented by red and black dotted lines, respectively. 

Figure 5: Illustration of the - and (N)-Br stacking arrangements for the cations. 

Views are from the normal to the planes of the cations. 
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Figure 6: The calculated electrostatic potential of (A) [Cu(H2O)Cl3]- anion and (B) and 

(C) different views  of 3BP+ cation. Units of the color scale are in atomic units (Energy 

in Hartree and charge in electronic charges). The contour electron density isovalue is 

set to 0.05. 

Theoretical results 

The energy of interaction of 3BP+ cation and [Cu(H2O)Cl3]- anion for both 

hydrogen bonding and halogen interactions was calculated (Scheme 1). The energy of 

each interaction was modeled for two different geometries; N-H Cl1-Cu and N-H Cl3-

Cu for hydrogen bonding interactions, and C-Br Cl1-Cu and C-Br Cl3-Cu for 

halogen bonding interactions (Scheme 1 and Figure 1).  These energies are tabulated 

in table 3. The energy of modeled interactions is in the range of 220-330 kJ/mol, this 

extra-stability may be due to the fact that both halogen donor (3BP+ cation) and 

halogen acceptor ([Cu(H2O)Cl3]- anion) are charged species. Hydrogen bonding 

interaction is stronger than the corresponding halogen bonding interaction by 87 

kJ/mol. Similarly, the interaction with the chloride ligand Cl3 is stronger than the 

corresponding interaction with Cl1 in both hydrogen and halogen bonding interactions 

(Figure 1 and Scheme 1); the interaction with Cl3 is more stable than that with Cl1 by 

22 kJ/mol. 

Table 3: Calculated energies of interactions and separation distances at which the 

energy minima are located. 

Interaction Energy(kJ/mol) Distance (Å) 

C-Br Cl1 -219.3 3.05 

C-Br Cl3 -234.0 2.87 

N-H Cl1 -300.0 2.06 

N-H Cl3 -327.9 2.06 

The calculated electrostatic potential of both 3BP+ cation and [Cu(H2O)Cl3]-

anion is shown in figure 6. [Cu(H2O)Cl3]- anion is a negatively charged species, 

therefore, the electrostatic potential is negative all around the surface of the anion. The 

electrostatic potential is more negative on the chloride ligand than the aqua ligand. The 

most negative electrostatic potential is located on Cl3 (Figure 2 and Figure 6). In 
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contrast, the least negative electrostatic potential is located on the hydrogen atoms of 

the aqua ligand. On the other hand, 3BP+ cation is a positively charge species, 

therefore, the electrostatic potential values are positive all around its external surface; 

the highest values are located on the N-H part of bromoprydinum cation. The 

electrostatic potential of the -region of the bromine atom is the least positive on the 

surface of the cation. This generates end cap with higher positive electrostatic potential 

values with respect to the rest of the surface of the bromine atom.  

Discussion
Recent studies have shown that the electrostatic forces play a major role in 

influencing the arrangement of both hydrogen and halogen bonding synthons within 

the crystalline lattices, and hence, supramolecular synthesis.[13, 14, 18, 21-23] According to 

this electrostatic model, the most positive electrostatic potential part of the first synthon 

should face the most negative electrostatic potential part of the second synthon. This 

explains the cation-anion, inter-anion and inter-cation interactions observed in 

(3BP)[Cu(H2O)Cl3]; (a) cation-anion interactions are N-H Cl3 hydrogen bonding and 

C-Br Cl2 halogen bonding. The most positive electrostatic potential of the 3BP cation 

is located around N-H group. In contrast, the most negative electrostatic potential is 

located around Cl3 of the [Cu(H2O)Cl3]- anion. This explains that why Cl3 is involved in 

the N-H Cl3 interactions rather than Cl1 or Cl2. The qualitative agreement between 

the calculated electrostatic potential and the arrangement of the halogen and hydrogen 

bonding synthons is supported by the calculated energies of interactions. The energy 

of interaction with Cl3 ligand is more stable than that with Cl1 by 15 and 28 kJ/mol for 

C-Br Cl and N-H Cl interactions, respectively. (b) inter-anion interactions are Cu Cl

semi coordinate bond and O-H Cl3 hydrogen bonding. The hydrogen bonding is 

formed by the interaction of O-H (least negative electrostatic potential) with Cl3 ligand 

(most negative electrostatic potential) (Figure 2 and Figure 6). Cl1 ligand, which is 

surrounded with medium negative electrostatic potential, is involved in the semi-

coordinate bond connecting two anions. Cl1 ligand is not involved in either C-Br Cl

halogen bonding interaction or N-H Cl hydrogen bonding interactions. (c) The cations 

stacks such that the -region of the bromine atom (least positive electrostatic region of 

the cation) is located over the nitrogen atom of the aromatic system (most positive 

electrostatic region of the cation), Figure 5 and 6. This stacking pattern has been 

observed in the literature.[20, 22, 29]

Cambridge Structural Database (CSD), version 5.31 November 2009, was 

searched for structures that contain [Cu(H2O)Cl3]- anion. Five hits were obtained, the 

details of these hits are listed in table 4. REGVOP and XISPAQ are mixed anions 

structures (Table 4); They contain another anion besides the [Cu(H2O)Cl3]- anion. The 

inter-anion interactions in the three structures that contain only [Cu(H2O)Cl3]- is based 

on O-H Cl3-Cu hydrogen bonding interactions (Scheme 2), similar to the interaction 



183

pattern observed in the reported structure in this paper (Figure 2). This is in complete 

agreement with electrostatic model (Figure 2 and Figure 6). The presence of another 

anion in the other two structures perturb the inter [Cu(H2O)Cl3]- anions interactions. In 

these two structures, the separate chloride anion is the proton acceptor in XISPAQ and 

[CuCl4]2- anion in REGVOP (Scheme 2). According to the electrostatic model this 

arrangement is expected, since the electrostatic potential around the Cl- and [CuCl4]2-

anions is more negative than chloride ligands in [Cu(H2O)Cl3]- anion.

Scheme 2: Hydrogen bonding interaction patterns in the five crystal structures that 

were extracted from CSD; (A) GEMJIS, KESYOW and KESYUC, (B) REGVOP and (C) 

XISPAQ. 

Table 4: CSD identifier code, formula and compound name of the extracted cif files 

from CSD.

Identifier Formula Compound name 

GEMJIS[32] (C8H11N4O)[Cu(H2O) Cl3] Salicylideneguanylhydrazinium trichloro-aqua-

copper(ii) 

KESYOW[33] (C6 H16 N2)[Cu(H2O) Cl3]2 N,N-Dimethylpiperazinium bis(aqua-trichloro-

copper(ii)) 

KESYUC[33] (C4H6N3)[Cu(H2O)Cl3] 2-Aminopyrimidinium aqua-trichloro-copper(ii) 

REGVOP[34] (C18H38N2O6)[Cu(H2O)

Cl3].0.5 (CuCl4)

4,7,13,16,21,24-Hexaoxa-1,10-

diazoniabicyclo(8.8.8)hexacosane aqua-trichloro-

copper(ii) hemikis(tetrachloro-copper(ii)) 

XISPAQ[35] (C8H14N2)[Cu(H2O)Cl3].Cl

.H2O

1,3-Xylylenediammonium aqua-trichloro-copper(ii) 

chloride monohydrate 

The competition between hydrogen bonding and halogen bonding interactions 

has been reported in the literature. In this context, we and others have found in a 

series of mixed anions hybrid organic-inorganic materials (4CPH)3[PtCl6].Cl, 
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(4CPH)3[FeCl4]2.Cl, (4BPH)3[FeCl4]2.Cl, (3IPH)2[AuBr3Cl].Cl and 

(26DA35DBPH)2[FeBr4].Br (where 4CPH is 4-chloropyridinium cation, 4BPH is 4-

bromopyridinium cation, 3IPH is 3-iodopyridinium cation and 26DA35DBPH is 2,6-

diamino-3,5-dibromopyridinium cation) that the separate halide anion is involved in the 

N-H X-hydrogen bonding interaction, while the halide ligand is involved in the C-X X-

M halogen bonding interaction.[30, 31] This is in complete agreement with the proposed 

electrostatic model based on the calculated electrostatic potential of halopyridinium 

cations, since the negative charge is more concentrated on the halide anion. 

Conclusions
The calculated electrostatic model can be used to describe qualitatively the 

arrangement of both halogen and hydrogen bonding synthons in (3BP)[Cu(H2O)Cl3]

crystal structure and all crystal structures published in CSD that contain [Cu(H2O)Cl3]-

anion. This includes cation-anion, inter-cation and inter-anion interactions. Moreover, 

this electrostatic model was found efficient in describing the relative strength of 

hydrogen and halogen bonding interactions; the electrostatic potential around the N-H 

group is the most positive part around the 3BP+ surface (Figure 1 and Figure 6), 

hence, hydrogen bonding interactions are stronger than the halogen bonding 

interactions. Both N-H Cl hydrogen bonding and C-Br Cl halogen bonding 

interactions with ligand Cl3 are stronger than the corresponding interaction with Cl1 

ligand. This is easily explained using the calculated electrostatic potential. The 

electrostatic potential is the most negative around Cl3 ligand 

Supplementary Data 
CCDC 802494 contains the supplementary crystallographic data for this paper. 

These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge 

Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: 

+44 1223 336033).
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