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Fine-tuning halogen bonding properties of diiodine through 

halogen-halogen charge transfer – Extended [Ru(2,2’-

bipyridine)(CO)2X2]⋅⋅⋅⋅I2 systems (X= Cl, Br, I) 

Xin Dinga, Matti J. Tuikkaa, Pipsa Hirva*b, Vadim Yu. Kukushkinc, Alexander S. Novikovd, Matti 
Haukkaa*  

ABSTRACT: The current paper introduces use of carbonyl containing ruthenium complexes, [Ru(bpy)(CO)2X2] (X=Cl, Br, I), as 

halogen bond acceptors for I2 halogen bond donor. In all structures the metal coordinated halogenido ligand is acting as 

the actual halogen bond acceptor. Diiodine,  I2, molecules are connected to the metal complexes through both ends of the 

molecule forming bridges between the complexes. Due to the charge transfer from Ru-X to I2, formation of the first Ru-

X···I2 contact tends to generate negative charge on I2 and redistribute the electron density anisotropically. If the initial Ru-

X···IA-IB interaction causes a notable change in the electron density of I2, the increased negative charge accumulates on the 

second iodine, IB. The increased negative charge on IB reduces its ability to act as halogen bond donor. With the 

[Ru(bpy)(CO)2Cl2] complex the electron density of I2 molecule remains isotropic and it is acting as a symmetrical halogen 

bond donor for two metal complexes. With [Ru(bpy)(CO)2Br2] and [Ru(bpy)(CO)2I2] the Ru-X···IA-IB···X-Ru bridges are 

unsymmetrical with stronger and shorter Ru-X···IA contact and weaker and longer Ru-X···IB contact. In these cases the 

negative charge is accumulated on the more weakly bonded IB atoms. QTAIM calculations were used to analyze the 

strength of the interactions and charge distribution in the metal complex and I2 molecule in details. In accordance with the 

experimental data the QTAIM analyses show that the charge difference between the two ends of the I2 molecule is 

increased in the order Ru-Cl···I2 < Ru-Br···I2 < Ru-I···I2. 

Introduction  

Halogen bond (XB) has been a research topic of intensive 

interest over the last decade. XB has been exploited especially 

as a tool for crystal engineering, due to its almost linear 

directionality and relatively strong bond strength, which is 

comparable with hydrogen bonds. According to the IUPAC 

definition, halogen bond is denoted as R-X⋅⋅⋅Y system, in which 

R-X is the halogen bond donor and Y halogen bond acceptor. In 

principle, the halogen atom of the halogen bond donor can be 

attached to any R atom that can polarize and generate 

electrophilic region on the halogen. The halogen bond 

acceptor, in turn, is typically a molecular entity with a 

nucleophilic region.1 The IUPAC definition states that “a 

halogen bond occurs when there is evidence of a net attractive 

interaction between an electrophilic region associated with a 

halogen atom in a molecular entity and a nucleophilic region in 

another, or the same, molecular entity”.1 The donor-acceptor 

interaction is mainly electrostatic in nature but other type of 

interactions such as charge transfer and dispersion forces may 

also play an important role in XB.  

 

So far, organic compounds containing nitrogen, oxygen, or 

halogen atoms have been widely studied as electron donors 

i.e. the halogen bond acceptors.2-9 Only a limited number of 

publications are concerning usage of metalorganic or 

organometallic XB acceptors 10-20. This is the case even if metal 

complexes as acceptors could open up possibilities to utilize 

halogen bond as a tool for modifying their redox, magnetic, 

and optical properties as well as their chemical reactivity. 21-25  

When a halogen atom is coordinated on an electron 

withdrawing organic moiety or a metal ion, the electron 

density around it is polarized. The electron density is 

concentrated perpendicular to the R-X or M-X bond and an 

electron poor area is formed as an extension to the R-X/M-X 

bond. However, unlike in organic R-X molecules, in M-X 

systems the polarization is usually not strong enough to 

generate positively charged σ-hole on the halogen atom (Fig. 

1). 
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Figure 1. Distribution of electron density (the grey area) around the metal coordinated 
halogen atom and the halogen atom in R-X molecule. M-X is acting as XB acceptor and 
R-X as XB donor. 

Despite the limited redistribution of electron density, the M-X 

unit can act as halogen bond acceptor i.e. electron donor with 

some directionality (Fig. 1). When the polarization of halogen 

on M-X is stronger, the M-X⋅⋅⋅X angle tends to be closer to 90°. 
Obviously, other factors such as intermolecular and 

intramolecular interactions may play a role as well and 

because of such factors the actual angle can deviate from the 

ideal value.  

 

Just like organic R-X compounds, dihalogens, X2, can serve as 

halogen bond donors. However, dihalogens comprise a special 

class of XB donors. Interactions between X2 and an electron 

donor, De (XB acceptor), can often be rationalized in terms of 

charge transfer. According to this concept the electron donor 

donates electron density to the anti-bonding σ*-orbital of the 

X2 molecule. As the result of electron donation, an attractive 

interaction is generated between the partially positively 

charged De
+ and partially negatively charged X2

-. Strong charge 

transfer also leads to weakening of the X-X bond. Furthermore, 

the electron density within the X2 molecule can also be 

unevenly distributed during the process. If the dihalogen 

molecule XA-XB is approaching the electron donor De with its XA 

end, the negative charge tends to be accumulated on the non-

interacting XB halogen atom when forming the De⋅⋅⋅XA-XB 

system.26,27 In the extreme case, the XA-XB bond is 

heterolytically broken and releasing, at least formally, 

negatively charged XB
- ion and leaving positively charged XA

+ 

coordinated on the electron donor. Although simple De-X+ 

systems are usually rather unstable, several De-I+-De systems, 

obtained via heterolytic cleavage of I2, are known.  The classic 

example is the cationic iodonium compound of [I(py)2]+.28 

Because of the unequal charge distribution on De coordinated 

X2, the halogen bonded XA and the dangling XB ends are 

expected to behave differently. This does have an impact on 

reactivity of the I2 molecule as well as the solid-state 

structures and packing of De⋅⋅⋅X2 adducts. However, even if 

considerable number of XB systems involving X2 molecules is 

known and a lot has been written about charge distribution in 

X2 and polyhalides,29 systematic attempts to exploit the 

redistribution of the charge on halogen bonded dihalogens has 

not been thoroughly studied. 

 

In this paper we introduce a series of halogen-bonded systems 

using I2 as a halogen bond donor and metal coordinated 

halogens of [Ru(bpy)(CO)2X2] (bpy= 2,2’-bipyridine, X=Cl, Br, I) 

as weak halogen bond acceptors. The goal was to compare the 

ability of different ruthenium(II) bonded halogenido ligands to 

act as electron donors to I2 through charge transfer and the 

effect it has on the charge distribution in I2. All systems were 

characterized by single-crystal X-ray diffraction technique. A 

detailed analysis of the charge distribution was carried out by 

using computational QTAIM method. 

Experimental 

 

Materials 

All reagents and solvents were obtained from commercial 

sources and were used as received without further 

purification. The XB acceptors [Ru(bpy)(CO)2X2] (X=Cl, Br, I) 

were synthesized according to literature methods.30, 31 The 

crystal structures of the pure [Ru(bpy)(CO)2X2] (X=Cl, Br, I) 

metal complexes are known and reported in the literature. 30, 

31 However, since only room temperature structures of these 

molecules have been reported the crystal structures of these 

complexes have been re-determined at 100K, and their details 

are not discussed in this paper. 

 

Co-crystallization of I2 and [Ru(bpy)(CO)2X2] (X=Cl, Br, I) 

The co-crystallizations were carried out in methanol or CHCl3 

solution. The metal complex and 2 equiv. of I2 were dissolved 

separately at room temperature. The X-ray diffraction quality 

crystals were harvested after crystallization slow evaporation 

at R.T. or at 8°C. 

 
[Ru(bpy)(CO)2Cl2]⋅⋅⋅⋅I2 (1). The crystals were obtained by dissolving 
5 mg of the metal complex and 7.9 mg of iodine into 5 ml of 
CH3OH solvent. The crystallization was carried out at room 
temperature and crystals were harvested in 2 days. 

[Ru(bpy)(CO)2Br2]⋅⋅⋅⋅I2 (2). The crystals were obtained by dissolving 
5 mg of the metal complex and 6.1 mg of iodine into 5 ml of 
CHCl3 solvent. The crystallization was carried out at 8°C and 
the X-ray quality crystals were obtained in 4 weeks.  

 [Ru(bpy)(CO)2Br2]⋅⋅⋅⋅I2 (3). The crystals were obtained by 
dissolving 5 mg of the metal complex and 6.1 mg of iodine into 
5 ml of CHCl3 solvent. The crystallization was carried out at 8°C 
and the crystals were harvested after 2 weeks. 

 [Ru(bpy)(CO)2I2]⋅⋅⋅⋅I2 (4). The crystals were obtained by dissolving 
5 mg of the metal complex and 4.9 mg of iodine into 5 ml of 
CH3OH solvent. The crystallization was carried out at 8°C and 
the crystals were obtained in 4 weeks. 

 [Ru(bpy)(CO)2I2]⋅⋅⋅⋅I2 (5). The crystals were obtained by dissolving 
5 mg of the metal complex and 4.9 mg of iodine into 5 ml of 
CH3OH solvent. The X-ray diffraction quality crystals were 
obtained in 2 weeks. 

X-ray Structure Determinations.  

The crystals of 1 - 8 were immersed in cryo-oil, mounted in a 

Nylon loop, and measured at a temperature of 100 K. The X-
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ray diffraction data were collected on a Bruker Kappa Apex II 

Duo, Bruker Smart Apex II, or Bruker Kappa Apex II 

diffractometer using Mo Kα radiation (λ = 0.71073 Å). The 

APEX232 program package was used for cell refinements and 

data reductions. Structures were solved by direct methods or 

by charge flipping using the SHELXS-9733 or SUPERFLIP34 

programs with the WinGX35 graphical user interface. A multi-

scan absorption correction based on equivalent reflections 

(SADABS)36 was applied to all data. Structural refinements 

were carried out using SHELXL-97.33 The hydrogen atoms were 

positioned geometrically and constrained to ride on their 

parent atoms, with C-H = 0.95 – 1.00 Å and Uiso = 1.2-1.5 

Ueq(parent atom). The structure 7 was solved in a non-

centrosymmetric space group Pn and refined as inversion twin 

with BASF refined to 0.093. The crystallographic details of 

structures 1 - 5 are summarized in Table 1. The 

crystallographic details of the previously reported structures of  
 

Table 1. Crystal Data. 

 1 2 3 4 5 

empirical formula C12H8Cl2IN2O2Ru C13H9Br2Cl3I2N2O2Ru C13H9Br2Cl3I2N2O2Ru C12H8I6N2O2Ru C12H8I4N2O2Ru 

fw 511.07 846.26 846.26 1074.67 820.87 

temp (K) 100(2) 100(2)  100(2)  100(2)  100(2)  

λ(Å) 0.71073 0.71073  0.71073  0.71073  0.71073  

cryst. syst. Triclinic Monoclinic Monoclinic Orthorhombic Triclinic 

space group P 1 P21 P21/n P21212 P1 

a (Å) 6.6617(2) 6.6553(1) 11.6841(6)  15.6811(6)  9.0961(16)  

b (Å) 9.4643(2) 16.3426(4) 11.4179(6)  7.3656(3)  10.371(3)  

c (Å) 13.0807(4) 10.2145(2) 17.2077(9)  9.4737(4)  10.572(3)  

α (deg) 70.4400(10) 90 90 90 112.39(3) 

β (deg) 80.9530(10) 97.865(1) 105.946(1) 90 93.49(3) 

γ (deg) 83.3070(10) 90 90 90 90.70(2) 

V (Å3) 765.64(4) 1100.53(4) 2207.3(2) 1094.22(8) 919.8(4) 

Z 2 2 4 2 2 

ρcalc (Mg/m3) 2.217 2.554 2.547 3.262 2.964 

µ(Mo Kα) (mm-1) 3.389 7.522 7.501 9.188 7.568 

No. reflns. 28379 26564 66442 22615 8005 

Unique reflns. 8276 7286 6749 5875 4225 

GOOF (F2) 1.018 0.994 1.052 1.088 1.051 

Rint 0.0253 0.0333 0.0360 0.0327 0.0222 

R1a (I ≥ 2σ) 0.0211 0.0239 0.0204 0.0193 0.0338 

wR2b (I ≥ 2σ) 0.0440 0.0542 0.0454 0.0400 0.0879 

a R1 = Σ||Fo| – |Fc||/Σ|Fo|.  b wR2 = [Σ[w(Fo
2 – Fc

2)2]/ Σ[w(Fo
2)2]]1/2. 

 

Table 2. Selected bond angles and length of co-crystals 1-5. The distances are in 

angstroms [Å] and the angles in degrees [°] 

# X1
…
I3 X2

…
I4 I3-I4 I4-I3

…
X1 I3-I4

…
X2 

1 3.0421(3) 3.0421(3) 2.7317(2) 174.566(8) 174.566(8) 

2 3.2938(4) 3.3627(3) 2.7212(3) 170.28(1) 173.80(1) 

3 3.2381(3) 3.3001(3) 2.7215(3) 175.405(9) 174.164(9) 

4 3.1984(2) 3.7984(3) 2.7554(2) 177.941(7) 152.083(6) 

5 3.2553(13) 3.4108(15) 2.7572(12) 172.75(2) 166.50(2) 

 

6 – 8
30, 31, are given only as supplementary material (Figures 

S6-S8). Molecular graphics were performed with the UCSF 

Chimera package.37 
 

Computational methods 

The wavefunctions of the models in experimental geometries 

were computed by Gaussian 09 program package38 at the DFT 

level of theory. PBE0 hybrid functional39 with LANL2TZ(f)40-42 

basis set for Ru, LANL2DZspdf43 basis set for I, LANL2DZdp40-42 

basis set for Cl and Br, and a standard basis set 6-311++G(d,p) 

for C, O, N and H atoms were used in the calculations. 

Topological charge density analysis according to the Quantum 

Theory of Atoms in Molecules (QTAIM)44 of the computational 

wavefunctions was performed with the AIMAll program45. The 

models used for the computational analysis are shown in the 

supporting information.  

Results and Discussion 

 

Chlorido ligand as a halogen bond acceptor.   

In general, chlorine is usually not seen as a particularly good 

halogen bond acceptor or donor compared to its heavier 

analogs. This is simply because chlorine is relatively small and 

not as easily polarizable as the heavier halogens. However, as 

a metal coordinated ligand it is capable of acting as an electron 

donor i.e. XB acceptor for a suitable XB donor such as I2. Co-

crystallization of the [Ru(bpy)(CO)2Cl2] with I2 led to a dimeric 

structure where the complexes were linked through 

symmetrical halogen bonds between the Cl ligands and the 

bridging I2 molecule (Fig. 2). However, only one of the Cl 
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ligands of the complex was involved in halogen bonding. The 

distance between Cl and I was found to be 3.0421(3) Å, which 

is about 82% of the sum of van der Waals radii of Cl and I. A 

series of weak Cl⋅⋅⋅H and I⋅⋅⋅H hydrogen bonds together with π-

π interactions support the overall molecular assembly linking 

the dimeric units into a 3D network (Fig. 3).  

Since in 1 both ends of I2 are involved in identical halogen 

bonds, the charge densities on both ends of I2 are also 

expected to be identical i.e. both ends are able to act as 

halogen bond donors in exactly the same way. Because of the 

symmetrical bridge, the impact of the charge transfer is also 

expected to be relatively weak. Strong charge transfer from 

chloride ligand to one end of the I2 molecule should weaken 

the XB contact of the second I atom. Furthermore, if there 

were a strong charge transfer from both chloride ligands, the I-

I bond should be considerably weakened, yet the I-I distance in 

1 (2.7317(2) Å) is relatively close to the typical I-I distance in a 

non-halogen bonded I2 molecule (2.720(8)Å) in solid state.46  

The I-I⋅⋅⋅Cl angle in 1 is 174.566(8)°, which is close to the 

optimum value of 180° for a typical XB bond. In the ideal case 

the Ru-Cl⋅⋅⋅I angle is should be close to 90° due to the 

polarization of the electron density around the chlorido ligand.  

In structure 1 this angle is 115.76(1)° indicating that the 

electron density around the Cl is indeed polarized but not 

strongly enough to force the I2 molecule in the ideal angle. 

Obviously, since the XB contact is not particularly strong, the 

packing effects influence also the Ru-Cl⋅⋅⋅I angle. 
 

 

Figure 2. Halogen bonding interactions between the Cl1 and I3 atoms in the co-crystal 

1. Grey atoms represents C; white H; blue N; dark green Ru, red O; light green Cl and 

violet I.  

 

 

Figure 3. The 3D network of 1. Hydrogen bonding interactions in the co-crystal 1. The 

color scheme is the same as in Figure 1. 

Bromido ligand as a halogen bond acceptor.  

The electron density in the bromido ligand is more diffuse than 

in Cl and therefore it tends to be more polarizable by the 

metal cation than Cl. By using similar co-crystallization 

conditions as with the chlorido analog we were able to obtain 

two variants of [Ru(bpy)(CO)2Br2]⋅⋅⋅I2 co-crystals (2 and 3 

shown in Figs. 4-6). Again, the I2 molecule was connected 

through both its I atoms linking two [Ru(bpy)(CO)2Br2] 

complexes together by Br⋅⋅⋅I-I⋅⋅⋅Br halogen bonds (Figure 4). 

Unlike in 1, both halogenido ligands of the [Ru(bpy)(CO)2Br2] 

molecule, were now involved in halogen bonding. 

Furthermore, the two XB bonds were not identical. In 2, the 

shorter Br⋅⋅⋅I distance was 3.2938(4) Å and the longer one 

3.3627(3) Å corresponding to 86% and 88% of the sum of Van 

der Waals radii of Br and I, respectively. In 3 the Br⋅⋅⋅I distances 

were 3.2381(3)Å (85 %) and 3.3001(3)Å (86%). The main 

difference between the structures 2 and 3 was the overall 

packing of the complexes. The structure 2 was crystallized in 

the chiral space group P21 and it consists of parallel chains of 

complexes linked together with I2 molecules (Fig. 5). Structure 

3 was crystallized in the centrosymmetric space group P21/n 

and the complexes formed structures where the molecules of 

the neighboring chains were facing opposite directions (Fig. 6). 

In both cases the adjacent chains were held together by 

additional C-H⋅⋅⋅Br hydrogen bonds. Both 2 and 3 also 

contained chloroform of crystallization that was weakly 

hydrogen bonded to one of the bromido ligands.   

Since the XBs involving I3 and I4 ends of the I2 molecule (Figs. 

4-6) are different in both co-crystals 2 and 3, it is expected that 

the charge transfer on the shorter Br1⋅⋅⋅I3 contact is slightly 

increased compared to the other end of I2. If this is the case 

the electron density in I2 is also expected to be changed and 

the electron density should be increased on I4 end of the 

diiodine. Such distribution of charges in diiodine molecule 

would mean that the I4 end is less prone to act as XB donor 
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because of the increased electron density and reduced σ-hole 

on it. However, even though the charge transfer was expected 

to be enhanced in 2 and 3 compared to the structure 1, the 

elongation of the I-I bond remained moderate. The I-I 

distances were 2.7212(3)Å and 2.7215Å(3) in structures 2 and 

3 respectively. In fact, they are even slightly shorter than in the 

case of 1. Even if the XBs involving the different ends of I2 

molecule are not identical, the geometric differences are 

subtle. First of all, in 2 the I-I⋅⋅⋅Br angles are 170.28(1)° for the 

shorter and 173.80(1)° for the longer XB contact. Similarly, the 

Ru-Br⋅⋅⋅I angles are 101.30(1)° and 102.27(1)° for the shorter 

and longer halogen bonds. In structure 3 the corresponding 

values are I-I⋅⋅⋅Br: 175.405(9), 174.164(9) and Ru-Br⋅⋅⋅I: 
101.66(1), and 102.57(1). The more polarized electron density 

around the bromide ligand favors Ru-Br⋅⋅⋅I angles that are 

closer to the 90° compared to the Ru-Cl⋅⋅⋅I values in 1.  

 

Figure 4. Halogen bonding interactions between Br1⋅⋅⋅I1-I2⋅⋅⋅Br2 in the co-crystal 2. 

Dark red represents Br atoms. Otherwise the color scheme is the same as in Figure 2. 

 

Figure 5. Orientation of the molecular units in the co-crystal 2. The color scheme is the 

same as in Figure 4.  

 

 

 

Figure 6. Halogen bonding and hydrogen bonding interactions in the co-crystal 3. The 

color scheme is the same as in Figure 4. 

Iodido ligand as a halogen bond acceptor.   

Iodine is probably the most popular halogen bond donor, but 
due to its strong polarization ability, it is also capable of acting 
as effective XB acceptor. When [Ru(bpy)(CO)2I2] complexes 
were co-crystallized with I2 two types of structures (4 and 5) 
were again obtained. Just like with [Ru(bpy)(CO)2Br2], both 
halogenido ligands of the [Ru(bpy)(CO)2I2] complexes were 
participating in halogen-halogen interactions with I2. In 
structure 4 the two ends of the I2 halogen bond donor interact 
with the metal coordinated iodido ligand quite differently (Fig. 
7). The shorter Ru-I⋅⋅⋅I3 distance was only 3.1984(2) Å (81%) 
while the longer, Ru-I⋅⋅⋅I4 was 3.7984(3) Å (96%). This indicates 
that the charge transfer is enchanced compared to adducts 1-
3. Because of the stronger charge transfer in the case of 
adduct 4, the I-I bond of the I2 molecule was elongated by 
about 0.03 Å (2.7554(2)). If the shorter Ru-I⋅⋅⋅I3 contact is the 
dominating contact from the charge transfer point of view, it is 
expected that the negative charge on I2 is accumulated on I4. 
This, in turn, would mean that it is less eager to act as XB 
donor weakening the second XB contact. Such an assumption 
is supported by the geometry of the Ru-I⋅⋅⋅I3-I4⋅⋅⋅Ru system. In 

the stronger contact the I4-I3⋅⋅⋅I angle is nearly linear 
177.941(7)°°°°, while in the weaker contact I3-I4⋅⋅⋅I it is only 
152.083(6)°°°°. The latter is already quite far from the typical I-
I⋅⋅⋅acceptor angle of 180°. Also, the Ru-I⋅⋅⋅I3 angle of 97.91(1) is 
close to the optimal angle of 90°, while the Ru-I⋅⋅⋅I4 is clearly 
wider (104.26(1)°). Based on the geometry, the donor – electron 
acceptor nature of the participating iodine atoms in Ru-I⋅⋅⋅I4 
contact is no longer obvious. It could be even said that this 
type of contact is no longer a true halogen bond, although 
there are reports where similar contacts have been defined as 
amphoteric XB.47 Even if the I2 bridge is uneven in 4 it can still 
be seen as a bridge that organizes the metal complexes to 
infinite chains. The neighboring chains are connected via 
hydrogen bonds between H11 and I4 (Fig. 8). It is worth 
mentioning that only the less strongly halogen bonded I4 
participates in hydrogen bonding. This is also in agreement 
with the assumption of increased negative charge on I4. The 
extra electron density favors contacts with electron acceptors 
i.e. hydrogen bond donor in this case.  
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Figure 7. Chain structure formed by halogen bonding and hydrogen bonding in the co-

crystal 4. The color scheme is the same as in Figure 1. 

 

Figure 8. Hydrogen bonding interactions between I4 and H11 atoms in the co-crystal 4. 

The color scheme is the same as in Figure 1.  

The structure 5 is completely different from the structure 4. 

First of all, in terms of Ru-I⋅⋅⋅I distances the two XBs are much 

closer to each other than in 4. This could be taken as a sign of 

weaker charge transfer from the complex to the diiodine 

molecule.  The Ru-I⋅⋅⋅I distances were 3.2553(13)Å (82%) and 

3.4108(15)Å (86%) and the angles I-I⋅⋅⋅I 172.75(2)° and 

166.50(2)°, respectively. Similarly, the Ru-I⋅⋅⋅I angles are quite 

close i.e. 97.81(2)° and 98.90(2)°. But even if the differences in 

5 are less clear than in 4, the same trends in the geometry can 

be seen. Unlike any of the systems 1-4 the complexes in 5 do 

not form I2 linked chains. Instead, both halogen bonds are 

used to connect two complexes into a dimeric structure (Fig. 

9). These dimeric units are then linked together through weak 

C-H⋅⋅⋅I hydrogen bonds (Fig. 10). 

 

  

Figure 9. Dimeric structure of the co-crystal 5 formed through halogen bonded I2 

bridges. The color scheme is the same as in Figure 1.  

 

 

Figure 10. Hydrogen bonding interactions in structure 5. The color scheme is the same 

as in Figure 1.  

Computational results.                                                                                                      

To gain more detailed information about the halogen bonding 

we performed QTAIM analysis using the wavefunctions 

originating from the experimental structures. The summary of 

the charge density analysis for structures 1-5 is presented in 

table 3.   
 

Table 3. Selected properties of the electron density according to the QTAIM 
analysis of the halogen bonding in structures 1-5. In the case of structures 2-5 
both the stronger and the weaker contacts were analysed. Parameters are: d = 

I⋅⋅⋅X distance [Å]; ρ(rc) = electron density at the bond critical point [eÅ
-3

); Lapl. 
=Laplacian of the electron density [eÅ-5]; G(rc) = kinetic energy density [kJmol-1]; 
V(rc) = potential energy density [kJmol-1]; H(rc) = total energy density [kJmol-1]; 
Eint = V(rc)/2 [kJmol-1]. 

# d ρ(rc) Lapl. G(rc) V(rc) H(rc) |V|/G Eint 

1 3.042 0.168 1.939 39.3 -36.7 2.49 0.94 -18.4 

2 3.294 0.132 1.301 26.6 -23.9 2.76 0.90 -12.0 

2 3.363 0.116 1.137 23.3 -20.2 3.03 0.87 -10.1 

3 3.238 0.145 1.452 29.7 -27.3 2.39 0.92 -13.7 

3 3.300 0.129 1.291 26.4 -23.6 2.85 0.89 -11.8 

4 3.198 0.202 1.896 36.1 -39.3 -3.20 1.09 -19.7 

4 3.798 0.069 0.609 12.6 -10.0 2.65 0.79 -5.0 

5 3.255 0.184 1.699 32.8 -34.4 -1.58 1.05 -17.2 

5 3.411 0.137 1.292 25.6 -24.0 1.61 0.94 -12.0 

 

In all cases the computational model system contained two 

metal complexes and, depending on the structure, one to six I2 

molecules. Because of the high symmetry, only one I2 molecule 

was used for structure 1, and the model corresponds to 

structure in Figure 2. For structure 2 a model like in Figure 5 

was used, but with only one halogen bonded chain. The same 

applies for the structure 3. For structure 4, the model was like 

the structure in Figure 7, but with six I2 molecules to maintain 

the bifurcated nature of the iodide ligands. For structure 5 the 

model was similar to the one shown in Figure 9. The models 

are described in details in the supplementary material (Figures 

S9-S13). 

 

Analysis of the critical points 

The QTAIM analyses revealed bond critical points (BCP) 

between the halogenido ligands and I2 in all of the structures. 

The BCPs were found for all of the halogen bonds displayed in 

Figures 2, 4, 7 and 9. In addition, some BCPs were found 

between the I2 molecules and bipyridine hydrogen and carbon 

atoms. BCPs were also found between the carbonyl groups 
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and bipyridine hydrogens. The bond critical points and bond 

paths are summarized in the Figures S9-S13 in the 

supplementary data.  

The electron densities and laplacian values on these BCPs were 

comparable with the typical values reported for XBs involving 

metal complexes.21, 48 According to a review by Carlo Gatti, 

classification of the nature of the bonding interactions can be 

done by looking at certain properties of the charge density at 

the bond critical points.49  The halogen bonding interactions in 

1-3 clearly show typical properties of closed shell interactions 

(Table 3), since they exhibit relatively small electron density, 

positive Laplacian of electron density and positive total energy 

density H(rc). Also the ratio between the potential energy 

density V(rc) and the kinetic energy density G(rc) can be used 

to characterize the nature of the interactions: |V(rc)|/G(rc) 

values less than 1 indicate electrostatic interactions and values 

larger than 2 suggest covalent interactions.49 In crystals 1-3 

this value is clearly less than 1, again showing the closed shell 

halogen bonding interactions. However, for the strongest 

I1⋅⋅⋅I3 halogen bonds in 4 and 5, the Laplacian is still positive, 

but H(rc)<0, and 1<|V(rc)|/G(rc)<2, which would put them 

inside the transit region between closed shell and covalent 

interactions. Based on the computational results it seems that 

the nature of the interactions changes from purely 

electrostatic non-covalent interaction in [Ru(bpy)(CO)2X2], 

where X = Br or Cl, towards slightly more covalent interaction 

in [Ru(bpy)(CO)2I2]. The results also support nicely the idea 

that the charge transfer is strongest in structures 4 and 5.  

Cheng et al. have studied strength of halogen bonds between 

group 10 metal monohalides and C6F5I halogen bond donor. 

According to their results, the order of the interaction energies 

follow order Br < Cl < F.50 The systems with fluorido ligand 

corresponds to the strongest and systems with bromido to the 

weakest halogen bonds. Johnsson et al. have reported similar 

order by comparing halogen bonded platinum complexes with 

Cl and Br ligands.51 Espinosa et al. have suggested that the 

interaction energies (Eint) can be estimated by analysing the 

local potential energy density at the BCP: Eint = V(rc)/2.52 Even 

though this relation was originally developed for hydrogen 

bonding interactions, It has been shown that linear correlation 

between interaction energy and potential energy density can 

be found for other non-covalent interactions as well. This 

approach has been successfully applied even for metallophilic 

contacts.53 When comparing the Eint values of 1, 3, and 4 for 

the strongest XBs, the order is I > Cl > Br, which are in line with 

the previous reports.50, 51  However, the differences are 

relatively small and depend on the detailed structure of the 

adduct. From purely electrostatic point of view, the expected 

order of Eint would be Cl > Br > I. In the case of 4 and 5, the 

slight increase in covalency is probably the reason behind the 

increased Eint value and strengthening of the halogen bond.  

 

Charge transfer and distribution of charges on I2 

The distributions of charges have been studied in several 

halogen-bonded systems containing iodine. However, in most 

cases the focus has been on overall charges of the iodine 

moieties. Less attention has been paid on the internal charge 

distribution on the halogen bonded I2. To put the properties of 

the electron densities found in M-X⋅⋅⋅I2 systems into 

perspective, we carried out a QTAIM analysis of the strong 

halogen bonding adduct of pyridine⋅⋅⋅I2. In this structure, only 

one end of the I2 is involved in halogen bonding. The second 

iodine is dangling and does not form XBs. The details of the 

QTAIM results are given as supplementary material. According 

to the experimental Py⋅⋅⋅I2 structure,54 the N⋅⋅⋅I halogen bond 

distance is short, 2.425(8) Å, which is about 69% of the sum of 

vdW radii of N and I. Accordingly, the QTAIM analysis showed 

considerable electron sharing at the I⋅⋅⋅N bond critical point 

(|Vb|/Gb was 1.33) and hence larger total energy density of      

-31.9 kJmol-1 and Eint value of -64.3 kJ/mol. The strong contact 

indicates also strong charge transfer from the pyridine to I2. 

The impact of charge transfer from the XB acceptor to I2 is 

expected to be two-fold. Firstly, it increases the negative 

charge of the I2 molecule and secondly it changes the internal 

charge distribution within I2. The total charge of I2 in Py⋅⋅⋅I2 is    

-0.185, which is not particularly high. However, this is because 

of the uneven charge distribution. The charge of the halogen-

bonded iodine is already positive, +0.076, while the charge of 

the second, non-halogen bonded iodine is -0.261. Such a clear 

distribution of charges is typical for halogen bonds with strong 

charge transfer. Similar redistribution of charges have also 

been observed on strongly halogen bonded Br2.26 The change 

in the internal charge distribution often seems to be even 

more indicative parameter for charge transfer than the I-I 

distance or total charge of the I2 molecule. The elongation is 

clear in cases where the charge transfer is strong, for example, 

in Py⋅⋅⋅I2 where the I-I distance is elongated to 2.8043(9) Å54 

Compared to the Py⋅⋅⋅I2 adduct, the impact of XBs on charge 

distributions on I2 molecule in structures 1-5 are less 

pronounced because of the weaker halogen bonds (Table 4). In 

cases 2-5 with uneven charge distribution on I2 molecule, the 

weaker halogen bond always involves the more negatively 

charged iodine (I4). This indicates that the polarization of the 

internal charge distribution does have an impact on the 

halogen bond donor properties of the iodine atoms in I2 

molecule.  In structure 1, the I2 is acting as a symmetrical 

bridge between the metal complexes. The total charge of I2 is -

0.136 and both ends of the iodine molecule possess identical 

charges. The total charge of I2 in structure 2, is practically 

identical with the structure 1. However, the negative charge is 

concentrated on the iodine atom I4 that is involved in the 

weaker XB (Fig. 4). In the structure 3, the total charge of the I2 

molecule is somewhat higher but the charge distribution 

resembles closely the distribution found in structure 2.  The 

highest total charges of I2 can be found in [Ru(bpy)(CO)2I2]⋅⋅⋅I2 

co-crystals 4 and 5. Interestingly, the highest negative charge 

of I2 is not in the adduct 4, in which the bridging I2 is involved 

in the strongest and the weakest XBs. However, in this 

structure the uneven distribution of the negative charge is 

most pronounced reducing the capability of the more 

negatively charged iodine to act as halogen bond donor.  
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Table 4. QTAIM charges of halogen bonded I2 molecules for structures 1-5. 

Co-crystal Tot. Charge of I2 
a
Charge1 

b
Charge2 C1/C2 

1 -0.136 -0.068 -0.068 1 
2 -0.137 -0.064 -0.073 0.88 
3 -0.156 -0.073 -0.083 0.88 
4 -0.168 -0.057 -0.111 0.51 
5 -0.234 -0.097 -0.137 0.71 

aCharge 1 refers to the charge on the I3 atom with the shorter halogen bond distance. 
b
Charge 2 refers to the charge on the I4 atom with the longer halogen bond distance. 

C1/C2 is the ratio of charges I3/I4 

Conclusions 

The XB bonds between I2 and five ruthenium(II) complexes 

[Ru(bpy)(CO)2X2] (X = Cl, Br, I) were analyzed by using single-

crystal X-ray structures and computational QTAIM technique. 

The structures consist of metal complexes and bridging I2 

molecules that interact with the complexes through halogen-

halogen interactions. In all studied systems the metal 

coordinated halogen ligands act as a halogen bond acceptors 

and both iodines of the bridging I2 molecule as halogen bond 

donors. Both experimental structures and QTAIM analyses of 

the properties of bond critical points show that the halogen 

bond strength decreases in the order Ru-I⋅⋅⋅I2› Ru-Cl⋅⋅⋅I2› Ru-

Br⋅⋅⋅I2 when the strongest XB contacts are compared. In all 

structures the halogen bonding generates negative overall 

charge on the I2 molecule due to the charge transfer from the 

complex to the diiodine. In the case of [Ru(bpy)(CO)2Cl2]⋅⋅⋅I2 

adduct, the iodine bridge is symmetrical with identical M-Cl⋅⋅⋅I-
I⋅⋅⋅Cl-M distances. In this system, the negative charge is evenly 

distributed on the I2 molecule. When the metal complex 

contains more polarizable halogenido ligands as the halogen 

bond acceptors i.e. Br and especially I, the I2 bridge tends to 

become asymmetrical with different M-X⋅⋅⋅I-I⋅⋅⋅X-M distances. 

In such a case also the internal charge distribution of I2 

becomes uneven. The negative charge accumulates on the 

iodine, which is involved in the weaker halogen bond. The 

results indicate that if one end of the I2 molecule is involved in 

a relatively strong halogen bond with a noticeable charge 

transfer contribution, the accumulation of the negative charge 

on the second iodine is reducing its capability to act as halogen 

bond donor weakening the second XB. Because of this, the 

halogen bonding properties of the two iodines in I2 molecule 

are changed. The increased electron density on the second 

iodine makes it more prone to act as electron donor and 

therefore it forms more easily for example hydrogen bonds. 

The formation of a strong halogen bond accompanied with 

redistribution of the charge can thus be used to change the 

coordinative behaviour of diiodine, which in turn, can be 

exploited for example in designing and building 

supramolecular assemblies. 
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SYNOPSIS TOC. The current paper introduces use of stable carbonyl containing ruthenium complexes, 
[Ru(bpy)(CO)2X2] (X=Cl, Br, I), as halogen bond acceptors for I2 halogen bond donor. Strong charge transfer to one 
I atom of the I2 molecule weakens the halogen bond donor ability of the second iodine of I2. 
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