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1. Introduction 

 

1.1 Goals and problems in the area of coordination polymers, inorganic-organic 

hybride compounds and metal organic frameworks 

 

In the last few years, the preparation of new coordination polymers, inorganic-organic hybrid 

compounds or metal organic frameworks has become of increasing interest [1-3]. One major 

goal in this area is the preparation of compounds with desired physical properties [4-6] like 

conducting [7-9], porous [5, 9-21], magnetic [22-29], catalytic [30-34] or NLO materials [35] 

and luminophores [36-41]. However, to reach this goal several problems have to be 

overcome: First of all structure-property relationships must be investigated in detail, which is 

frequently difficult to achieve. Furthermore, strategies for a more directed design of the 

structures of these solids must be developed, in order to influence their physical properties in 

a desired way [42-56]. This is a real challenge in this area and needs a specific knowledge of 

the interactions in crystals and their interplay [57]. In this context one has to be aware of the 

phenomenon of polymorphism or isomerism which is frequently found in such compounds 

and which makes “Crystal Engineering” so difficult [57-64]. 

Moreover, for any characterization or application of a new compound the preparation of large 

and pure amounts of this materials is required, which is very often difficult to achieve. In most 

cases such compounds are prepared in solution [65-66] and there are only some examples 

were coordination compounds are prepared in the solid state [67-69]. Because in solution 

different species are in equilibrium, isolating of the solids very often leads to mixtures of 

different compounds, which only in some cases can be separated by hand. However, there is 

absolutely no doubt, that manual separation is an unacceptable method for the preparation of 

larger amounts of a compound, especially if these materials should be used for any further 

application. Therefore, much synthetic effort must be spend afterwards to overcome this 

problem, which in some cases might be unsuccessful. Furthermore, in some cases 

thermodynamically metastable compound can be overlooked or cannot be prepared if the 

synthesis is performed in solution. Therefore, additional methods for the preparation and the 

discovery of new or known, metastable or stable coordination compounds would really be 

helpful. 
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1.2 Thermal decomposition reactions as an alternative tool for the preparation of 

coordination compounds  

 

One interesting method for the discovery or pure preparation of coordination polymers can 

be thermal decomposition reactions of suitable precursor compounds, which was shown by 

Näther et al [70-94]. As this is a typical solid state method it is normally not used in 

coordination chemistry. However compared to other synthetic approaches, this method has 

several advantages. 

In this method a ligand rich compound is heated until the ligand vaporizes. In most cases 

ligand deficient intermediate compounds can be isolated before all ligands are removed. The 

intermediate compounds thus obtained are very pure and with 100% yield. Because the 

ligand is irreversibly removed, the equillibrium is shifted completely in the direction of the 

ligand deficient phases, which in most cases is not possible if compounds are prepared in 

solution. Therefore, also metastable compounds can be discovered and prepared. 

One disadvantage is that part of the ligands used in the synthesis get lost during preparation. 

However, in some cases ligand rich precursor compounds can be prepared that contain 

additional solvent which is used in the synthesis. In this case only this solvent is removed 

and the stoichiometry of the ligand deficient phase is predefined. It is also obvious that this 

method depends on the thermal stability of the ligands and therefore, not all ligands can be 

removed. However, we showed that a large number of different ligands can be used and that 

the outcome of such experiments can strongly be influenced by the experimental conditions. 

 
  
1.3 Starting point: Synthesis, structures and properties of coordination polymers 

based on copper(I) halides and N-donor ligands 

 
One class of coordination polymers is based on copper(I)halides and N-donor ligands [70-

164]. These compounds are very often red to yellow colored with some of them showing 

luminescence and thermoluminescence. The crystal structures of these coordination 

polymers are based on inorganic CuX substructures (X = halide or pseudo halide) which are 

linked by the organic ligands into multidimensional coordination polymers. Depending on the 

copper(I) halide or pseudo halide and the nature of the organic ligand, different CuX 

substructures e. g. monomers [95-102], dimers [103-117], zig-zag- or helical single chains 

[118-127], double chains [128-147], 6-membered rings [148-149], 8-membered rings and 

cubes [150-155] or more complicated CuX substructures [156-162] are observed (figure 1). 

The compounds with helical chains are of special interest because several of them  

crystallize in chiral space groups and therefore, are promising candidates for e. g. non-linear 

optical properties. 
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Figure 1: Examples for different CuX-substructures in CuX coordination polymers (X = Cl, Br, 

I) with N-donor ligands. 

 

The dimensionality of the coordination network can be influenced predominantly by the 

coordination properties of the organic ligands. If donor ligands with only one nitrogen donor 

atom are used, 1-dimensional coordination networks are commonly observed (figure 2: left), 

whereas for a bidentate ligand a layer-like coordination network is mainly found (figure 2: 

right).   

 

 

 

Figure 2: Examples for a 1-dimensional (left) and a 2-dimensional (right) coordination 

network in CuX coordination polymers with N-donor ligands. 

 

For one definite copper(I) halide or pseudo halide and one specific ligand, frequently several 

compounds are found, which differ in terms of ratio between the inorganic and organic part. 

Therefore, e. g. 1:2, 1:1; 3:2, 2:1 or 4:1 compounds are found, which are called in the 

following ligand rich and ligand deficient compounds. Which compound is obtained in the 
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synthesis depend predominantly on the temperature and the stoichiometry of the reactants. 

In several cases only mixtures of different compounds are obtained or one specific 

compound cannot be prepared in solution. However, during the investigations on the thermal 

properties of such compounds it was found that most of the ligand rich CuX compounds can 

be quantitatively transformed into ligand deficient compounds via controlled thermal 

decomposition [70-94]. In the beginning this was found for the CuX coordination polymers 

with pyrazine [70].  

 
With pyrazine two different compounds based on copper(I)chloride were described 

independently [121-122, 136]. At first, both compounds were obtained by accident in 

extremely complex reactions and were only characterized by X-ray diffraction. The structure 

of the ligand rich 1:1 compound poly[CuCl(µ2-pyrazine-N,N’)] consists of “zig-zag”-like CuCl 

single chains which are connected via µ-N,N’ coordination into layers (figure 3: left) [121-

122]. In the ligand deficient 2:1 compound poly[(CuCl)2(µ2-pyrazine-N,N’)] CuCl double 

chains are found which are linked into layers by the pyrazine ligands (figure 1: right) [136]. 

The crystal structures of the 1:1 compound with CuBr [126] and of the 2:1 compound with 

CuBr [140] and CuI [143] were also characterized and showed a similar topology of the 

coordination network as the 1:1 and the 2:1 compounds with CuCl.  

 

    

Figure 3: Crystal structure of poly[CuCl(µ2-pyrazine-N,N’) (left) and poly[(CuCl)2(µ2-pyrazine-

N,N’] (right). 

 
All the compounds can be easily prepared by the direct reaction of the copper(I)halides with 

pyrazine in different solvents. If the reaction is performed in solution the ligand 1:1 

compounds with CuCl and CuBr can be obtained in large amounts and very pure, whereas 

the corresponding ligand deficient 2:1 compounds are always obtained as mixtures of the 1:1 

and the 2:1 compound. If pyrazine is reacted with CuI, only the ligand deficient 2:1 

compound is obtained pure, whereas the ligand rich compound cannot be prepared. 
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However, if the compound with CuCl is heated in a simultaneous DTA-TG apparatus two 

mass steps are observed in the TG curve which are accompanied with two endothermic 

events in the DTA curve (figure 4: top left). The experimental mass loss of each step is in 

good agreement with that calculated for the loss of half of the pyrazine ligands. The residue 

of this reaction was identified as pure copper(I)chloride. If the residue after the first TG step 

is investigated by elemental analysis X-ray powder diffraction it is proven that a very pure  

ligand deficient 2:1 compound poly[(CuCl)2(µ2-pyrazine-N,N’] is formed. (figure 4: top: right). 

Temperature dependent X-ray powder diffraction measurements gave no hint for additional 

phases and shows that the 2:1 compound decomposes to CuCl on further heating (figure 4: 

bottom). 

 

 

Figure 4: DTA-TG curve for the 1:1 compound poly[CuCl(µ2-pyrazine-N,N’)] (top left), 

experimental X-ray powder pattern for the residue obtained after the first TG step in the 

measurement of poly[CuCl(µ2-pyrazine-N,N’)] and calculated pattern for the 2:1 compound 

poly[(CuCl)2(µ2-pyrazine-N,N’)] (top right) as well as results of the temperature dependent X-

ray powder measurements for poly[CuCl(µ2-pyrazine-N,N’) (bottom).  

In further investigations it was shown that the 1:1 compound with CuBr reacts in a similar 

way. This was a very helpful reaction, because for the first time the ligand deficient 2:1 

compounds with CuCl and CuBr were prepared pure which is not possible in solution. These 
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results clearly show that new CuX coordination polymers can be prepared by thermal 

decomposition and that this method is an adequate alternative to the preparation in solution. 

 

Starting from these findings systematic investigations on the synthesis, crystal structures and 

thermal properties of CuX coordination polymers were started in the group of Näther et al.  

 

 

Investigations on the thermal properties of CuX(4,4’-bipyridine) coordination polymers 

 
To prove if this method is useful only for the preparation of the CuX(pyrazine) coordination 

polymers or could also be used for the preparation of different CuX coordination polymers, 

Näther et. al.  studied CuX coordination polymers with the linear ligand 4;4’-bipyridine [82].  

 

The ligand rich 1:1 compounds poly[CuX(µ2-4,4’-bipyridine-N,N’) ( X = Cl [105], Br [137] and I 

[142-143]), shows a CuX substructure and a topology of the coordination network which is 

completely different to those of the ligand rich 1:1 compounds with pyrazine (figure 5: left). 

(CuI)2 dimers are found as the substructure which are connected by the 4,4’-bipyridine 

ligands into a pseudo-hexagonal layer structure (figure 5: left).  

 

 

Figure 5: Structural changes during the thermal decomposition of the ligand-rich 1:1-

compounds poly[CuX(µ2-4,4’-bipyridine-N,N’) into poly[(CuX)2(µ2-4,4’-bipyridine-N,N’). 

 

In contrast, the crystal structures of the ligand deficient 2:1 compounds poly[(CuX)2(µ2-4,4’-

bipyridine-N,N’)  (X = Cl [137], Br [137, 142] and I [82]) shows a coordination topology which 

is identical to those in the ligand deficient 2:1 compounds with pyrazine. CuX double chains  

are found which are connected into layers by the 4,4’-bipyridine ligands (figure 5: right). 
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On heating the ligand rich 1:1 compounds with 4,4’-bipyridine it transforms quantitatively into 

the ligand deficient 2:1 compounds before decomposition into  copper(I) halides is observed 

[82]. This result shows clearly that this method can also be used for the preparation of other 

coordination compounds and is not limited to the preparation of pyrazine coordination 

polymers. These investigations also show that there is no simple relationship between the 

structure of the starting and the final compound and their thermal reactivity.   

 

 

Thermal properties of structural related CuX coordination polymers with 2-methylpyrazine 

and 2-chloropyrazine 

 
In the investigations described above the thermal behavior of  CuX compounds with 4,4’-

bipyridine were studied in which the structure of the ligand rich compound is completely 

different from that of the CuX compounds with pyrazine. In further investigations ligand rich 

compounds were investigated which forms an identical topology of the coordination network. 

In this context one suitable ligand is 2-methylpyrazine. The CuX (X = Cl, Br, I) compounds 

were previously structurally characterized [120]. As expected the 1:1 compounds with CuCl 

and CuBr shows structures in which the coordination topology is identical to those of the 

compounds with pyrazine (compare figure 3: left and figure 6: left). In contrast to the pyrazine 

compounds, in the 2-methylpyrazine compounds the relative orientation of the 2-

methylpyrazine ligands alternates leading to a doubling of one crystallographic axis. The 

structures of the 2:1 compounds with CuBr and CuI are also similar to those with pyrazine. 

CuX double chains occur which are connected into layers by the ligand (compare figure 3: 

right and figure 6: right). As in the 1:1 compounds the relative orientation of the methyl 

groups alternate. Unfortunately the structure of the 2:1 compound with CuCl is not known.   

 

On heating the ligand rich 1:1 compounds with CuX (X = Cl, Br, I) and 2-methylpyrazine, 

decompose into the ligand deficient 2:1 compounds, which reacts on further heating resulting 

in the copper(I) halides [81]. Even if the structure of the 2:1 compound with CuCl is not 

known these investigations clearly shows that it is formed during the reaction. The thermal 

reactivity of the 2-methylpyrazine compounds is not very suprising because their structures 

are comparable to those of the compounds with pyrazine. 
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Figure 6: Structural changes during the thermal decomposition of poly[CuX(µ2-2-

methylpyrazine-N,N’) (X = Cl, Br) (left) into poly[(CuCl)2(µ2-pyrazine-N,N’] (X = Br, I) (right). 

 

In further studies the properties of the coordination polymers with 2-chlorpyrazine were 

studied due to the following reason. If a methyl group in the ligand is exchanged by a chloro 

atom similar crystal structures are expected. In several cases isotypic compounds are 

obtained which is known as the chloro-methyl exchange rule [57]. The reason for this 

behaviour can be regarded to similar van der Waals radii of a methyl group and a chloro 

atom and the fact, that methyl groups or chloro atom very often behave isotropic in crystal 

structures. 

 If the copper(I) halides are reacted with 2-chlorpyrazine 1:1 compounds are obtained, which 

in the case of  CuCl and CuBr are isotypic. As expected their crystal structures are similar to 

those of the corresponding compounds with 2-methylpyrazine but they are not isotypic (figure 

7: left). In contrast to the coordination polymers with 2-methylpyrazine, in the 2-

chloropyrazine compounds the arrangement of the chloro atom is slightly different and does 

not alternate. 

Surprisingly the crystal structure of the CuI compound with 2-chloropyrazine is completely 

different. CuI double chains occur and the 2-chloropyrazine ligand does not act as a bridging 

ligand (figure 7: right). However, it is frequently found in such compounds that the structures 

of the CuCl and CuBr coordination polymers are similar whereas the CuI compounds shows 

completely different crystal structures or a different topology of the coordination network. 

 

The thermal behaviour of poly[CuX(µ2-2-chloropyrazine-N,N’) (X = Cl, Br) is completely 

different from that of the 2-methylpyrazine coordination polymers [74, 81]. On heating, both 

compounds decompose directly to the copper(I)  halides without the formation of a ligand 

deficient intermediate phase (figure 7: top and mid) [74]. In contrast, the ligand rich 1.1 

compound catena[CuI(2-chloropyrazine-N)] which exhibit a completely different structure 

transform into the new ligand deficient 2:1 compound poly[CuI(µ2-2-chloropyrazine-N,N’) [74] 

(figure 7: bottom). 
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Figure 7: Structural changes during the thermal decomposition of poly[CuX(µ2-2-

chloropyrazine-N,N’) (X = Cl, Br) (left) and catena[CuI(µ2-2-chloropyrazine-N] (right). 

 

 

 

Several intermediate phases during a thermal decomposition: CuX coordination polymers 

with 2,5-dimethylpyrazine 

 
In all of the reactions mentioned above only the decomposition of a ligand rich 1:1 into a 

ligand deficient 2:1 compound is observed before the copper(I) halides has formed, which 

means that only one ligand deficient intermediate phase is observed in these cases. 

However, in some cases several ligand deficient intermediate phases can be obtained, which 

was observed for the coordination polymers with 2,5-dimethylpyrazine [75]. 

Altogether four different compounds were structurally characterized. In the 1:1 compounds 

poly[CuCl(µ2-2,5-dimethylpyrazine-N,N’)] and poly[CuBr(µ2-2,5-dimethylpyrazine-N,N’)] 

dimers occur which are connected by the 2,5-dimethylpyrazine ligands into layers (figure 8: 

top). Both compounds are not isotypic but show an identical coordination topology. The 1:1 

compound with CuI cannot be prepared. The ligand deficient 2:1 compounds poly[(CuX)2(µ2-

2,5-dimethylpyrazine-N,N’)] where X = Br and I are isotypic and consists of CuX double 

chains which are connected by the 2,5-dimethylpyrazine ligands into layers (figure 8: bottom: 
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left). On heating only two mass steps are observed for the CuCl compound of which the first 

correspond to the formation of the ligand deficient 2:1 compound and the second to the 

formation of CuCl (figure 8: bottom right.)  

 

 

Figure 8: Crystal structures of poly[CuCl(µ2-2,5-dimethylpyrazine-N,N’)] (1) (top left), 

poly[CuBr(µ2-2,5-dimethylpyrazine-N,N’)] (2) (top right), poly[(CuX)2(µ2-2,5-dimethyl-

pyrazine-N,N’)] (X = Cl (3), ; bottom left) and TG curves for compounds 1, 2 and 3 (bottom 

right). 

 

If the compound poly[CuBr(µ2-2,5-dimethylpyrazine-N,N’)] is heated, one additional mass 

step is observed after the formation of the 2:1 compound which corresponds to the formation 

of a new 4:1 compound  (figure 8: bottom right).  

 

 

Influence of the kinetic of the thermal decomposition reaction on product formation: Cux 

coordination polymers with 2-ethylpyrazine 

 
The investigations performed for the CuX coordination polymers with 2-methylpyrazine and 

2-chloropyrazine has shown that the thermal reactivity of two very similar compounds can be 

completely different. In this context the question arises, which parameter affects the 

occurrence of different phases in a thermal decomposition reaction. It can be assumed that 
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the kinetics of all reactions involved could play an important role, which can be investigated 

by heating rate dependent TG measurements. 

 

If CuCl is reacted with 2-ethylpyrazine, the cooresponding ligand rich 1:1 and ligand deficient 

2:1 compound can be prepared [77]. If the ligand rich compound is investigated using slow 

heating rates, two mass steps are observed. The first step correspond to the formation of the 

ligand deficient 2:1 compound and the second to the formation of CuCl (figure 9). If the 

heating rate is successively increased the value of the first mass step decreases to a value 

which correspond to the formation of a 3:2 compound of composition (CuCl)3(2-

ethylpyrazine)2  (figure 9). 

 

 

Figure 9: Heating rate dependend TG measurements for ligand rich 1:1-compound 

poly[CuCl(µ2-2-ethylpyrazine-N,N’). 

 

If the residue formed at fast heating rates is isolated and investigated using elemental 

analysis and X-ray powder diffraction it can be proved that a new 3:2 compound has formed. 

A small amount of single crystal of this compound can be prepared in solution but they are 

always contaminated with a large amount of crystals of the 2:1 compound. Because all three 

compounds were characterized by single crystal X-ray diffraction, one can follow the 

structural changes during the thermal transformation. The 1:1 compound consists of (CuCl)2 

dimers which are connected by the 2-ethylpyrazine ligands into layers (figure 10: left). In the 

3:2 compound (CuCl)3 6-membered rings are found which are connected by the ligands into 

a one-dimensional coordination network (figure 10: mid). The 2:1 compound shows a 

coordination topology which is frequently found in such ligand deficient compounds. CuCl 

double chains are found which are connected into layers by the ligands (figure 10: right). 
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These investigations proves that the thermal reactivity and the product formation depends on 

the kinetics of all reactions involved. In the present case it was proven that the reaction 

sequence consists of consecutive and not of parallel reactions. 

For the corresponding compounds with CuBr only a 3:2 and a 2:1 compound can be 

prepared of which the former one transforms into the ligand deficient 2:1 coordination 

polymer on heating [76]. The coordination polymers with CuI and 2-ethylpyrazine will be 

discussed in the following section. 

 

 

Figure 10: Structural changes during the thermal decomposition of the ligand rich 1:1-

compounds poly[CuCl(µ2-2-ethylpyrazine-N,N’)] (left) to 3:2 catena[Cu3Cl3(µ2-2 

ethylpyrazine-N,N’)2]  (mid) to 2:1 poly[Cu2Cl2(µ2-2-ethylpyrazine-N,N’)] (right). 

 

More complicated reactions: Structures and reactivity of copper(I)iodide(2-ethylpyrazine) 

coordination polymers 

 

Compared to the reactions described above the thermal decomposition reactions can be 

more complex. This was observed for the CuX coordination polymers with copper(I)iodide 

and 2-ethylpyrazine. Altogether three different compounds are observed with two of them 

show dimorphism [83]. 

If CuI is reacted with an excess of 2-ethylpyrazine discrete molecular complexes of the ligand 

rich 1:2 compound [(CuI)2(2-ethylpyrazine-N)4] (1) occurs which consists of (CuI)2 dimers in 

which each copper atom is coordinated by two 2-ethylpyrazine ligands. If this compound is 

heated in a thermobalance a mass loss is observed which correspond to the transformation 

in a ligand deficient 2:1 compound. If the reaction is investigated with temperature dependent 

X-ray powder diffraction it can be shown that the 1:1 compound poly[(CuI)2(µ2-2-
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ethylpyrazine-N,N’)2] (2) occurs as an intermediate before the decomposition in the 2:1 

compound is observed (Figure 11). 

 

Using slightly different reaction conditions crystals of two different 1:1 compounds can be 

prepared. The crystal structure of poly[(CuI)2(µ2-2-ethylpyrazine-N,N’)2] (2) contains (CuI)2 

dimers which are connected by the 2-ethylpyrazine ligands into layers(3), whereas 

poly[(CuI)2(µ2-2-ethy(µ2-lpyrazine-N,N’)-(2-ethylpyrazine-N)] (4)consists of 8-membered CuI 

rings, which are connected by the 2-ethylpyrazine ligands into layers. The most stable 

compounds are the 2:1 compound poly[(CuI)2(µ2-2-ethylpyrazine-N,N’)] which is always 

formed at room-temperature independent of the stoichiometry between CuI and 2-

ethylpyrazine. In this compound CuI double chains are connected by the ligands into layers.  

The crystal structure of the second modification of the 2:1 compounds is very similar to that 

the first. The main difference is found in the orientation of the ethyl groups. 

 

 

Figure 11: Schematic representation of the transformations of the different coordination 

polymers of copper(I)iodide(2-ethylpyrazine).  
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The thermal behaviour of all compounds was investigated using TG-DTA-MS measurements, 

differential scanning calorimetry and temperature dependent X-ray powder diffraction 

measurements. It was shown that the ligand rich 1:2 compound 1 transforms into the 1:1 

compound 2 (figure 11). This modification is also formed if the second modification 3 is 

heated which shows that compound 2 is more stable at higher temperature (figure 11). On 

further heating compound 2 transforms into the 2:1 modification 4 which is the most stable 

form of all these coordination polymers. However, if CuI is reacted with 2-ethylpyrazine in a 

molar ration of 2:1, in the beginning the red coloured form 5 occurs which transforms within 

seconds into form 4. This clearly shows that form 4 is the thermodynamic most stable 

modification at room-temperature whereas form 5 is metastable. If a saturated solution of 

form 4 is heated above 120°C it transforms into form 5, which shows that this modification is 

the thermodynamic most stable form above this temperature (figure 11). Single crystal of 

form 5 was obtained by crystallization from a saturated solution in the temperature range 

between 150 and 120°. On cooling, the crystals of this modification have to be separated 

form the solution, otherwise the retransformation into compound 4 is observed.  

 

 

Polymorphism and isomerism in CuX coordination polymers. 

 

During the investigations described above also polymorphic modifications are obtained. The 

term “polymorphism” is defined as the ability of a compound of the same composition to exist 

in more than one crystalline modification. This phenomenon is important for several reasons. 

First of all the structural aspects of polymorphism provide information on intermolecular 

interactions in crystals and therefore, can be used for a more rational crystal design. 

Moreover, investigations on the thermodynamic and kinetic aspects e. g. of polymorphism 

provide important information about the stability of each modification and their transformation 

behaviour. 

We found different forms for the CuI(2-iodopyrazine) compounds. If copper(I)iodide is 

reacted with 2-iodopyrazine in the beginning a yellow coloured compound precipitates which 

transforms within minutes into a red compound [79]. In the yellow form CuI double chains are 

found in which the copper atoms are coordinated by three iodine atoms and one nitrogen 

atom of the 2-iodpyrazine ligand (figure 13). The ligand does not connect different copper 

atoms and therefore, a 1-dimensional coordination topology is observed (figure 13: top left). 

In the structure of red form CuI singe chains are observed which are connected by the 2-

iodopyrazine ligand into layers (figure 13: bottom left). Because the yellow form transforms 

into the red form, the latter should be the thermodynamic most stable form at room 

temperature.  
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Investigations using different differential thermoanalysis and thermogravimetry shows that 

none of the two modifications forms a ligand deficient intermediate phase and that they  

decompose directly into CuI (figure 12: top right). According to differential scanning 

calorimetry measurements the decomposition temperature of the red form is higher and that 

this form is more stable by about 19 kJ/mol (figure 12: bottom right). From temperature 

dependent X-ray powder diffraction measurements there are no indications for the 

transformation of one form into the other. Therefore, it is believed that the red form is the 

most stable form above the complete temperature range and that both the forms behave 

monotropic.  

 

Figure 12: Crystal structure of the yellow (left) and the red modification of CuI(2-

iodopyrazine) and the TG and DSC curves for both forms (right). 

 

For the CuX coordination polymers with pyridiazine also two different modifications were 

isolated. The compound catena[CuCl(µ2-pyridazine-N,N)] (form L1) was described earlier by 

Sheldrick and coworkers [111]. In this form (CuCl)2 dimers are found which are connected 

into chains by the pyridazine ligands (figure 13: right). Later it was shown that a second form 

(form 1) exists, in which CuCl single chains occur which are connected into double chains by 

the pyridazine ligands (figure 13: right) [80]. We have shown that our form is the 

thermodynamic most stable form at room temperature and that both forms behave 

enantiotropic. Whereas form 1 can be prepared in a pure state and in large amounts, form L1 

is always obtained as a mixture of both forms. 
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Figure 13: Crystal structure of form L1 (left) and form 1 (right) of catena[CuCl(µ2-pyridazine-

N,N)]. 

 

Synthesis, structures and reactivity of CuX pseudohalide coordination polymers (X = SCN, 

CN). 

 

The preparation of coordination polymers by thermal decomposition is not limited only to the 

preparation of copper(I) halides because also copper(I) pseudohalides reacts in a similar 

way. This was shown for the ligand rich copper(I) thiocyanate coordination polymers 

catena[(µ2-thiocyanato-N,S)-(1-ethyl-2-methylpyrazine-N)] copper(I) [82]. Its crystal structure 

is composed of CuSCN double chains in which each copper atom is connected by two 

thiocyanate anions and two 1-ethyl-2-methyl-pyrazine ligands (Figure 14: left). In this 

compound only one nitrogen atom of the 1-ethyl-2-methyl-pyrazine ligand is involved in 

copper coordination. On heating this compound looses half of the ligands and forms the 

ligand deficient compound poly[(di-µ2-thiocyanato-N,S)-(µ2-1-ethyl-2-methylpyrazine-N,N’)] 

di-copper(I) as an intermediate. This reaction was investigated by DTA-TG-MS 

measurements and temperature resolved X-Ray powder diffraction. These investigations 

clearly shows that the new coordination polymers has formed very pure and in quantitative 

yields. The crystal structure of this 2:1 compound is very similar to those of several ligand 

deficient 2:1 copper(I)halide coordination polymers. It is composed of CuSCN layers that are 

connected by the N-donor ligands via µ-N,N’ coordination into a three-dimensional 

coordination network (figure 14: right).   
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Figure 14: Crystal structure of catena[(µ2-thiocyanato-N,S)-(1-ethyl-2-methylpyrazine-N)] 

copper(I) (right) and poly[(di-µ2-thiocyanato-N,S)-(µ2-1-ethyl-2-methylpyrazine-N,N’)] di-

copper(I) (right). 

 

In further investigations the thermal properties of copper(I)cyanide coordination polymers 

were investigated. In these investigations the 3:2 copper(I) cyanide coordination polymer 

poly[tri-µ2-cyano-C,N)-bis(µ2-2,3-dimethyl-pyrazine-N,N)] tricopper(I) was prepared by the 

reaction of copper(I) cyanide with 2,5-dimethylpyrazine in acetonitrile [89]. In its crystal 

structure a novel CuCN substructure is found, which is connected by the dimethylpyrazine 

ligands into a three-dimensional coordination network (figure 15: left). On heating this 

compound in a thermobalance two low resolved mass steps are observed which are 

accompanied by two endothermic events in the DTA curve (figure 15: right). If the reaction is 

performed at faster heating rates of 16 K/min both thermal events can be much better 

resolved which shows, that the kinetic must play an important role. However, if the 

intermediate formed in the first step is isolated and investigated using X-ray powder 

diffraction it can be shown that the ligand deficient 2:1 compound (CuCN)2-(2,3-

dimethylpyrazine) has formed. 

 

 

Figure 15: Crystal structure of poly[tri-µ2-cyano-C,N)-bis(µ2-2,3-dimethylpyrazine-N,N)] 

tricopper(I) (left) and DTA, TG, DTG and MS-trend scan curve for this compound (right). 
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1.4  Major goals of the thesis: Investigations on Zn(II) halide coordination compounds 

 

In the investigations described above it was shown that new ligand deficient coordination 

polymers on the basis of copper(I) halides or pseudohalides and N-donor ligands can easily 

be discovered and prepared by thermal decomposition of suitable ligand rich precursor 

compounds. The intermediates obtained during the reaction are very pure and practically 

always formed in 100% yield. In addition, in a few cases also thermodynamic metastable 

compounds and polymorphic modifications can be obtained. Therefore, this method is an 

alternative tool to the preparation of such compounds in solution, especially in those cases 

were the products are always formed as mixtures or cannot be obtained at all.  

 

Starting from these results the question raises if thermal decomposition reaction can only be 

used for the discovery and preparation of copper(I) coordination compounds or if this method 

can be expanded also to the preparation of other metal halide coordination compounds. 

Such investigations are the major part of this theses, which deals with the preparation and 

characterization of coordination compounds based on zinc(II) halides and N-donor ligands. 

This includes investigations on the thermal reactivity of such compounds and the preparation 

of new thermodynamically stable and metastable zinc(II) halide coordination compounds and 

polymorphic modifications. Zinc(II) halide coordination compounds were selected because 

they show a large structural diversity and therefore, might be potential precursor compounds 

for the preparation of new ligand deficient compounds.   

Compared to copper(I) halide or pseudohalide coordination compounds only a few zinc(II) 

halide coordination compounds are known and some representative examples are described 

in references [163-207]. Most of these contributions deal mainly with the crystal structures of 

such compounds and investigations on their thermal reactivity were not reported. 

In contrast to copper(I) halide coordination compounds, in which the copper atoms are 

always tetrahedrally coordinated, in Zinc(II)halide coordination compounds tetrahedral [163-

192] octahedral [193-196] and pentahedral [197-202] coordination is found (figure 16).  

      

 

 

Figure. 16: Representative examples for tetrahedral (left) pentahedral (mid) and octahedral 

coordination of ZnX2 halide (X = Cl, Br, I) coordination compounds. 
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This might be an advantage for the preparation of new ligand deficient compounds, because 

the occurrence of such intermediates will also depend on the structural diversity of the metal 

halide coordination compounds used in the thermal decomposition reaction. This is really 

needed because in contrast to copper(I) halides, zinc(II) halides do not show a large 

structural diversity of the metal halide substructure. Most of the zinc(I)) halide coordination 

compounds consists of monomeric ZnX2 units, in which the zinc is coordinated by two halide 

atoms and two donor atoms (figure 17) [163-214].  In some cases linear polymeric (ZnX2) ∞ 

chains are found, in which the zinc atoms are octahedrally coordinated by two donor atoms 

and four halide atoms (figure 17) [204-206].  In these compounds the octahedras sharing 

common edges with the neighbouring octahedra. In zinc(II) fluoride compounds  also zig-

zag-like single chains [203 ]  or dimers [214] are found (figure 17). However, in these cases  

the ligands is negatively charged for charge compensation. 

      

 
 
Figure. 17: Examples for different ZnX2-substructures in ZnX2 coordination polymers (X = F, 

Cl, Br, I) with N donor ligands (The N donor liands are omitted for clarity). 

 

Dependent on the coordination behaviour of the ligands, the different ZnX2 substructures 

mentioned above can further be connected into 1-, 2- or 3-dimensional coordination 

polymers, which to some extend are comparable to the networks observed in copper(I) 

halide coordination compounds.   

For zinc(II) halide coordination compounds built up of monomeric ZnX2 units this will lead to 

discrete complexes if the ligands exhibits only one N donor atom (figure 18: left) or to chains, 

if the ligand can connect two neighbouring Zn atoms (figure 18: right). 
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Figure. 18: Representative example for different coordination networks built up of ZnX2 units 

and a non-bridging (left) and bridging (right) N donor ligand. 

 

If the ZnX substructure consists of linear [ZnX2]∞ chains, in which the zinc atoms are 

octahedrally coordinated structures are formed with bridging ligands in which the 

zinc(II)halide chains are connected into layers (figure 19). 1D coordination polymers with that 

substructure and nonbridging ligands are unknown. 

 

 
 

Figure. 19: Representative examples for a 2D coordination polymer built up of linear [ZnX2]∞ 

chains and bridging N donor ligands.  

 

As maintained above, in ZnF compounds in which the ligands are negatively charged also 

zig-zag-like single chains are obtained, which are connected into 2D layers by the ligands 

(figure 20). 
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Figure. 20: Representative examples for ZnF zig-zag-like single chains which are connected 

into layers. 

 

Finally, structures are known which consists of a (ZnF)2 substructure, in which the zinc is 

coordinated by two non-bridging ligands forming discrete molecular complexes (figure 21). 

 

 

Figure. 21: Representative example for (ZnF)2 dimers which forms discrete molecular 

complexes. 
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Summarizing, also in zinc(II) halide coordination compounds a large structural diversity is 

found and therefore, such compounds might be good candidates for the preparation of new 

stable and metastable ligand deficient coordination compounds, which is investigated in this 

thesis. 

 

For the preparation of the potential zinc(II) halide precursor compounds, the same ligands 

were used as for the preparation of the copper(I) halide coordination compounds described 

above (figure 22). In this case it can be expected that several compounds are obtained, in 

which the structures or especially the topology of the coordination networks are similar to 

those of the corresponding copper(I) halide compounds. In these cases the thermal reactivity 

can be much better compared to that of the copper(I) halide coordination compounds. 

 

 

Figure. 22: Representative examples for ligands which were used in this thesis.  
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� Details of the structure determination of compound III. 
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Table 1.  Crystal data and structure refinement for dichloro bis(pyrimidine) zinc(II) (I) 

Identification code  gb99 

Empirical formula  C8H8Cl2N4Zn 

Formula weight  296.46 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Ccca 

Unit cell dimensions a = 10.1630(11) Å α= 90°. 

 b = 10.6042(15) Å β= 90°. 

 c = 10.1858(10) Å γ = 90°. 

Volume 1097.7(2) Å3 

Z 4 

Density (calculated) 1.794 Mg/m3 

Absorption coefficient 2.693 mm-1 

F(000) 592 

Crystal size 0.07 x 0.09 x 0.12 mm3 

Theta range for data collection 4.00 to 28.04°. 

Index ranges -13<=h<=13, -13<=k<=13, -13<=l<=11 

Reflections collected 2840 

Independent reflections 665 [R(int) = 0.0292] 

Completeness to theta = 28.04° 98.8 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 665 / 0 / 34 

Goodness-of-fit on F2 1.049 

Final R indices [I>2sigma(I)] R1 = 0.0260, wR2 = 0.0692 

R indices (all data) R1 = 0.0311, wR2 = 0.0725 

Extinction coefficient 0.0068(14) 

Largest diff. peak and hole 0.379 and -0.432 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen 
atoms were positioned with idealized geometry and were refined isotropic   (Ueq(H) = 1.2 ⋅ 
Ueq(C)) using a riding model with C-H = 0.95 Å . 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Zn(1) 0 2500 2500 9(1) 
Cl(1) 0 4777(1) 2500 18(1) 
N(1) 1537(2) 2488(1) 971(2) 13(1) 
C(1) 2564(1) 3272(1) 1027(1) 16(1) 
C(2) 3520(1) 3285(1) 60(1) 17(1) 

 

 
 

Table 3.   Bond lengths [Å] and angles [°] 
 
Zn(1)-N(1D)  2.2053(15) 
Zn(1)-N(1B)  2.2053(15) 
Zn(1)-N(1C)  2.2053(15) 
Zn(1)-N(1)  2.2053(15) 
Zn(1)-Cl(1)  2.4143(7) 
Zn(1)-Cl(1B)  2.4143(7) 
N(1)-C(2A)  1.3336(18) 
N(1)-C(1)  1.3356(17) 
C(1)-C(2)  1.3835 
C(2)-N(1A)  1.3336(18) 
N(1D)-Zn(1)-N(1B) 179.36(6) 
N(1D)-Zn(1)-N(1C) 90.16(8) 
N(1B)-Zn(1)-N(1C) 89.84(8) 
N(1D)-Zn(1)-N(1) 89.84(8) 
N(1B)-Zn(1)-N(1) 90.16(8) 

N(1C)-Zn(1)-N(1) 179.36(6) 
N(1D)-Zn(1)-Cl(1) 89.68(3) 
N(1B)-Zn(1)-Cl(1) 89.68(3) 
N(1C)-Zn(1)-Cl(1) 90.32(3) 
N(1)-Zn(1)-Cl(1) 90.32(3) 
N(1D)-Zn(1)-Cl(1B) 90.32(3) 
N(1B)-Zn(1)-Cl(1B) 90.32(3) 
N(1C)-Zn(1)-Cl(1B) 89.68(3) 
N(1)-Zn(1)-Cl(1B) 89.68(3) 
Cl(1)-Zn(1)-Cl(1B) 180.0 
C(2A)-N(1)-C(1) 116.71(12) 
C(2A)-N(1)-Zn(1) 121.97(10) 
C(1)-N(1)-Zn(1) 121.32(10) 
N(1)-C(1)-C(2) 121.62(8) 
N(1A)-C(2)-C(1) 121.67(8) 

Symmetry transformations used to generate equivalent atoms:  
A : -x+1/2,-y+1/2,-z    B : -x+0,-y+1/2,z    C : -x,y,-z+1/2      D: x+0,-y+1/2,-z+1/2     
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 7(1)  14(1) 7(1)  0 0  0 
Cl(1) 19(1)  16(1) 18(1)  0 5(1)  0 
N(1) 11(1)  17(1) 11(1)  -3(1) 3(1)  -2(1) 
C(1) 16(1)  19(1) 14(1)  -6(1) 3(1)  -5(1) 
C(2) 14(1)  20(1) 16(1)  -6(1) 3(1)  -6(1) 
 

 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

 x  y  z  U(eq) 

H(1) 2640 3834 1749 19 
H(2) 4234 3858 132 20 
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Table 1.  Crystal data and structure refinement for dibromine-bis(pyrazine-N) zinc(II) (III) 

Identification code  gb77 

Empirical formula  C8H8Br2N2Zn 

Formula weight  357.35 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  tetragonal 

Space group  I4/mmm 

Unit cell dimensions a = 7.1969(8) Å α= 90°. 

 b = 7.1969(8) Å β= 90°. 

 c = 11.1356(15) Å γ = 90°. 

Volume 576.77(12) Å3 

Z 2 

Density (calculated) 2.058 Mg/m3 

Absorption coefficient 9.014 mm-1 

F(000) 340 

Crystal size 0.07 x 0.09 x 0.11 mm3 

Theta range for data collection 3.37 to 27.91°. 

Index ranges -4<=h<=9, -9<=k<=9, -14<=l<=14 

Reflections collected 1231 

Independent reflections 229 [R(int) = 0.0279] 

Completeness to theta = 27.91° 98.3 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 229 / 0 / 20 

Goodness-of-fit on F2 1.188 

Final R indices [I>2sigma(I)] R1 = 0.0228, wR2 = 0.0552 

R indices (all data) R1 = 0.0231, wR2 = 0.0554 

Extinction coefficient 0.019(3) 

Largest diff. peak and hole 0.809 and -0.712 e.Å-3 
 
Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were 
positioned with idealized geometry and were refined isotropic   (Ueq(H) = 1.2 ⋅ Ueq(C)) using a riding model with C-H 
= 0.95 Å for aromatic hydrogen atoms. The complex is located on Position 4/mmm. The pyrazine ligand is disordered 
around a crystallographic mirror plane. If the structure is refined in space groups where this mirror plane is absent, 
the disorder remain constant. Therefore, space group I4/mmm was selected. The crystal investigated shows some 
extremely weak reflections which disturb the systematic extinctions for the I-centering. However, if the structure is 
refined in a primitive space group practically none of these reflections are observed and the disorder remains the 
same. 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103).  
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 

Zn(1) 5000 5000 5000 6(1) 
Br(1) 5000 5000 7315(1) 12(1) 
N(1) 5000 8066(4) 5000 9(1) 
C(1) 3928(4) 9038(4) 5759(2) 11(1) 
 

 
 

Table 3.   Bond lengths [Å] and angles [°]. 
 
Zn(1)-N(1A)  2.206(3) 
Zn(1)-N(1B)  2.206(3) 
Zn(1)-N(1)  2.206(3) 
N(1A)-Zn(1)-N(1B) 180.0 
N(1A)-Zn(1)-N(1) 90.000(1) 
N(1B)-Zn(1)-N(1) 90.0 
N(1A)-Zn(1)-N(1C) 90.0 
N(1B)-Zn(1)-N(1C) 90.000(1) 
N(1)-Zn(1)-N(1C) 180.0 
N(1A)-Zn(1)-Br(1) 90.0 
N(1B)-Zn(1)-Br(1) 90.0 
N(1)-C(1D)  1.342(3) 
N(1)-C(1)  1.342(3) 

Zn(1)-N(1C)  2.206(3) 
Zn(1)-Br(1)  2.5782(5) 
Zn(1)-Br(1C)  2.5782(5) 
N(1)-Zn(1)-Br(1) 90.0 
N(1C)-Zn(1)-Br(1) 90.0 
N(1A)-Zn(1)-Br(1C) 90.0 
N(1B)-Zn(1)-Br(1C) 90.0 
N(1)-Zn(1)-Br(1C) 90.0 
N(1C)-Zn(1)-Br(1C) 90.0 
Br(1)-Zn(1)-Br(1C) 180.0 
C(1)-C(1E)  1.384(6) 
N(1)-C(1)-C(1E) 121.45(16) 
C(1D)-N(1)-C(1) 117.1(3) 

 
Symmetry transformations used to generate equivalent atoms: A: y,-x+1,-z+1    B : -y+1,x,z     
C : -x+1,-y+1,-z+1      D :-x+1,y,-z+1   E : x,-y+2,z       
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 5(1)  5(1) 10(1)  0 0  0 
Br(1) 13(1)  13(1) 10(1)  0 0  0 
N(1) 10(1)  5(1) 11(1)  0 0  0 
C(1) 12(2)  8(2) 14(1)  0(1) 8(1)  0(1) 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103). 
 
 x  y  z  U(eq) 

H(1A) 3152 8393 6309 14 
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Table 1.  Crystal data and structure refinement for diiodo(µ -pyrazine) zinc(II) (V). 

Identification code  gb24 

Empirical formula  C4H4I2N2Zn 

Formula weight  399.26 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/m 

Unit cell dimensions a = 6.3113(8) Å α= 90°. 

 b = 9.8980(13) Å β= 109.871(14)°. 

 c = 7.4380(9) Å γ = 90°. 

Volume 436.98(10) Å3 

Z 2 

Density (calculated) 3.034 Mg/m3 

Absorption coefficient 9.798 mm-1 

F(000) 356 

Crystal size 0.06 x 0.08 x 0.13 mm3 

Theta range for data collection 2.91 to 29.12°. 

Index ranges -6<=h<=8, -13<=k<=13, -10<=l<=10 

Reflections collected 3265 

Independent reflections 1226 [R(int) = 0.0746] 

Completeness to theta = 29.12° 98.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1226 / 0 / 47 

Goodness-of-fit on F2 1.116 

Final R indices [I>2sigma(I)] R1 = 0.0357, wR2 = 0.0933 

R indices (all data) R1 = 0.0416, wR2 = 0.0956 

Extinction coefficient 0.0266(19) 

Largest diff. peak and hole 1.966 and -1.469 e.Å-3 
 
Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 
hydrogen atoms. There  is one crystallographically independent molecules into the asymmetric unit,  located at special 
positions. 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103).  
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
I(1) 7222(1) 2500 7273(1) 20(1) 
I(2) 3627(1) 2500 1097(1) 25(1) 
Zn(1) 3590(1) 2500 4473(1) 14(1) 
N(1) 1489(7) 957(4) 4769(7) 15(1) 
C(1) -411(8) 642(5) 3331(8) 18(1) 
C(2) 1907(8) 315(5) 6424(7) 17(1) 
 

 
 
Table 3.   Bond lengths [Å] and angles [°]. 
 
I(1)-Zn(1)  2.5194(11) 
I(2)-Zn(1)  2.5193(10) 
N(1)-Zn(1)-N(1A) 94.3(2) 
N(1)-Zn(1)-I(2) 109.11(13) 
N(1A)-Zn(1)-I(2) 109.11(13) 
 
N(1)-C(2)  1.330(6) 
N(1)-C(1)  1.344(7) 
C(2)-N(1)-C(1) 117.9(4) 
C(2)-N(1)-Zn(1) 121.0(3) 
C(1)-N(1)-Zn(1) 120.9(4) 

Zn(1)-N(1)  2.082(4) 
Zn(1)-N(1A)  2.082(4) 
N(1)-Zn(1)-I(1) 110.23(13) 
N(1A)-Zn(1)-I(1) 110.23(13) 
I(2)-Zn(1)-I(1) 120.64(3) 
 
C(1)-C(2B)  1.393(6) 
C(2)-C(1B)  1.393(6) 
N(1)-C(1)-C(2B) 121.0(5) 
N(1)-C(2)-C(1B) 121.1(5) 

Symmetry transformations used to generate equivalent atoms: A: x,-y+1/2,z    B. -x,-y,-z+1 
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 
I(1) 11(1)  24(1) 25(1)  0 7(1)  0 
I(2) 22(1)  35(1) 20(1)  0 11(1)  0 
Zn(1) 11(1)  13(1) 22(1)  0 9(1)  0 
N(1) 11(2)  10(2) 26(2)  -1(2) 9(2)  -1(2) 
C(1) 16(2)  16(2) 23(2)  3(2) 9(2)  -1(2) 
C(2) 14(2)  16(2) 23(2)  0(2) 7(2)  -3(2) 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103). 
 
 x  y  z  U(eq) 
H(1) -738 1079 2130 21 
H(2) 3249 512 7456 21 
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Experimental and calculated X-ray powder patterns for compounds I and V. 
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Fig. 1. Experimental (top) and calculated (bottom) X-ray powder pattern for 

compound I (Transmission; PSD 5-50°; Cu-Kα-radiation). 
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Fig. 2. Experimental (top) and calculated (bottom) X-ray powder pattern for compound II 

(Transmission; PSD 5-45°; Cu-Kα-radiation). 
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Fig. 3. Experimental (top) and calculated (bottom) X-ray powder pattern for compound III 

(Transmission; PSD 5-50°; Cu-Kα-radiation). 
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Fig. 4. Experimental (top) and calculated (bottom) X-ray powder pattern for compound IV 

(Transmission; PSD 5-50°; Cu-Kα-radiation). 
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Fig. 5. Experimental (top) and calculated (bottom) X-ray powder pattern for compound V 

(Transmission; PSD 5-50°; Cu-Kα-radiation). 
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DTA-, TG-, DTG- and MS trend scan curves for compounds II and IV. 
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Fig. 6. DTA, TG, DTG and MS trend scan curve for compound  II (left) IV (right) compound 

(heating rate: 4 °C/min.; m/z = 80 (pyrazine); given are the mass changes in (%) and the peak 

temperatures Tp in °C). 
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IR- and Raman spectra of compounds I to V. 
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IR- (top) and Raman spectra (bottom) for compound I. 

 



2 Publications 
__________________________________________________________________________ 

 53 

 

4000 3500 3000 2500 2000 1500 1000 500

%
 T

ra
n
s
m

it
ta

n
c
e

Wavenumbers (cm
-1
)

 

-500 0 500 1000 1500 2000 2500 3000

In
te

n
s
it
y
 (

c
o
u

n
ts

)

Wavelength (cm
-1
)  

IR- (top) and Raman spectra (bottom) for compound II. 
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IR- (top) and Raman spectra (bottom) for compound III. 
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IR- (top) and Raman spectra (bottom) for compound IV. 
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IR- (top) and Raman spectra (bottom) for compound V 
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2.2 
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Supplemental Material 
 
 

Preparation of stable and metastable coordination compounds: Insight into the 

structural, thermodynamic and kinetic aspects of the formation of coordination 

polymers.   

 

 
 
 

Christian Näther, Gaurav Bhosekar and  Inke Jeß.  

 

� Experimental and calculated X-ray powder patterns for compounds 1-3 and 5-7 

� Experimental pattern of the residues obtained in the thermal decomposition reaction of 

compound 5 and calculated pattern for compounds 3, 6 and 7. 

� Details on the structure determination of compounds 1–3 and 5–7. 

 



2 Publications 
__________________________________________________________________________ 

 67 

5 10 15 20 25 30 35 40

R
e

la
ti

v
e

 I
n

te
n

s
it
y

2 Theta / °
 

Figure S1: Experimental X-ray powder pattern of compound 1 (top) and X-ray powder pattern of 

compound 1 calculated from single crystal data (bottom) (CuKα radiation). 
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Figure S2: Experimental X-ray powder pattern of compound 2 (top) and X-ray powder pattern of 

compound 2 calculated from single crystal data (bottom) (CuKα radiation). 
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Figure S3: Experimental X-ray powder pattern of compound 3 (top) and X-ray powder pattern of 

compound 3 calculated from single crystal data (bottom) (CuKα radiation). 
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Figure S4: Experimental X-ray powder pattern of the residue obtained after the second TG step 

obtained in the thermal decomposition reaction of compound 1 that corresponds to the 2:1 compound 4  

(top) and experimental pattern of compound 4 which was prepared in solution (bottom) (CuKα 

radiation). The additional strong peak in the spectra shown in the bottom originated from unreacted 

ZnI2, which shows, that compound 4 in most cases can only be prepared pure by thermal 

decomposition reaction. 
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Figure S5: Experimental X-ray powder pattern of compound 5 (top) and X-ray powder pattern of 

compound 5 calculated from single crystal data (bottom) (CuKα radiation). 
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Figure S6: Experimental X-ray powder pattern of compound 6 (top) and X-ray powder pattern of 

compound 6 calculated from single crystal data (bottom) (CuKα radiation). 
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Figure S7: Experimental X-ray powder pattern of compound 7 (top) and X-ray powder pattern of 

compound 7 calculated from single crystal data (bottom) (CuKα radiation). 
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Figure S8: Experimental X-ray powder pattern of the residue obtained after the first TG step at 180°C 

obtained in the thermal decomposition reaction of compound 5 with 4°C/min (top) and calculated X-

ray powder pattern for compound 6 (bottom) (CuKα radiation). 
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Figure S9: Experimental X-ray powder pattern of the residue obtained after the first TG step at 205°C 

obtained in the thermal decomposition reaction of compound 5 with 4°C/min (top) and calculated X-

ray powder pattern for compound 7 (bottom) (CuKα radiation). 
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Figure S10: Experimental X-ray powder pattern of the residue obtained after the first TG step at 

244°C obtained in the thermal decomposition reaction of compound 5 with 4°C/min (top) and 

calculated X-ray powder pattern for compound 3 (bottom) (CuKα radiation). 

 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 72 

 
 
Table S2: Details on the structure determination of compound 1. 
 

Table 1.  Crystal data and structure refinement for 1. 

Identification code  blz29 

Empirical formula  C8H8I2N4Zn 

Formula weight  479.35 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/n 

Unit cell dimensions a = 8.0546(6) Å α= 90°. 

 b = 12.7334(8) Å β= 92.208(10)°. 

 c = 12.6152(12) Å γ = 90°. 

Volume 1292.89(18) Å3 

Z 4 

Density (calculated) 2.463 Mg/m3 

Absorption coefficient 6.650 mm-1 

F(000) 880 

Crystal size 0.07 x 0.1 x 0.14 mm3 

Theta range for data collection 2.27 to 28.00° 

Index ranges -10<=h<=10, -16<=k<=15, -14<=l<=16 

Reflections collected 6375 

Independent reflections 3085 [R(int) = 0.0353] 

Completeness to theta = 28.00° 98.6 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3085 / 0 / 137 

Goodness-of-fit on F2 0.969 

Final R indices [I>2sigma(I)] R1 = 0.0321, wR2 = 0.0709 

R indices (all data) R1 = 0.0522, wR2 = 0.0769 

Extinction coefficient 0.0035(3) 

Largest diff. peak and hole 0.839 and -1.163 e.Å-3 
 
Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 

hydrogen atoms. The data were corrected using a numerical absorption correction (Tmin: 0.3223,Tmax: 0.4166). 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 

 U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

Zn(1) 3137(1) 6146(1) 2391(1) 18(1) 
I(1) 5408(1) 7534(1) 2505(1) 25(1) 
I(2) 270(1) 6473(1) 1536(1) 30(1) 
N(1) 2889(5) 5584(3) 3916(3) 18(1) 
C(1) 2103(8) 4682(4) 4076(5) 33(1) 
N(2) 1799(8) 4269(4) 5021(4) 41(1) 
C(2) 2307(7) 4810(5) 5867(4) 30(1) 
C(3) 3153(7) 5748(4) 5789(4) 26(1) 
C(4) 3414(7) 6120(4) 4773(4) 23(1) 
N(11) 4132(5) 4880(3) 1588(3) 20(1) 
C(11) 3167(7) 4074(4) 1253(5) 27(1) 
N(12) 3672(7) 3220(4) 769(4) 38(1) 
C(12) 5295(9) 3163(5) 579(5) 37(1) 
C(13) 6378(7) 3971(5) 857(4) 30(1) 
C(14) 5765(7) 4822(4) 1376(4) 23(1) 
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Table 3.   Bond lengths [Å] and angles [°] 
 
Zn(1)-N(1)  2.070(4) 
Zn(1)-I(1)  2.5429(7) 
N(1)-C(1)  1.330(6) 
N(1)-C(4)  1.333(7) 
C(1)-N(2)  1.334(7) 
N(2)-C(2)  1.322(8) 
C(2)-C(3)  1.380(8) 
C(3)-C(4)  1.390(7) 
N(1)-Zn(1)-I(1) 106.42(12) 
N(1)-Zn(1)-I(2) 109.39(12) 
I(1)-Zn(1)-I(2) 123.32(2) 
C(1)-N(1)-C(4) 117.2(4) 
C(1)-N(1)-Zn(1) 120.2(4) 
C(4)-N(1)-Zn(1) 122.5(3) 
N(1)-C(1)-N(2) 125.4(6) 
C(2)-N(2)-C(1) 117.1(5) 
N(2)-C(2)-C(3) 122.1(5) 
C(2)-C(3)-C(4) 117.0(5) 
N(1)-C(4)-C(3) 121.2(5) 

Zn(1)-N(11)  2.081(4) 
Zn(1)-I(2)  2.5455(7) 
N(11)-C(11)  1.345(7) 
N(11)-C(14)  1.355(7) 
C(11)-N(12)  1.319(7) 
N(12)-C(12)  1.340(8) 
C(12)-C(13)  1.385(10) 
C(13)-C(14)  1.368(7) 
N(11)-Zn(1)-I(1) 106.04(12) 
N(11)-Zn(1)-I(2) 106.29(13) 
N(1)-Zn(1)-N(11) 103.72(16) 
C(11)-N(11)-C(14) 116.7(4) 
C(11)-N(11)-Zn(1) 121.0(3) 
C(14)-N(11)-Zn(1) 122.2(3) 
N(12)-C(11)-N(11) 126.2(5) 
C(11)-N(12)-C(12) 116.6(5) 
N(12)-C(12)-C(13) 121.5(5) 
C(14)-C(13)-C(12) 118.3(5) 
N(11)-C(14)-C(13) 120.6(5) 

 
 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 18(1)  17(1) 19(1)  1(1) 4(1)  0(1) 
I(1) 22(1)  19(1) 33(1)  1(1) 5(1)  -3(1) 
I(2) 19(1)  38(1) 34(1)  6(1) 1(1)  6(1) 
N(1) 22(2)  14(2) 20(2)  0(2) 2(2)  -1(2) 
C(1) 45(4)  30(3) 24(3)  4(2) 3(2)  -17(3) 
N(2) 55(4)  37(3) 30(3)  12(2) -1(2)  -24(2) 
C(2) 34(3)  33(3) 24(3)  10(2) 1(2)  -3(2) 
C(3) 32(3)  28(3) 19(3)  -1(2) 3(2)  3(2) 
C(4) 27(3)  18(2) 24(3)  -1(2) 6(2)  3(2) 
N(11) 23(2)  17(2) 22(2)  0(2) 3(2)  3(2) 
C(11) 33(3)  17(2) 32(3)  -3(2) 12(2)  -2(2) 
N(12) 54(3)  21(2) 40(3)  -7(2) 12(3)  0(2) 
C(12) 52(4)  31(3) 27(3)  -1(2) 6(3)  19(3) 
C(13) 27(3)  43(3) 19(3)  1(2) 0(2)  18(2) 
C(14) 26(3)  27(3) 17(2)  1(2) 1(2)  4(2) 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
 
 x  y  z  U(eq) 

H(1) 1725 4301 3466 39 
H(2) 2082 4545 6551 36 
H(3) 3539 6122 6401 31 
H(4) 3977 6768 4687 28 
H(11) 2014 4125 1377 33 
H(12) 5713 2553 245 44 
H(13) 7517 3935 691 36 
H(14) 6492 5377 1590 28 
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Table S3: Details on the structure determination of compound 2. 

 

Table 1.  Crystal data and structure refinement for 2. 

Identification code  gb316 

Empirical formula  C12H12I4N6Zn2 

Formula weight  878.62 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system                                                            monoclinic 

Space group  C2/c 

Unit cell dimensions a = 23.5621(13) Å α= 90°. 

 b = 8.0398(5) Å β= 98.010(6)°. 

 c = 11.7637(6) Å γ = 90°. 

Volume 2206.7(2) Å3 

Z 4 

Density (calculated) 2.645 Mg/m3 

Absorption coefficient 7.777 mm-1 

F(000) 1592 

Crystal size 0.06 x 0.1 x 0.14 mm3 

Theta range for data collection 2.68 to 28.03°. 

Index ranges -31<=h<=30, -10<=k<=10, -14<=l<=15 

Reflections collected 11059 

Independent reflections 2572 [R(int) = 0.0834] 

Completeness to theta = 28.03° 95.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2572 / 0 / 111 

Goodness-of-fit on F2 1.041 

Final R indices [I>2sigma(I)] R1 = 0.0319, wR2 = 0.0810 

R indices (all data) R1 = 0.0382, wR2 = 0.0839 

Extinction coefficient 0.00245(12) 

Largest diff. peak and hole 1.214 and -0.973 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.93 Å for aromatic 

hydrogen atoms. The data were corrected using a numerical absorption correction (Tmin: 0.2680,Tmax: 0.3858).  

  

 

Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
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U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Zn(1) 996(1) 4055(1) 6103(1) 24(1) 
I(1) 1168(1) 2041(1) 4507(1) 40(1) 
I(2) 689(1) 7016(1) 5644(1) 30(1) 
N(1) 412(1) 2872(4) 7027(3) 21(1) 
C(1) 0 3653(7) 7500 21(1) 
C(3) 0 321(8) 7500 33(1) 
C(4) 414(2) 1202(5) 7052(4) 27(1) 
N(11) 1743(2) 3972(5) 7260(3) 28(1) 
C(11) 2257(2) 3885(10) 6907(5) 49(2) 
N(12) 2758(2) 3829(11) 7682(5) 73(2) 
C(13) 2191(2) 4024(9) 9170(4) 43(1) 
C(14) 1736(2) 4041(8) 8375(4) 39(1) 
C(12) 2693(2) 3904(8) 8816(5) 45(1) 
 

 
Table 3.   Bond lengths [Å] and angles [°]  
 
Zn(1)-N(11)  2.072(4) 
Zn(1)-N(1)  2.098(3) 
N(11)-Zn(1)-N(1) 101.76(14) 
N(11)-Zn(1)-I(2) 111.29(12) 
N(1)-Zn(1)-I(2) 110.43(9) 
N(1)-C(1)  1.340(4) 
N(1)-C(4)  1.343(6) 
C(1)-N(1A)  1.340(4) 
C(1)-N(1)-C(4) 117.4(4) 
C(1)-N(1)-Zn(1) 124.6(3) 
C(4)-N(1)-Zn(1) 117.6(3) 
N(11)-C(14)  1.315(6) 
N(11)-C(11)  1.335(6) 
C(11)-N(12)  1.387(8) 
C(14)-N(11)-C(11) 116.8(4) 
C(14)-N(11)-Zn(1) 121.7(3) 
C(11)-N(11)-Zn(1) 121.5(3) 
N(11)-C(11)-N(12) 121.5(5) 

Zn(1)-I(2)  2.5241(6) 
Zn(1)-I(1)  2.5539(6) 
N(11)-Zn(1)-I(1) 104.77(11) 
N(1)-Zn(1)-I(1) 106.03(10) 
I(2)-Zn(1)-I(1) 120.75(2) 
C(3)-C(4A)  1.369(5) 
C(3)-C(4)  1.369(5) 
N(1)-C(1)-N(1A) 124.1(5) 
C(4A)-C(3)-C(4) 117.6(6) 
N(1)-C(4)-C(3) 121.7(4) 
N(12)-C(12)  1.365(8) 
C(13)-C(12)  1.312(7) 
C(13)-C(14)  1.320(6) 
C(12)-N(12)-C(11) 116.1(5) 
C(12)-C(13)-C(14) 117.0(5) 
N(11)-C(14)-C(13) 125.8(4) 
C(13)-C(12)-N(12) 122.9(5) 

Symmetry transformations used to generate equivalent atoms:  A: -x,y,-z+3/2   
     
Zn(1)-N(2A)                              2.102(3) 
Zn(1)-N(1)                                 2.109(3) 
Zn(1)-I(1)                                   2.5245(6) 
Zn(1)-I(2)                                   2.5263(7) 
N(2)-Zn(1B)                               2.102(3) 
C(4)-N(1)-Zn(1) 121.3(3) 
C(1)-N(2)-Zn(1B) 120.9(3) 

N(2A)-Zn(1)-N(1) 96.37(14) 
N(2A)-Zn(1)-I(1) 110.07(10) 
N(1)-Zn(1)-I(1) 107.18(10) 
N(2A)-Zn(1)-I(2) 108.97(10) 
N(1)-Zn(1)-I(2) 107.03(11) 
I(1)-Zn(1)-I(2) 123.69(2) 
C(2)-N(2)-Zn(1B) 121.8(3) 

Symmetry transformations used to generate equivalent atoms:  A: x,-y+1/2,z-1/2    B: x,-y+1/2,z+1/2       
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 20(1)  26(1) 26(1)  0(1) 7(1)  1(1) 
I(1) 41(1)  45(1) 36(1)  -14(1) 14(1)  2(1) 
I(2) 29(1)  25(1) 36(1)  0(1) 4(1)  3(1) 
N(1) 19(2)  22(2) 23(2)  -1(1) 4(1)  -1(1) 
C(1) 20(2)  16(3) 28(3)  0 6(2)  0 
C(3) 40(3)  19(3) 41(4)  0 13(3)  0 
C(4) 28(2)  19(2) 37(2)  -3(2) 11(2)  4(2) 
N(11) 22(2)  32(2) 31(2)  0(2) 5(1)  2(1) 
C(11) 25(2)  92(5) 32(3)  1(3) 12(2)  -2(3) 
N(12) 36(3)  124(6) 61(4)  -3(4) 9(2)  -1(3) 
C(13) 26(2)  86(4) 16(2)  -5(2) -2(2)  10(2) 
C(14) 26(2)  63(4) 29(3)  -7(2) 6(2)  3(2) 
C(12) 30(2)  64(4) 37(3)  -3(3) -7(2)  4(2) 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
 
 x  y  z  U(eq) 

H(1) 0 4810 7500 26 
H(3) 0 -836 7500 39 
H(4) 704 630 6757 33 
H(11) 2280 3861 6125 59 
H(13) 2156 4094 9947 52 
H(14) 1380 4108 8625 47 
H(12) 3019 3869 9361 54 
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Table S4: Details on the structure determination of compound 3. 
 

Table 1.  Crystal data and structure refinement. 

Identification code  gb253 

Empirical formula  C4H4I2N2Zn 

Formula weight  399.26 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/c 

Unit cell dimensions a = 7.5576(5) Å α= 90°. 

 b = 13.5380(8) Å β= 112.310(8) °. 

 c = 9.6246(8) Å γ = 90°. 

Volume 911.02(11) Å3 

Z 4 

Density (calculated) 2.911 Mg/m3 

Absorption coefficient 9.399 mm-1 

F(000) 712 

Crystal size 0.05 x 0.09 x 0.13 mm3 

Theta range for data collection 2.74 to 28.07°. 

Index ranges -9<=h<=9, -17<=k<=17, -12<=l<=12 

Reflections collected 8716 

Independent reflections 2130 [R(int) = 0.0707] 

Completeness to theta = 28.07° 96.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2130 / 0 / 84 

Goodness-of-fit on F2 1.065 

Final R indices [I>2sigma(I)] R1 = 0.0318, wR2 = 0.0774 

R indices (all data) R1 = 0.0410, wR2 = 0.0808 

Extinction coefficient 0.0345(11) 

Largest diff. peak and hole 1.232 and -1.345 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 

hydrogen atoms. The data were corrected using a numerical absorption correction (Tmin: 0.2129,Tmax: 0.3424). 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

Zn(1) 5105(1) 3803(1) 2830(1) 27(1) 
I(1) 6596(1) 5415(1) 2524(1) 44(1) 
I(2) 1540(1) 3526(1) 1940(1) 44(1) 
N(1) 6286(6) 3438(2) 5133(4) 27(1) 
C(1) 5581(7) 2692(3) 5678(5) 28(1) 
N(2) 6339(5) 2377(2) 7096(4) 26(1) 
C(2) 7875(7) 2847(3) 8017(5) 32(1) 
C(3) 8644(7) 3649(4) 7575(5) 37(1) 
C(4) 7803(7) 3920(3) 6089(5) 31(1) 
 
 
 
 
 

 
 
 
 Table 3.   Bond lengths [Å] and angles [°] 
 
Zn(1)-N(2A)                              2.102(3) 
Zn(1)-N(1)                                 2.109(3) 
Zn(1)-I(1)                                   2.5245(6) 
Zn(1)-I(2)                                   2.5263(7) 
N(2)-Zn(1B)                               2.102(3) 
C(4)-N(1)-Zn(1) 121.3(3) 
C(1)-N(2)-Zn(1B) 120.9(3) 

N(2A)-Zn(1)-N(1) 96.37(14) 
N(2A)-Zn(1)-I(1) 110.07(10) 
N(1)-Zn(1)-I(1) 107.18(10) 
N(2A)-Zn(1)-I(2) 108.97(10) 
N(1)-Zn(1)-I(2) 107.03(11) 
I(1)-Zn(1)-I(2) 123.69(2) 
C(2)-N(2)-Zn(1B) 121.8(3) 

 
Symmetry transformations used to generate equivalent atoms:  A: x,-y+1/2,z-1/2    B: x,-y+1/2,z+1/2       
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 33(1)  23(1) 24(1)  0(1) 11(1)  0(1) 
I(1) 49(1)  29(1) 60(1)  10(1) 29(1)  -2(1) 
I(2) 33(1)  43(1) 47(1)  -4(1) 6(1)  -5(1) 
N(1) 33(2)  26(2) 21(2)  1(1) 10(2)  -4(1) 
C(1) 35(2)  25(2) 19(2)  1(2) 5(2)  -6(2) 
N(2) 32(2)  22(2) 25(2)  1(1) 11(2)  -3(1) 
C(2) 31(3)  38(2) 23(2)  3(2) 6(2)  -5(2) 
C(3) 33(3)  42(3) 32(3)  -1(2) 7(2)  -10(2) 
C(4) 37(3)  28(2) 28(2)  -3(2) 11(2)  -9(2) 
 
 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3)  
 
 x  y  z  U(eq) 

H(1) 4492 2373 5027 33 
H(2) 8454 2625 9001 38 
H(3) 9683 3993 8247 44 
H(4) 8302 4450 5742 38 
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Table S5: Details on the structure determination of compound 5. 
 

Table 1.  Crystal data and structure refinement. 

Identification code  gb107 

Empirical formula  C4.50H4.75I2N2.25Zn 

Formula weight  409.53 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  tetragonal 

Space group  P4/n 

Unit cell dimensions a = 17.0267(8) Å α= 90°. 

 b = 17.0267(8) Å β= 90°. 

 c = 7.5579(4) Å γ = 90°. 

Volume 2191.10(19) Å3 

Z 8 

Density (calculated) 2.483 Mg/m3 

Absorption coefficient 7.820 mm-1 

F(000) 1468 

Crystal size  0.06 x 0.1 x 0.14  mm3 

Theta range for data collection 2.95 to 28.01°. 

Index ranges -20<=h<=22, -22<=k<=22, -5<=l<=9 

Reflections collected 11244 

Independent reflections 2584 [R(int) = 0.0380] 

Completeness to theta = 28.01° 97.4 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2584 / 0 / 92 

Goodness-of-fit on F2 1.060 

Final R indices [I>2sigma(I)] R1 = 0.0383, wR2 = 0.0956 

R indices (all data) R1 = 0.0520, wR2 = 0.1024 

Extinction coefficient 0.0032(4) 

Largest diff. peak and hole 1.396 and -1.064 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic (Ueq=1.2 ⋅ Ueq(Caromatic) = 1.5 ⋅ Ueq(Cmethyl)) using a riding model with 

C-H = 0.98 Å for methyl and 0.95 Å for aromatic hydrogen atoms. The data were corrected using a numerical absorption 

correction (Tmin: 0.2304,Tmax: 0.3772). 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103).   

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

Zn(1) 4778(1) 1507(1) 4743(1) 38(1) 
I(1) 6068(1) 947(1) 3663(1) 56(1) 
I(2) 4452(1) 1654(1) 7981(1) 61(1) 
N(1) 3889(3) 849(3) 3498(6) 36(1) 
C(1) 3173(3) 783(3) 4171(7) 36(1) 
N(2) 2608(2) 346(2) 3506(6) 35(1) 
C(2) 2770(3) -65(4) 2055(8) 45(1) 
C(3) 3499(4) -32(5) 1272(9) 57(2) 
C(4) 4048(4) 440(4) 2045(8) 47(1) 
N(3) 2500 2500 3390(30) 86(5) 
C(5) 2500 2500 1950(30) 59(4) 
C(6) 2500 2500 80(50) 129(10) 
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Table 3.   Bond lengths [Å] and angles [°]. 
 
Zn(1)-N(1)  2.104(4) 
Zn(1)-N(2)A  2.105(4) 
Zn(1)-I(2)  2.5217(8) 
Zn(1)-I(1)  2.5307(7) 
N(1)-C(1)  1.326(7) 
N(1)-C(4)  1.328(7) 
C(1)-N(2)  1.317(7) 
N(2)-C(2)  1.330(7) 
N(2)-Zn(1)B  2.105(4) 
C(2)-C(3)  1.376(8) 
C(3)-C(4)  1.365(9) 
N(3)-C(5)  1.08(2) 
C(5)-C(6)  1.42(4) 
N(1)-Zn(1)-N(2)A 101.76(17) 
N(1)-Zn(1)-I(2) 109.19(12) 

N(2)A-Zn(1)-I(2) 108.70(13) 
N(1)-Zn(1)-I(1) 106.20(12) 
N(2)A-Zn(1)-I(1) 106.20(12) 
I(2)-Zn(1)-I(1) 122.79(3) 
C(1)-N(1)-C(4) 117.4(5) 
C(1)-N(1)-Zn(1) 122.3(4) 
C(4)-N(1)-Zn(1) 120.1(4) 
N(2)-C(1)-N(1) 125.0(5) 
C(1)-N(2)-C(2) 117.4(5) 
C(1)-N(2)-Zn(1)B 122.5(4) 
C(2)-N(2)-Zn(1)B 119.9(4) 
N(2)-C(2)-C(3) 121.4(5) 
C(4)-C(3)-C(2) 117.3(6) 
N(1)-C(4)-C(3) 121.5(5) 
N(3)-C(5)-C(6) 180.000(10) 

 
Symmetry transformations used to generate equivalent atoms: A: -y+1/2,x,z    B: y,-x+1/2,z      
 
 
 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 39(1)  37(1) 37(1)  1(1) 3(1)  1(1) 
I(1) 48(1)  63(1) 56(1)  8(1) 7(1)  19(1) 
I(2) 88(1)  62(1) 34(1)  -1(1) 6(1)  -7(1) 
N(1) 40(2)  37(2) 32(2)  2(2) 4(2)  -4(2) 
C(1) 38(2)  33(2) 37(3)  0(2) 2(2)  3(2) 
N(2) 35(2)  36(2) 33(2)  4(2) -1(2)  0(2) 
C(2) 47(3)  58(3) 30(3)  -9(2) 2(2)  -5(2) 
C(3) 56(4)  84(5) 32(3)  -19(3) 12(3)  -12(3) 
C(4) 46(3)  56(3) 37(3)  -3(3) 10(2)  -3(2) 
N(3) 77(7)  77(7) 105(15)  0 0  0 
C(5) 45(4)  45(4) 88(13)  0 0  0 
C(6) 120(13)  120(13) 150(30)  0 0  0 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103). 

 x  y  z  U(eq) 

H(1) 3061 1068 5191 43 
H(2) 2383 -382 1560 54 
H(3) 3612 -320 257 69 
H(4) 4546 476 1544 56 
H(6A) 3026 2577 -343 194 
H(6B) 2170 2917 -343 194 
H(6C) 2304 2006 -343 194 
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Table S6: Details on the structure determination of compound 6. 
 

Table 1.  Crystal data and structure refinement. 

Identification code  gb361 

Empirical formula  C8H8I4N4Zn2 

Formula weight  798.52 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  P21/c 

Unit cell dimensions a = 6.5462(3) Å α= 90°. 

 b = 14.4316(10) Å β= 90.021(6)°. 

 c = 19.0146(10) Å γ = 90°. 

Volume 1796.35(18) Å3 

Z 1 

Density (calculated) 2.953 Mg/m3 

Absorption coefficient 9.534 mm-1 

F(000) 1424 

Crystal size 0.05 x 0.11 x 0.18 mm3 

Theta range for data collection 2.57 to 28.03°. 

Index ranges -8<=h<=8, -19<=k<=19, -25<=l<=25 

Reflections collected 17487 

Independent reflections 4326 [R(int) = 0.0721] 

Completeness to theta = 28.03° 99.6 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4326 / 0 / 155 

Goodness-of-fit on F2 1.015 

Final R indices [I>2sigma(I)] R1 = 0.0334, wR2 = 0.0744 

R indices (all data) R1 = 0.0393, wR2 = 0.0767 

Extinction coefficient 0.00223(15) 

Largest diff. peak and hole 1.701 and -1.215 e.Å-3 
Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.94 Å for aromatic 

hydrogen atoms.  This compound is merohedral twinned and therefore a twin refinement was performed. The data were 

corrected using a numerical absorption correction (Tmin: 0.1053,Tmax: 0.4472). 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 

Zn(1) 11584(1) 2679(1) 9174(1) 19(1) 
Zn(2) 6104(1) 2714(1) 6695(1) 19(1) 
I(1) 13561(1) 1499(1) 8455(1) 36(1) 
I(2) 13451(1) 3772(1) 9967(1) 40(1) 
I(3) 7475(1) 1081(1) 6770(1) 27(1) 
I(4) 2518(1) 3421(1) 6606(1) 30(1) 
N(1) 9532(7) 3407(3) 8544(3) 17(1) 
N(2) 7376(8) 3442(3) 7557(3) 17(1) 
C(1) 8764(9) 3033(4) 7961(3) 20(1) 
C(2) 6726(10) 4287(5) 7753(4) 26(1) 
C(3) 7512(11) 4717(5) 8326(4) 35(2) 
C(4) 8893(10) 4253(5) 8720(4) 27(1) 
N(11) 7431(8) 3283(3) 5773(3) 18(1) 
N(12) 9368(7) 3103(4) 4744(3) 20(1) 
C(11) 8650(9) 2801(4) 5356(3) 18(1) 
C(12) 8802(9) 3937(4) 4523(4) 24(1) 
C(13) 7591(10) 4495(5) 4938(4) 31(2) 
C(14) 6949(8) 4149(5) 5556(4) 24(1) 
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Table 3.   Bond lengths [Å] and angles [°]. 

 
Zn(1)-N(1)  2.083(5) 
Zn(1)-N(12A)  2.134(5) 
Zn(1)-I(2)  2.5005(10) 
Zn(1)-I(1)  2.5364(10) 
Zn(2)-N(2)  2.116(5) 
Zn(2)-N(11)  2.120(5) 
Zn(2)-I(3)  2.5253(9) 
Zn(2)-I(4)  2.5660(9) 
N(12)-Zn(1B)  2.134(5) 
C(1)-N(1)-Zn(1) 121.1(4) 
C(4)-N(1)-Zn(1) 121.3(4) 
C(1)-N(2)-Zn(2) 119.7(4) 
C(2)-N(2)-Zn(2) 122.7(4) 
C(14)-N(11)-Zn(2) 120.9(4) 
C(11)-N(12)-Zn(1B) 120.7(4) 

N(1)-Zn(1)-N(12A) 96.8(2) 
N(1)-Zn(1)-I(2) 110.06(14) 
N(12A)-Zn(1)-I(2) 111.13(15) 
N(1)-Zn(1)-I(1) 111.04(15) 
N(12A)-Zn(1)-I(1) 105.39(15) 
I(2)-Zn(1)-I(1) 119.85(3) 
N(2)-Zn(2)-N(11) 106.57(19) 
N(2)-Zn(2)-I(3) 106.25(14) 
N(11)-Zn(2)-I(3) 105.20(14) 
N(2)-Zn(2)-I(4) 102.32(14) 
N(11)-Zn(2)-I(4) 99.60(14) 
I(3)-Zn(2)-I(4) 134.44(3) 
C(11)-N(11)-Zn(2) 122.6(4) 
C(12)-N(12)-Zn(1B) 120.6(4) 
 

Symmetry transformations used to generate equivalent atoms:  A: x,-y+1/2,z+1/2;    B: x,-y+1/2,z-1/2       
 
 
 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 U11 U22 U33 U23 U13 U12 

Zn(1) 21(1)  22(1) 15(1)  2(1) -1(1)  -1(1) 
Zn(2) 17(1)  25(1) 16(1)  -3(1) 0(1)  2(1) 
I(1) 41(1)  32(1) 35(1)  4(1) 16(1)  13(1) 
I(2) 48(1)  39(1) 33(1)  -1(1) -15(1)  -18(1) 
I(3) 29(1)  21(1) 32(1)  -2(1) 2(1)  0(1) 
I(4) 14(1)  46(1) 29(1)  1(1) 0(1)  1(1) 
N(1) 21(2)  17(2) 14(2)  -2(2) -3(2)  1(2) 
N(2) 15(2)  22(2) 15(2)  -1(2) -2(2)  0(2) 
C(1) 20(2)  26(3) 14(3)  -6(3) 1(2)  -1(2) 
C(2) 21(3)  23(3) 32(4)  0(3) -6(3)  6(2) 
C(3) 44(3)  23(3) 38(4)  -12(3) -13(4)  14(3) 
C(4) 32(3)  21(3) 27(4)  -8(3) -9(3)  0(3) 
N(11) 12(2)  22(2) 21(3)  -3(2) 1(2)  1(2) 
C(11) 21(3)  16(3) 17(3)  -3(2) -4(2)  1(2) 
C(13) 18(2)  28(3) 45(4)  14(3) 11(3)  7(3) 
C(14) 17(3)  22(3) 34(4)  -7(3) 4(2)  7(2) 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
 x  y  z  U(eq) 

H(1) 9232 2442 7828 24 
H(2) 5706 4585 7488 31 
H(3) 7109 5322 8445 42 
H(4) 9415 4534 9129 32 
H(11) 9035 2203 5502 22 
H(12) 9232 4148 4080 29 
H(13) 7228 5096 4794 37 
H(14) 6136 4522 5849 29 
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Table S7: Details on the structure determination of compound 7. 
 

Table 1.  Crystal data and structure refinement. 

Identification code  gb328 

Empirical formula  C12H12I6N6Zn3 

Formula weight  399.26 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group   Pnma 

Unit cell dimensions a = 13.4555(7) Å α= 90°. 

 b = 19.0259(13) Å β= 90°. 

 c = 11.285(7) Å γ = 90°. 

Volume 2889.0(18) Å3 

Z 12 

Density (calculated) 2.754 Mg/m3 

Absorption coefficient 8.892 mm-1 

F(000) 2136 

Crystal size 0.05 x 0.1 x 0.19 mm3 

Theta range for data collection 2.36 to 28.03°. 

Index ranges -17<=h<=17, -25<=k<=24, -14<=l<=14 

Reflections collected 26815 

Independent reflections 3576 [R(int) = 0.0738] 

Completeness to theta = 28.03° 99.4 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3576 / 0 / 128 

Goodness-of-fit on F2 1.028 

Final R indices [I>2sigma(I)] R1 = 0.0317, wR2 = 0.0759 

R indices (all data) R1 = 0.0388, wR2 = 0.0790 

Extinction coefficient 0.00113(9) 

Largest diff. peak and hole 1.287 and -1.718 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.94 Å for aromatic 

hydrogen atoms. The data were corrected using a numerical absorption correction (Tmin: 0.1037,Tmax: 0.4289).  
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

Zn(1) 2700(1) 5952(1) 5483(1) 30(1) 
I(1) 866(1) 6197(1) 5737(1) 39(1) 
I(2) 3652(1) 4931(1) 6327(1) 59(1) 
Zn(2) 2072(1) 7500 1037(1) 26(1) 
I(3) 291(1) 7500 1775(1) 33(1) 
I(4) 2628(1) 7500 -1079(1) 67(1) 
N(1) 3022(2) 6027(2) 3665(4) 27(1) 
C(1) 2571(3) 6509(2) 3011(4) 23(1) 
N(2) 2814(2) 6678(2) 1909(3) 24(1) 
C(2) 3553(3) 6306(3) 1397(4) 32(1) 
C(3) 4029(3) 5780(3) 1994(5) 36(1) 
C(4) 3745(3) 5654(3) 3145(5) 33(1) 
C(11) 3038(4) 7500 5758(5) 26(1) 
N(11) 3462(2) 6878(2) 5952(3) 27(1) 
C(12) 4372(3) 6881(3) 6453(4) 34(1) 
C(13) 4836(5) 7500 6728(6) 34(1) 
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Table 3.   Bond lengths [Å] and angles [°] 
 
 
Zn(1)-N(1)  2.102(4) 
Zn(1)-N(11)  2.107(4) 
Zn(1)-I(2)  2.5140(7) 
Zn(1)-I(1)  2.5276(5) 
Zn(2)-N(2A)  2.101(4) 
Zn(2)-N(2)  2.101(4) 
Zn(2)-I(4)  2.5013(16) 
Zn(2)-I(3)  2.5364(7) 
C(1)-N(1)-Zn(1) 119.8(3) 
C(4)-N(1)-Zn(1) 122.7(3) 
C(1)-N(2)-Zn(2) 120.2(3) 
C(2)-N(2)-Zn(2) 122.6(3) 
C(11)-N(11)-Zn(1) 119.6(3) 

N(1)-Zn(1)-N(11) 95.02(14) 
N(1)-Zn(1)-I(2) 108.54(10) 
N(11)-Zn(1)-I(2) 107.67(10) 
N(1)-Zn(1)-I(1) 107.41(9) 
N(11)-Zn(1)-I(1) 106.97(10) 
I(2)-Zn(1)-I(1) 126.66(3) 
N(2A)-Zn(2)-N(2) 96.24(19) 
N(2A)-Zn(2)-I(4) 107.77(10) 
N(2)-Zn(2)-I(4) 107.77(10) 
N(2A)-Zn(2)-I(3) 107.15(9) 
N(2)-Zn(2)-I(3) 107.15(9) 
I(4)-Zn(2)-I(3) 126.59(3) 
C(12)-N(11)-Zn(1) 123.3(3) 

 
Symmetry transformations used to generate equivalent atoms:  A: x,-y+3/2,z       
 
 
 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

 
 U11 U22 U33 U23 U13 U12  

Zn(1) 20(1)  34(1) 37(1)  12(1) -1(1)  3(1) 
I(1) 19(1)  53(1) 44(1)  1(1) 1(1)  4(1) 
I(2) 24(1)  55(1) 98(1)  49(1) 0(1)  4(1) 
Zn(2) 19(1)  40(1) 18(1)  0 2(1)  0 
I(3) 19(1)  45(1) 35(1)  0 5(1)  0 
I(4) 39(1)  143(1) 19(1)  0 8(1)  0 
N(1) 21(1)  26(2) 35(2)  -2(2) -1(1)  2(1) 
C(1) 20(2)  23(2) 28(2)  -3(2) 2(1)  4(1) 
N(2) 18(1)  27(2) 27(2)  -3(2) 2(1)  -1(1) 
C(2) 21(2)  39(3) 36(2)  -12(2) 6(2)  0(2) 
C(3) 22(2)  37(3) 48(3)  -7(2) 5(2)  9(2) 
C(4) 22(2)  31(2) 48(3)  -4(2) -2(2)  6(2) 
C(11) 20(2)  36(3) 21(3)  0 -2(2)  0 
N(11) 19(1)  41(2) 22(2)  4(2) -1(1)  2(1) 
C(12) 24(2)  49(3) 28(2)  6(2) -3(2)  7(2) 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
  
 x  y  z  U(eq) 

H(1) 2034 6750 3356 28 
H(2) 3743 6411 615 38 
H(3) 4533 5513 1631 43 
H(4) 4064 5297 3577 40 
H(11) 2386 7500 5460 31 
H(12) 4692 6452 6614 40 
H(13) 5462 7500 7099 41 
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Supplemental material 
 

Synthesis, Crystal Structures and Properties of New ZnBr2(Pyrimidine) 

Coordination Compounds 

 

Christian Näther*, Gaurav Bhosekar and Inke Jeß 

 
� Details of the structure determination for compound I. 

 
� Details of the structure determination of compound II. 
 
� Details of the structure determination of compound III. 
 
� Experimental and calculated X-ray powder patterns for compounds I to III. 
 
� IR- and Raman spectra of compounds I to III. 
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Table 1.  Crystal data and structure refinement for dibromo-bis(pyrimidine-N) zinc(II) (Compound I). 

Identification code  blz17 

Empirical formula  C8H8Br2N4Zn 

Formula weight  385.37 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/n 

Unit cell dimensions a = 7.6087(6) Å α= 90°. 

 b = 12.4580(8) Å β= 91.854(10)°. 

 c = 12.5606(10) Å γ = 90°. 

Volume 1189.99(15) Å3 

Z 4 

Density (calculated) 2.151 Mg/m3 

Absorption coefficient 8.751 mm-1 

F(000) 736 

Crystal size  0.05 x 0.08 x 0.14 mm3 

Theta range for data collection 2.30 to 28.03°. 

Index ranges -10<=h<=10, -16<=k<=16, -16<=l<=16 

Reflections collected 11267 

Independent reflections 2778 [R(int) = 0.0590] 

Completeness to theta = 28.03° 96.5 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2778 / 0 / 137 

Goodness-of-fit on F2 1.026 

Final R indices [I>2sigma(I)] R1 = 0.0360, wR2 = 0.0921 

R indices (all data) R1 = 0.0442, wR2 = 0.0968 

Extinction coefficient 0.0096(9) 

Largest diff. peak and hole 0.778 and -0.918 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic (Ueq= -1.2 Ueq(C)) using a riding model with C-H = 0.95 Å for 
aromatic hydrogen atoms. There  is one crystallographically independent molecule in the asymmetric unit, which is 
located in a general position. 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 

 x y z U(eq) 

Zn(1) 3100(1) 6258(1) 2427(1) 19(1) 
Br(1) 5293(1) 7586(1) 2526(1) 26(1) 
Br(2) 319(1) 6501(1) 1595(1) 32(1) 
N(1) 2855(4) 5658(2) 3945(3) 20(1) 
C(1) 2087(5) 4705(3) 4104(3) 27(1) 
N(2) 1821(5) 4257(3) 5047(3) 34(1) 
C(2) 2347(6) 4823(3) 5904(3) 31(1) 
C(3) 3149(5) 5809(3) 5824(3) 27(1) 
C(4) 3370(5) 6210(3) 4817(3) 23(1) 
N(11) 4240(4) 4986(2) 1628(2) 20(1) 
C(11) 3290(6) 4128(3) 1336(3) 28(1) 
N(12) 3878(5) 3262(3) 854(3) 37(1) 
C(12) 5571(7) 3261(3) 632(4) 37(1) 
C(13) 6665(5) 4121(3) 866(3) 30(1) 
C(14) 5938(5) 4988(3) 1377(3) 22(1) 
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Table 3.   Bond lengths [Å] and angles [°] 
 
Zn(1)-N(1)  2.063(3) 
Zn(1)-Br(2)  2.3489(6) 
N(1)-C(1)  1.340(4) 
N(1)-C(4)  1.341(5) 
C(1)-N(2)  1.331(5) 
N(2)-C(2)  1.337(6) 
C(2)-C(3)  1.377(5) 
C(3)-C(4)  1.376(5) 
N(1)-Zn(1)-Br(2) 110.55(9) 
N(1)-Zn(1)-Br(1) 106.94(9) 
Br(2)-Zn(1)-Br(1) 124.12(2) 
C(1)-N(1)-C(4) 116.7(3) 
C(1)-N(1)-Zn(1) 120.8(3) 
C(4)-N(1)-Zn(1) 122.4(2) 
N(2)-C(1)-N(1) 125.7(4) 
C(1)-N(2)-C(2) 116.4(3) 
N(2)-C(2)-C(3) 122.3(4) 
C(4)-C(3)-C(2) 117.2(4) 
N(1)-C(4)-C(3) 121.6(3) 

Zn(1)-N(11)  2.081(3) 
Zn(1)-Br(1)  2.3500(5) 
N(11)-C(11)  1.335(5) 
N(11)-C(14)  1.340(5) 
C(11)-N(12)  1.322(5) 
N(12)-C(12)  1.326(6) 
C(12)-C(13)  1.383(7) 
C(13)-C(14)  1.382(5) 
N(11)-Zn(1)-Br(2) 105.50(9) 
C(11)-N(11)-C(14) 117.1(3) 
C(11)-N(11)-Zn(1) 120.8(3) 
C(14)-N(11)-Zn(1) 122.1(2) 
N(12)-C(11)-N(11) 126.2(4) 
C(11)-N(12)-C(12) 116.3(4) 
N(12)-C(12)-C(13) 122.5(3) 
C(14)-C(13)-C(12) 117.2(4) 
N(11)-C(14)-C(13) 120.7(3) 
N(1)-Zn(1)-N(11) 102.79(11) 
N(11)-Zn(1)-Br(1) 104.78(8) 

 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 20(1)  15(1) 23(1)  1(1) 4(1)  0(1) 
Br(1) 24(1)  15(1) 38(1)  0(1) 6(1)  -3(1) 
Br(2) 22(1)  37(1) 38(1)  5(1) 0(1)  4(1) 
N(1) 21(1)  17(1) 23(2)  2(1) 3(1)  1(1) 
C(1) 33(2)  20(2) 28(2)  2(1) 4(2)  -7(1) 
N(2) 42(2)  30(2) 30(2)  7(1) 0(2)  -12(1) 
C(2) 34(2)  33(2) 26(2)  7(2) 6(2)  0(2) 
C(3) 31(2)  27(2) 23(2)  -2(1) 2(2)  5(2) 
C(4) 27(2)  15(1) 27(2)  -1(1) 1(2)  1(1) 
N(11) 28(2)  13(1) 21(2)  0(1) 4(1)  0(1) 
C(11) 36(2)  18(2) 31(2)  -1(1) 10(2)  -3(1) 
N(12) 52(2)  17(1) 42(2)  -6(1) 10(2)  -3(1) 
C(12) 55(3)  22(2) 35(2)  -2(2) 4(2)  15(2) 
C(13) 31(2)  31(2) 28(2)  2(2) 2(2)  17(2) 
C(14) 25(2)  22(2) 19(2)  1(1) 2(1)  5(1) 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
 
 x  y  z  U(eq) 

H(1) 1698 4316 3490 32 
H(2) 2161 4534 6591 37 
H(3) 3534 6197 6440 32 
H(4) 3901 6894 4737 28 
H(11) 2076 4141 1490 34 
H(12) 6048 2646 300 45 
H(13) 7867 4115 683 36 
H(14) 6650 5594 1552 26 
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Table 1.  Crystal data and structure refinement for dibromo-bis(pyrimidine-N)-(µ2-pyrimidine-N,N’) zinc(II) (Compound 

II). 

Identification code  gb246 

Empirical formula  C6H6Br2N3Zn 

Formula weight  345.33 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  C2/c 

Unit cell dimensions a = 22.8319(19) Å α= 90°. 

 b = 7.7361(5) Å β= 98.656(10)°. 

 c = 11.4845(9) Å γ = 90°. 

Volume 2005.4(3) Å3 

Z 8 

Density (calculated) 2.288 Mg/m3 

Absorption coefficient 10.369 mm-1 

F(000) 1304 

Crystal size 0.07 x 0.10 x 0.14 mm3 

Theta range for data collection 2.78 to 28.03°. 

Index ranges -30<=h<=30, -10<=k<=10, -15<=l<=15 

Reflections collected 9201 

Independent reflections 2394 [R(int) = 0.0869] 

Completeness to theta = 28.03° 98.3 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2394 / 0 / 111 

Goodness-of-fit on F2 1.024 

Final R indices [I>2sigma(I)] R1 = 0.0413, wR2 = 0.1071 

R indices (all data) R1 = 0.0596, wR2 = 0.1168 

Extinction coefficient 0.0036(4) 

Largest diff. peak and hole 0.908 and -0.759 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 Ueq(C)) using a riding model with C-H = 0.95 Å for 
aromatic hydrogen atoms. There is one crystallographically independent molecule in the asymmetric unit, which is 
located in a special position. 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103). 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Zn(1) 988(1) 3984(1) 6012(1) 34(1) 
Br(1) 1147(1) 2053(1) 4508(1) 53(1) 
Br(2) 693(1) 6839(1) 5620(1) 45(1) 
N(1) 402(2) 2740(5) 6970(3) 32(1) 
N(11) 1766(2) 3913(6) 7199(3) 36(1) 
C(12) 2749(3) 3904(9) 8816(5) 54(2) 
C(1) 0 3545(10) 7500 33(1) 
C(3) 0 95(10) 7500 44(2) 
C(4) 402(2) 1020(7) 6978(4) 41(1) 
C(11) 2294(2) 3689(9) 6867(5) 46(1) 
N(12) 2810(2) 3667(9) 7657(5) 67(2) 
C(13) 2228(2) 4162(10) 9169(4) 54(2) 
C(14) 1761(2) 4118(9) 8346(5) 50(2) 
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Table 3.   Bond lengths [Å] and angles [°] 

 
Zn(1)-N(11)  2.070(4) 
Zn(1)-N(1)  2.091(4) 
Zn(1)-Br(2)  2.3333(8) 
Zn(1)-Br(1)  2.3523(8) 
N(1)-C(1)  1.330(5) 
N(1)-C(4)  1.331(7) 
N(11)-C(14)  1.329(6) 
N(11)-C(11)  1.330(6) 
C(12)-C(13)  1.327(8) 
C(12)-N(12)  1.371(8) 
C(1)-N(1)#1  1.330(5) 
C(3)-C(4)  1.371(7) 
C(3)-C(4)#1  1.371(7) 
C(11)-N(12)  1.375(8) 
C(13)-C(14)  1.316(8) 
N(11)-Zn(1)-N(1) 101.21(16) 
N(11)-Zn(1)-Br(2) 110.28(13) 
N(1)-Zn(1)-Br(2) 110.37(11) 

N(11)-Zn(1)-Br(1) 104.80(12) 
N(1)-Zn(1)-Br(1) 105.97(11) 
Br(2)-Zn(1)-Br(1) 122.10(3) 
C(1)-N(1)-C(4) 117.7(5) 
C(1)-N(1)-Zn(1) 124.5(4) 
C(4)-N(1)-Zn(1) 117.7(3) 
C(14)-N(11)-C(11) 116.3(4) 
C(14)-N(11)-Zn(1) 121.0(3) 
C(11)-N(11)-Zn(1) 122.6(3) 
C(13)-C(12)-N(12) 123.0(5) 
N(1)#1-C(1)-N(1) 124.2(7) 
C(4)-C(3)-C(4)#1 117.1(7) 
N(1)-C(4)-C(3) 121.7(5) 
N(11)-C(11)-N(12) 122.4(5) 
C(12)-N(12)-C(11) 115.9(5) 
C(14)-C(13)-C(12) 116.3(5) 
C(13)-C(14)-N(11) 126.0(5) 

Symmetry transformations used to generate equivalent atoms: A: -x,y,-z+3/2       
 
 
 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic displacement factor 

exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

Zn(1) 34(1)  38(1) 33(1)  0(1) 11(1)  2(1) 
Br(1) 59(1)  61(1) 44(1)  -17(1) 19(1)  0(1) 
Br(2) 45(1)  36(1) 53(1)  2(1) 5(1)  4(1) 
N(1) 32(2)  31(2) 34(2)  -1(2) 13(2)  1(2) 
N(11) 32(2)  40(3) 35(2)  -2(2) 7(2)  3(2) 
C(12) 42(3)  69(5) 48(3)  -4(3) 0(2)  2(3) 
C(1) 29(3)  30(4) 41(3)  0 11(3)  0 
C(3) 49(4)  28(4) 53(4)  0 8(3)  0 
C(4) 43(3)  36(3) 46(3)  0(2) 18(2)  3(2) 
C(11) 34(2)  66(4) 40(3)  0(2) 11(2)  1(2) 
N(12) 44(3)  92(5) 65(3)  -6(3) 15(2)  4(3) 
C(13) 42(3)  94(5) 26(2)  -15(2) 4(2)  9(3) 
C(14) 35(2)  76(5) 42(3)  -12(3) 12(2)  9(3) 
 
 

 

Table 11.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

 x  y  z  U(eq) 

H(12) 3087 3882 9379 65 
H(1) 0 4747 7500 39 
H(3) 0 -1107 7500 52 
H(4) 683 430 6621 49 
H(11) 2315 3541 6071 56 
H(13) 2196 4363 9956 65 
H(14) 1393 4241 8590 60 
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Table 1.  Crystal data and structure refinement for (µ2-dibromo-(µ2-pyrimidine-N,N’) zinc(II) (Compound  III) 

Identification code  gb112a 

Empirical formula  C4H4Br2N2Zn 

Formula weight  305.28 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Pmma 

Unit cell dimensions a = 12.2327(14) Å α= 90°. 

 b = 3.7481(3) Å β= 90°. 

 c = 7.2659(6) Å γ = 90°. 

Volume 333.14(5) Å3 

Z 2 

Density (calculated) 3.043 Mg/m3 

Absorption coefficient 15.578 mm-1 

F(000) 284 

Crystal size 0.07 x 0.1 x 0.12 mm3 

Theta range for data collection 2.80 to 28.04°. 

Index ranges -16<=h<=16, -4<=k<=4, -9<=l<=9 

Reflections collected 3127 

Independent reflections 478 [R(int) = 0.0471] 

Completeness to theta = 28.04° 99.4 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 478 / 0 / 32 

Goodness-of-fit on F2 1.100 

Final R indices [I>2sigma(I)] R1 = 0.0268, wR2 = 0.0688 

R indices (all data) R1 = 0.0288, wR2 = 0.0697 

Extinction coefficient 0.038(4) 

Largest diff. peak and hole 1.106 and -1.128 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 Ueq(C) ) using a riding model with C-H = 0.95 Å for 
aromatic hydrogen atoms. There is one crystallographically independent molecule in the asymmetric unit, which is 
located in a special positions. 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103). 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Zn(1) 5000 0 0 14(1) 
Br(1) 4238(1) 5000 2189(1) 14(1) 
N(1) 6534(3) 0 1521(5) 14(1) 
C(1) 7500 0 683(7) 14(1) 
C(2) 6540(3) 0 3365(6) 18(1) 
C(3) 7500 0 4354(7) 18(1) 
 
 

 
 
 
Table 3.   Bond lengths [Å] and angles [°]. 
 
Zn(1)-N(1)  2.178(3) 
Zn(1)-N(1B)  2.178(3) 
Zn(1)-Br(1B)  2.6287(3) 
Br(1)-Zn(1E)  2.6287(3) 
N(1)-Zn(1)-N(1B) 180.00(17) 
N(1)-Zn(1)-Br(1B) 90.07(6) 
N(1B)-Zn(1)-Br(1B) 89.93(6) 
N(1)-Zn(1)-Br(1) 89.93(6) 
N(1B)-Zn(1)-Br(1) 90.07(6) 
Br(1B)-Zn(1)-Br(1) 180.0 
N(1)-Zn(1)-Br(1D) 90.07(6) 
N(1B)-Zn(1)-Br(1D) 89.93(6) 
Br(1B)-Zn(1)-Br(1D) 90.944(12) 

Zn(1)-Br(1)  2.6287(3) 
Zn(1)-Br(1D)  2.6287(3) 
Zn(1)-Br(1C)  2.6287(3) 
Br(1)-Zn(1)-Br(1D) 89.056(12) 
N(1)-Zn(1)-Br(1C) 89.93(6) 
N(1B)-Zn(1)-Br(1C) 90.07(6) 
Br(1B)-Zn(1)-Br(1C) 89.056(12) 
Br(1)-Zn(1)-Br(1C) 90.944(12) 
Br(1D)-Zn(1)-Br(1C) 180.0 
Zn(1)-Br(1)-Zn(1E) 90.944(12) 
C(1)-N(1)-Zn(1) 122.3(3) 
C(2)-N(1)-Zn(1) 120.8(3) 
 

 
Symmetry transformations used to generate equivalent atoms: A: -x+3/2,-y,z ; B: -x+1,-y,-z ; 
C: x,y-1,z ; D: -x+1,-y+1,-z ; E: x,y+1,z          
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Table 4.   Anisotropic displacement parameters  (Å2x 103) .  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
 
 U11 U22  U33 U23 U13 U12 

Zn(1) 7(1)  17(1) 18(1)  0 -2(1)  0 
Br(1) 11(1)  14(1) 16(1)  0 3(1)  0 
N(1) 7(1)  21(2) 16(2)  0 0(1)  0 
C(1) 13(2)  15(3) 16(2)  0 0  0 
C(2) 12(2)  25(2) 16(2)  0 6(1)  0 
C(3) 15(3)  27(3) 11(2)  0 0  0 
 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3). 
 
 x  y  z  U(eq) 

H(1) 7500 0 -624 17 
H(2) 5864 0 4007 21 
H(3) 7500 0 5662 21 
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Experimental and calculated X-ray powder patterns for compounds I, II and III. 
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Fig. S1. Experimental (top) and calculated (bottom) X-ray powder pattern for 

compound I (Transmission geometry; Cu-Kα−radiation). 
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Fig. S2.Experimental (top) and calculated (bottom) X-ray powder pattern for compound II 

(Transmission geometry, Cu-Kα-radiation). 
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Fig. S3.Experimental (top) and calculated (bottom) X-ray powder pattern for compound III 

(Transmission geometry; Cu-Kα-radiation). 
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IR- and Raman spectra of compounds I, II, III and IV. 
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Fig. S4. IR spectra for compound I. 
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Fig. S5. Raman spectra for compound I. 
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Fig. S6. IR  spectra  for compound II. 
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Fig. S7. Raman sepctra for compound II. 
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Fig. S8. IR  spectra  for compound III. 
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Fig. S9. Raman spectra for compound III. 
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Fig. S10. IR  spectra  for compound IV. 
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Fig. S11. Raman spectra for compound IV. 
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Supplemental material 
 
 

Table 1.  Crystal data and structure refinement for dibromo bis(pyridazine-N) znic(II) 

Identification code  blz23 

Empirical formula  C8 H8 Br2 N4 Zn 

Formula weight  385.37 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  P212121 

Unit cell dimensions a = 8.8914(5) Å α= 90°. 

 b = 9.7191(7) Å β= 90°. 

 c = 13.8189(8) Å γ = 90°. 

Volume 1194.18(13) Å3 

Z 4 

Density (calculated) 2.143 Mg/m3 

Absorption coefficient 8.721 mm-1 

F(000) 736 

Crystal size 0.06 x 0.09 x 0.12 mm3 

Theta range for data collection 2.56 to 28.02°. 

Index ranges -9<=h<=11, -12<=k<=11, -18<=l<=18 

Reflections collected 6650 

Independent reflections 2833 [R(int) = 0.0487] 

Completeness to theta = 28.02° 99.6 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2833 / 0 / 137 

Goodness-of-fit on F2 1.020 

Final R indices [I>2sigma(I)] R1 = 0.0382, wR2 = 0.0809 

R indices (all data) R1 = 0.0549, wR2 = 0.0896 

Absolute structure parameter 0.02(2) 

Extinction coefficient 0.0071(7) 

Largest diff. peak and hole 0.810 and -0.842 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 
hydrogen atoms. There  is one crystallographically independent molecules into the asymmetric unit,  located at a general 
positions. 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103). 

 U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 

Br(1) 7393(1) 2265(1) 8304(1) 21(1) 
Br(2) 7599(1) 593(1) 5642(1) 23(1) 
N(1) 4290(5) 2132(5) 6666(3) 16(1) 
N(2) 3590(6) 3307(5) 6944(4) 20(1) 
C(1) 2105(7) 3304(6) 6950(4) 23(1) 
C(2) 1226(7) 2184(7) 6715(5) 26(1) 
C(3) 1953(8) 994(7) 6458(5) 26(2) 
C(4) 3513(7) 1021(6) 6442(4) 20(1) 
N(11) 7073(5) 4236(5) 6188(3) 15(1) 
N(12) 8551(6) 4371(5) 6060(3) 20(1) 
C(11) 9098(7) 5607(7) 5840(4) 23(1) 
C(12) 8208(8) 6767(6) 5751(4) 23(1) 
C(13) 6697(8) 6607(6) 5873(4) 22(1) 
C(14) 6166(7) 5311(6) 6090(4) 18(1) 
 

 
Table 3.   Bond lengths [Å] and angles [°] 
 
Zn(1)-N(1)  2.041(5) 
Zn(1)-N(11)  2.056(5) 
Zn(1)-Br(2)  2.3541(8) 
Zn(1)-Br(1)  2.3735(8) 
N(1)-C(4)  1.319(8) 
N(1)-N(2)  1.356(7) 
N(2)-C(1)  1.321(9) 
C(1)-C(2)  1.378(9) 
C(2)-C(3)  1.372(9) 
C(3)-C(4)  1.387(9) 
N(11)-C(14)  1.327(8) 
N(11)-N(12)  1.332(7) 
N(12)-C(11)  1.331(8) 
C(11)-C(12)  1.383(9) 
C(12)-C(13)  1.363(9) 
C(13)-C(14)  1.378(9) 
N(1)-Zn(1)-N(11) 106.30(19) 
N(1)-Zn(1)-Br(2) 109.38(13) 
N(11)-Zn(1)-Br(2) 111.56(13) 

N(1)-Zn(1)-Br(1) 107.76(13) 
N(11)-Zn(1)-Br(1) 104.50(13) 
Br(2)-Zn(1)-Br(1) 116.75(3) 
C(4)-N(1)-N(2) 121.1(5) 
C(4)-N(1)-Zn(1) 125.7(4) 
N(2)-N(1)-Zn(1) 113.3(4) 
C(1)-N(2)-N(1) 117.3(5) 
N(2)-C(1)-C(2) 124.6(6) 
C(3)-C(2)-C(1) 117.3(6) 
C(2)-C(3)-C(4) 117.4(6) 
N(1)-C(4)-C(3) 122.4(6) 
C(14)-N(11)-N(12) 120.6(5) 
C(14)-N(11)-Zn(1) 128.9(4) 
N(12)-N(11)-Zn(1) 110.1(4) 
C(11)-N(12)-N(11) 118.6(5) 
N(12)-C(11)-C(12) 123.2(6) 
C(13)-C(12)-C(11) 117.4(6) 
C(12)-C(13)-C(14) 118.0(6) 
N(11)-C(14)-C(13) 122.2(6) 
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
__________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
__________________________________________________________________________ 
Zn(1) 13(1)  12(1) 20(1)  0(1) 0(1)  1(1) 
Br(1) 23(1)  20(1) 19(1)  0(1) -3(1)  0(1) 
Br(2) 24(1)  19(1) 27(1)  -7(1) 2(1)  5(1) 
N(1) 16(2)  15(2) 17(2)  0(2) -5(2)  5(2) 
N(2) 16(3)  15(2) 30(3)  2(2) 3(2)  -2(2) 
C(1) 17(3)  15(3) 35(3)  3(2) 4(2)  5(2) 
C(2) 14(3)  34(3) 30(3)  6(3) -3(2)  2(3) 
C(3) 25(3)  18(3) 35(4)  -5(2) -5(3)  -3(3) 
C(4) 19(3)  19(3) 20(3)  -1(2) -3(2)  2(3) 
N(11) 16(2)  14(2) 15(2)  2(2) 1(2)  2(2) 
N(12) 17(2)  16(2) 26(2)  1(2) 2(2)  -1(2) 
C(11) 21(3)  23(3) 25(3)  -5(3) 4(2)  -3(3) 
C(12) 33(4)  16(3) 19(3)  -1(2) 0(3)  -5(3) 
C(13) 29(3)  15(3) 21(3)  2(2) 1(3)  7(3) 
C(14) 19(3)  20(3) 16(2)  1(2) 2(2)  2(2) 
 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
___________________________________________________________________________ 
 x  y  z  U(eq) 
___________________________________________________________________________ 
H(1) 1607 4131 7128 27 
H(2) 159 2235 6730 31 
H(3) 1410 183 6298 31 
H(4) 4040 209 6264 23 
H(11) 10150 5696 5739 28 
H(12) 8633 7641 5611 27 
H(13) 6031 7365 5809 26 
H(14) 5114 5183 6173 22 
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Supplemental material 
 
 

Table 1.  Crystal data and structure refinement for diiodo-bis(pyridazin N) zinc (II). 

Identification code  gbb35 

Empirical formula  C8H8 I2 N4 Zn1 

Formula weight  598.89 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/n 

Unit cell dimensions a = 7.9702(5) Å α= 90°. 

 b = 12.9720(7) Å β= 95.928(8)°. 

 c = 12.5449(9) Å γ = 90°. 

Volume 1290.07(14) Å3 

Z 4 

Density (calculated) 3.083 Mg/m3 

Absorption coefficient 9.956 mm-1 

F(000) 1068 

Crystal size 0.06 x 0.09 x 0.12 mm3 

Theta range for data collection 2.26 to 27.99°. 

Index ranges -9<=h<=10, -17<=k<=12, -16<=l<=16 

Reflections collected 8867 

Independent reflections 3063 [R(int) = 0.0416] 

Completeness to theta = 27.99° 98.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3063 / 0 / 137 

Goodness-of-fit on F2 0.988 

Final R indices [I>2sigma(I)] R1 = 0.0278, wR2 = 0.0606 

R indices (all data) R1 = 0.0441, wR2 = 0.0653 

Extinction coefficient 0.0020(2) 

Largest diff. peak and hole 0.838 and -0.877 e.Å-3 

 
Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 
hydrogen atoms. There  is one crystallographically independent molecules into the asymmetric unit,  located at a general 
positions. 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

Zn(1) 2926(1) 2429(1) 6009(1) 17(1) 
I(1) 5220(1) 2575(1) 7601(1) 20(1) 
I(2) 162(1) 1615(1) 6429(1) 29(1) 
N(1) 3859(5) 1567(3) 4818(3) 18(1) 
N(2) 5372(5) 1907(3) 4575(3) 25(1) 
C(1) 6102(7) 1380(4) 3850(4) 32(1) 
C(2) 5431(7) 495(4) 3351(4) 30(1) 
C(3) 3906(7) 149(4) 3616(3) 27(1) 
C(4) 3131(6) 735(3) 4367(3) 21(1) 
N(11) 2721(5) 3854(3) 5289(3) 19(1) 
N(12) 2094(6) 4580(3) 5899(3) 28(1) 
C(11) 2031(7) 5542(4) 5537(4) 32(1) 
C(12) 2581(6) 5841(4) 4553(4) 28(1) 
C(13) 3222(6) 5089(4) 3958(3) 23(1) 
C(14) 3259(6) 4083(3) 4361(3) 20(1) 
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Table 3.   Bond lengths [Å] and angles [°]. 
 
Zn(1)-N(1)  2.065(3) 
Zn(1)-I(2)  2.5463(6) 
N(1)-C(4)  1.324(6) 
N(1)-N(2)  1.348(5) 
N(2)-C(1)  1.319(6) 
C(1)-C(2)  1.388(7) 
C(2)-C(3)  1.369(8) 
C(3)-C(4)  1.402(6) 
N(1)-Zn(1)-I(2) 108.02(11) 
N(1)-Zn(1)-I(1) 108.75(10) 
I(2)-Zn(1)-I(1) 115.53(2) 
C(4)-N(1)-N(2) 122.2(4) 
C(4)-N(1)-Zn(1) 125.1(3) 
N(2)-N(1)-Zn(1) 112.6(3) 
C(1)-N(2)-N(1) 117.1(4) 
N(2)-C(1)-C(2) 124.2(5) 
C(3)-C(2)-C(1) 118.2(4) 
C(2)-C(3)-C(4) 116.7(4) 
N(1)-C(4)-C(3) 121.7(4) 

Zn(1)-N(11)  2.058(4) 
Zn(1)-I(1)  2.5712(6) 
N(11)-C(14)  1.315(5) 
N(11)-N(12)  1.342(5) 
N(12)-C(11)  1.327(6) 
C(11)-C(12)  1.407(7) 
C(12)-C(13)  1.360(7) 
C(13)-C(14)  1.399(6) 
N(11)-Zn(1)-N(1) 100.76(14) 
N(11)-Zn(1)-I(2) 115.61(11) 
C(14)-N(11)-N(12) 121.4(4) 
C(14)-N(11)-Zn(1) 124.9(3) 
N(12)-N(11)-Zn(1) 113.4(3) 
C(11)-N(12)-N(11) 117.9(4) 
N(12)-C(11)-C(12) 123.7(4) 
C(13)-C(12)-C(11) 116.9(4) 
C(12)-C(13)-C(14) 117.8(4) 
N(11)-C(14)-C(13) 122.2(4) 
N(11)-Zn(1)-I(1) 107.00(10) 

 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -- 2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

 
 U11 U22 U33 U23 U13 U12 

Zn(1) 18(1)  15(1) 19(1)  0(1) 5(1)  0(1) 
I(1) 20(1)  21(1) 20(1)  0(1) 2(1)  -1(1) 
I(2) 21(1)  33(1) 36(1)  1(1) 10(1)  -7(1) 
N(1) 20(2)  17(2) 16(1)  3(1) 3(1)  4(1) 
N(2) 22(2)  22(2) 32(2)  1(2) 11(2)  -4(2) 
C(1) 34(3)  32(3) 34(2)  5(2) 21(2)  -1(2) 
C(2) 41(3)  30(3) 22(2)  -2(2) 11(2)  9(2) 
C(3) 37(3)  22(2) 20(2)  -4(2) -2(2)  5(2) 
C(4) 20(2)  21(2) 20(2)  -2(2) -3(2)  4(2) 
N(11) 20(2)  15(2) 21(2)  -1(1) 1(1)  -1(1) 
N(12) 34(2)  20(2) 32(2)  -3(2) 12(2)  7(2) 
C(11) 38(3)  24(2) 37(3)  1(2) 16(2)  5(2) 
C(12) 32(3)  15(2) 36(2)  5(2) 1(2)  -4(2) 
C(13) 26(3)  23(2) 19(2)  5(2) -4(2)  -5(2) 
C(14) 22(2)  18(2) 20(2)  -2(2) 1(2)  -2(2) 
 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
 
 x  y  z  U(eq) 

H(1) 7154 1623 3658 39 
H(2) 6014 140 2840 37 
H(3) 3398 -458 3307 32 
H(4) 2056 531 4556 25 
H(11) 1589 6058 5967 38 
H(12) 2508 6536 4315 33 
H(13) 3632 5242 3292 28 
H(14) 3688 3546 3950 24 
 
 
 



2 Publications 
__________________________________________________________________________ 

 123 

 
 
2.6 

 



2 Publications 
__________________________________________________________________________ 

 124 

 
 
 
 

 
 
 



2 Publications 
__________________________________________________________________________ 

 125 

 
 
 

 
 
 



2 Publications 
__________________________________________________________________________ 

 126 

 
 
 
 

 
 



2 Publications 
__________________________________________________________________________ 

 127 

 
 
 
 

 
 
 



2 Publications 
__________________________________________________________________________ 

 128 

 
 
 
 
 

 



2 Publications 
__________________________________________________________________________ 

 129 

 
 
 
 

 
 
 



2 Publications 
__________________________________________________________________________ 

 130 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 131 

 
 
 

Supplemental Material 

 

Structures and Properties of Three Polymorphic Modifications based on 

Tetrahedral Building Blocks of Dichloro-bis(pyridazine-N) zinc(II) 

 

Gaurav Bhosekar, Inke Jeß and Christian Näther* 
 

Details of the structure determination of form I 

 

Details of the structure determination of form II 

 

Details of the structure determination of form III 

 

Experimental X-ray powder pattern of form I and theoretical pattern calculated from single crystal 

data 

 

Experimental X-ray powder pattern of form II and theoretical pattern calculated from single crystal 

data 

 

Experimental X-ray powder pattern of form III and theoretical pattern calculated from single crystal 

data 

 

IR (top) and Raman (bottom) spectra for form I 

 

IR (top) and Raman (bottom) spectra for form II 

 

IR (top) and Raman (bottom) spectra for form III 
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Table 1.  Crystal data and structure refinement for form I 

Identification code  blz11 

Empirical formula  C8H8Cl2N4Zn 

Formula weight  296.45 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic  

Space group  Cc 

Unit cell dimensions a = 14.0339(12) Å               α= 90°. 

 b = 9.2082(5) Å                   β= 100.579(9)°. 

 c = 8.9873(7) Å                    γ = 90°. 

Volume 1141.66(15) Å3 

Z 4 

Density (calculated) 1.725 Mg/m3 

Absorption coefficient 2.590 mm-1 

F(000) 592  

Crystal size 0.07 x 0.1 x 0.13 mm3 

Theta range for data collection 2.66 to 28.00°. 

Index ranges -18<=h<=18, -11<=k<=12, -11<=l<=11 

Reflections collected 5399 

Independent reflections 2547 [R(int) = 0.0267] 

Completeness to theta = 28.00° 96.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2547 / 2 / 137 

Goodness-of-fit on F2 0.992 

Final R indices [I>2sigma(I)] R1 = 0.0246, wR2 = 0.0583 

R indices (all data) R1 = 0.0283, wR2 = 0.0595 

Absolute structure parameter -0.004(11) 

Extinction coefficient 0.0100(6) 

Largest diff. peak and hole 0.292 and -0.467 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 
hydrogen atoms. There  is one crystallographically independent molecules into the asymmetric unit,  located in a general 
position. 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

Zn(1) 4616(1) 7397(1) 3407(1) 17(1) 
Cl(1) 3562(1) 7760(1) 1270(1) 25(1) 
Cl(2) 5727(1) 9103(1) 4080(1) 33(1) 
N(1) 5250(2) 5395(2) 3377(3) 18(1) 
N(2) 5935(2) 5366(3) 2509(3) 28(1) 
C(1) 6388(2) 4114(3) 2387(4) 30(1) 
C(2) 6205(2) 2847(3) 3135(4) 29(1) 
C(3) 5520(2) 2904(3) 4020(4) 30(1) 
C(4) 5041(2) 4226(3) 4102(4) 21(1) 
N(11) 3849(2) 7332(2) 5148(3) 19(1) 
N(12) 3304(2) 6135(2) 5175(3) 24(1) 
C(11) 2768(2) 6051(3) 6241(4) 27(1) 
C(12) 2728(2) 7125(4) 7322(4) 30(1) 
C(13) 3293(2) 8325(3) 7260(4) 31(1) 
C(14) 3854(2) 8387(3) 6143(4) 24(1) 

  
 
 
Table 3.   Bond lengths [Å] and angles [°] . 
  
Zn(1)-N(1)  2.049(2) 
Zn(1)-N(11)  2.056(2) 
Zn(1)-Cl(2)  2.2180(7) 
Zn(1)-Cl(1)  2.2240(8) 
N(1)-Zn(1)-N(11) 105.87(9) 
C(14)-N(11)-Zn(1) 123.74(19) 
N(12)-N(11)-Zn(1) 114.61(18) 

N(1)-Zn(1)-Cl(2) 110.81(7) 
N(11)-Zn(1)-Cl(2) 104.66(7) 
N(1)-Zn(1)-Cl(1) 110.21(7) 
N(11)-Zn(1)-Cl(1) 107.68(7) 
Cl(2)-Zn(1)-Cl(1) 116.85(3) 
C(4)-N(1)-Zn(1) 126.25(19) 
N(2)-N(1)-Zn(1) 112.59(17) 

 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 134 

 
 
 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: --2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 19(1)  12(1) 22(1)  0(1) 10(1)  1(1) 
Cl(1) 29(1)  26(1) 22(1)  -1(1) 7(1)  8(1) 
Cl(2) 27(1)  21(1) 54(1)  -9(1) 17(1)  -8(1) 
N(1) 18(1)  13(1) 23(1)  1(1) 8(1)  3(1) 
N(2) 29(1)  22(1) 38(2)  2(1) 20(1)  4(1) 
C(1) 26(1)  30(2) 39(2)  -1(1) 16(1)  8(1) 
C(2) 30(2)  22(1) 34(2)  -3(1) 5(1)  10(1) 
C(3) 38(2)  15(1) 38(2)  3(1) 9(1)  3(1) 
C(4) 24(1)  16(1) 26(2)  0(1) 10(1)  1(1) 
N(11) 20(1)  19(1) 19(1)  2(1) 10(1)  2(1) 
N(12) 25(1)  21(1) 30(2)  -1(1) 13(1)  -4(1) 
C(11) 22(1)  29(2) 31(2)  4(1) 12(1)  -4(1) 
C(12) 29(2)  39(2) 26(2)  6(1) 14(1)  6(1) 
C(13) 37(2)  31(2) 28(2)  -6(1) 16(1)  0(1) 
C(14) 31(2)  20(1) 25(2)  -4(1) 12(1)  0(1) 
 
 
 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3). 
 
 x  y  z  U(eq) 

H(1) 6862 4083 1756 36 
H(2) 6547 1975 3028 35 
H(3) 5370 2076 4564 36 
H(4) 4550 4284 4700 25 
H(11) 2385 5204 6271 32 
H(12) 2329 7028 8063 36 
H(13) 3301 9097 7964 37 
H(14) 4254 9212 6092 29 
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Table 2.  Crystal data and structure refinement for form II 

 

Identification code  gb175a 

Empirical formula  C8H8Cl2N4Zn 

Formula weight  296.45 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/C 

Unit cell dimensions a = 8.0254(5) Å α= 90°. 

 b = 16.9729(16) Å β= 5.619(8)°. 

 c = 8.5260(6) Å γ = 90°. 

Volume 1155.78(15) Å3 

Z 4 

Density (calculated) 1.704 Mg/m3 

Absorption coefficient 2.558 mm-1 

F(000) 592 

Crystal size 0.08 x 0.14 x 0.22 mm3 

Theta range for data collection 2.40 to 27.97°. 

Index ranges -10<=h<=10, -22<=k<=21, -10<=l<=11 

Reflections collected 6630 

Independent reflections 2692 [R(int) = 0.0348] 

Completeness to theta = 27.97° 96.5 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2692 / 0 / 137 

Goodness-of-fit on F2 0.797 

Final R indices [I>2sigma(I)] R1 = 0.0333, wR2 = 0.0932 

R indices (all data) R1 = 0.0396, wR2 = 0.0994 

Extinction coefficient 0.023(3) 

Largest diff. peak and hole 0.742 and -0.862 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 
hydrogen atoms. There  is one crystallographically independent molecules into the asymmetric unit which is  located in a 
general position. 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 03). 
 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 

Zn(1) 7656(1) 6019(1) 7148(1) 17(1) 
Cl(1) 9644(1) 6691(1) 8569(1) 26(1) 
Cl(2) 6542(1) 4975(1) 8189(1) 26(1) 
N(1) 8320(2) 5702(1) 4979(2) 17(1) 
N(2) 9423(3) 6189(1) 4389(2) 25(1) 
C(1) 9740(3) 6072(2) 2915(3) 30(1) 
C(2) 8998(3) 5483(2) 1945(3) 29(1) 
C(3) 7881(3) 4994(2) 2570(3) 28(1) 
C(4) 7580(3) 5127(1) 4122(3) 22(1) 
N(11) 5905(2) 6870(1) 6432(2) 18(1) 
N(12) 4282(2) 6668(1) 6298(3) 27(1) 
C(11) 3168(3) 7219(2) 5840(3) 31(1) 
C(12) 3586(3) 7990(2) 5508(3) 29(1) 
C(13) 5243(3) 8187(2) 5625(3) 30(1) 
C(14) 6382(3) 7595(1) 6104(3) 27(1) 
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 Table 3.   Bond lengths [Å] and angles [°]  
 
Zn(1)-N(1)  2.0462(19) 
Zn(1)-N(11)  2.0654(17) 
Zn(1)-Cl(2)  2.2092(6) 
Zn(1)-Cl(1)  2.2211(6) 
Cl(2)-Zn(1)-Cl(1) 119.32(2) 
C(4)-N(1)-Zn(1) 123.40(16) 
N(2)-N(1)-Zn(1) 114.57(14) 

N(1)-Zn(1)-N(11) 98.43(7) 
N(1)-Zn(1)-Cl(2) 107.68(5) 
N(11)-Zn(1)-Cl(2) 112.89(5) 
N(1)-Zn(1)-Cl(1) 113.04(5) 
N(11)-Zn(1)-Cl(1) 103.53(5) 
C(14)-N(11)-Zn(1) 120.61(15) 
N(12)-N(11)-Zn(1) 118.24(14) 

 
 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: --2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 

 U11 U22 U33 U23 U13 U12 

Zn(1) 15(1)  15(1) 19(1)  1(1) 0(1)  1(1) 
Cl(1) 21(1)  26(1) 29(1)  -4(1) -7(1)  -2(1) 
Cl(2) 26(1)  22(1) 31(1)  8(1) 5(1)  -3(1) 
N(1) 15(1)  17(1) 20(1)  2(1) 1(1)  1(1) 
N(2) 27(1)  21(1) 27(1)  3(1) 4(1)  -7(1) 
C(1) 30(1)  32(1) 28(1)  8(1) 8(1)  -1(1) 
C(2) 29(1)  37(1) 21(1)  1(1) 2(1)  12(1) 
C(3) 26(1)  31(1) 25(1)  -9(1) -2(1)  3(1) 
C(4) 20(1)  20(1) 26(1)  -3(1) 1(1)  -2(1) 
N(11) 13(1)  17(1) 23(1)  1(1) -1(1)  0(1) 
N(12) 16(1)  23(1) 40(1)  4(1) -3(1)  -4(1) 
C(11) 13(1)  29(1) 49(2)  3(1) -6(1)  -2(1) 
C(12) 20(1)  25(1) 40(1)  3(1) -5(1)  6(1) 
C(13) 24(1)  19(1) 46(2)  9(1) -1(1)  0(1) 
C(14) 16(1)  21(1) 42(1)  7(1) -1(1)  -3(1) 
 
 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
 
 x  y  z  U(eq) 

H(1) 10523 6411 2490 35 
H(2) 9258 5424 889 35 
H(3) 7334 4582 1967 34 
H(4) 6816 4793 4587 27 
H(11) 2017 7077 5733 37 
H(12) 2744 8369 5208 35 
H(13) 5602 8703 5390 36 
H(14) 7544 7715 6199 32 



2 Publications 
__________________________________________________________________________ 

 138 

Table 3.  Crystal data and structure refinement for form III 

Identification code  gb379 

Empirical formula  C8H8Cl2N4Zn 

Formula weight  296.45 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Pna21 

Unit cell dimensions a = 25.4704(13) Å α= 90°. 

 b = 7.5932(4) Å β= 90°. 

 c = 11.7460(9) Å γ = 90°. 

Volume 2271.7(2) Å3 

Z 8 

Density (calculated) 1.734 Mg/m3 

Absorption coefficient 2.603 mm-1 

F(000) 1184 

Crystal size 0.06 x 0.10 x 0.14 mm3 

Theta range for data collection 2.36 to 26.92°. 

Index ranges -30<=h<=30, -9<=k<=9, -14<=l<=14 

Reflections collected 15632 

Independent reflections 4685 [R(int) = 0.0333] 

Completeness to theta = 26.92° 96.4 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4685 / 1 / 272 

Goodness-of-fit on F2 0.968 

Final R indices [I>2sigma(I)] R1 = 0.0257, wR2 = 0.0615 

R indices (all data) R1 = 0.0311, wR2 = 0.0638 

Absolute structure parameter 0.060(10) 

Extinction coefficient 0.0011(3) 

Largest diff. peak and hole 0.332 and -0.461 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic   (Ueq= -1.2 ) using a riding model with C-H = 0.95 Å for aromatic 
hydrogen atoms. There are two crystallographically independent molecules into the asymmetric unit which is  located in 
a general position.  
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x103) 

 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 

Zn(1) -800(1) 2485(1) 2489(1) 20(1) 
Cl(1) -1247(1) 4995(1) 2656(1) 28(1) 
Cl(2) -1232(1) -43(1) 2636(1) 29(1) 
N(1) -367(1) 2582(3) 1020(2) 23(1) 
N(2) -654(1) 2104(4) 100(2) 32(1) 
C(1) -418(2) 2151(5) -902(3) 36(1) 
C(2) 98(2) 2682(4) -1068(3) 34(1) 
C(3) 379(1) 3164(5) -134(3) 28(1) 
C(4) 126(1) 3102(4) 917(2) 24(1) 
N(11) -284(1) 2402(3) 3836(3) 23(1) 
N(12) 188(1) 3120(4) 3641(2) 30(1) 
C(11) 538(1) 3123(5) 4480(3) 33(1) 
C(12) 431(2) 2440(4) 5562(3) 35(1) 
C(13) -50(1) 1749(4) 5746(3) 35(1) 
C(14) -408(2) 1761(5) 4844(3) 30(1) 
Zn(2) 1676(1) 2926(1) 2037(1) 21(1) 
Cl(3) 1215(1) 446(1) 1924(1) 33(1) 
Cl(4) 1256(1) 5476(1) 1899(1) 30(1) 
N(21) 2190(1) 2814(3) 678(2) 23(1) 
N(22) 2665(1) 3473(4) 889(2) 32(1) 
C(21) 3014(1) 3473(5) 47(3) 36(1) 
C(22) 2906(2) 2852(4) -1029(3) 35(1) 
C(23) 2417(2) 2195(4) -1241(3) 36(1) 
C(24) 2061(2) 2213(4) -344(3) 30(1) 
N(31) 2131(1) 2844(3) 3478(2) 24(1) 
N(32) 1857(1) 3284(4) 4418(2) 34(1) 
C(31) 2111(2) 3271(5) 5404(3) 39(1) 
C(32) 2632(2) 2827(5) 5525(3) 35(1) 
C(33) 2905(1) 2357(4) 4575(3) 32(1) 
C(34) 2631(1) 2408(4) 3552(3) 28(1) 
 



2 Publications 
__________________________________________________________________________ 

 140 

 

 
 
Table 3.   Bond lengths [Å] and angles [°] 
 
Zn(1)-N(1)  2.049(3) 
Zn(1)-N(11)  2.058(3) 
Zn(1)-Cl(2)  2.2188(7) 
Zn(1)-Cl(1)  2.2282(7) 
 N(1)-Zn(1)-N(11) 107.71(11) 
N(1)-Zn(1)-Cl(2) 111.31(7) 
N(11)-Zn(1)-Cl(2) 103.33(7) 
N(1)-Zn(1)-Cl(1) 108.56(7) 
N(11)-Zn(1)-Cl(1) 106.55(7) 
Cl(2)-Zn(1)-Cl(1) 118.68(3) 
C(4)-N(1)-Zn(1) 126.8(2) 
N(2)-N(1)-Zn(1) 111.9(2) 
C(14)-N(11)-Zn(1) 123.2(3) 
N(12)-N(11)-Zn(1) 115.5(2) 

Zn(2)-N(31)  2.053(3) 
Zn(2)-N(21)  2.065(3) 
Zn(2)-Cl(4)  2.2181(7) 
Zn(2)-Cl(3)  2.2236(7) 
N(31)-Zn(2)-N(21) 106.20(10) 
N(31)-Zn(2)-Cl(4) 111.02(7) 
N(21)-Zn(2)-Cl(4) 106.58(7) 
N(31)-Zn(2)-Cl(3) 108.76(8) 
N(21)-Zn(2)-Cl(3) 104.70(8) 
Cl(4)-Zn(2)-Cl(3) 118.69(3) 
C(24)-N(21)-Zn(2) 123.9(3) 
N(22)-N(21)-Zn(2) 114.6(2) 
C(34)-N(31)-Zn(2) 127.4(2) 
N(32)-N(31)-Zn(2) 112.1(2) 

 



2 Publications 
__________________________________________________________________________ 

 141 

Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: --2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 15(1)  27(1) 18(1)  3(1) 0(1)  -1(1) 
Cl(1) 24(1)  28(1) 33(1)  4(1) -1(1)  3(1) 
Cl(2) 28(1)  27(1) 33(1)  1(1) 4(1)  -6(1) 
N(1) 22(2)  31(1) 17(1)  2(1) 0(1)  -1(1) 
N(2) 21(2)  51(2) 23(1)  -1(1) -4(1)  -6(1) 
C(1) 36(2)  54(2) 19(2)  -5(1) -4(1)  -12(2) 
C(2) 35(2)  49(2) 19(2)  1(1) 4(2)  -1(1) 
C(3) 17(2)  40(2) 26(2)  6(1) 4(1)  -5(1) 
C(4) 18(2)  37(2) 18(2)  0(1) 1(1)  -3(1) 
N(11) 20(2)  27(1) 23(2)  2(1) -4(1)  1(1) 
N(12) 17(1)  50(2) 22(1)  3(1) -1(1)  -4(1) 
C(11) 16(2)  53(2) 31(2)  -3(1) -5(1)  -3(1) 
C(12) 37(2)  41(2) 27(2)  -1(1) -15(2)  4(1) 
C(13) 44(2)  41(2) 21(2)  4(1) -6(1)  -8(2) 
C(14) 28(2)  37(2) 26(2)  1(1) -1(1)  -7(1) 
Zn(2) 16(1)  26(1) 20(1)  -2(1) 0(1)  -2(1) 
Cl(3) 30(1)  27(1) 40(1)  1(1) -3(1)  -9(1) 
Cl(4) 26(1)  25(1) 38(1)  -1(1) -1(1)  2(1) 
N(21) 20(2)  29(2) 19(1)  0(1) 2(1)  -2(1) 
N(22) 19(2)  50(2) 28(1)  -2(1) 1(1)  -6(1) 
C(21) 15(2)  56(2) 36(2)  6(2) 3(1)  -1(1) 
C(22) 33(2)  40(2) 33(2)  5(1) 13(2)  6(1) 
C(23) 44(2)  42(2) 21(2)  -4(1) 7(1)  -4(2) 
C(24) 29(2)  37(2) 24(2)  -4(1) 1(1)  -5(1) 
N(31) 18(2)  31(2) 22(2)  -3(1) 1(1)  2(1) 
N(32) 21(2)  56(2) 25(1)  -3(1) 3(1)  6(1) 
C(31) 30(2)  66(2) 21(2)  -4(2) 5(1)  10(2) 
C(32) 29(2)  56(2) 18(2)  3(1) -7(1)  -1(2) 
C(33) 18(2)  51(2) 27(2)  4(1) -1(1)  3(1) 
C(34) 20(2)  39(2) 24(2)  -1(1) 2(1)  6(1) 
  
 
 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
 
 x  y  z  U(eq) 

H(3) -612 1802 -1544 44 
H(2) 248 2708 -1799 41 
H(1) 731 3525 -195 33 
H(4) 311 3441 1573 29 
H(11) 872 3604 4341 40 
H(12) 685 2463 6142 42 
H(13) -141 1274 6458 42 
H(14) -747 1300 4959 36 
H(21) 3352 3921 193 43 
H(22) 3163 2880 -1603 42 
H(23) 2325 1750 -1960 43 
H(24) 1719 1786 -465 36 
H(31) 1922 3583 6062 47 
H(32) 2794 2848 6243 41 
H(33) 3260 2017 4609 38 
H(34) 2811 2117 2879 33 
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Fig. 1: Experimental X-ray powder pattern of form I (top) and theoretical pattern calculated from 

single crystal data (bottom). 
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Fig. 2: Experimental X-ray powder pattern of form II (top) and theoretical pattern calculated from 

single crystal data (bottom). 
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Fig. 3: Experimental X-ray powder pattern of form III (top) and theoretical pattern calculated from 

single crystal data (bottom). 
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Figure 4:IR (top) and Raman (bottom) spectra for form I 
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Figure 5: IR (top) and Raman (bottom) spectra for form II 
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Figure 6: IR (top) and Raman (bottom) spectra for form III 

 
  
 
 
 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 147 

2.7 
 

 
 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 148 

 

 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 149 

 

 
 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 150 

 
 
 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 151 

 
 
 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 152 

 
 

 
 
 
 
 
 
 
 
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 153 

 

Supplemental material 
 

Table 1.  Crystal data and structure refinement for ZnBr2(acetonitrile-N) at 200 K in Cmcm. 

Identification code  gb137 

Empirical formula  C4 H6 Br2 N2 Zn 

Formula weight  307.30 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  trigonal 

Space group  Cmcm 

Unit cell dimensions a = 8.0734(16) Å α= 90°. 

 b = 11.012(2) Å β= 90°. 

 c = 10.204(2) Å γ = 90°. 

Volume 907.2(3) Å3 

Z 4 

Density (calculated) 2.250 Mg/m3 

Absorption coefficient 11.442 mm-1 

F(000) 576 

Crystal size 0.2 x 0.13 x 0.05 mm3 

Theta range for data collection 3.13 to 28.04°. 

Index ranges -10<=h<=10, -14<=k<=14, -13<=l<=13 

Reflections collected 4265 

Independent reflections 614 [R(int) = 0.1294] 

Completeness to theta = 28.04° 99.4 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 614 / 0 / 31 

Goodness-of-fit on F2 1.036 

Final R indices [I>2sigma(I)] R1 = 0.0447, wR2 = 0.1229 

R indices (all data) R1 = 0.0503, wR2 = 0.1275 

Extinction coefficient 0.0182(19) 

Largest diff. peak and hole 1.337 and -0.835 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 
with idealized geometry and were refined isotropic ⋅ Ueq(Caromatic) =1.2 using a riding model with C-H =  0.98 Å for 
aliphatic hydrogen atoms. There is one crystallographically independent molecule into the asymmetric unit, which is  
located in a special positions 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103). 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 

Zn(1) 0 4764(1) 2500 18(1) 
Br(1) -2508(1) 5822(1) 2500 29(1) 
N(1) 0 3528(5) 3981(6) 26(1) 
C(1) 0 2743(6) 4692(7) 24(1) 
C(2) 0 1715(7) 5582(8) 39(2) 

 
 
Table 3.   Bond lengths [Å] and angles [°]. 
 
Zn(1)-N(1A)  2.034(6) 
Zn(1)-N(1)  2.034(6) 
Zn(1)-Br(1B)  2.3359(8) 
Zn(1)-Br(1)  2.3359(8) 
N(1)-C(1)  1.128(9) 
C(1)-C(2)  1.452(10) 
N(1A)-Zn(1)-N(1) 96.0(4) 

N(1A)-Zn(1)-Br(1B) 109.49(7) 
N(1)-Zn(1)-Br(1B) 109.49(7) 
N(1A)-Zn(1)-Br(1) 109.49(7) 
N(1)-Zn(1)-Br(1) 109.49(7) 
Br(1B)-Zn(1)-Br(1) 120.17(5) 
C(1)-N(1)-Zn(1) 172.0(6) 
N(1)-C(1)-C(2) 178.8(8) 

Symmetry transformations used to generate equivalent atoms: A: x,y,-z+1/2 ,  B: -x,y,-z+1/2      
 

Table 4.   Anisotropic displacement parameters  (Å2x 103) .  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
 
 U11 U22  U33 U23 U13 U12 

Zn(1) 19(1)  13(1) 21(1)  0 0  0 
Br(1) 20(1)  29(1) 38(1)  0 0  7(1) 
N(1) 33(3)  18(3) 28(3)  3(2) 0  0 
C(1) 29(3)  17(3) 25(3)  -2(3) 0  0 
C(2) 62(6)  26(4) 30(4)  7(3) 0  0 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
 
 x  y  z  U(eq) 

H(2A) 583 1032 5175 59 
H(2B) -1144 1478 5775 59 
H(2C) 562 1941 6398 59 
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Table 1.  Crystal data and structure refinement for dibromo bis (N-acitonitrile) zinc(II) in Pnma. 

Identification code  gb137a 

Empirical formula  C4H6Br2N2Zn 

Formula weight  307.30 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Pnma 

Unit cell dimensions a = 13.1011(17) Å α= 90°. 

 b = 10.2102(10) Å β= 90°. 

 c = 6.8078(7) Å γ = 90°. 

Volume 910.64(18) Å3 

Z 4 

Density (calculated) 2.241 Mg/m3 

Absorption coefficient 11.398 mm-1 

F(000) 576 

Crystal size 0.07 x 0.1 x 0.13 mm3 

Theta range for data collection 3.11 to 27.92°. 

Index ranges -17<=h<=17, -13<=k<=10, -8<=l<=7 

Reflections collected 4746 

Independent reflections 1137 [R(int) = 0.0794] 

Completeness to theta = 27.92° 99.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1137 / 0 / 48 

Goodness-of-fit on F2 0.993 

Final R indices [I>2sigma(I)] R1 = 0.0437, wR2 = 0.1001 

R indices (all data) R1 = 0.0678, wR2 = 0.1103 

Extinction coefficient 0.0041(12) 

Largest diff. peak and hole 1.506 and -1.141 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were 
positioned with idealized geometry and were refined isotropic ⋅ Ueq(Caliphatic) =1.5 using a riding model with 
C-H =  0.98 Å for aromatic hydrogen atoms.  There is one crystallographically independent molecule into the 
asymmetric unit, which is  located in a special positions 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103)  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Br(1) 5782(1) 2500 2207(1) 38(1) 
Br(2) 3342(1) 2500 5848(1) 36(1) 
Zn(1) 5109(1) 2500 5388(1) 27(1) 
N(1) 5746(3) 3981(6) 6972(7) 36(1) 
C(1) 6157(4) 4688(6) 7977(7) 31(1) 
C(2) 6677(5) 5598(7) 9276(9) 45(2) 
 
Table 3.   Bond lengths [Å] and angles [°] . 
 
Br(1)-Zn(1)  2.3383(11) 
Br(2)-Zn(1)  2.3359(11) 
Zn(1)-N(1)  2.036(5) 
Zn(1)-N(1A)  2.036(5) 
N(1)-C(1)  1.131(8) 
C(1)-C(2)  1.453(8) 
N(1)-Zn(1)-N(1A) 95.9(3) 

N(1)-Zn(1)-Br(2) 109.59(13) 
N(1A)-Zn(1)-Br(2) 109.59(13) 
N(1)-Zn(1)-Br(1) 109.62(14) 
N(1A)-Zn(1)-Br(1) 109.62(14) 
Br(2)-Zn(1)-Br(1) 119.85(4) 
C(1)-N(1)-Zn(1) 171.7(5) 
N(1)-C(1)-C(2) 179.6(6) 

Symmetry transformations used to generate equivalent atoms:    A: x,-y+1/2,z      
 

Table 4.   Anisotropic displacement parameters  (Å2x 103) .  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
 
 U11 U22  U33 U23 U13 U12 

Br(1) 43(1)  51(1) 21(1)  0 7(1)  0 
Br(2) 29(1)  48(1) 29(1)  0 1(1)  0 
Zn(1) 30(1)  33(1) 16(1)  0 -2(1)  0 
N(1) 41(3)  37(3) 29(2)  -3(2) -4(2)  -5(2) 
C(1) 33(3)  38(4) 23(3)  1(2) 1(2)  -2(2) 
C(2) 58(4)  38(4) 38(3)  -10(3) -15(3)  -7(3) 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
 x  y  z  U(eq) 

H(2A) 6187 6240 9781 67 
H(2B) 7217 6052 8548 67 
H(2C) 6979 5115 10376 67 
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Supplemental material 
 
 

Table 1.  Crystal data and structure refinement for GB273. 

Identification code  gb273 

Empirical formula  C4H6 I2N2Zn 

Formula weight  401.28 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic  

Space group  Ccca 

Unit cell dimensions a = 8.7049(7) Å α= 90°. 

 b = 11.3913(11) Å β= 90°. 

 c = 10.5121(11) Å γ = 90°. 

Volume 1042.38(17) Å3 

Z 4 

Density (calculated) 2.557 Mg/m3 

Absorption coefficient 8.215 mm-1 

F(000) 720 

Crystal size 0.04 x 0.10 x 0.15 mm3 

Theta range for data collection 2.95 to 27.97°. 

Index ranges -11<=h<=11, -14<=k<=14, -13<=l<=13 

Reflections collected 4886 

Independent reflections 704 [R(int) = 0.0651] 

Completeness to theta = 27.97° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 704 / 0 / 30 

Goodness-of-fit on F2 1.059 

Final R indices [I>2sigma(I)] R1 = 0.0324, wR2 = 0.0858 

R indices (all data) R1 = 0.0363, wR2 = 0.0877 

Extinction coefficient 0.0041(5) 

Largest diff. peak and hole 1.857 and -1.061 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were 
positioned with idealized geometry and were refined isotropic   (Ueq(H) = 1.2 ⋅ Ueq(C)) using a riding model with C-H 
= 0.95 Å for aromatic hydrogen atoms. The complex is located in a special position.  
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103). 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

Zn(1) 0 4647(1) 2500 26(1) 
I(1) -2525(1) 5750(1) 2500 39(1) 
N(1) 0 3449(4) 3950(4) 36(1) 
C(1) 0 2733(5) 4677(5) 34(1) 
C(2) 0 1787(5) 5595(6) 50(2) 

 

 
 

 Table 3.   Bond lengths [Å] and angles [°]. 

 
Zn(1)-N(1A)  2.046(5) 
Zn(1)-N(1)  2.046(5) 
C(1)-N(1)-Zn(1) 175.0(4) 
N(1A)-Zn(1)-N(1) 96.3(3) 
N(1A)-Zn(1)-I(1B) 109.33(5) 
N(1)-Zn(1)-I(1B) 109.33(5) 

Zn(1)-I(1B)  2.5316(5) 
Zn(1)-I(1)  2.5316(5) 
N(1A)-Zn(1)-I(1) 109.33(5) 
N(1)-Zn(1)-I(1) 109.33(5) 
I(1B)-Zn(1)-I(1) 120.50(3) 

Symmetry transformations used to generate equivalent atoms: A: x,y,-z+1/2;   B: -x,y,-z+1/2       
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
 
 U11 U22 U33 U23 U13 U12 

Zn(1) 30(1)  21(1) 28(1)  0 0  0 
I(1) 28(1)  39(1) 49(1)  0 0  6(1) 
N(1) 42(3)  30(2) 35(2)  3(2) 0  0 
C(1) 47(3)  25(2) 29(2)  -4(2) 0  0 
C(2) 82(6)  33(3) 35(3)  8(2) 0  0 

  

 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

 
 x  y  z  U(eq) 

H(2A) 0 2064 6458 60 
H(2B) 899 1319 5395 75 
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Supplemental material 

 

Synthesis, Crystal Structure and Thermal Reactivity of 

ZnX2(2-Chloropyrazine) (X = Cl, Br, I) Coordination Compounds 

 

Gaurav Bhosekar, Inke Jeß, Nicolai Lehnert and Christian Näther  

 

 

• Selected crystal data and details on the single crystal structure determinations 

for compounds 1-5 

 

• Experimental and calculated X-ray powder patterns for compounds 1-5 
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Compound 1 

Table 1.  Crystal data and structure refinement for dichloro-bis(2-chloropyrazine-N) zinc(II) 

Identification code  gb26 

Empirical formula  C8H6Cl4N4Zn 

Formula weight  365.34 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  P21/n 

Unit cell dimensions a = 3.5928(3) Å α= 90°. 00 

 b = 9.8030(6) Å β= 94.185(10)°. 

 c = 16.5933(14) Å γ = 90°. 00 

Volume 582.86(8) Å3 

Z 2 

Density (calculated) 2.082 Mg/m3 

Absorption coefficient 3.001 mm-1 

F(000) 360 

Crystal size 0.12 x 0.09 x 0.06mm3 

Theta range for data collection 2.41 to 28.01°. 

Index ranges -4<=h<=4, -12<=k<=12, -21<=l<=21 

Reflections collected 5475 

Independent reflections 1366 [R(int) = 0.0231] 

Completeness to theta = 28.01° 97.2 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1366 / 0 / 80 

Goodness-of-fit on F2 1.095 

Final R indices [I>2sigma(I)] R1 = 0.0209, wR2 = 0.0553 

R indices (all data) R1 = 0.0226, wR2 = 0.0560 

Extinction coefficient 0.042(3) 

Largest diff. peak and hole 0.384 and -0.477 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic with Ueq(H) = 1.2 ⋅ Ueq(Caromatic) using a riding model with C-H =  

0.95 Å for aromatic hydrogen atoms. There is one crystallographically independent molecule into the asymmetric unit 

which is  located in a special positions. 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 

Zn(1) 5000 5000 5000 8(1) 
Cl(1) 9634(1) 3801(1) 4263(1) 8(1) 
N(1) 5471(4) 1309(1) 7086(1) 13(1) 
C(1) 4267(4) 1109(1) 6324(1) 9(1) 
C(2) 4164(4) 2119(1) 5734(1) 9(1) 
N(2) 5243(4) 3389(1) 5930(1) 8(1) 
C(3) 6418(4) 3629(1) 6706(1) 11(1) 
C(4) 6546(5) 2588(2) 7274(1) 14(1) 
Cl(2) 2747(1) -516(1) 6060(1) 14(1) 

 

 

 

 

Table 3.   Bond lengths [Å] and angles [°] 

 
Zn(1)-N(2)  2.2055(12) 
Zn(1)-N(2A)  2.2055(12) 
Zn(1)-Cl(1A)  2.4388(4) 
Zn(1)-Cl(1)  2.4388(4) 
Zn(1)-Cl(1B)  2.5001(4) 
Zn(1)-Cl(1C)  2.5001(4) 
C(2)-N(2)-Zn(1) 120.01(10) 
C(3)-N(2)-Zn(1) 122.56(10) 
Cl(1A)-Zn(1)-Cl(1B) 93.338(12) 
Cl(1)-Zn(1)-Cl(1B) 86.662(12) 
N(2)-Zn(1)-Cl(1C) 89.74(3) 

N(2)-Zn(1)-N(2A) 180.000(1) 
N(2)-Zn(1)-Cl(1A) 89.29(3) 
N(2A)-Zn(1)-Cl(1A) 90.71(3) 
N(2)-Zn(1)-Cl(1) 90.71(3) 
N(2A)-Zn(1)-Cl(1) 89.29(3) 
Cl(1A)-Zn(1)-Cl(1) 180.000(12) 
N(2)-Zn(1)-Cl(1B) 90.26(3) 
N(2A)-Zn(1)-Cl(1B) 89.74(3) 
Cl(1A)-Zn(1)-Cl(1C) 86.662(12) 
Cl(1)-Zn(1)-Cl(1C) 93.338(12) 
Cl(1B)-Zn(1)-Cl(1C) 180.0 
N(2A)-Zn(1)-Cl(1C) 90.26(3) 

Symmetry transformations used to generate equivalent atoms: A: -x+1,-y+1,-z+1;  
B -x+2,-y+1,-z+1;  C:3 x-1,y,z   
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Table 4.   Anisotropic displacement parameters  (Å2x 103) .  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
 U11 U22  U33 U23 U13 U12 

Zn(1) 9(1)  5(1) 9(1)  2(1) 2(1)  -1(1) 
Cl(1) 10(1)  6(1) 9(1)  -1(1) 1(1)  -1(1) 
N(1) 16(1)  12(1) 11(1)  3(1) 0(1)  -1(1) 
C(1) 8(1)  5(1) 13(1)  1(1) 2(1)  0(1) 
C(2) 10(1)  7(1) 10(1)  0(1) 0(1)  0(1) 
N(2) 9(1)  8(1) 9(1)  1(1) 2(1)  0(1) 
C(3) 13(1)  10(1) 11(1)  -2(1) 1(1)  -2(1) 
C(4) 20(1)  14(1) 9(1)  -1(1) -1(1)  -1(1) 
Cl(2) 16(1)  6(1) 20(1)  0(1) 0(1)  -3(1) 
 

 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

 x  y  z  U(eq) 

H(2) 3327 1907 5192 11 
H(3) 7170 4523 6867 13 
H(4) 7428 2787 7814 17 
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Compound 2 

Table 1.  Crystal data and structure refinement for dibromo bis (N-chloropyrazine) zinc (II). 

Identification code  gb138 

Empirical formula  C8H6Br2Cl2N4Zn 

Formula weight  454.26 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  C2/c 

Unit cell dimensions a = 17.9491(15) Å α= 90°. 

 b = 5.6817(5) Å β= 108.853(9)°.  

 c = 14.6824(11) Å γ = 90°. 

Volume 1417.0(2) Å3 

Z 4 

Density (calculated) 2.129 Mg/m3 

Absorption coefficient 7.732 mm-1 

F(000) 864 

Crystal size 0.03 x 0.09 x 0.15  mm3 

Theta range for data collection 2.40 to 28.02°. 

Index ranges -23<=h<=23, -7<=k<=7, -19<=l<=19 

Reflections collected 6595 

Independent reflections 1644 [R(int) = 0.0699] 

Completeness to theta = 28.02° 95.3 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1644 / 0 / 79 

Goodness-of-fit on F2 1.025 

Final R indices [I>2sigma(I)] R1 = 0.0354, wR2 = 0.0793 

R indices (all data) R1 = 0.0562, wR2 = 0.0877 

Extinction coefficient 0.0036(4) 

Largest diff. peak and hole 0.415 and -0.451 e.Å-3 
 

Remark: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic with Ueq(H) = 1.2 ⋅ Ueq(Caromatic) using a riding model with C-H =  

0.94 Å for aromatic hydrogen atoms. There is one crystallographically independent molecules into the asymmetric unit 

which is located in a special positions. 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Zn(1) 5000 10453(1) 12500 34(1) 
Br(1) 5527(1) 12327(1) 13988(1) 48(1) 
N(1) 3067(2) 4638(6) 12651(3) 50(1) 
C(1) 3037(2) 5717(7) 11851(3) 44(1) 
C(2) 3561(2) 7431(7) 11792(3) 40(1) 
N(2) 4139(2) 8100(5) 12580(2) 35(1) 
C(3) 4175(3) 7064(7) 13405(3) 43(1) 
C(4) 3646(3) 5344(8) 13434(4) 52(1) 
Cl(1) 2298(1) 4900(2) 10819(1) 69(1) 

 

 

 

 

 

 

 

 

 

Table 3.   Bond lengths [Å] and angles [°]. 

 
Zn(1)-N(2A)  2.076(3) 
Zn(1)-N(2)  2.076(3) 
Zn(1)-Br(1)  2.3380(5) 
Zn(1)-Br(1A)  2.3380(5) 
C(3)-N(2)-Zn(1) 121.2(3) 
C(2)-N(2)-Zn(1) 121.2(3) 

N(2A)-Zn(1)-N(2) 99.82(17) 
N(2A)-Zn(1)-Br(1) 105.21(9) 
N(2)-Zn(1)-Br(1) 108.92(9) 
N(2A)-Zn(1)-Br(1A) 108.92(9) 
N(2)-Zn(1)-Br(1A) 105.21(9) 
Br(1)-Zn(1)-Br(1A) 125.82(3) 

Symmetry transformations used to generate equivalent atoms:  A: -x+1,y,-z+5/2       
 
 
 
 



2 Publications 
__________________________________________________________________________ 

 175 

Table 4.   Anisotropic displacement parameters  (Å2x 103) .  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
 
 U11 U22  U33 U23 U13 U12 

Zn(1) 27(1)  34(1) 38(1)  0 7(1)  0 
Br(1) 47(1)  46(1) 46(1)  -11(1) 6(1)  0(1) 
N(1) 44(2)  48(2) 60(3)  -2(2) 22(2)  -9(2) 
C(1) 34(2)  45(2) 53(3)  -7(2) 14(2)  -8(2) 
C(2) 35(2)  45(2) 41(2)  -7(2) 13(2)  -6(2) 
N(2) 31(1)  35(2) 42(2)  -4(1) 14(2)  1(1) 
C(3) 44(2)  45(2) 40(2)  1(2) 13(2)  -1(2) 
C(4) 55(2)  48(2) 55(3)  5(2) 22(2)  -7(2) 
Cl(1) 56(1)  76(1) 64(1)  -11(1) 6(1)  -31(1) 

 

 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

 
 x  y  z  U(eq) 

H(2) 3512 8133 11196 48 
H(3) 4568 7515 13976 52 
H(4) 3692 4634 14028 62 
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Compund 3 

Table 1.  Crystal data and structure refinement for diiodo-bis(2-chloropyrazine-N) zinc(II). 

Identification code  gb11 

Empirical formula  C8H6Cl2I2N4Zn 

Formula weight  548.24 

Temperature  170(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  C2/c 

Unit cell dimensions a = 16.8523(14) Å α= 90°. 

 b = 6.0972(4) Å β= 105.413(10)°. 

 c = 15.1299(13) Å γ = 90°. 

Volume 1498.7(2) Å3 

Z 4 

Density (calculated) 2.430 Mg/m3 

Absorption coefficient 6.099 mm-1 

F(000) 1008 

Crystal size 0.06 x 0.09 x 0.12 mm3 

Theta range for data collection 2.79 to 28.01°. 

Index ranges -21<=h<=22, -7<=k<=7, -19<=l<=19 

Reflections collected 6849 

Independent reflections 1762 [R(int) = 0.0373] 

Completeness to theta = 28.01° 97.5 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1762 / 0 / 79 

Goodness-of-fit on F2 1.039 

Final R indices [I>2sigma(I)] R1 = 0.0232, wR2 = 0.0589 

R indices (all data) R1 = 0.0270, wR2 = 0.0602 

Extinction coefficient 0.00136(17) 

Largest diff. peak and hole 0.844 and -0.845 e.Å-3 

 
Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic with Ueq(H) = 1.2 ⋅ Ueq(Caromatic) using a riding model with C-H = 0.95 

Å. The complex is located on a 2-fold rotation axis. 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103). 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Zn(1) 5000 10460(1) 12500 18(1) 
I(1) 5394(1) 12446(1) 14025(1) 28(1) 
N(1) 2893(1) 4994(4) 12489(2) 27(1) 
C(1) 2971(1) 5931(5) 11732(2) 25(1) 
C(2) 3554(2) 7514(4) 11705(2) 23(1) 
N(2) 4069(1) 8186(4) 12493(1) 19(1) 
C(3) 4003(2) 7289(4) 13272(2) 24(1) 
C(4) 3416(2) 5694(5) 13259(2) 29(1) 
Cl(1) 2300(1) 5099(1) 10713(1) 43(1) 

 
 

 

 

 

 

 

Table 3.   Bond lengths [Å] and angles [°]. 

 

Zn(1)-N(2)  2.091(2) 
Zn(1)-N(2A)  2.091(2) 
N(2)-Zn(1)-N(2A) 96.96(12) 
N(2)-Zn(1)-I(1) 109.64(6) 
N(2A)-Zn(1)-I(1) 107.33(6) 
C(2)-N(2)-Zn(1) 121.02(18) 

Zn(1)-I(1)  2.5324(3) 
Zn(1)-I(1A)  2.5324(3) 
N(2)-Zn(1)-I(1A) 107.33(6) 
N(2A)-Zn(1)-I(1A) 109.64(6) 
I(1)-Zn(1)-I(1A) 122.88(2) 
C(3)-N(2)-Zn(1) 120.51(18) 

Symmetry transformations used to generate equivalent atoms: A: -x+1,y,-z+5/2      
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Table 4.   Anisotropic displacement parameters (Å2x 103).  The anisotropic 

displacement factor exponent takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

Zn(1) 15(1)  19(1) 18(1)  0 1(1)  0 
I(1) 33(1)  25(1) 21(1)  -5(1) -1(1)  2(1) 
N(1) 26(1)  22(1) 32(1)  2(1) 7(1)  -3(1) 
C(1) 20(1)  23(2) 28(1)  -2(1) 3(1)  -4(1) 
C(2) 22(1)  23(2) 23(1)  -1(1) 5(1)  -4(1) 
N(2) 16(1)  20(1) 21(1)  -1(1) 4(1)  0(1) 
C(3) 22(1)  25(2) 23(1)  2(1) 4(1)  1(1) 
C(4) 31(1)  29(2) 28(1)  5(1) 8(1)  0(1) 
Cl(1) 42(1)  48(1) 30(1)  0(1) -5(1)  -25(1) 
 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103). 

 x  y  z  U(eq) 

H(2) 3587 8114 11136 27 
H(3) 4360 7745 13840 29 
H(4) 3385 5072 13825 35 
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Compound 4 

Table 1.  Crystal data and structure refinement for Dibromo-(2-chloropyrazine-N)-aqua-zinc(II) 

Identification code  gb435 

Empirical formula  C4H5Br2ClN2OZn 

Formula weight  357.74 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 11.2591(7) Å α= 90°. 

 b = 12.2488(6) Å β= 90°. 

 c = 14.1375(7) Å γ = 90°. 

Volume 1949.71(18) Å3 

Z 8 

Density (calculated) 2.437 Mg/m3 

Absorption coefficient 10.939 mm-1 

F(000) 1344 

Crystal size 0.04 x 0.09 x 0.13 mm3 

Theta range for data collection 2.85 to 28.07°. 

Index ranges -14<=h<=14, -16<=k<=16, -18<=l<=18 

Reflections collected 17607 

Independent reflections 2358 [R(int) = 0.0966] 

Completeness to theta = 28.07° 99.5 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2358 / 0 / 101 

Goodness-of-fit on F2 1.026 

Final R indices [I>2sigma(I)] R1 = 0.0378, wR2 = 0.0946 

R indices (all data) R1 = 0.0518, wR2 = 0.1013 

Extinction coefficient 0.0022(3) 

Largest diff. peak and hole 0.578 and -0.904 e.Å-3 
 

Remarks: 

All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic (Ueq(H) = 1.2 ⋅ Ueq(Caromatic) = 1.5 ⋅ Ueq(Cmethyl)) using a riding model. 

The O-H hydrogen atoms were located in difference map, their bond lengths set to ideal values and afterwards they were 

refined using a riding model. This compound is located in a general position. 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Br(1) 6056(1) 5924(1) 6084(1) 38(1) 
Br(2) 8310(1) 4095(1) 4407(1) 39(1) 
Zn(1) 7230(1) 5697(1) 4743(1) 26(1) 
N(1) 4831(3) 6421(3) 1973(2) 32(1) 
N(2) 6225(3) 6024(3) 3546(2) 24(1) 
O(1) 8449(3) 6916(3) 4628(2) 30(1) 
C(1) 4605(4) 6871(3) 2803(3) 28(1) 
C(2) 5291(4) 6686(3) 3605(3) 25(1) 
C(3) 6466(4) 5558(4) 2711(3) 31(1) 
C(4) 5765(5) 5758(4) 1935(3) 39(1) 
Cl(1) 3396(1) 7713(1) 2890(1) 46(1) 

 

C2 C3

C1 C4

Br1

N1

Zn1

N2

Br2

O1

Cl1

 

 

 

 Table 3.   Bond lengths [Å] and angles [°]  

 
Br(1)-Zn(1)  2.3273(7) 
Br(2)-Zn(1)  2.3576(7) 
Zn(1)-O(1)  2.034(3) 
Zn(1)-N(2)  2.074(3) 
C(1)-N(1)-C(4) 116.3(4) 
C(2)-N(2)-C(3) 118.3(3) 
C(3)-N(2)-Zn(1) 121.7(3) 

C(2)-N(2)-Zn(1) 119.9(3) 
O(1)-Zn(1)-N(2) 99.25(13) 
O(1)-Zn(1)-Br(1) 111.17(8) 
N(2)-Zn(1)-Br(1) 109.34(10) 
O(1)-Zn(1)-Br(2) 104.32(9) 
N(2)-Zn(1)-Br(2) 106.13(10) 
Br(1)-Zn(1)-Br(2) 123.79(3) 
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Table 4.   Anisotropic displacement parameters  (Å2x 103) .  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

Br(1) 40(1)  46(1) 28(1)  -1(1) 7(1)  -13(1) 
Br(2) 46(1)  27(1) 45(1)  -4(1) -10(1)  8(1) 
Zn(1) 31(1)  26(1) 22(1)  1(1) -3(1)  1(1) 
N(1) 39(2)  36(2) 21(2)  3(1) -6(1)  1(2) 
N(2) 25(2)  27(2) 21(1)  -1(1) -5(1)  -2(1) 
O(1) 34(2)  30(2) 25(1)  -3(1) 6(1)  -4(1) 
C(1) 29(2)  27(2) 27(2)  -1(2) -4(2)  0(2) 
C(2) 31(2)  21(2) 22(2)  0(1) -1(2)  -2(2) 
C(3) 31(2)  38(2) 25(2)  -3(2) 2(2)  5(2) 
C(4) 44(3)  51(3) 20(2)  -8(2) 1(2)  7(2) 
Cl(1) 45(1)  43(1) 49(1)  -9(1) -14(1)  19(1) 

 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

 

 x  y  z  U(eq) 

H(1O1) 8896 6852 4155 44 
H(2O1) 8128 7536 4631 44 
H(2) 5096 7024 4181 30 
H(3) 7123 5088 2656 38 
H(4) 5951 5415 1359 46 
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Compound 5 

Table 1.  Crystal data and structure refinement for Diiodo-(2-chloropyrazine-N)-aqua-zinc(II) 

Identification code  gb410a 

Empirical formula  C4H5ClI2N2OZn 

Formula weight  451.72 

Temperature  220(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 11.4595(8) Å α= 90°. 

 b = 12.9539(7) Å β= 90°. 

 c = 14.4758(8) Å γ = 90°. 

Volume 2148.9(2) Å3 

Z 8 

Density (calculated) 2.793 Mg/m3 

Absorption coefficient 8.235 mm-1 

F(000) 1632 

Crystal size 0.06 x 0.1 x 0.14 mm3 

Theta range for data collection 2.76 to 28.05°. 

Index ranges -15<=h<=11, -15<=k<=17, -19<=l<=19 

Reflections collected 13377 

Independent reflections 2581 [R(int) = 0.0455] 

Completeness to theta = 28.05° 99.2 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2581 / 0 / 101 

Goodness-of-fit on F2 0.975 

Final R indices [I>2sigma(I)] R1 = 0.0230, wR2 = 0.0489 

R indices (all data) R1 = 0.0347, wR2 = 0.0519 

Extinction coefficient 0.00078(11) 

Largest diff. peak and hole 0.643 and -0.770 e.Å-3 

 

Remarks: 
All non-hydrogen atoms were refined using anisotropic displacement parameters. The hydrogen atoms were positioned 

with idealized geometry and were refined isotropic (Ueq(H) = 1.2 ⋅ Ueq(Caromatic) = 1.5 ⋅ Ueq(Cmethyl)) using a riding model. 

The O-H hydrogen atoms were located in difference map, their bond lengths set to ideal values and afterwards they were 

refined using a riding model. This compound is located in a general position. 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 

I(1) 6037(1) 5985(1) 6124(1) 33(1) 
I(2) 8377(1) 4045(1) 4360(1) 37(1) 
Zn(1) 7254(1) 5700(1) 4696(1) 25(1) 
N(1) 4861(3) 6385(3) 1995(2) 32(1) 
N(2) 6243(2) 6003(2) 3530(2) 24(1) 
O(1) 8458(2) 6834(2) 4561(1) 30(1) 
C(1) 4647(3) 6811(3) 2808(2) 28(1) 
C(2) 5326(3) 6628(3) 3585(2) 25(1) 
C(3) 6475(3) 5563(3) 2716(2) 31(1) 
C(4) 5771(3) 5745(3) 1959(2) 34(1) 
Cl(1) 3475(1) 7622(1) 2900(1) 48(1) 

 

 

 

 

 
Table 3.   Bond lengths [Å] and angles [°] 
 
I(1)-Zn(1)  2.5219(4) 
I(2)-Zn(1)  2.5468(5) 
Zn(1)-O(1)  2.026(3) 
Zn(1)-N(2)  2.084(3) 
C(2)-N(2)-Zn(1) 120.4(2) 
C(3)-N(2)-Zn(1) 121.6(2) 

O(1)-Zn(1)-N(2) 99.43(10) 
O(1)-Zn(1)-I(1) 110.47(6) 
N(2)-Zn(1)-I(1) 109.22(8) 
O(1)-Zn(1)-I(2) 104.34(7) 
N(2)-Zn(1)-I(2) 106.57(8) 
I(1)-Zn(1)-I(2) 123.993(16) 
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 Table 4.   Anisotropic displacement parameters  (Å2x 103).  The anisotropic 

displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

I(1) 33(1)  40(1) 27(1)  -1(1) 6(1)  -8(1) 
I(2) 41(1)  26(1) 43(1)  -4(1) -8(1)  7(1) 
Zn(1) 26(1)  27(1) 22(1)  0(1) -3(1)  1(1) 
N(1) 34(2)  35(2) 27(1)  1(1) -7(1)  0(1) 
N(2) 21(1)  27(1) 23(1)  0(1) 1(1)  -1(1) 
O(1) 28(1)  32(1) 30(1)  -2(1) 5(1)  -4(1) 
C(1) 29(2)  24(2) 30(2)  1(1) -4(1)  2(1) 
C(2) 26(2)  27(2) 21(1)  -1(1) -2(1)  -1(1) 
C(3) 27(2)  37(2) 27(2)  1(1) 3(1)  6(2) 
C(4) 37(2)  46(2) 20(1)  -4(1) 0(1)  6(2) 
Cl(1) 41(1)  47(1) 54(1)  -8(1) -14(1)  20(1) 
 
 
 

Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
 
 x  y  z  U(eq) 

H(1O1) 8930 6732 4126 45 
H(2O1) 8358 7470 4480 45 
H(2) 5138 6947 4149 29 
H(3) 7125 5125 2658 37 
H(4) 5939 5407 1400 41 
 
 

 

 

 

 

 



2 Publications 
__________________________________________________________________________ 

 185 

5 10 15 20 25 30 35 40

R
e

la
ti

v
e

 i
n

te
n

s
it

y

2-Theta / °  

Figure S1. Experimental (top) and calculated (bottom) X-ray powder pattern of compound 1. 
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Figure S2. Experimental (top) and calculated (bottom) X-ray powder pattern of compound 2. 
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Figure S3. Experimental (top) and calculated (bottom) X-ray powder pattern of compound 3. 
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Figure S4. Experimental (top) and calculated (bottom) X-ray powder pattern of compound 4. 
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Figure S5. Experimental (top) and calculated (bottom) X-ray powder pattern of compound 5. 
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4. Summary 

 
In the present thesis, investigations on the synthesis, structures and properties of new 

zinc(II) halide coordination polymers has been presented. Based on the previous results of 

our group on the thermal properties of coordination compounds of copper(I) halides or 

pseudohalides and N-donor ligands we did systematic investigations in order to prove if new 

ligand deficient thermodynamically metastable and stable coordination zinc(II) halide 

compounds including polymorphic modifications can be prepared by thermal decomposition 

reactions. 

 

This was investigated in the beginning for ZnX  (X = Cl, Br, I) coordination compounds with 

pyrazine as ligand (chapter 2.1). In this work it was proven for the first time that new zinc(II) 

halide coordination compounds can be prepared by thermal decomposition reactions.  

Altogether, the coordination compounds poly-bis(µ2-pyrazine)-dichloro-zinc(II) (1), poly-(µ2-

pyrazine-N,N’)-dichloro-zinc(II) (2), poly-bis(µ2-pyrazine-N,N’)-dibromo-zinc(II) (3), catena-

(µ2-pyrazine-N,N’)-dibromo-zinc(II) (4) and catena-(µ-pyrazine)-diiodo-zinc(II) (5) were 

prepared by the reaction of ZnX2 (X = Cl, Br, I) with pyrazine in acetonitrile. In the crystal 

structure of compound 1 the zinc atoms are coordinated by two chlorine atoms and two 

pyrazine ligands within distorted tetrahedra, which are linked by the N-donor ligands into 

layers. The crystal structure of compound 3 is very similar to that of 1. The structure of this 

compound was originally reported in space group Ccca with similar a- and b-axis but we 

have proven that the correct space group is I4/mmm. The ligand deficient compound 5 is 

isotypic to compound 4 in which ZnX2 units (X=Br, I) are connected by the pyrazine ligands 

into chains. This structure was originally reported in the non-centrosymmetric space group 

P21 but we found that the correct space group is P21/m. 

If the ligand rich 1:2 compounds 1 and 3 are heated in a thermobalance different mass steps 

are observed. We have proven that in the first step the ligand deficient compounds 2 and 4 

are formed in quantitative yields (figure 1). On further heating a second mass step occurs 

which leads to the formation of two new compounds of composition (ZnCl2)2(pyrazine) (6) 

and (ZnBr2)2(pyrazine) (7). However, the corresponding mass step are not well resolved and 

the new compounds are not obtained pure in this reaction. If the ligand deficient 1:1 

compound 5 is investigated by thermogravimetry an unresolved single mass step is observed 

in which the new ligand deficient 2:1 compound (ZnI2)2(pyrazine) (8) is formed. On further 

heating all 2:1 compounds lose the remaining ligands and transform into the pure 

zinc(II)halides. 
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Figure 1: Structural changes during the thermal decomposition reaction of poly-bis(µ2-

pyrazine)-dichloro-zinc(II) (1) into poly-(µ2-pyrazine-N,N’)-dichloro-zinc(II) (2).  

 

In further work coordination compounds based on zinc(II) iodide and pyrimidine were 

prepared and investigated (chapter 2.2). In this work a large number of thermodynamically 

stable and metastable zinc(II) coordination compounds including different polymorphic 

modifications were obtained for the first time. The different compounds prepared by thermal 

decomposition and by crystallization from solution represent a snapshot of the species in 

solution and thus provide deep insight into the formation of coordination compounds. 

 

In this work ZnI2 and pyrimidine was reacted in acetonitrile, which results in the formation of 

the ligand 1:2 compound ZnI2(pyrimidine)2 (1), which consists of discrete tetrahedral 

complexes. Slow heating of this compound in a thermobalance at 1°C/min leads to its 

transformation into the ligand deficient 1:1 compound ZnI2(pyrimidine) (3), which on further 

heating decomposes into the most ligand deficient 2:1 compound (ZnI2)2(pyrimidine) (4) 

(figure 2). In contrast, the 2:3 compound (ZnI2)2(pyrimidine)3 (2) is formed as an intermediate 

by decomposing 1 using a faster heating rate of 8°C/min. Compound 2 consists of oligomeric 

units in which each ZnI2 unit is connected to two iodine atoms, one bridging and one terminal 

pyrimidine ligand. The crystal structure of compound 3 is built up of ZnI2 units, which are 

connected by the ligands into chains. For the thermal transformation of 1 into 3 via 2 as 

intermediate a smooth reaction pathway is found in the crystal structure, for which only small 

translational and rotational changes are needed.  

The metastable solvated compound (ZnI2)(pyrimidine)(acetonitrile)0.25 (5) consisting of 

(ZnI2)4(pyrimidine)4 rings is obtained by quenching the reaction of ZnI2 and pyrimidine in 

acetonitrile using an anti-solvent. On heating, 5 decompose into a new polymorphic 1:1 

compound 6, which consists of (ZnI2)(pyrimidine) chains. On further heating 6 transforms into 
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a third polymorphic 1:1 compound 7, which consists of (ZnI2)3(pyrimidine)3 rings and finally 

into the 1:1 compound 3 (figure 2) Solvent mediated conversion experiments reveal that 

compounds 1, 2, 3 and 4 are thermodynamically stable, whereas compounds 5, 6 and 7 are 

metastable. Time dependent crystallization experiments unambiguously show that compound 

7 is formed by kinetic control and transforms within minutes into compound 6 that finally 

transforms into 3. Compound 3 represents the thermodynamically most stable 1:1 

modification, whereas compounds 6 and 7 are metastable.  

 

 

 

Figure 2: Schematic representation of the thermal decomposition reactions of 

ZnI2(pyrimidine) coordination compounds. 

 

In chapter 2.3 the corresponding compounds with zinc(II) bromide and pyrimidine were 

reported. In contrast to the ZnI2(pyrimidine) compounds  described above (chapter 2.1), no 

metastable compounds are obtained. 

Alltogether four new zinc(II) bromide coordination compounds with pyrimidine as ligand were 

prepared in solution and via thermal decomposition reactions and were investigated for their 

thermal reactivity and thermodynamic stability. These results are compared with those for the 

corresponding ZnI2(pyrimidine) compounds. 

The ligand rich 1:2 compound dibromo-bis(pyrimidine-N) zinc(II) (1) crystallizes monoclinic in 

space group P21/n. In this structure the zinc atoms are coordinated by two bromo atoms and 

two pyrimidine ligands within distorted tetrahedra (figure 3). On heating, compound 1 
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transforms into the ligand deficient 2:3 intermediate bis(dibromo-pyrimidine-N)-(µ2-

pyrimidine-N,N’)dizinc(II) (2), which crystallizes in the monoclinic space group C2/c. The 

crystal structure consists of two ZnBr2(pyrimidine) subunits, which are connected by an 

additional pyrimidine ligand via µ-N,N’ coordination. Thermal decomposition of 2 leads to the 

formation of the ligand deficient 1:1 compound dibromo-(µ2-pyrimidine-N,N’) (3), which 

crystallizes in the orthorhombic space group Pmma (figure 3). In compound 3 the zinc atoms 

are coordinated by four bromo atoms and two pyrimidine liagnds within distorted octahedra. 

The ZnBr2 units are connected via common edges into chains, which are linked by the 

pyrimidine ligands into layers. On heating compound 3 transforms into the ligand deficient 

2:1 compound (ZnBr2)2(pyrimidine) (4), which decompose into ZnBr2. Solvent mediated 

conversion experiments in solution shows, that not all of the compounds can be prepared by 

reacting ZnBr2 and pyrimidine in a molar ratio given by the formula of the final product. 

 

 

Figure 3. Structural changes in the thermal decomposition reaction of the ZnBr2(pyrimidine) 

coordination compounds. 

 

In further investigations, coordination compounds with zinc(II) halides and pyridazine were 

prepared and characterized (chapter 2.4 and 2.5). In contrast to the pyrimidine compounds 

no ligand deficient compounds were obtained. With zinc(II) bromide and iodide only the two 

ligand rich compounds Dibromo-bis(pyridazine-N)zinc(II) and Diiodo-bis(pyridazine-N)zinc(II) 

can be prepared (figure 4), which surprisingly decompose directly into ZnBr2 and ZnI2 on 

heating, without the formation of a ligand deficient intermediate.  
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Figure 4. Crystal structure of dibromo-bis(pyridazine-κN)zinc(II) (left) and diiodo-

bis(pyridazine-κN)zinc(II).  

 

In contrast to the ZnI2 and ZnBr2(pyridazine) coordination compounds described in chapter 

2.4 and 2.5, the corresponding ligand rich 1:2 ZnCl2 compound dichloro-bis(pyridazine-N) 

zinc(II) decompose into a new ligand deficient 1:1 intermediate on heating (chapter 2.6). 

Interestingly, this compound exists in three different polymorphic modifications, which can be 

obtained if zinc(II)chloride is reacted with pyridazine under different conditions. Forms 1 and 

2 crystallize in the monoclinic space group Cc (1) and P21/c (2) respectively, whereas form 3 

crystallizes in the orthorhombic space group Pna21. In all three forms the zinc atoms are 

surrounded by two chloro atoms and two pyridazine ligands within distorted tetrahedra and 

the orientation of the pyridazine rings within these tetrahedra are different. In the crystal 

structure the tetrahedral building blocks are packed differently and are connected by 

intermolecular C-H⋅⋅⋅Cl and C-H⋅⋅⋅N interactions. 

Crystallization experiments clearly show that form 1 represents the thermodynamically most 

stable form at room temperature, whereas form 2 and form 3 are metastable. Theoretical 

calculations show, that in form 2 the most stable molecular structure is found, whereas the 

molecular structure in form 3 is less stable by only 8 kJ/mol. DTA-TG measurements reveal 

that all the forms decompose into a new ligand deficient compound [ZnCl2(pyridazine)], which 

can also be prepared in solution. Form I can be transformed into form 2, which is more stable 

at higher temperatures as evidenced by DSC measurements (figure 5). In some of the DSC 

measurements form I decompose without further transformation into form 2. Both forms 1 

and 2 behave enantiotropically. The DSC thermogram of form 3 gave no indication for a 

polymorphic transformation (figure 5).  
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Figure 5. DSC curves of form 1 (left), 2 (top: right) and 3 (bottom right) of dichloro-

bis(pyridazine-N) zinc(II). 

 

Polymorphic modifications were also obtained for dibromo-bis(acetonitrile-N)-zinc(II) and 

were characterized by single crystal structure analysis and X-ray powder measurements 

(chapter 2.7). Form 1 crystallizes in the orthorhombic space group Pnma with Z = 4. The 

structure is composed of discrete molecular complexes in which each zinc cation is 

coordinated by two bromide anions and two acetonitrile ligands within distorted tetrahedra . 

Form 2 crystallizes in the orthorhombic space group Cmcm with Z = 4.  In this compound 

also discrete complexes are found and the coordination of the zinc atoms is identical to that 

of form 1. Two bromide atoms and two acetonitrile ligands coordinate to the zinc cations 

forming distorted tetrahedra. The packing of the discrete molecular complexes in form 2 is 

completely different form that in form 1 (figure 6). 

Form 1 can be prepared phase pure by crystallization from acetonitrile. In contrast, form 2 

was only obtained in the presence of 2-chloropyrazine if the crystallization is performed 

under kinetic control but it immediately transforms into form 1. Crystallization experiments 

reveal that form 1 is the thermodynamically most stable form between – 40 °C and 80°C the 
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boiling point of acetonitrile, whereas form 2 is metastable. On storing, the thermodynamically 

stable form 1 at room-temperature decomposes into zinc(II) bromide within a few hours, but 

in a saturated acetonitrile atmosphere it is stable over a long period. On heating form 1 all 

ligands are emitted in one step leading to zinc bromide. 

 

 
 
Figure 6. Crystal structures of form 1 (left) and form 2 (right) dibromo-bis(pyridazine-N) 

zinc(II). 

 
In contrast the reaction of ZnI2 and acetonitrile does not lead to the formation of polymorphic 

modifications of Diiodo-bis(acetonitrile-N)-zinc(II) and only one form is obtained, in which the 

zinc atoms are coordinated by two iodine atoms and two acetonitrile ligands (figure 7 and 

chapter 2.8).  
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Figure 7. Crystal structure of Diiodo-bis(acetonitrile-N)-zinc(II). 

One disadvantage of all the thermal decomposition reactions described above  is that a part of 

the ligands used in the synthesis, gets irreversibly lost during decomposition. This 

disadvantage can be overcome by designing alternative ligand rich precursors containing 

additional volatile sacrificial ligands, which can be removed first, thus retaining the desired 

amine ligands. This was shown for the first time in the investigations described in chapter 2.6. 

In this work zinc(II) halides were reacted with 2-chloropyrazine in different solvents, which 

leads to the formation of  five new coordination compounds that contain either only 2-

chloropyrazine molecules as ligand or additional water molecules as donor ligands. In the 

ligand rich 1:2 compound di-µ-chloro-bis(2-chloropyrazine-N) zinc(II) (1) the zinc atom is 

coordinated by two 2-chloropyrazine ligands and four chloro atoms in an octahedral 

coordination. The zinc atoms are connected by the chloro atoms into linear chains. In the 

isotypic ligand rich 1:2 compounds di-bromo-bis(2-chloropyrazine-N) zinc(II) (2) and di-iodo-

bis(2-chloropyrazine-N) zinc(II) (3) discrete complexes are found in which each zinc atom is 

coordinated by two 2-chloropyrazine ligands and two halide atoms within distorted tetrahedra 

(figure 8: left). The 1:1 compounds di-bromo-aqua-(2-chloropyrazine-N) zinc(II) (4) and di-iodo-

aqua-(2-chloropyrazine-N) zinc(II) (5) are also isotypic and forms discrete complexes in which 

the zinc atoms are surrounded by two halide atoms, one 2-chloropyrazine ligand and one 

water molecule (figure 5: right). On heating, compounds 1 to 5 ligand deficient 1:1 and 2:1 

compounds of composition ZnX2(2-chloropyrazine) and (ZnX2)2(2-chloropyrazine) are 

observed. X-ray powder diffraction proves that the ligand deficient intermediates are the same 

independent if the ZnX2L2 (L = 2-chloropyrazine) or the ZnX2L(H2O) complexes are 

decomposed. DFT calculations suggest that the formation of the ZnX2L(H2O) complexes is 

energetically favoured and that this trend increases from chlorine to iodine. 

 

 

 

Figure 8. Crystal structure of di-bromo-bis(2-chloropyrazine-N) zinc(II) (2) (left) di-bromo-

aqua-(2-chloropyrazine-N) zinc(II) (4) (right). 
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Summarizing, in this thesis it was proven that thermal decomposition reaction can be used 

as an alternative tool for the preparation of pure and quantitative amounts of ligand efficient 

coordination polymers and that this method can be used not only for the preparation of 

copper(I) halide coordination polymers. 

In addition it was also shown, that thermal decomposition reactions are not only suitable to 

discover and prepare thermodynamic stable and  metastable compounds.  

One further advantage of this procedure is that practically all ligand deficient compounds can 

be discovered in one experiment starting from the most ligand rich compounds, which can be 

easily prepared if a large excess of the ligand is used in the preparation. In solution 

reactions, several experiments must be performed, in which different ratios of metal halide 

and N donor ligand are used. 

The large number of compounds obtained, for example for the coordination compounds with 

pyrimidine, presented in chapter 2.2, clearly shows that in solution several stable and 

metastable species are in equilibrium which can be isolated as solids. Therefore, the rational 

design of new coordination polymers with defined structures is more complicated than 

frequently stated in the literature. 
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