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ABSTRACT 

Several coordination polymers using neutral Hg(CN)? as a building block have been 

prepared. The Lewis-acidic, linear Hg(CN)2 moieties accept chloride ligands in situ from 

coordinately saturated metal-ligand complex chlorides or organic chloride salts, forming mercury 

cyanide 1 chloride double salt anions that in several cases increase the structural dimensionality of 

the polymer formed. The structures of [Cat][Hg(CN)2C1] (Cat = organic cation), 

[Ni(terpy)2][Hg(CN)2C1]2 (terpy = 2,2':6',6"-terpyridine), [C~(en)~l[Hg(CN)~Cll~ (en = 

ethylenediamine), [Co(en)3][Hg(CN)2CI2] {[Hg(CN)2]2CI), and [Co(NH3)6I2[Hg(CN)2]~C16. 2 

H20 range from molecular units to two dimensional layered structures. The presence (or 

absence), number, and profile of hydrogen bond donor sites of the transition metal amine ligands 

were observed to strongly influence the structural motif and dimensionality adopted by the 

anionic double salt coordination polymers, while cation shape and cation charge had little effect. 

When unsaturated transition metal complexes are employed, competition occurs between 

halide and N-cyano coordination of the double salt mercurate units. The structures of [ML2(p- 

C1)2Hg(CN)2] (M = Mn(II), Ni(I1); L = 2,2'-bipyridine (bipy), 1, l 0-phenanthroline (phen)), 

[Cu(terpy)Cl2(~ -Hg(CN)2)1, {[Cu(phen)2CllzHg(CN)2[Hg(CN)2C1]~}, [Cu(dien)C1l[Hg(CN)2CIl 

(dien = diethylethylenetriamine), [CU(~~~~)H~(CN)~CI][H~(CN),CI , ] ;  tren = tris(2- 

aminoethyl)amine), {[Ni(en)2][Hg(CN)2]3C12)2, and {pli(tren)]4[Hg(CN)2]8C16)HgC14 range from 

molecular units to three dimensional extended structures. Ligand basicity was observed to have a 

significant impact influencing the type of structure observed with higher dimensionality typically 

achieved with N-cyano coordination. 



A non-centrosymmetric two dimensional layered structure, (( tmeda)C~[Hg(CN)~]~)HgCl~ 

(tmeda = N,N,N',N'-tetramethylethylenediamine), showed strong optical birefringence and a high 

dielectric constant due to its anisotropic crystal structure and highly polarizable Hg(I1) ions. A 

series of these 2-D coordination polymers were formed upon changing the halides (Br or I for CI) 

andlor M(I1) centre (Ni for Cu). 

Although the synthesis of bipy analogues of the 2-D layer structure proved unsuccessful, four 

new structures, [Cu(bipy)2(p-C1)2Hg(CN)2], [Cu(bipy)zHgzCl&, 

([Cu(bipy)Hg(CN),C1~12Hg(CN)~), and ([Cu(bipy)(OH)(C1)]2Hg(CN)2) . 2 Hz0 were isolated 

and characterized. The latter two compounds illustrate that significant magnetic interactions can 

be propagated by Hg(I1) centres. 



DEDICATION 

To all of my family 



A crystal is an atomic tessellation, a tridimensional 

jigsaw puzzle in which every piece is the same shape. 

A crystal is nothing more 

than a breeze blowing sand 

into the form of a castle 

or a film played backwards 

of a window being smashed. 

An archaeologist without any mineralogical 

experience 

might easily mistake a crystal 

for the artificial product of a precision 

technology. 

A word is a bit of crystal in formation. 

Christian Bok 
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CHAPTER 1 
INTRODUCTION 

1.1 CRYSTAL 
ENGINEERING: 
CYANOMETALLATE 
COORDINATION POLYMERS 

L 

Research into the chemistry of supramolecular coordination polymers has rapidly grown in 
L -. 

recent years due to an increased demand for functional materials with tunable pkiipeiities such as 

catalytic, conductive, luminescent, magnetic, non-linsar optical effects or thg fQ tion of porous 
L, ,- d '  

The self-assembly of simple molecular building blocks containing organic ligands 

and inorganic metal ions provides an efficient and reliable approach for the design and synthesis 

of such organic / inorganic hybrid materials. 8,9,2 1-23 The metal atoms in coordination polymers 

can be imagined as templating and assembling points for the organic bridging ligands. The 

multidimensional assembly of repeating metal (M) and ligand (L) units, which aggregate through 

strong metal-ligand coordinate bonds, results in the formation of an organized entity of higher 

complexity.2455 This particular method of self-assembly is often referred to as the directional 

bonding approach as it uses M-L bonding to direct the structures f ~ r m e d . ~  

The characteristics of the inorganic and organic moieties, such as available coordination sites, 

coordination geometry preference, ligancj flexibility, and potential hydrogen bond interactions, 

ideally control the extended structure, thereby creating enormous potential for complexity and 

functionality of these modular The metal centres are usually coordinated by 

capping ligands prior to linking them together in order to exercise a degree of control over the 

possible structures formed. Thus, with a careful selection of ligand, metal centre(s), and reaction 



conditions, control over the architecture of the resultant structural motifs can be achieved (Figure 

1 . 

+ = transition metal complex A 
= transition metal B 

0 = capping ligand 

Figure 1.1 Selected supramolecular systems constructed by the directional-bonding approach. 
a) straight 1-D chain, b) 1-D ribbon; c) extended zig-zag 1-D chain (trans on metal 
B); d) I-D ladder; e) extended zig-zag I-D chain (cis on metal B); f) extended 2-D 
sheet. Adapted fiom ~ w a m o t o . ~ ~  

Systems that employ cyanornetallate building blocks, M(CN),Ix-, in concert with simple 

metal ions or their coordinately unsaturated complexes, to create multidimensional networks were 

among the first prepared coordination polymers to be studied and are of great current interest. 243-  



48 Alteration of the metal centre in [M(CN),IX- and the consequent adjustment of the geometric, 

magnetic, and electronic properties, provides the control and flexibility required to assemble 

solids with tunable properties. 35,37,49 This is illustrated by the Prussian blue analogues such as 

{Cr(II)3) [Cr(III)(CN)6]2 . 10 ~ 2 0 , ~ '  and {V(II),) {V(III)( 1- ,,) [Cr(III)(CN)6]o 86 . 2.8 H20 (a  = 

0 . 4 2 ) , ~ ~ , ~ '  two molecule-based magnets that exhibit magnetic ordering at the high temperatures of 

240 K and 3 15 K respectively. Cyanometallates have also been employed extensively to generate 

inclusion compounds, clathrates, and zeolite-type systems that act as ion exchangers, molecular 

sieves or materials for storing gases.34,52-56 Typically, square-planar or tetrahedral cyano-bridging 

units [M(cN)~]" (M = Ni, Pt, Pd, Cd) are used to link various cationic transition metal-ligand 

complexes to prepare these multidimensional  structure^.^^'^^ Thus, it should be stressed that the 

generation of high dimensionality systems is one key to accessing materials with potentially 

useful and interesting material properties. 9-1 1.22 

Although the tetrahedral [H~(cN)~]'- and related [ c ~ ( c N ) ~ ] ~ -  moieties have seen some 

limited use in the construction of inclusion compounds that are mineralmimetic (resembling Si02, 

clay-layer, and zeolite-cage structures), 34,56-59 the linear Hg(CN)2 molecule has not been 

investigated as a building block to create supramolecular architectures; only a few simple adducts 

are known.60261 

The primary focus of this thesis is to investigate the use of Hg(CN)2 in the formation of 

supramolecular coordination polymers, there being virtually no known Hg(CN)2 containing 

coordination polymers in the literature. The goal is to be able to generate a collection of such 

complexes, including their syntheses, their detailed structural features, and the factors influencing 

their formation, to be used as a guideline for the predictable formation of new and interesting 

cyanomercurate polymers with tunable material properties. 



1.2 GENERAL ASPECTS OF CYANOMETALLATES 
There are several general features of the cyano ligand that make anionic transition metal 

cyanide (i.e.: cyanometallates) building blocks an attractive choice for the construction of 

coordination polymers. 

Since the cyano group is polar and can participate in hydrogen bonding, cyanometallates are 

quite soluble in water and other polar media such as methanol and acetonitrile. The 

cyanometallates are also very stable transition metal complexes with respect to air and water 

oxidation; few reagents are able to destroy them, with the exception of strong a ~ i d s . ~ ~ , ~ ~  

In general, both the carbon and the nitrogen ends of the cyanide ion act as Lewis bases that 

can coordinate two metal cations acting as the corresponding Lewis a ~ i d s . ~ ~ , ~ ~ , ~ ~  As a result, the 

cyano group is able to behave as a bridging ligand between two metal centres. Terminal and 

bridging modes that have been observed for the cyano ligand are depicted in Figure 1.2, the most 

commonly observed being the carbon-bound terminal mode (a) and the linear bridged mode (b).37 

(dl (el (f) 

Figure 1.2 Terminal and bridging modes of the cyano group. 

All of the coordination polymer cyano groups described in this thesis fall into these two 

categories. Neutron diffraction and infrared studies have demonstrated that terminal cyanide 

groups are typically C-bonded The cyanide group acts as both a strong o-donor 



and n-acceptor resulting in its ability to stabilize transition metals in both high and low oxidation 

 state^.^^'^^ As a result, the infrared stretching frequency of the carbon-nitrogen triple bond (vcN) 

is very sensitive to its local environment and can be used to characterize cyanometallate 

complexes, as discussed in section 1.3.2.1. 

Figure 1.3 Observed geometry for some common cyanometallates. 
(a) trigonal [M(CN),In-; (b) square planar and (c) tetrahedral [M(CN)$-; (d) trigonal 
bipyramidal and e) square pyramidal [M(CN)S]n-; (f) octahedral [M(CN),In--; (g) 
pentagonal bipyramidal [M(CN),In-. 

Cyanometallates can assume a number of different geometries depending on the nature of the 

central metal cation (Figure 1 .3).34337 They range from two-coordinate linear complexes such as 

[ ~ I ( C N ) ~ ] -  63 to eight-coordinate complexes such as [Mo(CN)g] 3- 64,65 and provide a large number 

of different geometric building blocks with which to assemble multidimensional structures, 



especially when compared with the three fundamental units of carbon bonding (linear sp, trigonal 

sp2, tetrahedral sp3). 

By linking a cyanometallate to a second coordination centre, a variety of multidimensional 

structures such as I-D chains, ladders, and ribbons, 2-D layers, and 3-D networks can be 

synthesised, as will be shown. This type of synthetic design is referred to as the 'brick and 

mortar' method, where the second coordination metal centre is the brick, and the cyanometallate 

is the mortar. 35,66-68 During the self-assembly process, the central atom of the brick must have 

vacant coordination sites available to form N-cyano linkages with the cyanometallate, permitting 

polymerization to occur. Typically, the second metal centre is coordinated by a capping ligand(s) 

in order to exercise a degree of control over the polymeric structure formed, as described in 

section 1.3.1. The general formula for such a polymer is [(L,M')lb[M(CN)&. 

Polymers formed from cyanometallates containing paramagnetic metal atoms have been the 

subject of extensive magnetic studies. 24,35,46,47,69,70 In addition to its structural function (increasing 

dimensionality), the -M-CN-M'- linkage exhibits an important electronic function: it forms an 

exchange pathway for the interaction of electron spins between paramagnetic centres of either M' 

and / or M ( c N ) , . ~ ~ , ~ ~  

0 Fe(ll) (C6 coordination) 

+ Fe(lll) (N, 501 coordination) 

H,O (coordinated) 

Figure 1.4 Schematic depicting Prussian Blue, Fe4[Fe(CN)& . 14 ~ 2 0 . "  
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Octahedral cyanometallates have been extensively employed to form complexes such as the 

bimetallic Prussian blues (Figure 1.4) which provide significant insights into magnetostructural 

correlation and design of magnetic materials with high ordering ternperat~res.~~'~~'~~.~~ The -M- 

CN-M'- linkage usually ranges in length from 5.0 A to 6.0 A.34.37 Hence, multidimensional 

structures formed with such linkages contain void spaces that are necessarily filled by either the 

capping ligand(s) at M', guest molecules, or interpenetration in order to stabilize the adopted 

crystal structure. 34,37,73,74 Four coordinate tetrahedral and square planar cyanometallates have 

been extensively used to create numerous structurally diverse materials that behave as inclusion 

compounds for several molecules of differing size and shape.34,56,75,76 These compounds are 

known as Hofmann-type clathrates when the formula is of the type M'(NH3)2M(CN)4 and the 

cyanometallate is square planar (Figure 1 .5).56 

Figure 1.5 Ni(NH3)2Ni(CN)4 . 2 c ~ H ~ ~ ~ ' ~ ~ - ~  portion of the 2-D Hoffmann clathrate motif. 
Benzene guest molecules are not shown. 

1.2.1 Linear Cyanometallates 

Two-coordinate, linear metal cyanides have not been extensively explored as building blocks 

in supramolecular inorganic chemistry despite their general utility both as a cyanometallate and a 

linear-directing building block in the formation of coordination polymers. With this in mind, the 

Leznoff group has targeted the use of linear anionic [M(CN)2]- units (M = A U , ~ ~ - ' '  Agg2) as 



to be capable of forming high dimensionality coordination polymers. Furthermore, they 

increased structural dimensionality by forming metallophilic (M.-M) interactions and although 

diamagnetic, could propagate significant magnetic intera~tions.'~"~ These unconventional 

interactions between the dl0 metal centres are comparable in strength to the hydrogen bond and 

are thought to originate from correlation effeckX3 As a comparison, this thesis examines the use 

of dlo neutral mercury(I1) cyanide, Hg(CN)*, as a potential building block in the formation of 

coordination polymers. Although mercurophilic interactions cause aggregation of some 

organomercury(I1) compounds such as H ~ ( c H ~ ) ~ ' ~  and adducts of trimeric perfluoro-ortho- 

phenylene rnerc~ry, '~ more frequently the tendency of neutral Hg(I1) salts to form secondary 

interactions with electronegative atoms, such as C1, leads to supramolecular self-assembly and 

increased dimensionality. 

1.2.2 Coordination Chemistry of Hg(I1): the Universal Glue 

Being a soft metal, Hg(I1) forms strong complexes with halides, sulphur, phosphorous, 

selenium, and nitrogen donor ~ i ~ a n d s ; ' ~ - ' ~  many stable compounds with oxygen and carbon 

donors are also known. Mercuric chloride is an important salt as it is the main reagent in the 

formation of organomercury compounds.89 Due to their relative stability in air and water, 

combined with their thermal and photochemical reactivity, dialkyl- and diarylmercury 

compounds are useful in preparing other organometallic compounds.90 

The interference of mercury with biological systems has made it necessary to better 

understand the ability of mercury to bind donors; many studies have been carried out to 

understand how proteins interact with Hg(I1) in both the solid state and in s o l ~ t i o n . ' ~ ~ ~ ' ~ ~ ~  

The Hg(I1) ion, which has a dl0 configuration, is larger and softer than most other metal ions. 

Its complexes frequently have a low coordination number of two as a result of relativistic effects 

on the 6s ~rbital ."~'~ At the same time, there are fewer steric restrictions to higher coordination 

numbers, resulting in a wide variety of observed coordination numbers for Hg(I1) 



88.95.96 compounds. For atoms to be considered a part of the Hg(I1) coordination sphere in the solid 

state, they must be located at a distance of less than the sum of the van der Waals radii [D(Hg-L) 

< R(Hg) + R(L)]. According to the convention devised by ~rdenid,** ligand coordination to 

mercury is classified into two types. When all x bond lengths are equivalent in a HgL, system, 

the mercury atom has a characteristic coordination number x.** Although characteristic 

coordination numbers of three and four are not uncommon, coordination numbers of two are 

especially prevalent (Figure 1.6). 

Figure 1.6 Examples of characteristic coordination of Hg(I1) showing equivalent bond lengths 
and angles. 
a) linear as in mercury ~hloride;'~ b) trigonal as in ( M ~ ~ s ) ( H ~ I ~ ) ~ '  C) tetrahedral as in 
[ ~ g ( c ~ c l a m ) ~ l ] ~ [ ~ ~ ~ l ~ ] ~ ~  (1,4,8,11-tetraazacyclotetradecane). 

The effective coordination number is an extension of the characteristic coordination number 

to include all ligands matching the condition [D(Hg-L) < R(Hg) + R(L)].** Only when x = 2, 3 

can additional ligands be accommodated. Two or more groups of bond lengths are observed for 

effective coordination: the shortest ones that represent characteristic coordination, and longer 

ones due to the close approach of ligands as determined by crystal The difference 

in bond lengths between two or more groups can result in highly distorted geometries, the most 

common effective coordination being distorted octahedral (Figure 1 .7).88 



Figure 1.7 Examples of a) seesaw, b) square pyramidal, and c) octahedral effective coordination 
of Hg(I1) based on linear characteristic coordination. 
a) mercuric ~xycyanide,~~ b) dimethylthio m e r ~ u r ~ , ' ~ ~ ~ ' ~ '  c) K H ~ ( C N ) ~ I . ' ~ ~  

The fact that mercury can form interactions with a large variety of transition metals and main 

group elements has made it an attractive candidate as a 'universal glue' in the synthesis of high 

nuclearity metal clusters.103 Transition metal-mercury complexes were among the first 

89,103 compounds studied to examine direct metal-metal bonding. The recent discovery of redox 

and photochemical reactivity of some systems has opened up a promising area of mercury cluster 

research. 103,104 

This concept of using Hg(I1) as a 'universal glue' has more recently been employed for the 

synthesis of extended mixed-metal and organic 1 inorganic f r a r n e w o r k ~ . ~ ~ ~ - ~ ~ ~  The pursuit of 

heterometallic frameworks is motivated by the possibility of enhanced properties that may result 

from the presence of different metal centres. Novel physical properties are not the sole reason for 

pursuing the synthesis of bimetallic coordination polymers - the propagation of structural 

preferences of two different metal centres in bimetallic systems results in a broader spectrum of 

polymer structural motifs than is achievable in unimetallic ~ ~ s t e r n s . ' ~ " ~ " ~ ~ ~ ~ ~ ~  

Its transparency in the visible region and its very high polarizability make Hg(I1) suitable for 

the design of new bulk second harmonic generation (SHG) materials used for frequency-doubling 

of semiconductor lasers by linking together acentric organic building blocks with simple Hg(I1) 

salts.115 Coordination polymers that show significant third-order non-linear optical properties 



have been synthesized.Il6 Tunable fluorescent coordination polymers have also been synthesized 

by the assembly of luminescent organic moieties with HgX2 (X = C1, Br).'" 

1.2.3 The Chemistry of Mercury(I1) Cyanide 

Mercury cyanide is a diamagnetic, white compound that is formed by interaction of most 

mercury compounds and aqueous cyanide.36 This linear molecule crystallizes in the 142d 

tetragonal system, with a = 9.643 A and c = 8.88 In addition to being bonded to two carbon 

atoms, the coordinately unsaturated Hg(I1) centre is associated with four additional nitrogen 

atoms (Hg-N = 2.742(3) A ) belonging to four different Hg(CN)2 molecules, resulting in an 

effective distorted octahedral coordination for the Hg(I1) centre (2+4) based on linear 

characteristic coordination. 87,118 

Hg(CN)2 is readily soluble in polar organic solvents and water. An aqueous solution of 

Hg(CN)2 is practically a non-electrolyte indicating relatively strong o-bonding between Hg(I1) 

and the cyano ligands; the rate of cyanide dissociation from Hg(CN)2 is very However, in 

the presence of free cyanide and halides, the low-coordinate unsaturated Hg(I1) centre is able to 

accept these compatible ligands generating higher-coordinate moieties. 119,120 In these reactions 

the Lewis-acidity of the Hg(I1) centre is the key feature controlling the r e a ~ t i v i t y . ~ ~  Two- 

coordinate organomercury compounds (HgR*) show no Lewis acid behaviour, however as the R 

groups become more electron withdrawing, the Lewis acidity increases, resulting in a higher 

effective coordination number about the Hg(I1) centre.95 Table 1.1, which contains data for the 

reaction of several Hg(I1) compounds with 4-methylpyridine, shows this gradual change in Lewis 

acidity. 

The Hg(CN)2 unit is also known to react with simple salts such as MX (M = Na, K, Rb, Cs; X 

= NCO, NCS, N3, CN, C1, Br, I; sometimes HgX2 is also added),"'.'22 (&N)CN/M'CN (M' = Li, 

Na, K, CU)"~  or M"(NCS)2 (M" = Mg, Ca, Sr, ~ a ) ' ~ ~  to yield solid-state 'double salt' arrays of 

the form M"'H~(CN)~X, (n = 1, 2), &NM'Hg(CN)4, or M"[Hg(CN)2(SCN)2] respectively. This 



provides an interesting design possibility: by accepting additional ligands, higher-coordinate 

mercury cyanide double salt moieties formed in situ could be incorporated during the self- 

assembly process, possibly increasing the structural and magnetic dimensionality of the 

coordination polymer as r e s u ~ t . " ~ , ' ~ ~  

Table 1.1 Formation constants of 1 : 1 adducts of Hg(I1) compounds with Cmethylpyridine in 
benzene solution at 30 " c . ~ ~  

At the same time, the cyano-N atoms of the Hg(CN)z unit, if not bound to another metal, can 

participate in hydrogen bonding. There may be either simple or bifurcated hydrogen bonds of the 

CN-.H-X type (where X is an electronegative atom) and these can play an important role in the 

packing and stabilization of the structures Recently, molecular recognition of 

anionic cyanometallates as hydrogen bond acceptor sites to bis-amidinium dicationic building 

blocks has been employed in the rational design of 1-D and 2-D hydrogen bonded molecular 

 network^."^ Cyano-N hydrogen bonding has also been proposed as a possible exchange path for 

magnetic interactions. 119,130 

The use of Hg(CN)? as a building block combines the capability of coordinate bonding to a 

second TM centre via the cyano-nitrogen donors group with the capability of using the 



unsaturated Hg(I1) centre as a Lewis-acidic glue towards compatible ligands. This method with 

which to build heterometallic coordination polymers would diverge from that of the metallophilic 

interactions of [Au(CN)2]' and [Ag(CN)2]- as observed by the ~ e z n o f f  

1.2.4 Previous Hg(CN)2 Results 

The linear, but neutral, Hg(CN)? molecule has not been investigated as a building block to 

create supramolecular architectures; only a few simple adducts are known. 

{Zn(H20)4[Hg(CN)2]2}(N03)2 is essentially molecular, consisting of zinc atoms octahedrally 

coordinated by four water molecules and two trans-Hg(CN)z molecules.60 Both terminal and 

bridging cyano groups are present in the IR (vCN = 2190 cm-I and 2230 cm-' respectively). 

Hg(CN)2-Ag(N03)-2H20 consists of [ A g ( ~ ~ o ) ~ ~ g ( c N ) ~ ] , " '  one dimensional cation chains (both 

cyano groups are bridging) that are cross-linked via hydrogen bond interactions and possible 

argentophilic interactions (Ag-.Ag = 3.219 A).61 Although Hg(CN)2 is known to form adducts 

with several chelating amines and &[Fe(CN)6], K2Pi(CN)& and &[Ru(CN)~], their single X- 

ray crystal structures are still unknown.13' 

1.3 GENERAL TECHNIQUES 

1.3.1 Polymer Preparation 

An attractive feature of the cyanometallate self-assembly process is the mild reaction 

conditions utilized for polymer formation. In general, a solution containing [TML,]"' is made by 

dissolving a transition metal (TM) salt in a polar solvent followed by the addition of a 

stoichiometric amount of capping ligand from a stock solution. An observable colour change 

typically results upon formation of [TML,]'*. A second solution containing Hg(CN)* is then 

added to the [TML,]"' solution with stirring. Since Hg(I1) has a dl0 configuration and exhibits no 

paramagnetism, paramagnetic TMs are used as the secondary coordination centre in order to 

investigate the resultant magnetic properties of any supramolecular system formed. If an 

immediate precipitate is formed upon mixing of the two solutions, then it is collected via vacuum 



filtration, washed and dried. The precipitate is then characterized by a number of methods as 

described in Section 1.3.2. However, for the majority of reactions described in this thesis, 

immediate precipitation does not occur. The solutions are left to slowly evaporate until a product 

is formed, which is then collected, washed, dried, and characterized. Fortunately, many products 

obtained in this manner are crystalline and can be directly characterized using X-ray 

crystallography as described in Section 1.3.2.3. Figure 1.8 illustrates the general preparative 

technique used throughout this thesis. 

) solution of 
mercury cyanide 

+ solution of i 
TM salt + Ligand 

immediate precipitate upon mixing no immediate precipitate upon mixing 
let product settle 

filter, wash, collect, and dry products 
characterize products using IR, EA techniques 

Figure 1.8 General preparative technique for the formation of cyanomercurate-containing 
coordination polymers. 



Chelating amines are employed as capping ligands for the second metal coordination centres 

for several reasons. Since amine ligands are considered relatively 'hard' ligands, they tend to 

complex 'hard' metal cations. This gives a degree of control to the experiments; the 'soft' Hg(I1) 

centre will not compete with the transition metal centre for ligands, limiting the possible number 

of coordination polymers that could form. The number of open coordination sites available on 

the transition metal is also controlled by the chelating ability of the capping ligand; usually one or 

two equivalents of ligand are employed. A wide variety of amine ligands with different chelating 

ability are commercially available, thus providing the means to investigate the effects of ligand 

shape, basicity, and hydrogen bond donor ability on the resultant polymer formed. The capping 

ligands used in this thesis are depicted in Figure 1.9. 

PN? 
H2N H NH2 

dien 

Figure 1.9 Capping ligands for transition metals. 

1.3.2 Characterization Methods 

1.3.2.1 Infrared Analyses 

Infrared spectroscopy (IR) is a valuable tool in determining whether or not cyanometallate 

moieties have been incorporated into self-assembled coordination polymers. The vibrational 

spectra of cyano complexes have been extensively studied, the cyano groups being easily 



identified by sharp stretching frequencies (vm) exhibited between 2250-2000 ~ m - ' . ' ~ ~  

Furthermore, IR can provide a means of distinguishing between bridging and terminal 

cyanides.37-1327133 Hence, IR is the first characterization performed on all coordination polymers 

synthesized in this thesis. 

Free cyanide (e.g. aqueous KCN) exhibits a v a  stretch at 2080 cm-' in aqueous solution,'32 

but upon coordination to a metal centre (M-CN) the terminal v a  stretch usually shifts to higher 

frequency; the carbon atom is a good o-donor and electron density is removed from a weakly 

antibonding orbital relative to the C-N b ~ n d . ' ~ ~ , ' ~ '  On the other hand, electron density from the 

M d-orbitals can be transferred back to the cyano group via good overlap with the cyano 

antibonding orbital(s) (Figure 1.10); .IF-back bonding decreases the v a  stretching frequency for 

cyano groups.37 

filled TM d orbital empty .TI. * orbital 

Figure 1.10 Representation of a) cyanometallate o-bonding and b) cyanometallate x-back 
bonding. 

With this in mind, the VCN frequencies are affected by the electronegativity, oxidation state, 

and coordination number of the transition A TM with small electronegativity is not as 

strong a o-donor relative to a TM with large electronegativity, thus its v c ~  stretching frequency is 

lower as demonstrated by the order [N~(cN)~]~' (2128 cm-l) < [P~(cN)~]" (2143 cm-l) < 

[P~(cN)~]~' (21 50 cm-I); there is less electron density available for .IF-back donation to the cyano 

groups for TMs of high ele~trone~ativity.~~.'~~ AS the oxidation state of a TM increases, the more 



electropositive it becomes, decreasing the electron density available for n-back donation in the 

process. Hence, the VCN stretching frequency increases with increasing oxidation state as 

demonstrated by the order [v(cN)~]~- (1910 cm-I) < [v(cN)~]~- (2065 ~ m - ~ )  < [v(cN)~]~- (2077 

~ m - ~ ) . ~ ~ , ~ ~ ~  Increasing coordination number results in a decrease in positive charge on the TM 

which weakens the o-bonding, thus lowering the VCN frequency; more electron density is 

available for n-back donation to the cyano groups. Table 1.2 shows the VCN stretching 

frequencies for several cyanomercurate moieties in aqueous solution. Since IR spectroscopy can 

only detect a change in dipole moment, only the asymmetric VCN stretching mode is observable 

for H ~ ( c N ) ~ . ~ ~ , ~ ~ ~  Although several more IR-active VCN modes exist for higher coordinate 

cyanomercurates, they are degenerate in solution, resulting in a single observable VCN stretch for 

each moiety.lI9 For the mercury cyanide 1 chloride double salt units, the VCN stretch occurs at 

slightly higher frequencies than the corresponding cyanomercurate The chloride 

ligand is able to draw electron density away from the Hg(I1) centre making it less available for n- 

back donation to the cyano groups. 

Table 1.2 IR v c ~  stretching frequencies of aqueous cyanomercurate moieties. 

Cyanomercurate VCN (cm-9 Reference 

Hg(CN)2 2194 
36 

[Hg(CN)31- 2161 
119 

[h3(cN)4l2- 2143 
119 

[Hg(CN)2Cl]- 2187 
119 

[H~(CN),CI]~-  2157 
119 

1.3.2.2 Elemental Analysis and Single Crystal X-ray Crystallography 

If the IR spectrum suggests the presence of a cyanomercurate, then elemental analysis (EA) is 

conducted on the coordination polymer formed. From the analysis of the combustion products 

(carbon dioxide, nitrogen dioxide, and water) combined with the change in weight of the sample, 

the weight percentage of carbon, nitrogen, and hydrogen of the polymer can be calculated. By 



comparing EA results with the expected product percentages, useful information regarding 

product composition is obtained, such as the presence of a cyanomercurate moiety in a sample. 

Any polymer sample submitted for EA should appear uniform in composition, containing little or 

no impurity, the presence of which can roughly be determined by visual inspection through the 

use of a high powered microscope. 

Although EA may successfully predict the number and types of building blocks in a 

particular coordination polymer, it does not give any information as to how the individual 

components are assembled together relative to each other. In order to determine this three 

dimensional arrangement of the individual components in space, X-ray crystallography is 

employed. This technique is undoubtedly among the most powerful characterization method, 

providing conclusive evidence of the product's solid state structure. However, for the most part, 

it is limited to the use of suitable single crystals, which can be difficult to obtain. During the 

course of my research, approximately sixty crystal structures were successfully solved by myself, 

of which twenty-five appear in this thesis. 

1.3.2.3 Material Properties 

A variety of material properties such as the magnetic susceptibility, optical birefringence, and 

dielectric constant are examined in the latter part of this thesis. Determination of optical and 

electrical properties usually requires the use of large, single crystals which are difficult to grow. 

On the other hand, microcrystalline powders are sufficient to collect magnetic data or determine 

the porosity of a coordination polymer. Typically, the decision to investigate potential material 

properties of a coordination polymer occurs after the structure has been determined via X-ray 

crystallography. For instance, if the X-ray crystallographic structure shows promising magnetic 

pathways, then magnetic susceptibility data is obtained using a SQUID magnetometer. 

Furthermore, some solid state properties, such as piezoelectricity and non-linear optics require 

that the compound crystallizes in a non-centrosymmetric space group (i.e.: lack an inversion 



centre) while other solid state properties such as pyroelectricity and ferroelectricity require not 

only a non-centrosymmetric, but also a polar space group. Specific material properties will be 

described in more detail as required throughout this thesis. 

1.4 RESEARCH OBJECTIVES 
The general purpose of this thesis is to examine the use of Hg(CN)2 as a potential building 

block in the preparation of multidimensional coordination polymers. In order to narrow the scope 

of the research undertaken, the thesis will specifically focus on the development of mercury 

cyanide / chloride double salt coordination polymers. By doing so the concept of using Hg(I1) as 

a universal glue to generate extended frameworks with increased dimensionality will be assessed. 

Attention is given to the various factors influencing the formation of such complexes including 

reactant stoichiometry, ligand basicity, solvent, and hydrogen bonding interactions. This survey 

should aid in the development of a predictable approach to designing Hg(CN)* containing 

coordination polymers with a given dimensionality and their potential material properties. 

Structural correlations as they relate to measured resultant properties, if any, will be ascertained. 



CHAPTER 2 
THE BEHAVIOR OF 
MERCURY CYANIDE 1 
CHLORIDE 
DOUBLE SALTS: EXTENDED 
ANIONIC FRAMEWORKS 

2.1 INTRODUCTION 

2.1.1 Related Chloromercurate(II) Frameworks 

Some work has been completed that successfblly demonstrates that Hg(II) can be used as a 

'universal glue' in order to increase dimensionality.'05'1'0 Two-coordinate, unsaturated, Lewis- 

acidic Hg(I1) centres containing electron withdrawing groups, such as halides, are able to accept 

compatible ligands (i.e.: Lewis bases) resulting in an increase in effective Hg(I1) 

coo rd ina t i~n .~~* '~~  When the Lewis base is an anion, such as a halide, the formation of 

structurally diverse complex Hg(I1) anions occurs, that can potentially increase 

dimensionality. 96,122,137 This ability of Hg(I1) to accept compatible ligands was first observed in 

the mid to late 18* century by Daniel Striimholm who reacted [R3S]CI, [&N]Cl, or [PtN4]C12 

with HgC12, yielding several different chloromercurate(II) anions with the general formula 

H~,C~;.'~~ Many of these complex HgxCI," anions were rediscovered and structurally 

characterized by 1 968.139 

Hg,Cl,"- complex anions are of interest to structural chemists for a number of reasons. 

Frequently, the configuration of the Hg,CI,"- anion does not necessarily follow from the 

s t o i ~ h i o m e t r y . ~ ~ ~ ~ ~ ~  For example, K2HgCb . H20 does not contain discrete H ~ c L , ~ -  anions, but 

distorted HgC16 octahedra that share opposite edges, forming anionic 1-D ribbons of [H~C~~I;" 

(Figure 2.1).140 Another observed characteristic of HgxCl$ anions is the formation of multi- 

anionic combinations from relatively simple stoichiometries such as reported for the double salt 



complex 2 CaC12- 1 1 HgC12- 16 Hz0 which contains both [Hg&113]- and [ H ~ ~ c ~ ~ ~ ] ~ -  discrete 

anions.I4' 

Figure 2.1 Ribbon of [H~CI~] ,Z" -  in K2HgC14. H20 .  

This phenomenon is also observed in Hg,I,"' ~ ~ s t e m s . ~ ' ~ ' ~ ' ~ ~ ~ ~  Furthermore, even though a 

large number of Hg,CIyn- anions have been characterized by X-ray crystallography, it is still not 

possible to predict the particular Hg,CIyn- form that will be adopted in the solid state, even for 

simple stoichiometries such as [HgCI3]-. However, some generalizations have been made for the 

most simple chloromercurate anion, [HgC13]-. Isolated [HgC13]- anions are quite rare, while 

[HgCI3],"- chains and [H~c~~]; -  bitetrahedra are very common; cations having extended hydrogen 

bonding networks usually result in more complex structural anionic patterns.96 

Substitution of Hg(CN)2 for HgCh should result in the formation of mercury cyanide 1 

chloride double salt anions which should show similar extended structures to Hg,CI,"- anions, 

however very few have been reported in the literature as described in section 2.1.2. In order to 

investigate the formation of such extended mercury cyanide 1 chloride double salt type networks, 

both organic monocationic chlorides and coordinately saturated transition metal chlorides are 

utilized in this study, thus eliminating any potential for either chloride or N-cyano coordination to 

the transition metal centre. 

2.1.2 Previous Mercury Cyanide / Chloride Double Salt Complexes 

As described in Chapter 1, Hg(CN)2 can also accept chloride ligands forming [Hg(CN)2CI]- 

anions which are referred to as 'double salts'.86 These anions are known to aggregate to yield 

multidimensional systems.'023122 Unlike compounds containing chloromercurate anions, only two 



structure types have been reported in the literature. MHg(CN)2Cl . x ~ 2 0 ' ~ ~  (M = Na, K, Rb; x = 

0, I )  consists of infinite 2-D layers of [Hg(CN)?CI]- separated by M' and water molecules (when 

x = 1). The chlorine atoms form weak equatorial associations with the mercury atoms of the 

Hg(CN)2 groups increasing the effective Hg(I1) coordination from two to six (2+4); the layer then 

consists of edge sharing Hg(CN)2CI4 octahedra. The reaction is summarized in equation 2.1. 

H 2 0  

MCI + Hg(CN)2 - M[Hs(CN)~CI] . x H20 Equation 2.1 

A different 2-D network is observed for [E~NH~]~[H~(cN)~cI~].'~~ It belongs to a series of 

compounds with the general formula (RxNH4-x)2MX4 with R being an aliphatic or aromatic 

hydrocarbon, M, a divalent metal, and X, a halogen. Many of these organic-inorganic hybrid 

perovskites show interesting physical properties such as ferroelectricity or ferroelasticity. 7,144,145 

[EtNH3]2[Hg(CN)2C12] consists of 2-D layers of corner-sharing Hg(CN)2C14 octahedra (2+4 

Hg(I1) effective coordination) that form a chessboard arrangement of half centred chlorine 

squares. The [EtNH3]' cations are located both above and below the non-centred chlorine squares 

and form hydrogen bonds to neighbouring layers resulting in a 3-D network. The reaction is 

summarized in equation 2.2. 

Equation 2.2 

2.1.3 Research Objectives 

This chapter is focused on the reactions of Hg(CN)? with organic monocationic chlorides and 

coordinatively saturated metal-ligand complex chloride salts in order to investigate the possible 

factors influencing the structure of the double salt anionic motif formed, including cation shape, 

cation charge, and hydrogen bonding interactions. 



2.2 RESULTS AND ANALYSIS 

2.2.1 Rational Syntheses of 2.1-2.7 

The reaction of an aqueous solution of bis(triphenylphosphorany1idene)ammonium chlorlde 

([PPNICI), tetrabutylammonium chloride (["Bu4N]CI), or tetraphenylarsonium chloride 

([(C6H5)4As]Cl) with an aqueous solution containing one equivalent of Hg(CN)* yielded single 

crystals of 2.1, 2.2, and 2.3 respectively. The reactions can be summarized by general equation 

2.3: 

Equation 2.3 

where Cat = PPN' (x = I), " ~ u t f  (x = 0.5), and ( c ~ H ~ ) ~ A s +  (X = 0). 

Similarly, the reaction of an aqueous solution of NiC12 with two equivalents of 2,2':6',2"- 

terpyridine (terpy), or an aqueous solution of CuC12 with two equivalents of ethylenediamine 

(en), followed by the addition of two equivalents of Hg(CN)2 yielded single crystals of 2.4 and 

2.5 respectively and can be represented by general equation 2.4: 

I) MCI2 + L2 - [ML2]C12 

2) [ML21CI2 + 2 Hg(CN)2 - [ML2][Hg(CN)2C1]2 Equation 2.4 

The reaction of an aqueous solution of [ C ~ ( e n ) ~ ] C l ~ ,  with 3 equivalents of Hg(CN)? yielded 

2.6 while the reaction of an aqueous solution of [Co(NH3)6]CI3 with 2.5 equivalents of Hg(CN)? 

yielded 2.7. Their resulting double salt formulae were more complex, as described in equations 

2.5 and 2.6: 

H20 
2 [Co(NH)6IC13 + 5 Hg(CN)2 ' [ C O ( N H ) ~ ] ~ [ H S ( C N ) ~ I ~ ~ ~  ' 2 Hz0 Equation 2.6 



2.2.2 Structures of [CatJ[Hg(CN)2CI], . y Hz0 (Cat = PPN+ , x = y = 1 (2.1); 
*BU~N+, x = 1, y = 0.5 (2.2); ~ i ( t e r ~ ~ ) p ,  x = 2, y = 0 (2.4)). 

All three structures are molecular and consist of isolated lJ3g(~~)2~1]2- anionic dimers and 

two FPN]' (2.1) (Figure 2.2), two ["Bu4N]' (2.2), and one ~i(terpy)212' (2.4) cations, 

respectively; the [(C&5)&]+ (2.3) cation also appears to be balanced by the same 

[ H ~ ( c N ) ~ c ~ ] ~ ~ -  unit as shown by a low resolution crystal structure. 

Figure 2.2 Molecular structure of [PPN][Hg(CN)2Cl] . H20 (2.1). 
The second [PPN]' cation, water molecule and hydrogen atoms have been omitted for 
clarity (ORTEP 50% ellipsoids). 

The bond distances and angles for the mg(CN)2~1]?- anions in 2.1,2.2 and 2.4 are gathered 

in Table 2.1. Each coordinately unsaturated Hg(I1) centre accepts a chloride ligand to form a 

[Hg(CN)2CI]- double salt moiety. These [Hg(CN)2Cl]- units self assemble into [H~(cN)~cI]~~ '  

dirners via two C1 bridges, producing a see-saw geometry around each Hg(II) atom with C-Hg-C 

angles ranging from 150.5(6)' (2.4) to 160.1(6)' (2.2), and CI-Hg-Cl angles ranging from 

82.44(10)" (2.4) to 93.10(9)" (2.2). This effective see-saw coordination of Hg(II) is based on 

linear Hg(I1) characteristic coordination where there are two shorter and two longer Hg(II) bonds 

((2+2) according to the convention devised by ~ r d e n i ~ ) , ~ ~  and is observed in the di-p-X- 



bis[X(bznapH)-Hg(II)] (X = C1, Br; bznapH = N-benzyl-2-0x0- l -napthylidenearnine) ad duct^,^' 

Table 2.1 Selected Bond Lengths (A) and Angles (") for the [ H ~ ( c N ) ~ c I ] ~ ~ -  dimers of 2.1a, 2.2b, 
and 2.4'. 

Compound 2.1 2.2 2.4 

Selected Atoms Bond Lengths Bond Lengths Bond Lengths 

Hg( 1 1-CI( 1 2.7 13(3) 2.747(3) 2.751(3), 2.71 l(4) 
Hg(1 )-CI( 1 *) 2.766(3) 2.766(3) 2.799(4), 2.820(3) 

Hg( l)-C( 1 1 ) 2.054(15) 2.056(16) 2.052(15), 2.044(17) 

Hg( 12) 2.054(15) 2.02(2) 2.060(17), 2.060(16) 

C(1 1)-N(1 I) 1.121(14) 1.107(14) 1.121(16), 1.143(16) 

C( 12)-N(12) 1.1 04(15) 1 .126(19) 1.1 14(17), 1.130(16) 

Selected Atoms Bond Angles Bond Angles Bond Angles 

C I - H I - C l l )  85.48(9) 93.1 O(9) 82.44(10), 87.73(10) 

Hg(1)-Cl(1)-Hg(l*) 94.52(9) 86.90(9) 97.56(10), 92.27(10) 

( 1  1 - ( 1 - ( 2  150.7(5) 160.1(6) 150.5(6), 158.1(6) 

( 1 - ( I  1 - 1  1 175.9(13) 177.5(14) 177.4(14), 175.2(17) 

( 1 - 1  I N  2) 175.9(14) 175 (2) 177.9(17), 179.8(14) 

a Symmetry transformations: (*) -x+2, -y+l, -2+2. 
b Symmetry transformations: (*) -x+l, -y, -z+2. 

Symmetry transformations: (*) -x+l, -y+l, -z+l. The second values pertain to the second dimer of 
compound 2.4. Symmetry transformations (*) -x, -y+3, -2+2. 

The Hg(1)-Cl bond lengths of 2.1, 2.2, and 2.4 range from 2.71 l(4) to 2.820(3) A, which can be 

compared with the 2.587(4) and 2.662(5) A and 2.589(5) and 2.614(5) A found for the related 

[ H ~ ~ c I ~ ] ' -  anionic dimers in ["Bu~N][H~cI~] '"  and [ ( c ~ H ~ ) ~ A s ] [ H ~ c I ~ ] , ~ ~ ~  and the 3.1 89(2) A 

reported for the bridging Hg-CI distance of ( ~ Z ~ ~ ~ H ) H ~ C I ~ . ~ ~  No hydrogen bonds are present 

between the cations and [ H ~ ( c N ) ~ c I ] ~ "  dimers of compounds 2.1-2.4 since [PPN]', ["Bu4N]', 

[(C6H5)4A~]+ and ~i(terpy)2]2'  lack any significant hydrogen donor sites; no increase in 

structural dimensionality is observed for compounds 2.1-2.4. The disordered water molecules in 

2.1 and the half equivalent of water in 2.2 do not impact the structure or dimensionality of the 

[H~(cN)~cI ]~ '  anionic dimer as no water is present in 2.3 or 2.4. No mercurophilic interactions 

are observed for 2.1-2.4. 



2.2.3 Structure of [Cu(en)2] [Hg(CN)2C1]2 (2.5) 

The X-ray crystal structure of [C~(en)~][Hg(CN)~C112 (2.5) reveals dimeric units of 

[H~(cN)~c I ]~~-  that are linked via weak Hg(1)-Cl(1') interactions to give a [I-Ig(CN)2C1],"- one- 

dimensional anionic ladder motif that runs parallel to the a-axis (Figure 2.3). The bond lengths 

and angles for 2.5 are gathered in Table 2.2. 

Figure 2.3 Extended 1-D ladder structure of [C~(en)~][Hg(CN)2C1]2 (2.5). 
Only one [~u(en)~]~" cation is shown and hydrogen atoms have been omitted for 
clarity (ORTEP 50% ellipsoids). 

1 .. - 

.1 - 

The ladder frame and rungs are made up of three different Hg-Cl bonds (2.7089(17), 
- .- I I . '  

3.0978(15), and 3.2 186(15) A) with the cyano ligands lying in the bc-plane, perpendicular to the 

ladder direction. These bond lengths are well within the sum of the HgICI van der Wads radii of 

3.30 A88.'49 and are comparable to the bridging Hg-CI bond lengths (3.04(1) and 3.21(1) A) found 

in the polymeric compound [@t3P)'(HgC12)]n. 150,151 The effective five-coordinate HgOI) centres 

based upon linear characteristic coordination (2+1+1+1) have a distorted square pyramidal 

geometry (Cl(1 *)-Hg(1)-CI(1 ') = 173.4 1(7)', C(1)-Hg(1)-C(2) = 162.9"(3)) with two chloride 



and two cyano ligands occupying the basal plane while the third (but closest) chloride ligand 

occupies the apical site. 

Table 2.2 Selected Bond Lengths (A) and Angles (") for [CU(~~)~][H~(CN),CI], (2.5)". 

Selected Atoms Bond Lengths Selected Atoms Bond Lengths 

Hg( 1 1-C( 1) 2.066(8) N(l)-C(l) 1.103(10) 

Hg( 1 )-C(2) 2.072(7) N(2)-C(2) 1.064(9) 

Hg( 1 )-CK 1) 2.709(2) N(3)-C(3) 1.475(10) 
Hg(1)-C1(1*) 3 .0972(15) N(4)-C(4) 1.476(12) 

Hg(1 )-Cl(1') 3.2195(16) Cu(1)-N(3) 1.986(6) 

C(3)-C(4) 1.487(13) Cu( 1 )-N(4) 2.01 l(6) 
Selected Atoms Bond Angles Selected Atoms Bond Angles 

C( 1 1-Hg( 1 1-C(2) 162.9(3) C - ( 1 - C l l )  85.90(6) 

&( 1 )-C( 1 1-N( 1 1 178.6(8) 1 - 1  1 1 ) 88.04(5) 

Hg( 1 )-C(2)-N(2) 176.4(7) C ( l * ) - ( 1 ) - C l ( 1 7 )  173.41(7) 
Cl(1)-Hg(1)-C(1) 97.1(3) Hg(1)-Cl(1)-Hg(1 *) 94.10(6) 

Cl(1 )-Hg(1)-C(2) 99.8(2) ( 1 - C - H ( 1 7 )  91.96(5) 

1 * - ( 1 - ( 1  92.3 l(19) Hg(1 *)-Cl(1)-Hg(17) 173.41(7) 

1 ) - ( 1 ) - ( 1 )  91.10(19) N(3)-CU( 1 )-N(4) 84.8(3) 

Cl(1 *)-Hg(1)-C(2) 91.51(19) N(3)-CU( 1 )-N(4") 95.2(3) 

1 ) - ( 1 - ( 2  86.96(19) 

Symmetry transformations: (*) -x+l, -y, -z- 1 ; (') -x+2, -y, -z- 1 ; (") -x+2, -y+l , -z. 

This unusual Hg(I1) square pyramidal coordination is also observed in Hg(SMe2)? which has 

two short (2.36 A) and three long (3.24 A) Hg-S bonds,1003101 and in [ C I H ~ N C ~ H ~ ~ C I ] ~ [ H ~ ~ C I ~ ] ' ~ ~  

which also has two short (2.32 A) and three long (2.80(1), 2.86(1), and 3.39(1) A) Hg-Cl bonds. 

In 2.5, each C1 atom interacts with three different Hg(I1) centres and is hence triply bridging, 

having a slightly distorted T-shaped geometry (Hg(l*)-Cl(1)-Hg(17) = 173.41(7)"). The 

[Hg(CN)2C1lnn- anionic ladder motif 2.5 is similar to the [HgBr3],"- ribbon motif reported for 

[ ~ u ( e n ) z ] [ ~ ~ ' ~ r 6 ] , ' ~ '  in which the Hg(I1) centres have distorted trigonal bipyramidal effective 

coordination rather than square pyramidal. It also differs from that of the [H&I~]'- anionic 

dimer found in the chloride analogue [ C U ( ~ ~ ) ~ ] [ H ~ ~ C I ~ ] . ' ~ '  



The Cu(I1) centre in 2.5 has a distorted square planar geometry comprised of two 

ethylenediamine ligands; the Cu(1)-N(en) bond lengths are 1.986(6) A and 2.011(6) A, 

respectively. Two cyano ligands can be found in proximity to the open axial sites of each copper 

centre with a Cu(1)-NC distance of 2.772(7) A. Although long axial bonds due to bridging 

cyano groups have been reported in the literature (e.g. 2.731(6) and 2.967(7) A in the 3-D 

network [Cu(en)2]3[W(CN)8I2 - H ~ o ) , " ~  these contacts should only be considered as weak 

interactions at best. 

Two types of hydrogen bonds are formed between [~u(en)z]" cations and the [Hg(CN)2Cl],"- 

anionic ladders, consisting of N-H.-CI and N-H.-NC donor / acceptor pairs, that result in a three- 

dimensional, bimetallic network (Figure 2.4). The [~u(en)~]"  cations form four weak N-H-.NC 

interactions, each to a different [Hg(CN)2C1],"- anionic ladder. Two of these interactions are 

3.182 A (N(3)-N(1)) while the other two are 3.389 A (N(4)-N(2)), and are both comparable to 

those reported for [Cu(en)2]3[W(CN)& . H20 (3.2 14 A),127 [ c ~ ( e n ) ~ ] [ A g ~ ( C N ) ~ ]  (3.195 A),130 and 

[NO(CN)~F~CN-CU(~~)~-NCF~(CN)~(NO)][CU(~~)~] (several interactions ranging from 3.059 A - 

3.358 A).Is3 TWO additional weak N-H-Cl interactions (N(3)-CI(1) = 3.289 A) are also present 

and are comparable to those reported for [C~(Hbimam)Cl~]~(H~O)~ ,  [C~(Hbi rnam)~Cl~]Cl~(H~O)~  

(3.266 A and 3.277 A respectively; bimam = bis(imidazol-2-yl)methylaminomethane),154 trans- 

[PtC12(NH3)2] (3.41 A),I5' and 2,6-diphenylpyridinium tetrachloroaurate (3.45 A, 3.75 A).156 The 

result is a 3-D network of alternating rows of [cu(en)212' cationic columns and [Hg(CN)2C!],"- 

ladders down the a-axis, where each cationic column is surrounded by four anionic ladders and 

vice versa. The particular inorganic-organic hybrid framework of 2.5 is very similar to those 

reported for [4,4'-H2bipy][MC14] (M = Mn, Pb), 157,158 and (H2DAH)BiIS (DAH = 1,6- 

he~anediamine) . '~~ 



Figure 2.4 The 3-D h e w o r k s  of 2.5 showing alternating rows of  en)^]^' columns and 
[Hg(CN)2Cl],"- ladders as viewed down the a-axis. 
Ethyl hydrogen atoms have been omitted for clarity. Colour scheme: Hg, pink; Cu, 
red; C1, green; N, blue; C, grey; H, white. 

Although what appear to be small channels that run parallel to the a-axis, between each . .. 

[Hg(CN)2C1]," ladder in a row and the [cu(en)212' columns above and below are observed in 2.5, 
- - 
7.. 

a space-filling model (not shown) clearly shows the channels to be filled. No mercurophilic _ -- 
interactions are observed in 2.5. 

2.2.4 Structure of [Co(en)3] wg(CN)2C12] {[Hg(CN)2]2Cl} (2.6) 

This complex has a one-dimensional anionic ribbon motif comprised of {[Hg(CN)2]2Cl)- 

units linked together via bridging Cl(1) atoms (Figure 2.5). The crystallographic inequivalence of 

the {[Hg(CN)2]2Cl)- units result in two sets of similar Hg-Cl bond lengths as presented in Table 

2.3. Both Hg(1) and Hg(2) have effective four coordinate (2+1+1) see-saw geometries based 

upon linear characteristic coordination, while the quadruply bridging Cl(1) atom has a distorted 

square-planar geometry with two angles less than 90" and two angles greater than 90". In 

addition to the {[Hg(CN)2]Cl),"- ribbon, an individual [ H ~ ( c N ) ~ c ~ ~ ] ~ '  anionic unit is present in 

2.6; this Hg(3) centre also shows effective four coordinate (2+1+1) see-saw geometry. The 

[ H ~ ( c N ) ~ c ~ ~ ] ~ -  moiety does not show any significant interactions with the {[Hg(CN)2]2Cl),rr 

ribbon. 



Figure 2.5 Extended 1 -D ribbon structure of [Co(en)J[Hg(CN)&12] {[Hg(CN)2]2C1} (2.6). 
Only one [~o (en )~ ]~+  cation and one [ H ~ ( C ~ Q C I ~ ] ~ '  anion have been shown. 
Hydrogen atoms have been omitted for clarity (ORTEP 50% ellipsoids). 

Instead, each [ H ~ ( c N ) ~ c ~ ~ ] ~ -  unit forms a complex network of seven N-H-Cl interactions 

between three different [co(en)313+ cations (range: N(6)-Cl(2) = 3.297 A, N(1)-Cl(3) = 3.744 A) 

and one N-H-NG interaction (N(5)-N(3 1) = 3.197 A) to a fourth [co(enhl3+ cation. In turn, each 



[Co(en)313' cation forms hydrogen bonds to two different {[Hg(CN)2]2CI),"- ribbons via seven N- 

H-.NC interactions ranging from 2.954 A (N(22)-N(1)) to 3.292 A (N(12)-N(4)), resulting in the 

complex three-dimensional, bimetallic network shown in Figure 2.6. Rows of the 

{[Hg(CN)2]2CI),"- ribbons are separated by columns consisting of the [ ~ o ( e n ) ~ ] ~ +  and 

[ H ~ ( c N ) ~ c ~ ~ ] ~ -  units along the b-axis. The resultant alternating anionic-cationic framework in 2.6 

is very similar to that found in 2.5 and has a higher dimensionality anionic framework when 

compared with trans-[Co(en)2C12][Hg2C16], a molecular complex comprised of discrete H ~ ~ c ~ ~ ~ -  

bitetrahedral units.I6O 

Table 2.3 Selected Bond Lengths (A) and Angles (") for [C~(en)~] {[Hg(CN),],CI) [Hg(CN)2C12] 
(2.6)". 

Selected Atoms 

Hg( 1 )-C( 1 1) 

Hg( 12) 

Hg( 1 )-CK 1) 
Hg(1 )-Cl(1 *) 

Hg(2)-Cl(1') 

Hg(2)-CK 1) 
Co( 1 )-N( I ) 

CO( 1 )-N(2) 

CO( 1 )-N(3) 

Selected Atoms 

Cl(1)-Hg(1)-C l(1 *) 

Cl(1)-Hg(1)-C(1 1) 

Cl(1 *)-Hg(1)-C(1 1) 

Cl(1 )-Hg(1 )-C(l2) 

CI(1 *)-Hg(1 )-C(12) 

C(l1 )-Hg(1 )-C( 12) 

Cl(1 ')-Hg(2)-C(2 1) 

Cl(1 ')-Hg(2)-C(22) 

Cl(1 )-Hg(2)-C1(17) 

Cl(l )-Hg(2)-C(2 1 ) 

Cl(1 )-Hg(2)-C(22) 

Bond Lengths Selected Atoms Bond Lengths 

2.045(19) 

2 .O79( 19) 

2.915(4) 

2.968(4) 

2.950(4) 

3.1 12(4) 

l.952(12) 

2.000(12) 

1.957(12) 

Bond Angles 

102.1 7(lO) 

9l.8(5) 

94.5(5) 

92.7(5) 

9 1.3(4) 

171.7(6) 

92.2(5) 

93.1(4) 

Hg(2)-C(2 1) 

Hg(2)-C(22) 
Hg(3)-Cl(2") 

Hg(3)-C1(3) 

Hg(3 1-C(3 1) 

Hg(3)-C(32) 
Co(1 )-N(4) 

Co( 1 )-N(5) 

CO( 1 )-N(6) 

Selected Atoms 

Cl(2")-Hg(3)-Cl(3) 

Cl(2")-Hg(3)-C(3 1) 

Cl(3)-Hg(3)-C(3 1) 

Cl(2")-Hg(3)-C(32) 

Cl(3)-Hg(3)-C(32) 

C(3 1)-Hg(3)-C(32) 

Hg( 1 )-Cl(1 )-Hg( 1 *) 

Hg(1)-Cl(1 )-Hg(2') 

2.019(15) 

2.053(15) 

2.939(4) 

2.823(4) 

2.05(2) 

2.09(2) 

l.984(13) 

l.983(12) 

1.981(13) 

Bond Angles 

93.48(11) 

1 O4.9(4) 

92.8(4) 

82.5(4) 

97.3(4) 

l67.1(6) 

77.83(11) 

170.6(2) 

" Symmetry transformations: (*) -x, -y- 1, -z+l ; (') -x+l , -y- I ,  -z+ 1 ; (") -x, -y, -z+2. 



2.2.5 Structure of [CO(NH~)~]~[H~(CN)~]~C~~ 2 H20 (2.7) 

The X-ray single crystal structure of [Co(NH3)6]2[Hg(CN)2]5fl6 . 2 Hz0 (2.7) reveals a two 

dimensional anionic layer structure (Figure 2.7). This layer is solely comprised of Hg(CN)2 

molecules and C1-ions that are held together via Hg-Cl bridges that range in length from 3.073(2) 

Figure 2.7 Extended 2-D anionic layer structure of [CO(NH~)~]~[H~((=N)~]~C~~ 2 H20 (2.7). 
a) (ORTEP 50% ellipsoids); b) Square cavities in 2-D anionic layer as viewed down 
the c-axis. [c0(NH3)6l3+ cations and H20 molecules have been omitted for clarity. 
Colour scheme: Hg, pink; C1, green; N, blue; C, grey. 

' d d  .' 

Selected bond lengths and angles are shown in Table 2.4. Each Hg(I1) centre has distorted 

octahedral effective geometry based upon linear characteristic coordination (2+4), comprised of 

four chlorine groups parallel to, and two trans-cyano groups perpendicular to the ab-plane. This 

type of Hg(I1) coordination is quite common,88 as observed in ~ ~ ~ r 2 , ' ~ '  both C U ~ ~ C ~ ~ ~ , ~ ~ ~  and 

o r t h o r h ~ m b i c ' ~ ~ ~  amidomercuric bromide, and K H ~ ( c N ) ~ I . ' ~ ~  Each Cl(2) atom is quadruply 

bridging to different Hg(I1) centres while each Cl(1) atom is only triply bridging to different 

Hg(I1) centres. Along the b-axis, double columns consisting of alternating Hg(1) and Hg(3) 

octahedrons assemble, each sharing three C1-edges. The Hg(2) centres link these double columns 

together along the a-axis by sharing the fourth C1-edge of each Hg(3) octahedron. 



Hg(l)-C(I) 

Hg(2)-C(2) 

Hg(3)-C(3 

N( 1 ) 

W)-C(2)  

N(3)-C(3) 
Select Atoms 

C(1)-Hg(1 )-C(1') 

C(2)-Hg(2)-C(2* *) 

C(3)-Hg(3)-C(3") 

Cl(1)-Hg(1)-Cl(1') 

Cl(1 )-Hg(1 )-Cl(2) 

Cl(1 ')-Hg( 1 )-Cl(2) 

Cl(1 )-Hg(1 )-Cl(2') 

Cl(1')-Hg(1)-Cl(2') 

Cl(2)-Hg(1 )-Cl(2') 

Cl(1)-Hg(1)-C(1) 

Cl(1 ')-Hg(1)-C(l) 

Cl(2)-Hg( l )-C(l ) 

C1(2*)-Hg( l )-C( l ) 

Cl(1)-Hg(2)-Cl( l * *) 

Cl(1)-Hg(2)-Cl( l A) 

2.025(11) 

2.032(12) 

2.O4O(l3) 

1 .l35(14) 

1.1 l(2) 

1.124(14) 

Bond Angles 

180.0(6) 

180 

l68.4(6) 

78.35(9) 

l69.39(7) 

Hg(2)-CK 1 
Hg(2)-Cl(l A) 

Hg(l)-CKI 

Hg( l)-C1(2) 

Hg(3)-CI( I 
Hg(3)-C1(2*) 

Select Atoms 

Cl( 1 )-Hg(2)-C1( 1 ") 

Cl(1 ")-Hg(2)-CI(1") 

Cl(1 )-Hg(3)-Cl(2a') 

Cl(1)-Hg(3)-C1(2*) 

Cl( 1 ')-Hg(3)-C1( 1 ") 

C1(2*)-Hg(3)-Cl(2a') 

Hg( 1)-CK 1 )-Hg(2) 

Hg( 1)-CK 1 )-Hg(3) 

Hg(2)-CK 1 )-Hg(3) 
Hg(1 )-Cl(2)-Hg(l *) 

Hg(1 )-Cl(2)-Hg(3a) 

Hg(1 )-Cl(2)-Hg(3 *) 

Hg( 1 )-C1(2)-Hg(3) 
Hg(3 *)-Cl(2)-Hg(3a) 

Hg(3)-Cl(2)-Hg(3 *b) 

Table 2.4 Selected Bond Lengths (A) and Angles (") for [CO(NH~)~]~[H~(CN)~]~C& . 2 H 2 0  
(2.7)a. 

Select Atoms Bond lengths Select Atoms Bond lengths 

3.087(3) 

3.087(3) 

3.1 19(3) 

3 .O78(3) 

3.072(2) 

3.083(2) 

Bond Angles 

82.72(9) 

180 

170.06(7) 

9 1.88(7) 

97.9O(lO) 

78.39(11) 

169.86(9) 

88.01(6) 

82.41(6) 

8OS4(lO) 

88.544(19) 

l67.53(13) 

l67.53(13) 

101.61(11) 

101.7(1) 

a Symmetry transformations: (*) -x+2, -y-1, -z; (**) -x+3, -y, -z; ('1 -x+2, y, -z; (''1 -x+3, Y,-z; (a) x-1, Y, 
z; (a') x+l ,  y, z; (") x, -y, z. 

Since the fourth CI-edge of each Hg(1) is left unshared, a series of square cavities arranged in 

columns along the b-axis are formed in the { [ H ~ ( c N ) ~ ] ~ c I ~ ) , ~ " -  layer as defined by four Hg(1)- 

Cl(1)-Hg(2) edges (Figure 2.7 b). The [co(NH~)~]~ '  cations and Hz0 molecules are located 

above and below the cavities as shown in Figure 2.8 Several hydrogen bonds are formed from 

the NH3 ligands to the C1 atoms of the neighbouring nets with distances that range from 3.256 A 

(N(5)-Cl(1)) to 3.710 A (N(6)-Cl(1)). Several more hydrogen bonds are formed from the NH3 

ligands to the cyano ligands of the same net (N(1)-N(6) = 3.262 A; N(2)-N(6) = 3.208 A) and to 



the next net that mge from N(3)-N(4) = 3.052 A to N(1)-N(7) - 3.373 b.  The water rnolecu1r?s 

also farm a series of hydrwen bonds to the [co(NH~)~]~+ cations (q1)-N(7) = 3.085 , 0(1'$- 

N(5) 3.130 and to the anionic layers (O(lkN(2) = 3.091 A, qI)-N(3) = 3 A83 A). The result 

is a three dimensional network of [CO(NH~~]~+ catiom flIlEl water molecules sandwiched between 

two dimensional, {[H&CN)~]&~),~- anionic layers, held in plme by hydrogen bonds. The nets 

are shifted relative to each other such that the cavities fiom different nets do not stack into 

columns forming channels. 

Figure 2.8 A view of the 3-D &mework of 2.7 down the a-axis. 
TWO ([H~(cN)~]~cI&* a i d c  nets w f i  [c0(N&)6f3+ cations that Lie above and 
below the cavities are shorn; H20 molecules have been omitted for clarity. Colour 
scheme: Hg, pit&; Co, orange; C1, green; N, blue; C, grey; H, white. 

The { [ H ~ ( C N ) ~ I ~ C I ~ } , ~ ~  anionic layer of 2.7 is similar to the corrugated [Hg(CN)21 J anionic 

layers observed in IU-Ig(~~)21,'02 and the [HgC13]' anionic layer structure of N I & H ~ c I ~ . ' ~ ~  In 

both cases, the compounds consist of edge-sharing HgX6 octahedrons along the equatorial plane 

forming the anionic layers with the cations (K+ and W' respectively) sandwiched in between; 

however, unlike 2.7, cavities are not present in these anionic layers. pH3(C2H5)]2[Hg(CN)2C12], 

a 2-D layer perovskite which contains square cavities arranged in a chess-board manner with the 

w3(C2~5)]+ cations located, both above and below each cavity,'44 also has a similar anionic 

structure to 2.7. 



When dilute aqueous solutions of [CO(NH~)~]CI~  and HgCI2 are reacted in a 1:3 ratio, 

[ C O ( N H ~ ) ~ ] [ H ~ C ~ ~ ] ~  . H20 is isolated, which consists of [Hg3c1913- units that form cross-linked 1 - 

D chains;I6O this coordination polymer is related to, but is structurally different from the 2-D layer 

of 2.7. A change in the molar ratio (2:3) results in the formation of a second coordination 

polymer, [ C O ( N H ~ ) & [ H ~ C ~ ~ ] ~  I6O A [ C O ( N H ~ ) ~ ] C ~ ~  / HgCI2 molar ratio of 1 :1 results in the 

160,167 formation of the molecular complex [Co(NH3)6][Hg2CI7], while in the presence of HCI, the 

molecular complex [co(NH~)~][H~c~~]~~~'~~~'~~~ has been isolated. Additional mercury-cyanide- 

chloride double salt structures containing the [co(NH~)~]~ '  cation could very well be synthesized 

using different [ C O ( N H ~ ) ~ ] C ~ ~  / Hg(CN)2 molar ratios and reaction conditions. 

2.3 DISCUSSION 
In an effort to account for the wide range of structural motifs found for [Hg(CN)?Cl]- double 

salt and related anions, structures 2.1-2.7 can be examined by considering the effects of (a) cation 

shape, (b) cation charge, and (c) hydrogen bonding interactions from the amine transition metal- 

bound ligands. All of the transition metal cations utilized in this study were coordinately 

saturated by the amine ligands, thus eliminating any potential for either chloride or N-cyano 

coordination to the transition metal centre. 

2.3.1 Infrared Analysis 

The IR spectra of 2.1-2.7 clearly show the presence of the cyano groups and are displayed in 

Table 2.5. The VCN stretches range from 2162 cm-I (2.3) to 21 89 cm-' (2.5) and are consistent 

with terminal cyanide groups on non-linear Hg(1I) units with coordination numbers greater than 

1 122 two such as found for K[Hg(CN)&l] . H20 (vCN = 21 80 cm- ). A representative spectrum is 

shown for 2.5 in Figure 2.9. Compounds 2.1 shows what appears to be a weak VCN stretch (22 16 

cm-I) consistent with bridging cyanomercurate groups, such as found for 

{Zn(H20)4[Hg(CN)2]2}(N03)2 (vCN = 2230 ~ m - ' ) . ~ ~  Strong hydrogen bonding (CN-0 = 3.429 A) 



could account for this weak stretch, however no bridging v c ~  stretch is observed for 2.2 where the 

CN-0 bond length is even shorter (2.59 A) 

Table 2.5 Comparison of cyanide ( v a  ) absorptions (cm-') for complexes 2.1-2.7 and related 
systems. 

Values are determined from the maximum of the absorption peak. IR spectrometer resolution = f 2 cm-'; 
all spectra were collected as KBr pellets. 

Figure 2.9 IR spectrum of [C~(en)~l[Hg(CNkCl], (2.5). 



2.3.2 Influence of Cation Shape 

By examining structures 2.1-2.3 the effect that cation shape has on the [Hg(CN)2CI]- anionic 

motif can be determined. All three compounds are salts of 1:1 stoichiometry, with organic 

monocations and, most importantly, the cations all lack hydrogen bonding donor or acceptor sites. 

Although interactions between the [PPN]' phenyl groups, or terpyridine rings, with the anions of 

the type c-H...x'~', C-H.-NC, and contribute to the net stabilization of the crystal 

lattice formed, they are quite weak and do not appear to strongly influence the final anion 

structure. As described above, all three structures form [ H ~ ( c N ) ~ c ~ ] ~ ~ '  anionic dimers regardless 

of whether or not the cation has a dumbbell ([PPN]', 2.1), a tetrahedral (["Bu~N]', 2.2), or a 

propeller ([(C&)&S]+, 2.3) shape. Thus, (although 2.1-2.3 show different packing) the 

difference in cation shape has no apparent effect on the adopted anionic motif. 

2.3.3 Influence of Cation Charge 

In order to investigate the effect of cation charge, structure 2.4 with its ~ i ( t e ~ - ~ ~ ) ~ ] ~ +  cation is 

compared with the +1 cations of structures 2.1-2.3. The use of two equivalents of terpy 

constrains the Ni(I1) centre to be coordinately saturated while simultaneously eliminating possible 

strong hydrogen bond donor 1 acceptor pairs between the cation and anion. Despite the increased 

cation charge, no structural change is observed for the anionic motif of structure 2.4; only 

[ H ~ ( c N ) ~ c I ] ~ ~ -  dimers are formed. The Co(I1) analogue is isostructural. Efforts to yield single 

crystals from the reaction of [Fe(te1-py)~]CI3 and Hg(CN)? in order to investigate the effect of a 

cation with a +3 charge were unsuccessful. 

2.3.4 Influence of Hydrogen Bonding Interactions 

Comparison of the crystal structures of 2.5-2.7 allows the effects of hydrogen bond 

interactions of the cations on the [Hg(CN)2Cl],"- double salt structural diversity to be investigated. 

The presence, number, and profile of hydrogen bond donor sites of the transition metal amine 

ligands strongly influence the structural motif adopted by the anionic double salt coordination 



polymer. When no hydrogen bond donor sites exist, as in 2.1-2.4, [Hg(CN)2CI]- units form 

dimers. The four N-H2 donors of the two en ligands in 2.5 direct the formation of a 1-D ladder 

motif consisting of [Hg(CN)2C1lnn- units, while the six N-H2 donors of structure 2.6 direct the 

formation of a 1-D {Hg(CN)~]2CI),"- anionic ribbon with additional [ H ~ ( c N ) ~ c ~ ~ ] ' -  units also 

present. It should be noted that the complex cations [ ~ u ( e n ) ~ ] ~ '  and [ ~ o ( e n ) ~ ] ~ '  have different 

charges; the effect of cation charge does not seem to influence the anion structure, as discussed 

above. The six N-H3 donors of the [co(NH~)~]~+  cations and the Hz0 molecules direct the 

formation of 2-D anionic layers of { [ H ~ ( c N ) ~ ] ~ c I ~ ) , ~ " -  in 2.7. Thus, in general, an increase in the 

number of hydrogen bonding donor sites on the transition metal complex cation appears to 

increase the structural dimensionality of the anionic double salt from zero (2.1-2.4) to one and 

two dimensional (2.5-2.7). Organic cations with strong hydrogen bonding capability ought to 

induce similar structural direction of the double salt anions, as was observed with the [4,4'- 

~ z b i ~ ~ ] "  dications used in the formation of several perhalometallate solid state structures. 157,158 

It should be noted that it is not merely the number of hydrogen bond donors that controls 

polymerization. The flexibility of the dl0 mercury centre to adopt different effective coordination 

geometries (see-saw, square pyramidal, octahedral) also plays an important role in the type of 

anionic motif formed. The concept of directing anionic halometallate networks with organic 

moieties has recently been employed to fabricate new zeolite-type materials (HNMe3)[CuZn5ClI2] 

and ( H ~ N E ~ ~ ) [ C U Z ~ ~ C I ~ ~ ] , ' ~ ~  modular polymeric chlorocadmate(II) ~ o m ~ o u n d s ' ~ ~ - ' ~ ~  and other 

structure types patterned after known ~ h a 1 c o ~ e n i d e s . l ~ ~  

2.4 CONCLUSIONS 
Coordination polymers containing mercury cyanide 1 chloride double salt building blocks 

(such as [Hg(CN)?Cl]-) can aggregate into different structural motifs, including molecular dimers, 

one-dimensional ladders and ribbons, and two-dimensional layers; the motifs dependent upon the 

nature of the cation employed. The presence, number, and profile of cation hydrogen bond donor 



sites strongly influence the structural motif adopted by the anionic double salt coordination 

polymer, typically resulting in structures with increased dimensionality. In the absence of cation 

hydrogen bond donor sites, only in molecular complexes were observed regardless of cation 

shape and charge. 

2.5 EXPERIMENTAL 
For these reactions, and all subsequent reactions in proceeding chapters, all manipulations 

were performed in air using purified solvents. All reagents were obtained from commercial 

sources and used as received, unless otherwise noted. For all complexes within this thesis, IR 

spectra were obtained using a Thermo Nicolet 670 FT-IR spectrometer. Microanalyses (C, H, 

and N) were performed at Simon Fraser University by Mr. Miki Yang. 

Unless otherwise indicated, data for all crystal structures described throughout this thesis 

were collected for each single crystal (mounted on a glass fibre using epoxy adhesive) at room 

temperature, using the diffractometer control program DIFRAC'~~  and an Enraf Nonius CAD4F 

diffractometer which employed graphite monochromatic Mo K a  radiation. The programs used 

for all absorption corrections, data reduction, and processing of all structure solutions contained 

in this thesis were from the NRCVAX Crystal Structure The structures were refined 

using CRYSTALS.'~~ Diagrams were made using ORTEP-318' with 50% ellipsoids and 

MERCURY.'~' Complex scattering factors for neutral atomsIg3 were used in the calculation of 

structure factors. The following example is a typical detailed experimental description for the X- 

ray crystallographic analysis for compound 2.6: 

2.6 was an orange platelet having dimensions 0.03 x 0.17 x 0.23 mm3. The following data 

range was recorded: 4" I 20 I 50". The data was corrected for the effects of absorption using a 

semi-empirical psi-scan method with the following transmission range: 0.0424 - 0.2103. Data 

reduction for 2.6 included corrections for Lorentz and polarization effects. Final unit-cell 

dimensions were determined based on the following well-centred reflections: 26 reflections with 



range 40' 5 29 I 45". The coordinates and anisotropic displacement parameters for the non- 

hydrogen atoms were refined. Hydrogen atoms were placed in calculated positions (d C-H 0.95 

A; d N-H 0.93 A) and their coordinate shifts were linked with those of the respective carbon or 

nitrogen atoms during refinement. Isotropic thermal parameters for the hydrogen atoms were 

initially assigned proportionately to the equivalent isotropic thermal parameters of their 

respective carbon or nitrogen atoms. Subsequently the isotropic thermal parameters for the C-H 

hydrogen atoms were constrained to have identical shifts during refinement, as were those of the 

N-H hydrogen atoms. Extinction parameters'84 were included in the final cycles of full-matrix 

least-squares refinement. 

A summary of crystallographic data and refinement details for all structures in this thesis are 

collected in Appendix 1. The coordinates are listed in Appendix 2. 

2.5.1 Preparation of [PPN] [Hg(CN)2CI] . H 2 0  (2.1) 

To a 10 mL methanol / Hz0 (50 / 50 % vol.) solution of [PPNICI (0.136 g, 0.24 mmol), a 10 

mL aqueous solution of Hg(CN)2 (0.059 g, 0.23 mmol) was added and stirred for 2 minutes. The 

colorless solution was left to slowly evaporate, almost to dryness. Colorless hexagonal crystals of 

[PPN][Hg(CN)2Cl] . H2O (2.1) were collected via vacuum filtration, washed with two 1 mL 

portions of cold methanol, and left to air dry. Yield: 0.163 g (84%). Anal. Calcd. for 

C3sH32N3ClHgOP2: C, 54.03; H, 3.82; N, 4.97. Found: C, 54.01 ; H, 3.87; N, 4.84. IR (KBr, 

cm-'): 3056 (m), 3034 (w), 2819 (w), 2694 (w), v c ~  2216 (w), 2173 (w), 2051 (w), 191 8 (w), 

1829 (m), 171 1 (m), 1588 (m), 1482 (m), 1438 (s), 1363 (w), 1283 (s), 1265 (vs), 1 182 (m), 1 1 15 

(vs), 1028 (m), 998 (m), 857 (w), 799 (m), 745 (m), 722 (vs), 693 (vs), 550 (vs), 534 (vs), 496 (s). 

2.5.2 Preparation of ["Bu4N] [Hg(CN)2CI] . 0.5 H 2 0  (2.2) 

To a 10 mL aqueous solution of ["Bu4N]C1 (0.055 g, 0.20 mmol), a 10 mL aqueous solution 

of Hg(CN)z (0.050 g, 0.20 mmol) was added and stirred for 2 minutes. The colorless solution 

was left to slowly evaporate, almost to dryness. Colorless blocks of ["Bu,N][H~(CN)~CI] . 0.5 



H20 (2.2) were collected via vacuum filtration, washed with two 1 mL portions of cold 

methanol, and left to air dry. Yield: 0.108 g (59%). Anal. Calcd. for C18H37N3CIHgOo 5: C, 40.07; 

H, 6.91; N, 7.79. Found: C, 39.85; H, 6.87; N, 7.83. IR (KBr, cm-'): 3599 (s), 3506 (s), 2963 

(vs), 2935 (vs), 2876 (vs), 2734 (w), 2408 (w), VCN 2198 (w), 2175 (w), 2150 (w), 1836 (w), 1844 

(w), 1829 (w), 1793 (w), 1750 (m), 17 1 1 (s), 1652 (m), 1635 (m), 1484 (s), 1463 (s), 141 9 (m), 

1383 (s), 1364 (s), 1223 (s), 1 178 (w), 1 152 (m), 1 108 (m), 109 1 (w), 1056 (m), 1026 (m), 883 

(s), 799 (m), 739 (s), 530 (m), 41 7 (s), 407 (s). 

2.5.3 Preparation of [(C~H&AS] [Hg(CN)2Cl] (2.3) 

To a 10 mL aqueous solution of [(c&)&]CI (0.083 g, 0.20 mmol), a 10 mL aqueous 

solution of Hg(CN)z (0.050 g, 0.20 mmol) was added and stirred for 2 minutes. The colorless 

solution was left to slowly evaporate, almost to dryness. Colorless blocks of 

[ (C~H~)~AS][H~(CN)~CI]  (3) were collected via vacuum filtration, washed with two 1 mL 

portions of cold methanol, and left to air dry. Yield: 0.091 g (68%). Anal. Calcd. for 

Cz6HxN2AsClHg: C, 46.5 1; H, 3.00; N, 4.17. Found: C, 46.46; H, 3.03; N, 4.14. IR (KBr, cm-I): 

3520 (m), 3452 (m), 3 156 (w), 3080 (w), 3058 (m), 3021 (w), 2991 (w), 2657 (w), 2563 (w), vcN 

2172 (w), 2162 (w), 1980 (w), 1904 (w), 1826 (w), 1776 (w), 1676 (w), 1632 (w), 1578 (w), 1483 

(m), 1439 (s), 1420 (m), 1339 (m), 1308 (m), 1 184 (m), 1 16 1 (w), 108 1 (s), 1022 (w), 997 (s), 

925 (w), 853 (w), 742 (s), 689 (s), 613 (w), 479 (s), 466 (s). 

2.5.4 Preparation of [Ni(terpy)2] [Hg(CN)2C1]2 (2.4) 

To a 5 mL aqueous solution of NiCl2 . 6 H20 (0.015 g, 0.063 mmol), a 5 mL methanolic 

solution of terpy (0.030 g, 0.128 mmol) was added and stirred for 5 minutes. While stirring, a 5 

mL aqueous solution of Hg(CN)z (0.032 g, 0.127 mmol) was added to this solution. This new 

dark orange solution was allowed to slowly evaporate. Brown crystal bars of 

[Ni(te~-py)~][Hg(CN)?Cl]~ (2.4) were collected by vacuum filtration, washed first with two 1 mL 

portions of cold water followed two 1 mL portions of cold methanol, and were left to air dry. 



Yield: 0.050 g (72%). Anal. Calcd. for C34H22NI&12Hg2Ni : C, 37.08; H, 2.01; N, 12.72. Found: 

C, 37.34; H, 1.97: N, 12.62. IR (KBr, cm-I): 3732 (w), 3 108 (m), 3074 (m), 3030 (m), vcN 2172 

(w), 2012 (w), 1978 (w), 1879 (w), 1600 (s), 1574 (m), 1563 (m), 1475 (s), 1470 (s), 1450 (s), 

14 19 (m), 1405 (w), 1321 (m), 1297 (w), I248 (m), 1 184 (m), 1 160 (m), 1094 (w), 1052 (w), 

1032 (m), 101 6 (s), 904 (w), 830 (w), 774 (s), 740 (w), 667 (w), 650 (m), 5 13 (w), 436 (w), 4 12 

(m). 

2.5.5 Preparation of [Cu(en)z] [Hg(CN)2Cll2 (2.5) 

To a I0 mL aqueous solution of CuC12 . 2 H 2 0  (0.068 g, 0.40 mmol), an aqueous solution of 

en (stock solution, 0.80 mmol) was added and stirred for 5 minutes. While stirring, a 10 mL 

aqueous solution of Hg(CN)z (0.202 g, 0.80 mmol) was added to this purple solution. This new 

solution was allowed to slowly evaporate. Purple crystal bars of [C~(en)~l[Hg(CN)~Cll~ (2.5) 

were collected by vacuum filtration, washed first with two 1 mL portions of cold water followed 

two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.285 g (94%). Anal. Calcd. 

for CsH16N&12CuHg2 : C, 12.64; H, 2.12; N, 14.75. Found: C, 12.52; H, 2.14: N, 14.63. IR (KBr, 

cm-I): 3338 (s), 3324 (s), 3294 (s), 3276 (s), 3262 (s), 3233 (s), 3143 (m), 2993 (w), 2968 (m), 

2955 (m), 2897 (m), v o  2175 (m), 1709 (m), 16 17 (m), 1591 (s), 1458 (m), I362 (w), 1323 (w), 

1274 (m), 1232 (w), 1 179 (m), 1095 (m), 1039 (s), 10 10 (m), 974 (m), 88 l (w), 7 19 (m), 695 (m), 

536 (m), 423 (m), 413 (m). 

2.5.6 Preparation of [Co(en)3] [Hg(CN)zC12] {[Hg(CN)2]2CI} (2.6) 

To a 10 mL aqueous solution of [Co(en)3]C13 (0.076 g, 0.22 mmol), a 20 mL aqueous solution 

of Hg(CN)2 (0.1 51 g, 0.60 mmol) was added and stirred for 5 minutes. This orange solution was 

allowed to slowly evaporate, almost to dryness. Orange crystal platelets of 

[CO(~~)~][H~(CN)~CI~]{[H~(CN)~]~CI) (2.6) were collected by vacuum filtration, washed first 

with two 1 mL portions of cold water followed two 1 mL portions of cold methanol, and were left 

to air dry. Yield: 0.137 g (62%). Anal. Calcd. for C I ~ H ~ ~ N I ~ C I ~ C O H ~ ~  : C, 13.06; H, 2.19; N, 



15.23. Found: C, 12.84; H, 2.10; N, 14.93. IR (KBr, cm-'): 3266 (vs), 3233 (vs), 3 162 (vs), 3 133 

(vs), 2904 (w), 2750 (w), 2612 (w), VCN 2189 (w), 2185 (w), 1620 (m), 1583 (m). I566 (m), 1508 

(w), 1462 (m), 1398 (w), I366 (w), 1320 (m), 1298 (m), 1240 (w), 1 149 (m), 1053 (s), 1003 (m), 

881 (w), 785 (m), 582 (m), 552 (w), 495 (w), 438 (s). 

2.5.7 Preparation of [ C O ( N H ~ ) ~ ] ~ [ H ~ ( C N ) ~ ] ~ ~  . 2 H 2 0  (2.7) 

To a 10 mL aqueous solution of [ C O ( N H ~ ) ~ ] C ~ ~  (0.064 g, 0.24 mmol), a 20 mL aqueous 

solution of Hg(CN)l (0.150 g, 0.59 mmol) was added and stirred for 5 minutes. The orange 

solution was allowed to slowly evaporate. Hexagonal orange crystal platelets of 

[CO(NH~)~]~[H~(CN)~]SC~~ . 2 HZO (2.7) were collected by vacuum filtration, washed first with 

two 1 mL portions of cold water followed two 1 mL portions of cold methanol, and were left to 

air dry. Yield: 0.196 g (92%). Anal. Calcd. for C10H40N22C16C02Hg502 : C, 6.56; H, 2.20; N, 

16.80. Found: C, 6.42; H, 2.20; N, 16.55. IR (KBr, cm-I): 3625 (s), 3448 (m), 3258 (vs), 2771 

(m), 2667 (m), 2632 (w), vcx 2180 (s), 1869 (w), 1844 (w), 1771 (m), 1612 (vs), 1412 (m), 1357 

(s), 1324 (s), 844 (s), 428 (s). 



CHAPTER 3 
REACTIONS OF 
MERCURY CYANIDE 
WITH COORDINATIVELY 
UNSATURATED 
TRANSITION METAL 
CATION COMPLEXES 

- 
3.1 INTRODUCTION - rn 

Cyanometallate complexes have been extremely valuable in the study of supramolecular 

coordination polymers, particularly in molecular magnetism research, as they readily form 

polymers when reacted with transition metal cations, as well as promoting strong magnetic 

exchange. 24,37,46,47 Much work has been done in the Lenoff group to successfblly demonstrate 

that two-coordinate linear, anionic w(CN)2]- units (M=AU,~~-~ '  Agg2) are capable of increasing 

structural dimensionality by forming metallophilic (Me-M) interactions and, although 

diamagnetic, can propagate significant magnetic  interaction^.^^'^^ As detailed in Chapter 2, the 

use of Hg(CN)2, a linear but neutral building block can, by accepting compatible ligands such as 

chloride ions during polymer formation, form higher coordinate double salt moieties which then 

aggregate into extended structures having increased structural dimensionality. However, since 

the transition metal complexes employed were coordinatively saturated, bridging between TM 

centres could not occur. In order to investigate the ability of cyanomercurate units to propagate 

magnetic interactions, coordinatively unsaturated TM complexes, that is TM complexes with 

available bridging sites, that are paramagnetic must be used. The formation of double salt 

mercurate moieties such as [Hg(CN)2Cl]- should invoke competition between chloride and N- 

cyano coordination to the coordinatively unsaturated TM complexes. 



3.1.1 Magnetochemistry 

In transition metals, magnetism is due to both the intrinsic spin of unpaired d-electrons and 

the orbital motion of e ~ e c t r o n s . ' ~ ~  Specific information concerning the arrangement of unpaired 

electrons can be obtained from the measurement of magnetic susceptibility and its temperature 

dependence. When a substance is placed in a magnetic field of intensity H, the intensity of the 

field within the substance may either be less than H, that is diamagnetic, or greater than H, or 

paramagnetic. Diamagnetism is a property of all matter and originates from electron pairs, while 

paramagnetism is generally a property of substances possessing unpaired electrons.ls5 Magnetic 

data is obtained from a SQUID (Superconducting Quantum Interference Device) magnetometer 

which measures the magnetisation (M) of a sample. This bulk property is frequently expressed as 

magnetic molar susceptibility and is given by the formula 

X M = M / H  (Equation 3.1) 

Magnetic properties are often expressed in terms of effective magnetic moment (per) which, 

under certain conditions, relates directly to the number of unpaired electrons. The effective 

magnetic moment in Bohr magnetons ( p ~ )  is given by the formula 

p e r =  2.83(X'M~)117 (Equation 3.2) 

where x'M is the susceptibility corrected for diamagnetism of the sample and sample holder. The 

magnetic moment of atoms or ions containing unpaired electrons can also be calculated using the 

following formula that considers only the intrinsic spin component: 

ps = g [ ~ ( ~ + ~ ) ] 1 ' 2  (Equation 3.3) 

where g is approximately equal to 2.0, and S is the sum of the spin quantum numbers of the 

individual unpaired electrons. For Cu(II), containing one unpaired 3d electron, S = '/z and p, = 

1.73 PB The experimental per  value and the calculated p, value for a sample are often compared 



to determine whether or not spin-orbit contributions and 1 or magnetic interactions between 

paramagnetic centres are significant.I8' 

The temperature dependence of many paramagnetic materials, especially at high 

temperatures, is governed by the experimentally found Curie law and is given by the formula 

X M = C / T  (Equation 3.4) 

where C is the Curie constant. A Curie response occurs when there is no interaction between the 

magnetic centres in a complex or in a crystal.'86 Although the unpaired electrons do align in an 

external field, equation 3.4 shows that this alignment becomes more difficult at higher 

temperatures resulting in a decrease in XM. 

When some interactions do occur between adjacent electron spins, equation 3.4 is modified 

so as to better fit the high temperature data and is called the Curie-Weiss law: 

XM = C 1 (T-9) (Equation 3.5) 

where 8 is the Weiss ~ 0 n s t a n t . I ~ ~  A plot of XM'' vs. T for paramagnetic substances showing no 

interactions will extrapolate to 0 K as shown in Figure 3.1. 

Figure 3.1 Plot of reciprocal magnetic susceptibility vs. temperature for paramagnetic substances 
that may show magnetic interactions at low temperatures. 
The slope is equal to c'. 



For a paramagnetic substance that shows some local alignment of spins that is ferromagnetic 

in nature, XM is higher than the simple paramagnetic case and the plot extrapolates to +O which is 

known as the Curie temperature (Tc). Below this temperature the sample is considered have 

ferromagnetic interactions, where magnetic spins align parallel to each other. When the 

alignment of some local spins is antiparallel, XM is lower than the simple paramagnetic case and 

the plot extrapolates to -0. XM approaches zero at very low temperatures for samples with 

antiferromagnetic (AF) behaviour since the magnetic spins are aligning so as to cancel each other 

out. However, with increasing temperature XM increases as thermal disorder disrupts the AF 

state. xivl passes through a maximum at the Neel temperature (TN) and then decreases at higher 

temperatures following the Curie-Weiss law. On the other hand, for samples with ferromagnetic 

interactions XM is very large at low temperatures, but decreases rapidly with increasing 

temperature until Tc, above which Curie-Weiss behaviour is generally observed. Figure 3.2 

shows generalized plots of both XM vs. T and p , ~  vs. T for the spin only (no coupling), 

ferromagnetic, and antiferromagnetic cases. 

\ ferromagnetic 

antiferromagnetic r 
spin-onlylno coupling 

Temperature 

(a) 

Temperature 

(b) 

Figure 3.2 Generalized plots of (a) peff vs T and (b) xb, vs. T depicting spin-only / no coupling, 
antiferromagnetic and ferromagnetic behaviour. 



The Curie-Weiss law does not account for several factors that affect the observed magnetism 

such as spin-orbit coupling and crystal field effects. Several mathematical models have been 

68,185 proposed to model the magnetic results of specific systems and a few are used in this thesis. 

Most models are based on a general equation for magnetism, proposed by Van Vleck, which 

models the magnetic susceptibility under the premise that the distribution of unpaired electrons 

68,185 into quantized energy levels is governed by the Boltzmann distribution. Thus, the magnetic 

susceptibility at any given temperature can be calculated, knowing the appropriate energy level 

diagram and the magnetic moment for each level. For the simplest case, a system with only one 

unpaired electron (S = %), an external magnetic field causes the two degenerate quantum levels 

(e.g. Kramer's doublet; m, = +%, -%) to split into two non-degenerate states;Ig5 this is called 

Zeeman splitting (Figure 3.3). 

Increasing H - 
Figure 3.3 Zeeman splitting of a S = '/z doublet. 

When two magnetically isolated homometallic magnetic centres of S = % interact through a 

bridge (a Cu(I1) dimer for example), the system can be interpreted as being in an 

antiferromagnetic state (S = 0) or in a ferromagnetic state (S = 1) (Figure 3.4). If orbital 

contributions, zero-field splitting (see Chapter 4), and intermolecular coupling are ignored, then 

the following equation is derived from the Van Vleck equation: 

XM = [ ( ~ N ~ * P ' )  1 kT]*[l l ( 3  + exp(-JlkT))] (Equation 3.6) 



where N is Avogadro's number, P is the Bohr magneton, k is the Boltzmann constant, and J is the 

parameter that represents the coupling of the two spins. Equation 3.6 is known as the Bleaney- 

Bowers equation. 185,187 

Increasing H - 
Figure 3.4 Energy level diagram for a homodinuclear complex with two S = '/z centres. 

When J is positive, S = 1 is the ground state and the system has ferromagnetic interactions. 

Conversely, when J is negative, S = 0 is the ground state and the system has antiferromagnetic 

(AF) interactions. J values below 1201 cm-' are weak interactions and typically affect p e ~  (or 

xIMT) at temperatures less than 50 K . ~ '  

For a I-D uniform chain of S = '/z centres having AF interactions, the Bonner-Fisher model is 

employed, assuming orbital contributions, zero-field splitting, and interchain coupling are 

negligible: 188-190 

x,,, = (Na?pJ * (0.25 + 0.074975 x + 0.075235 x') (Equation 3.7) 
kT (1.0 + 0.993 1 x + 0.172135 x2 + 0.757825 x3) 

where x = (14 1 kT). 

The model assumes that the J interaction between adjacent neighbours is the same, while the J 

interactions between next nearest neighbours is zero. This numerical solution for an infinite 

chain was determined using a closed ring of S = '/z units of ever increasing size. Additional 

models are discussed as required throughout the thesis. 



3.1.2 Research Objectives 

This chapter investigates the synthesis, structural, and magnetic properties of a series of 

coordinatively unsaturated [L,TM]C12 complexes ( L  = bipy, phen, terpy, en, dien, tren; x = 1 or 

2; TM(I1) = Mn, Ni, Cu) that have been reacted with coordinately unsaturated Hg(CN)* to 

generate transition metal organoamine-double salt cyanomercurates. The available open sites on 

the TM complex will be limited to two or three. Possible factors influencing Hg(CN)2 nitrile- 

coordination to transition metal complex cations in the presence of chloride ligands, including 

transition metal used, the number of open sites available for binding, and ligand basicity are 

investigated. If X-ray structures show promising magnetic pathways, then magnetic data is 

obtained in order to examine magnetic exchange through the diamagnetic Hg(I1) centre. 

3.2 RESULTS AND ANALYSIS* 

3.2.1 Rational Syntheses of 3.1-3.10 

The reaction of an aqueous 1 methanolic solution of [ML1]CI2 (M = Mn(II), Ni(I1); L = 1 ,lo- 

phenanthroline, 2,2'-bipyridine) with one equivalent of Hg(CN)? yielded single crystals of 3.1-3.4 

as summarized by equation 3.8. 

Equation 3.8 

The reaction of an aqueous solution of Cu(terpy)Cl* (terpy = 2,2':6',2"-terpyridine), with an 

aqueous solution containing one equivalent of Hg(CN)2 yielded single crystals of 3.5: 

1) CuCI2 + terpy - [Cu(terpy)]C12 

'4 [Cu(terpy)lCb + H g W h  - [Cu(terpy)C12(~-Hg(cN)2)1 Equation 3.9 

* Draper, N. D.; Batchelor, R. J.; Leznoff, D. B. Cryst. Growth Des. 2004,4,621-632. Reproduced in part 
by permission of the American Chemical Society. 



A similar reaction with a methanolic solution of Cu(dien)C12 (dien = diethylenetriamine) and 

a methanolic solution containing one equivalent of Hg(CN)2 yielded single crystals of 3.7: 

1) CuCI2 + dien - [Cu(dien)]C12 

2) [Cu(dien)lCl2 + Hg(CN)2 - [C~(dien)Cl][Hg(CN)~Cl] Equation 3.10 

The reaction of an aqueous solution of two equivalents of [C~(phen)~]Clz with three 

equivalents of Hg(CN)* yielded 3.6, which has a similar formula to 3.5 and 3.7. 

The reaction of an aqueous solution of one equivalent of CuC12 with one equivalent of tris(2- 

aminoethy1)amine (tren) and two equivalents of Hg(CN)? yielded 3.8: 

1) CuC12 + tren - [Cu(tren)]C12 

2) [Cu(tren)lCI2 + 2 Hg(CN)2 - [C~(tren)Hg(CN)~Cll[HgX~Cl] Equation 3.12 

A similar reaction of an aqueous solution of four equivalents of [Ni(tren)]C12 with eight 

equivalents of Hg(CN)2 and one equivalent of HgClz yielded single crystals of 3.10: 

1) NiCI2 + tren - [Ni(tren)]C12 

2) 4 [Ni(tren)lCI2 + 8 Hg(CN)2 + HgC12 - {[Ni(tren)]4[Hg(CN)2]8C16}HgC14 Equation 3.13 

The reaction of an aqueous solution of two equivalent of NiClz with four equivalent of 

ethylenediamine and six equivalents of Hg(CN)2 yielded 3.9: 

Migration of the labile chloride ligands from the harder Cu(I1) and Ni(I1) centres to the 

coordinately unsaturated, softer Hg(I1) centres drives the formation of 3.6-3.10. This halide 

migration to the Lewis-acidic Hg(CN)2 generates non-linear Hg(I1) products with coordination 



numbers greater than two, potentially increasing the structural and magnetic dimensionality in the 

process. 

3.2.2 Structures of [ML~(P-C~)~H~(CN)~]  (M = Mn(II), Ni(I1); L = bipy, phen) (3.1- 
3.4) 

The X-ray single crystal structures of [ML2(p-C1)2Hg(CN)2] (M = Mn(II), Ni(I1); L = bipy, 

phen) reveal simple molecular complexes in which the coordinately unsaturated Hg(CN)z unit is 

bound to the chloride ligands, which act as M-Hg bridging groups (Figure 3.5). The Mn(I1) and 

Ni(I1) centres in 3.1-3.4 have a distorted, octahedral geometry, with the two amine ligands (bipy 

or phen) cis-oriented and two chloride ligands completing the coordination sphere. These 

molecular complexes are analogous to the nickel organoamine-halocadmates [Ni(phen)zCl2CdI2], 

[Ni(phen)2X2CdX2] (X = site of mixed Br, C1 occupancy) and [ ~ i ( b i ~ ~ ) 2 ~ 1 2 ~ d ~ l 2 ] 2 . " ~  The bond 

distances and angles for 3.1-3.4 are gathered in Table 3.1. The M-N bond lengths range from 

2.057(9) A (33) to 2.295(11) 1( (3.2) while the M-Cl bond lengths range from 2.4473(18) 1( (3.4) 

to 2.505(4) A (3.2). 

Figure 3.5 Molecular structure of [Ni(phen)2(p-C1)2Hg(CN),1 (3.4). 
The hydrogen atoms have been omitted for clarity (ORTEP 50% ellipsoids). 



These values are comparable to those reported for N i ( b i p ~ ) ~ C l ~  . CH30H (Ni-N = 2.073(3), 

2.077(3), 2.084(3), 2.1 OO(4) A; Ni-CI = 2.3940(13), 2.42 l3(l3) A),I9' Mn(phen)zClz (Mn-N = 

2.073(3), 2.077(3), 2.084(3), 2.100(4) A; Mn-CI = 2.3940(13), 2.4213(13) A),I9' and 

Mn(bipy)zClz (Mn-N = 2.28 1 (4), 2.299(4), 2.34 1 (4), 2.37 l(4) A; Mn-Cl = 2.4396(14), 2.4544(13) 

Table 3.1 Selected Bond Lengths (A) and Angles (") for the [M(L)2][(p-C1)2Hg(CN)2] 
complexes 3.1-3.4. 

Compound 3.1" 3.2 3.3b 3.4c 
M, L 
Selected Atoms 

M( 1)-N(2) 

M( 1 )-N(3 
M(1)-CI(1) 

Hg( 1)-CK 1 ) 

Hg( 1)-C( 1) 
Selected Atoms 

Cl(1 )-Hg(1 )-Cl(1 *) 

Cl(1)-Hg(1)-C(1) 

Cl(1 *)-Hg(1 )-C(1 ) 

C(1)-Hg(1 )-C( 1 *) 

Cl(1)-M(1)-Cl(l*) 

Cl(1 )-M(1 )-N(2) 

Cl(1 *)-M(1 )-N(2) 

N(2)-M( 1 )-N(2 *) 

Cl(1)-M(1)-N(3) 

Cl(1 *)-M(1)-N(3) 

N(3)-M(l )-N(3 *) 

N(2)-M(l )-N(3) 

N(2)-M(l )-N(3 *) 

Mn, bipy 

Bond Lengths 

2.280(3) 

2.238(3) 

2.495 l(9) 

2.8199(9) 

2.036(4) 

Bond Angles 

80.70(3) 

92.01(12) 

99.81(13) 

l64.5(2) 

94.06(4) 

169.48(7) 

89.79(3) 

88.14(6) 

97.50(8) 

95.12(8) 

161.44(15) 

72.4(1) 

94.1(1) 

Mn, phen Ni, bipy Ni, phen 

a Symmetry transformations: (*) -x+l, y, -z+1/2. 
Symmetry transformations: (*) -x+l, y, -z+3/2. 

Yymmetry transformations: (*) -x+1/2, y, -z+3/2. 

The chloride ligands bridge to the Hg(CN)2 metal centres via Hg-Cl bonds that range in 

length from 2.771(3) A (3.3) to 2.829(4) A (3.2) and can be compared to the Hg-Cl bonds lengths 



of 2.670(3) A, found in the molecular [ ~ u ( b i ~ ~ ) ~ ( p - ~ l ) ~ ~ ~ ~ r ~ ] ~ ~ ~  and the 2.710(1) and 2.820(1) 

A found in the molecular [C~(bipy)~(p-CI)~Hg(CN)d, a Cu(I1) isostructural analogue to 3.1 and 

3.3 which is presented in Chapter 5.'95 This results in an effective see-saw coordination sphere, 

based on linear Hg(I1) characteristic coordination (2+2), for the Hg(I1) centre with C-Hg-C angles 

ranging from 160.6(3)" (3.4) to 164.8(1)' (3.1) and CI-Hg-CI angles ranging from 78.76(11)" 

(3.3) to 81 SO(ll)" (3.2) which can be compared to the C-Hg-C and C1-Hg-CI angles of 2.1-2.4 as 

discussed in Chapter 2. The M-Hg distances range from 3.805 A (3.4) to 3.850 A (3.3) indicating 

that there are no significant intermolecular interactions between the two metal centres. 

In all four cases, there is extended n-.n stacking of neighbouring conjugated ring systems 

characterized by interplanar distances of 3.4-3.6 A that are slightly larger than the 3.3-3.5 A range 

found for ~n(~hen)2~12,~~','~~,'~' but are smaller than the 3.949 A distance observed in 

[~u(bi~~)z(p-~1)2~~~r2].'~~ One-D chains are thus formed from the molecular units of 3.1-3.4. 

More importantly, the addition of Hg(CN)2 to ML2C12 (M = Mn, Ni; L = bipy, phen) does not 

induce chloride migration and no increase in structural dimensionality is observed as a result of 

Hg-CI interactions. The rational synthesis of [C~(phen)2(p-C1)2Hg(CN)~] was attempted but only 

complex 3.6 could be isolated. 

3.2.3 Structure of [C~(terpy)Cl~(p-Hg(CN)~)] (3.5) 

The X-ray single crystal structure of [Cu(terpy)C12(p-Hg(CN)2)] (3.5) reveals a one- 

dimensional chain motif of [Cu(terpy)CI2(p-Hg(CN)2)], that runs parallel to the a-axis (Figure 

3.6). Rather than forming two chloride bridges to a single Hg(I1) centre, the Cu(terpy)C12 unit 

forms two chloride bridges to different Hg(I1) centres. This bonding arrangement is similar to 

that observed for cis-[~h(en)~~1~][~~~13].~~~ The bond distances and angles for 3.5 are gathered 

in Table 3.2. The Hg-CI bond lengths of 2.8080(9) and 2.9121(9) A are well within the sum of 

the HgICI van der Waals radii of 3.30 A88,'49 and are shorter than most bridging Hg-C1 bond 



lengths, such as those found in [Cu(en)z][Hg(CNhCl]z (2.5) (2.7089(17) to 3.2186(15) A), and 

[CO(NH&]~[H~(CN)~]~C&~ 2 Hz0 (2.7) (3.072(2) A to 3.11 9(3)A). 

Figure 3.6 I-D chain segment of [C~(terpy)Cl~(p-Hg(CN)~)]n (3.5) as viewed along the a-axis. 
The hydrogen atoms have been omitted for clarity (ORTEP 50% ellipsoids). 

Table 3.2 Selected Bond Lengths (A) and Angles (O) for [Cu(terpy)Clz(p-Hg(CN)2)] (3.5)0. 

Hg( 1 )-c(1 2.046(4) Hg( 1 kc@) 2.043(4) 
Hg(1)-CI(1 *) 2.912 l(9) Hg( 1 )-Cl(2) 2.80%0(9) 
Cu(1 )-Cl(1 ) 2.2673(9) Cu(1 )-Cl(2) 2.5 1611) 

Cu(1)-N(3) 2.029(3) cu(l)-N(4) 1.943(3) 

-Me@- ngles I 
c (  1 >Hg( 1 kc@) 165.16(15) Cl(1)-Cu(1)-Cl(2) 100.55(4) 
Cl(1 *)-Hg(1 )-Cl(2) 100.25(3) C l(1 )-CU( 1 )-N(3) 98.28(8) 
C l ( 1 ) - H ( l C ( 1 )  92.68(11) Cl(2)-Cu(1 )-C(3) 95.1 8(8) 

Cl(2)-Hg(1)-C(l) 92.18(11) C1( 1 F u ( l  W(4)  155.30(9) 

1 * H ( ) - ( 2  94.20(12) Cl(2)-Cu(1)-N(4) 104.15(9) 
Cl(2)-Hg(1 )-C(2) 155.30(9) N(3 )-CU( 1)-N(4) 79.45(11) 

Hg( 1 ) - w  )-N( 1 ) 178.7(4) Cl( 1 )-Cu( 1 )-N(5) 97.79(9) 
Hg( 1 )-C(2)-N(2) 178.7(4) Cl(2)-Cu( 1 )-N(5) 96.44(9) 
N(3)-Cu(1 )-N(5) 1 58.07(11) N(4>cu( 1 )-w) 79.70(11) 
1 C l ( l C u ( 1 )  100.58(3) Hg(1 >C1(2)-Cu(1) 1 05.78(3) 

a Symmetry transformations: (*) -x-I, -y, -2; (') -x+2, -y, -z. 



The Cu(I1) centre in 3.5 has square pyramidal geometry comprised of three nitrogen donors 

from the terpy ligand and one chloride ligand (Cu(1)-Cl(1) = 2.2673(9) A) forming the base, 

while the second chloride ligand resides in the apical position (Cu(1)-Cl(2) = 2.516(1) A). This 

square pyramidal Cu(1I) coordination sphere is also found for Cu(terpy)C12 . H20 (Cu-CI,, = 

2.231(2) A, Cu-CI, = 2.565(2) A)'99 and is similar to that found for 

{[C~(bipy)Hg(CN)~C12]~Hg(CN)2) (CU-CI,, = 2.3090(16) A, Cu-CI, = 2. 5560(l 7),'95 a 1 -D 

Cu2Hg2 rectangular cluster discussed in Chapter 5, and [Cu(terpy)CN]N03 . H20 (Cu-C,, = 

l.92(2) A, Cu-NC, = 2.21(1) A), a I-D [Cu(terpy)CN]' chain.200 The Hg(I1) centre has an 

effective see-saw geometry based on linear characteristic coordination (2+2) with C(1)-Hg(1)- 

C(2) = l65.16(15)", and Cl(1 *)-Hg(1)-Cl(2) = 100.25(3)", similar to the Hg(I1) centres in 3.1-3.4. 

The Cu(1)-Hg(1) and Cu(1)-Hg(l') distances are 4.006 A and 4.250 A respectively. Although 

the addition of Hg(CN)2 to Cu(terpy)C12 does not induce chloride migration from the hard Cu(I1) 

centre to the softer Hg(I1) centre, the structural dimensionality has increased in the process due to 

the Hg-Cl interactions. 

3.2.4 Structure of {[CU(~~~~)~C~]~H~(CN)~[H~(CN)~CI]~) (3.6) 

Unlike the molecular complexes 3.2 and 3.4, reaction of an aqueous solution containing one 

equivalent of [ C ~ ( p h e n ) ~ ] C l ~  with one equivalent of Hg(CN)2 results in the formation of single 

crystals of {[C~(phen)2C1]2Hg(CN)2[Hg(CN)~Cl]~) (3.6) (Figure 3.7). The copper(I1) centre of 

the [Cu(phen)zCl]' cation is five coordinate with a distorted geometry as exemplified by its tau 

parameter of z = 0.72 (where the z range from 0 to 1 represents the geometric distortions from a 

perfect square pyramid to a trigonal bipyramid, respectively).20' The bond distances and angles 

for 3.6 are gathered in Table 3.3. This copper(I1) coordination sphere and the Cu(1)-Cl(2) bond 

length of 2.3340(17) A is very similar to that found in the molecular complex [C~(bipy)~Hg~Cl& 

(z = 0.47, Cu-C1 = 2.320(7) A),'95 as will be discussed in Chapter 5. 



Figure 3.7 Three moieties that constitute {[CU(~~~~)~C~]~H~(CN)~[H~(CN)~C~]~} (3.6). 
One [Cu(phen)tCl]' cation and the hydrogen atoms have been omitted for clarity 
(ORTEP 50% ellipsoids). 

One chloride ligand has migrated to generate an [Hg(CNkCl]- anion which in turn dirnerizes 

via Hg-Cl bridges to form a V~(CN)~C~];- double salt moiety with distorted see-saw effective 

coordination (2+2) as observed in the molecular dirners pPN][Hg(CN)2C1] H20 (2.1), 

[%ut][Hg(CN)2C1] . 0.5 Hz0 (2.2), and [Ni(terpyk][Hg(CN)2C1]2 ( ~ . 4 ) . ' ~ ~  The additional, neutral 

Hg(CN)z unit serves two functions: 1) to act as bridging units between the [H~(cN)~c~];- anions 

via N-cyano interactions from the anion to the neutral Hg(CN)z metal centre (N(2)-Hg(2) = 

3.010(5) A), and 2) to act as bridging units for the [~u(phen)~cl]+ cations via chloride bridges 

(Cl(2)-Hg(2) = 3.2800(16) A). The net result is the formation of a 1-D anionic chain of 

{ [ H ~ ( C N ) ~ C ~ ] ~ H ~ ( C N ) ~ ) , ~ "  with associated [C~(~hen)~Cl] '  units that dangle along its length 

(Figure 3.8). This Hg(CNk bridging mode is related to those reported for the 1-D complexes 

[~u(bip~)~~(~N)2~12]2~g(~~)2'~~ and {[Cu(bipy)(OH)(C1)]2[Hg(CN)2) . 2 ~ 2 0 ' ~ ~  (see Chapter 

5). It is also similar to an example where HgC12 bridges C U ~  clusters,'25 and where HgC12 bridges 

[co(NH,)~c~]~' cations.% 



Table 3.3 Selected Bond Lengths (A) and Angles (") for 
C [Cu(~hen)zC11~[Hg(CN)~Hg(CN)~Cll~) (3.6)a. 

Selected Atoms Bond Lengths Bond Lengths 

Hg( l)-CK 1) 

Hg( 1) 

Hg(2)-C1(2) 

Hg(2)-N(2') 

H!@)-C(3) 
CU( 1 )-N(4) 

Cu(1 )-N(6) 

Selected Atoms 

Cl(1)-Hg(1)-Cl(l*) 

Cl(1 *)-Hg(1)-C(1) 

Cl(1 *)-Hg( 1 )-C(2) 

Cl(2)-Hg(2)-C1(2*a) 

C1(2*a)-Hg(2)-N(2') 

Cl(2 *a)-Hg(2)-N(2* b) 

Cl(2)-Hg(2)-C(3) 

N(2')-Hg(2)-C(3) 

C(3)-Hg(1)-C(3 *a) 

N(4)-Cu(l )-N(5) 

N(5)-CU( 1 )-N(6) 

N(4)-CU( 1 )-N(7) 

N(6)-CU( 1 )-N(7) 

2.72 1 i'(l5) 

2.077(7) 

3.28OO(l6) 

3 .O 1 O(5) 

2.034(7) 

2.1 O5(5) 

2.1 OO(5) 

Bond Angles 

9 1.98(4) 

93.7(2) 

lO4.16(18) 

180 

85 2) 

94.51(12) 

94.2(2) 

9 1.0(2) 

180 

8O.92(19) 

94.17(19) 

93.74(19) 

81.14(19) 

Selected Atoms 

Hg(1)-CI(1 *) 

Hg( 1 )-C(2) 
Hg(2)-C1(2*a) 

Hg(2)-N(2 * b) 

Cu(1 )-Cl(2) 

CU( 1 )-N(5) 

CU( 1 )-N(7) 

Selected Atoms 

Cl(1)-Hg(1)-C(1) 

Cl( 1)-Hg(1)-C(2) 

C( 1 )-Hg( 1 )-C(2) 
Cl(2)-Hg(2)-N(2' 

2.783 l(17) 

2.061(7) 

3.2800(16) 

3 .O 1 O(5) 

2.3340(17) 

1.998(4) 

1.994(4) 

Bond Angles 

97.74(18) 

10 l.74(17) 

152.9(3) 

) 94.51(12) 

-- 

a Symmetry transformations: (*) -x, -y+l, -z+l ; (*a) -x+l, -y+l, -z+2; (*b) -x+l, -y+l, -z+l ; (') x, y, z+ 1 

The Hg(2) centre is rendered pseudo-octahedral based upon linear characteristic coordination 

(2+4) as a result (N(2')-Hg(2)-N(2*b) = Cl(2)-Hg(2)-C1(2*a) = C(3)-Hg(2)-N(3*a) = 180'). The 

Hg-.NC bond is longer than the Hg-.NC interaction of 2.742(3) A responsible for the solid-state 

aggregation of H~(cN)~" '  and can be compared with the related [Cu(dien)][A~(CN)~]~ and 

[C~(dmeda)2Au(CN),][Au(CN)~] (-AuCN-Au = 3.002(14) A and 2.963(13) A, respectively) 

gold(II1) complexes202 and [CU(~~)~][A~~(CN),][A~(CN)~] (-AgCN-Ag = 2.572(3) A) silver(1) 

complex.82 Thus, the addition of Hg(CN)? to C ~ ( p h e n ) ~ C l ~  induces the migration of one chloride 

ligand from the harder Cu(I1) to the softer Hg(I1) centre, increasing the structural dimensionality 



from 0 to 1 in complex 3.6. Extended n-z stacking of the conjugated ring systems characterized 

by interplanar distances of 3.7-4.4 A further increases the dimensionality from 1 to 2, Similar 

n.-z interactions between pyridine rings have been reported for many phen-containing Cu(I1) 

complexes. 

Figure 3.8 1-D chain segment of 3.6 as viewed along the c-axis. 
The hydrogen atoms have been omitted for clarity (ORTEP 50% ellipsoids). 

3.2.5 Structure of [Cu(dien)Cl] [Hg(CN)2CI] (3.7) 

The slow evaporation of a solution containing Hg(CN)2 and one equivalent of Cu(dien)C12 

yielded single crystals of [Cu(dien)Cl][Hg(CN)2CI] (3.7). Migration of one chloride ligand 

occurs from the copper(I1) centre to a Hg(CN)* unit to form a [Hg(CN)2Cl]' double salt moiety. 

In contrast to the self-assembled [ H ~ ( c N ) ~ c ~ ~ ] ~ -  dimers observed in 3.6, a 1-D chain of 

[Hg(CN)2CI],"- is formed with Hg(1)-Cl(2) bond lengths of 2.9219(16) and 2.9345(16) A (Figure 

3.9 a). The bond distances and angles for 3.7 are gathered in Table 3.4. 



Figure 3.9 a) A segment of the [Hg(CN)2Cl],"- 1-D chain and b) a dimeric [~u2(dien)z(p~l)f 
cation of [C~(dien)Cl][Hg(CN)~Cl] (3.7). 
Hydrogen atoms have been removed for clarity (ORTEP 50% ellipsoids). 

Figure 3.10 2-D layer structure of [C~(dien)Cl][Hg(CN)~Cl] (3.7). 
Hydrogen atoms have been omitted for clarity (ORTEP 50% ellipsoids). 

This 1-D anionic chain motif is similar to the [ ~ ~ ~ ~ 1 9 ] , 3 "  chains reported for 

[Co(NH3)6]~g3C19] . ~ 2 0 . ' ~ '  AS in 3.5 and 3.6, the second chloride ligand remains bound to the 

copper(I1) centre but in 3.7 the cations dimerize via two chloride bridges to form [Cuz(dien)2(p- 



c1)?12' (Figure 3.9 b). Each Cu(I1) centre has a distorted square pyramidal geometry where the 

three N atoms of the dien ligand and one chloride ligand (C11) form the basal plane while the 

second chloride (Cll*) occupies the apical position. The three Cu-N distances are very similar 

(2.014(5), 2.015(5), 2.001(5) A) while the Cu-CI apical bond is much longer than the basal one 

(2.7608(17) versus 2.2875(17) A). The Cu(I1) centres in the dimer are separated from each other 

by 3.528 A and the Cu-C1-Cu and Cl-Cu-CI angles are 88.13(6)" and 91.87(6)' respectively. This 

o 203 can be compared with the Cu-C1-Cu bond angle of [C~~(dien)~C12][N03]2 (90.62(1) ), and the 

o 204 related [(te~-py)CuCl]~[PF& (89.9(1) ). 

Table 3.4 Selected Bond Lengths (A) and Angles (") for [C~(dien)Cl][Hg(CN)~Cl] (3.7la. 

: Selected Atoms Bond Lengths Selected Atoms 

Hg(l)-CK1) 

Hg( 1 ) - C W  

Hg(l)-C(ll) 
Cu(1)-CI(1) 

Cu(1)-N(1) 

Cu(1 )-N(7) 

Selected Atoms 

Cl(1)-Hg(1)-Cl(1 *) 

Cl(1 *)-Hg(1)-Cl(2) 

CI(1 *)-Hg(1)-Cl(2') 

Cl(1)-Hg(1)-C(1 I) 

Cl(2)-Hg( l )-C( l l ) 

Cl(1)-Hg(1)-C(l2) 

Cl(2)-Hg(1)-C(12) 

C(1 1)-Hg(1)-C(l2) 

Cl( 1 )-Cu(1 )-N( 1 ) 

Cl( 1 )-Cu(1 )-N(4) 

Cl(1)-Cu(1)-N(7) 

N( 1 )-Cu(1 )-N(4) 

N(4)-Cu(1 )-N(7) 

Hg(1)-Cl(1)-Cu(1) 

Hg(1)-Cl(1 )-Cu( 1 *a) 

Bond Length 

3.2143(15) 

2.92 lg(l6) 

2.066(8) 

2.2875(16) 

2.014(5) 

2.0 17(5) 

Bond Angles Selected Atoms 

Cl( 1 )-Hg( 1 )-Cl(2) 

Cl(1)-Hg(1)-Cl(2') 

Cl(2)-Hg(1)-Cl(2') 

Cl(1 *)-Hg(1)-C(1 1) 

Cl(2')-Hg(l)-C(l l) 

Cl(1 *)-Hg(1 )-C( 12) 

Cl(2')-Hg(1)-C(12) 

Cl(1)-Cu(1)-Cl(1 *a) 

CI(1 *a)-Cu(l )-N( 1 ) 

CI(1 *a)-Cu(1)-N(4) 

Cl(1 *a)-Cu(l )-N(7) 

N( I )-Cu(1 )-N(7) 

Hg(1 )-Cl(l )-Hg(1 *) 

Hg(1 *)-CI(1)-Cu(1) 

Bond Angles 

79.94(4) 

174.68(4) 

97.835(12) 

9 1.4(2) 

92.3(2) 

83.5(2) 

93.0(2) 

9 1.87(6) 

87.08(16) 

1 OO.65(16) 

86.62(17) 

l66.3(2) 

76.83(4) 

108.04(6) 

a Symmetry transformations: (*) -x, -y-112, -z+1/2; (*a) -x, -y+1/2, -z+1/2; (') -x- 112, Y-112, -z+1/2 

6 1 



The chlorine atoms of the [ ~ u z ( d i e n ) 2 ( ~ - ~ 1 ) $ +  cations form two additional bridges to the 

open coordination site on the Hg(I1) centres (CI(1)-Hg(1) = 3.2143(15) A, CI(l*)-Hg(1) = 

3.2483(16) A) of the anionic 1-D [Hg(CN)2CIlnn- chains resulting in a 2-D brick-wall layer motif 

(Figure 3.10). Each Hg(I1) centre has octahedral effective coordination based upon linear 

characteristic coordination (2+4) with bridging chlorine atoms all in the equatorial plane and the 

cyano ligands perpendicular to the layer. The layer is related to [NH~(c~H~)]~[H~(cN)~cI~]'~~, a 

2-D chess-board layer perovskite-like structure with Hg-Cl bond lengths of 2.9Ol(2) and 3.432(2) 

A. Weak N-He-NC interactions (N(11).-N(4) = 3.057 A) between the cyano groups of one 2-D 

layer and the amine protons from the layer above and below increase the structural dimensionality 

of 3.7 from 2 to 3, and are shorter than those reported for [Cu(en)2]3[W(CN)& . H20 (3.214 

A),'" and [ c ~ ( e n ) ~ ] [ A g ~ ( C N ) ~ ]  (3.195 A).130 

3.2.6 Structure of [Cu(tren)Hg(CN)2Cl] [HgX2Cl] (3.8) 

The reaction of Cu(tren)Clz with two equivalents of Hg(CN)2 not only induces complete 

migration of the chloride ligands from the Cu(I1) centre to the coordinately unsaturated Hg(I1) 

centres, but in the process opens a site for N-cyano binding between the [Hg(CN)2Cl]- double salt 

unit formed and the [~u(tren)]*' cation. These units then assemble into a 1-D cationic chain with 

the formula [C~(tren)Hg(CN)~Cl],"' via Hg-Cl bridges (Hg(1)-Cl(1) = 2.795(4) A, Hg(1)-C1(1*) 

= 2.772(3) A (Figure 3.1 1 a). The bond distances and angles for 3.8 are gathered in Table 3.5. 

The cationic Cu(I1) centre in 3.8 has a distorted five-coordinate geometry (T = 0.65), with one 

tren and one strongly N-bound Hg(CN)2 completing the coordination sphere (Cu-NC = 1.966(11) 

A). This coordination sphere is very similar to the five-coordinate Cu(I1) centre reported for the 

molecular complex [C~(tren)Au(CN)~l[Au(CN)~l (T = 0.74; Cu-NC = 1.950(9) A).79 

Simultaneous chloride migration from harder Cu(I1) to softer Hg(I1) and cyano bridging from 

Hg(CN)2 units to an octahedral Cu(I1) centre has been observed in {Cu(tmeda)[Hg(CN)2]2)HgC14 

(Cu-NC,, = 1.975(11) A, Cu-NC,, = 2.583(13) A),205 as described in Chapter 4. 



Figure 3.11 a) 1-D cationic chain of [C~(tren)Hg(CN)~Cl],"" and b) 1-D anionic chain of 
[HgXzCl],"- observed in [C~(tren)Hg(CN)~C11[HgX~Cl] (3.8). 
X sites are of 1: 1 mixed C11 CN occupancy; hydrogen atoms have been omitted for 
clarity (ORTEP 50% ellipsoids). 

The Hg(1) centres have an effective see-saw geometry (2+2) (C-Hg-C = 164.2(6)", CI-Hg-Cl 

= 90.1(1)") as found for structures 3.1-3.5. A second 1-D chain is also formed but it is anionic, 

comprised of pgX2Cll' units; where X represents sites of 1 : 1 mixed C1 I CN occupancy (Hg(2)- 

Cl(2) = 2.632(4) A, Hg(2*>C1(2) = 2.754(4) A) (Figure 3.1 1 b). The Hg(2) centre shows a 

distorted effective tetrahedral geometry (2+2) (C1(2*a)-Hg(2)-Cl(2) = 83.0(2)", X(3)-Hg(2)-X(4) 

s 142.4"). Unlike structures 3.6 and 3.7, no additional Hg-CI or Hg-NC bridging takes place to 

connect the cationic and anionic components of 3.8. Rather, weak N-H--NC (N(4)-N(11) = 3.106 

A, N(3)-N(l1) = 3.274 A) and N-H-Cl (N(1)-Cl(2) = 3.521 A, N(3)-X(4) G 3.695 A) 

interactions bind the [HgX2ClInw chain between the crescent-shaped cleft formed by the 

[Cu(tren)~g(CN)~Cl],"+ chain to generate a neutral [C~(tren)Hg(CN)~Cl][HgX2Cl] (3.8) column. 



Additional N-He-Cl interactions (N(4)-Cl(1) = 3.437 A) bind different columns together, forming 

the 2-D layer motif shown in Figure 3.12. 

Selected Atoms 

Hg( 1)-CK 1) 

Hg( 1 )-C( 1 1 

Hg(2)-C1(2) 
H ~ ( ~ ) - c ~ ( ~ o )  

~ ~ ( 2 ) - ~ 1 ~ ( 3 )  

Cu(1)-N(I) 

CU( l )-N(3) 

Selected Atoms 
Cl(1)-Hg(1)-Cl(1 *) 

Cl(1 *)-Hg(1)-C(1 1 ) 

Cl(1 *)-Hg(1)-C(12) 

Cl(2)-Hg(2)-C1(2*a) 

C I ( ~ * ~ ) - H ~ ( ~ ) - C I ~ ( ~ )  

Cl(2 *a)-Hg(2)-CIc(4) 

N(1 )-Cu(1 )-N(2) 

N(2)-Cu(l )-N(3) 

N(2)-Cu(1 )-N(4) 

N(1 )-Cu(1)-N(l2) 

N(3)-Cu(1)-N(12) 

Hg(1 )-Cl(1 )-Hg(1 *a) 

Table 3.5 Selected Bond Lengths (A) and Angles (") for [CU(~~~~)H~(CN)~CI][H~X,C~] (3.8)a. 

Bond Lengths Selected Atoms Bond Lengths 
2.757(3) 

2.028(12) 

2.658(3) 

2.050(5) 

2.364(7) 

2.051(13) 

2.135(12) 

Bond Angles 
9O.l9(7) 

98.2(3) 

93.1(3) 

92.85(7) 

1 OO.2(3) 

96.4(11) 

84.1(5) 

85.3(4) 

84.9(5) 

89.0(5) 

1 OO.2(5) 

9 1.3(1) 

Hg(1)-C1( 1 *) 

Hg( 12) 
Hg(2)-C1(2*a) 

Hg(2)-CC(20) 

Hg(2)-C lc(4) 

Cu(l )-N(2) 

Cu(l )-N(4) 

Selected Atoms 

Cl(1)-Hg( 1 )-C(1 I) 

Cl(1)-Hg(1)-C(l2) 

C(l1 )-Hg(1)-C( 12) 

~ 1 ( 2 ) - ~ ~ ( 2 ) - ~ 1 ~ ( 3 )  

Cl(2)-Hg(2)-CIC(4) 

~ 1 ~ ( 3 ) - ~ ~ ( 2 ) - ~ 1 ' ( 4 )  

N( 1 )-Cu(1 )-N(3) 

N( 1 )-Cu(1 )-N(4) 

N(3)-Cu(1 )-N(4) 

N(2)-Cu(1)-N(12) 

N(4)-Cu(1)-N(12) 

Hg(2)-Cl(2)-Hg(2*) 

2.776(2) 

2.054(11) 

2.761(3) 

2.054(5) 

2.306(6) 

2.Ol8(ll) 

2.053(12) 

Bond Angles 

97.6(3) 

92.9(3) 

1 64.4(4) 

101.7(2) 

lO8.1(3) 

l45.O(4) 

114.6(6) 

133.6(6) 

1 O9.2(5) 

172.5(5) 

98.0(5) 

lO4.72(13) 

a Symmetry transformations: (*) x-112, -y+1/2, z; (*a) x+1/2, -y+1/2, z. 
X3 = 1 : 1 mixed Cl(3) 1 C(l0)occupancy. 
X4 = 1 : 1 mixed Cl(4) / C(20)occupancy. 

These weak N-H.-Cl interactions are comparable to those N-Cl distances reported for 

[Cu(Hbimam)C13]2(H20)2, [Cu(Hbimam)2C12]C12(H20)2 (3.266 A and 3.277 A respectively; 

bimam = bis(imidazol-2-yl)methylaminomethane),'54 tran~-[PtCl2(NH~)~] (3.41 A),155 and 2,6- 

diphenylpyridinium tetrachloroaurate (3.45 A, 3.75 A).'56 



Figure 3.12 Extended 2-D motif of [Cu(tren)Hg(CN)2C1][HgX2CI] (3.8). 
Methylene hydrogen atoms have been omitted for clarity. Colour g*benl~%; Hg, &k; 
Cu, red; CI, green; N, blue; C, grey; H, white. 

3.2.7 Structure of {[Ni(en)2] [Hg(CN)2]3C12)2 (3.9) 
Reaction of an aqueous solution containing one equivalent of ESr(m)aC% with three 

equivalents of Hg(CN)2 results in the formation of single crystals of {[Ni(en)2][Hg(CNM3C12)2 

(3.9). Complete migration of both chloride ligands from Ni(I1) to Hg(I1) drives the formation of 

the product. The IR spectrum clearly shows two blue-shifted v c ~  (2217 cm-', 2207 cm-l) bands 

relative to free Hg(CN)2, consistent with the formation of bridging cyanide ligands. The crystal 

structure consists of a 1-D battlement arrangement of anionic { [ H ~ ( c N ) ~ ] ~ c I ~ } ~ ~ "  units held 

together via several Hg-Cl bridges ranging from 2.696(7) A (Hg(l>C1(1)) to 3.239(9) A (Hg(6)- 

Cl(3)) (Figure 3.13). The bond distances and angles for 3.9 are gathered in Table 3.6. This 

unusual 1-D anionic motif is similar to the battlement-like 1-D coordination polymer 

[Cd(tren)][Pd(CN)4] which is formed by the alternating cis-arrangement of [cd(tren)12' and 

[P~(cN)~]~-  ions.206 For 3.9, the battlement consists of a repeating -Hg(l >Cl(l)-Hg(2)-Cl(2)- 

Hg(4)-C1(3)-Hg(S)-C1(4)- 'square wave' chain. 



Figure 3.13 1-D anionic battlement arrangement observed in {[Ni(en)2][Hg(~2]3C12}2 (3.9). 
(ORTEP 50% ellipsoids). 

- 7 -  

I Z ,  -- 
h. - - 

These four Hg(U) centres have effective see-saw geometry based on linear characteristic 

coordination (2+2) with C-Hg-C angles that range from 160.4(14)" to 168.9(13)0 and Cl-Hg-Cl 

angles that range from 78.4(2)' to 90.6(2)'. Each square wave is roughly centred by additional 

Hg(CN)2 moieties via three Hg-CI interactions. These effective five-coordinate Hg(3) and Hg(6) 

centres (2+3) have a distorted square pyramidal geometry with two chloride and two cyano 

ligands occupying the basal plane and the third chloride ligand occupying the apical site, similar 

to the Hg(1I) centres observed in 2.5. The resultant { [ ~ ~ ( ~ ~ h ] 3 ~ 1 2 ) 2 , 4 "  battlement motif has 

structural characteristics of an amalgamated 1-D anionic ladder (2.5) and ribbon (2.6). [hJi(en)212+ 

cations bridge the 1-D anionic chains together to form an alternating cormgated 2-D layer 

structure (Figure 3.14). Both Ni(I1) centres in 3.9 have octahedral geometries comprised of two 

equatorial en ligands and two axial N-cyano bridging groups. Ni-N(en) bond lengths range from 

2.04(2) A to 2.1 l(2) A and are in the expected range for Ni-N(amine) bonds. Ni-N(cyano) bond 

lengths range from 2.1 l(2) A to 2.13(2) A and is comparable to those reported for the molecular 

complex [Ni(enkl [Au(CN)& - H20 (2.1 29(5) A)?02 the 2-D [Ni(en)2Agz(CN)3][Ag(CN)2] 

(2.0832(18) and the 3-D [Ni(en)2]3[Fe(CN)6](PF6)2 (2.1 O4(3) A).207 



Table 3.6 Selected Bond Lengths (A) and Angles (") for {INi(en)2][Hg(CN)2]3C12)2 (3.9)a. 

Selected Atoms Bond Lengths Selected Atoms Bond Lengths 

Hg( l)-CK I 

Hg(3)-C1(2) 

Hg(3 1-CK 1) 

Hg(4)-C1(2) 

Hg(51-CK3) 
Hg(1 )-C1(4*) 

Hg(6)-CK3) 
Ni( l )-N(52) 

Ni(2)-N(4 1 ) 

Selected Atoms 

C(l1 )-Hg( 1 )-C(l2) 

C(22)-Hg(2)-C(2 1 ) 

Cl(2)-Hg(2)-Cl(1) 

C(32)-Hg(3)-Cl(2) 

C(42)-Hg(4)-Cl(3) 

C(52)-Hg(5)-C(5 1) 

C l(4)-Hg(5)-C l(3) 

C1(4*)-Hg( l )-Cl( l ) 

Cl(3)-Hg(3)-Cl(1) 

Cl(3)-Hg(6)-Cl( I* *) 

N(52)-Ni( l )-N(12') 

N( 1 )-Ni( 1 )-N(4) 

N(52)-Ni( 1 )-N( 1 ) 

N(4)-Ni( l )-N(3) 

N(8)-Ni(2)-N( l l a) 

N(4 1 )-N i(2)-N(8) 

N(4 1)-Ni(2)-N(6) 

N(8)-Ni(2)-N(5) 

N(8)-Ni(2)-N(7) 

N(7)-Ni(2)-N(l l a) 

Hg(l)-CK 1 ) - H i m  

Hg(3)-C1(2)-Hg(4) 

Hg(4)-C1(3)-Hg(5) 

2.696(7) 

2.8 13(7) 

3.2 l6(9) 

2.90 l(8) 

2.889(7) 

3 .O l2(9) 

3.239(9) 

2.12(2) 

2.13(2) 

Bond Angles 

l68.3(12) 

168.9(13) 

90.6(2) 

lO5.2(8) 

95.6(12) 

163.1(16) 

90.4(2) 

86.6(2) 

l6O.9(2) 

160.0(2) 

l77.3(lO) 

173.6(14) 

92.4(12) 

80.3(15) 

92.5(9) 

91.8(9) 

96.6(lO) 

l75.7(lO) 

82.5(9) 

86.5(9) 

170.5(4) 

94.7(2) 

l46.1(3) 

Selected Atoms 

C(l 1)-Hg(1)-Cl(1) 

C(2 1 )-Hg(2)-Cl(2) 

C(32)-Hg(3)-C(3 1 ) 

C(42)-Hg(4)-C(4 1) 

Cl(3)-Hg(4)-Cl(2) 

C(52)-Hg(5)-Cl(4) 

C(62)-Hg(6)-C(6 1 ) 

Cl(2)-Hg(3)-Cl( l ) 

Cl(3)-Hg(3)-Cl(2) 

Cl(4)-Hg(6)-Cl( l **) 

Cl(4)-Hg(6)-Cl(3) 

N(41)-Ni(2)-N(l la) 

N(2)-Ni( l )-N(3) 

N(52)-Ni(1 )-N(4) 

N(4)-Ni( l )-N(2) 

N(6)-Ni(2)-N(l1 a) 

N(4 1 )-Ni(2)-N(7) 

N(7)-Ni(2)-N(6) 

N(7)-Ni(2)-N(5) 

N(5)-Ni(2)-N( l la) 

Hg(3)-C1(2)-Hg(2) 

H&')-Cl(2)-Hg(4) 
Hg(l **)-Cl(4)-Hg(6) 

2.820(8) 

2.767(7) 

3 .O79(9) 

2.83 7(9) 

2.916(7) 

3.070(9) 

2.08(2) 

2.1 l(2) 

Bond Angles 

94.9(9) 

96.9(10) 

157.7(11) 

l60.4(14) 

82.3(2) 

90.2(11) 

l65.9(13) 

84.6(2) 

78.4(2) 

8 l.8(2) 

82.4(2) 

173.9(10) 

175.8(13) 

89.7(11) 

103.3(16) 

87.4(9) 

89.7(10) 

172.8(8) 

101.7(10) 

87.5(9) 

96.4(2) 

15 1.0(3) 

88.3(2) 

Hg(l **)-Cl(4)-Hg(5) 155.4(3) Hg(6)-Cl(4)-Hg(5) 96.0(2) 

Yymmetry transformations as x, y, 2:  (*) x, y-1, z; (**) x, y+l,  z; (') -x+512, y+112, -z+2; (a) -x+2, -Y, - 
z+l. 



Figure 3.14 2-D layer structure of ([Ni(en)2][Hg(CN)2]3C12)2 (3.9). 
Alternating cations and 1-D anionic ( [ H ~ ( C N ) ~ ] ~ C I ~ ) ~ ~ ~ "  CM zlrer shur&a, en 
ligands have been omitted for clarity. Colour scheme: Hg, pink; Ni, red; Ci, green; N, 
blue; C, grey. 

3.2.8 Structure of ([Ni(tren)]4[Hg(CN)2]rrCb}HgCb (3.10) 

Reaction of an aqueous solution containing four equivalents of Ni(tren)C12 with eight 

equivalents of Hg(CN)2 and one equivalent of HgC12 results in the formation of single crystals of 

{Ir\ri(tren)]4[Hg(CN)2]8C16)HgC4 (3.10). Complete migration of both chloride ligands from 

Ni(I1) to Hg(I1) drives the formation of the product, similar to that found with complexes 3.8 and 

3.9. The IR spectrum clearly shows a blue-shifted VCN (221 5 cm-') band relative to h e  Hg(CX)2, 

consistent with the formation of a bridging cyanide ligand. The crystal structure has an 

asymmetric unit consisting of a six-coordinate Ni(II) centre with distorted cs&h&al geometry 

(one tren ligand, one bridging Hg(CN)2, and one bridging [Hg(CN)2CI]- unit), an additional C1 

atom and a [I-Igcb12- moiety (Ni-N(1)cyano = 2.13(3) A, Ni-N(3)cyano = 2.06(3) A) (Figure 

3.15). The bond distances and angles for 3.10 are gathered in Table 3.7. Similar cyano-bridging 

to Ni(I1) centres is reported for [Ni(tren)A~(CN)~l[Au(CN)~l (Ni-NC = 2.12(1) A, 2.05(2) A):o8 

Ir\ri(tren)Ag(CN)2][Au(CN)2] (Ni-NC = 2.098(3) A, 2.039(3) and [Ni(~ren)l[N(CN)~]~ (Ni- 

NC = 2.1 O8(3) A, 2.064(3) A).209 The Ni-N distances range from 2.03(3) A to 2. l l(3) A for the 

Ni-N(tren) which are in the expected range for Ni-N(amine) bonds. The Ni(U)-bound 



[Hg(CN)2CI]- moiety (Hg(2)-Cl(2) = 2.754(9) A) forms a second chloride bridge to a different 

Ni(I1)-bound [Hg(CN)2CI]- unit (Hg(2)-C1(2*) =2.768(9) A) that is inverted with respect to its 

Ni(I1) centre, resulting in an alternating chain of effective four coordinate (2+2) see-saw Hg(2) 

centres. 

Figure 3.15 Contents of the asymmetric unit cell for {[Ni(tren)]4[Hg(~)Z]8cb}HgC& (3.10). 
(ORTEP 50% ellipsoids). 

Figure 3.16 I-D cationic { [ N i ( t r e n ) ] 4 [ ~ ~ ( ~ ~ ) ~ ] ~ ~ & } * +  ribbon segment of 3.10. 
Tren ligands have been omitted for clarity (ORTEP 50% ellipsoids). 



Selected Atoms 

Hg( 1 )-C( 1 ) 
Hg(1)-Cl(1 ') 

Hg( 1)-CK 1) 

H g ( 2 ) - W )  

Hg(2)-C(4) 
Ni(1 )-N(5) 

Ni(1)-N(7) 

Ni(1)-N(1) 

Selected Atoms 

C( 1 )-Hg( 1 )-C(2) 
Cl(1)-Hg( 1 )-Cl(2) 

Cl(1 )-Hg(1 )-Cl( I ') 

Cl(1)-Hg(1)-C(2) 

Cl(2)-Hg(2)-C(3) 

Cl(2)-Hg(2)-C(4) 

C(3)-Hg(2)-C(4) 
N(5)-Ni( 1 )-N(6) 

N(6)-N i(1 )-N(7) 

N(6)-Ni(1 )-N(8) 

N(5)-Ni( 1 )-N( 1 ) 

N(7)-Ni( 1 )-N(1 ) 

N(5)-Ni( 1 )-N(3) 

N(7)-Ni(1 )-N(3) 

N( 1 )-N i( 1 )-N(3) 

Hg(1)-C1( 1 )-Hg(1 ") 

Hg(1 ")-CI(1 )-Hg( 1 'a) 

Bond Lengths 

2.06(3) 

2.92(1) 

2.825(9) 

2.754(9) 

2.09(3) 

2.10(3) 

2.03(3) 

2.13(3) 

Bond Angles 

l74.O(l5) 

1 O6.O(3) 

89.72(4) 

90.1(12) 

91 S(lO) 

94.6(8) 

163.5(12) 

93.7(11) 

94.4(13) 

84.2(11) 

87.4(11) 

84.5(13) 

95.0(12) 

99.0(12) 

83.7(11) 

92.9(4) 

91.33(4) 

Table 3.7 Selected Bond Lengths (A) and Angles (") for {[Ni(tren)]4[Hg(CN)2]8CI6}HgCI4 
(3. lola. 

Selected Atoms Bond Lengths 

Hg( 1)-C(2) 

Hg(2)-C(3) 

Hg( 1 ) - C W  
Hg(2)-C1(2*) 

Hg(3)-CK3) 
Ni( 1 )-N(6) 

N i(1 )-N(8) 

Ni(1 )-N(3) 

Selected Atoms 

Cl(1)-Hg(1)-C(1) 

Cl(1')-Hg( 1 )-Cl(2) 

CI(l3)-Hg( 1 )-C( 1 ) 

Cl(1')-Hg(1)-C(2) 

C1(2*)-Hg(2)-C(3) 

C1(2*)-Hg(2)-C(4) 

Cl(2)-Hg(2)-C1(2*) 

N(5)-Ni(1)-N(7) 

N(5)-Ni(1)-N(8) 

N(7)-Ni(1 )-N(8) 

N(6)-Ni(1 )-N( 1 ) 

N(8)-Ni( l )-N(l ) 

N(6)-N i(1 )-N(3) 

N(8)-Ni(1 )-N(3) 

Hg(2)-Cl(2)-Hg(2*a) 

Hg(1 )-Cl(1)-Hg( l 'a) 

Hg( 1 )-CI(1)-Hg(1 *) 

2.04(4) 

2.0613) 

3.1 87(9) 

2.768(9) 

2.48(1) 

2.1 l(3) 

2.01(3) 

2.06(3) 

Bond Angles 

Hg(1 ")-CI(1)-Hg(l*) 166.25(4) Hg(1 'a)-Cl(1 )-Hg(1 *) 88.3(4) 

I Symmetry transformations asx, y, z: (*) y+112, x-112, z+1/2; (*a) y+1/2, X-112, 2-112, (') -y+3/2, -x+3/2, 
L-112; ('a) -y+3/2, -x+3/2, z+1/2; (") -x+2, -y+l, z. 

A third chloride bridge to the Hg(CN)2 unit, N-bound to the same Ni(I1) centre (Hg(1)-Cl(2) 

= 3.187(9) A) is also formed. The Cl(1) atoms forms two chloride bridges between two different 

Hg(l) centres (CI(1)-Hg(1) = 2.825(9) A, Cl(1)-Hg(l'a) = 2.92(1) A) of the same Hg(2) 

containing chain and another two chloride bridges between two different Hg(1) centres of a 

second Hg(2) containing chain resulting in a complex 1-D { [ ~ i ( t r e n ) ] ~ [ ~ ~ ( ~ ~ ) 2 ] & } ~ +  ribbon 



(Figure 3.16). The Hg(1) centres have an effective distorted square pyramidal gaomtry (2i-3) 

with two chloride and two cyano ligands in trm positions making up the bas4 plane; a third C1 

ligand is found in the apical position, as observed for the I-D [Hg(CN)2Cl]t- ladders of 

[C~(en)zI[Hg(CN)2C112 (2.5). '69 

The double salt complex 3.10 crystallizes in the non-centrosymmetric, tetragonal space group 

P42,c, suggesting that interesting optical properties such as second harmonic generation (SHG) 

may be a~cessed.~'' The tetrahedral [Hgc&12- moieties, which charge-balance the cationic 

ribbons, template the 3-D packing of the { [~ i ( t ren) ]~ [~~(~~)2 ]&16}~+  ribbons via the formation 

of weak N-H-CI interactions (Cl(3)-Narnine = 3.500 A, 3.569 A, 3.590 A) into a 3-D 

superstructure (Figure 3.17). 

Figure 3.17 3-D extended structure of {[Ni(tren)]4[Hg(CN)2]8c16)HgC14 (3.10) as viewed down 
the oaxis. 
Methylene hydrogen atoms have been omitted for clarity. Colour scheme: Hg, pink; 
Ni, red; C1, green; N, blue; C, grey; H, white. 

3.2.9 Magnetic Properties 

For most of the reported complexes, the paramagnetic transition metal centres are well 

separated in space with no viable magnetic coupling pathway. However 3.5,3.6, and 3.7 all have 



structural features that might mediate magnetic interactions. Accordingly, the temperature (T) 

dependence of the molar magnetic susceptibility (xM) of polycrystalline samples of these three 

compounds were measured from 1.8-300 K. 

For 3.6, peff = 2.65 p~ (per Cu(I1)-pair) at 300 K, and remains constant until 30 K, at which 

point it decreases, reaching 2.18 pB at 1.8 K. No maximum in XM VS. T is observed. This 

behaviour is consistent with weak antiferromagnetic (AF) exchange between S = % Cu(I1) 

centres. The data can be fit to the Curie-Weiss Law, with C = 0.892(1) and 0 = -0.868(9) K, 

consistent with weak antiferromagnetic coupling between the Cu(I1) centres. From the X-ray 

structure, the two Cu(I1) centres are connected via a nearly linear CI-Hg-CI chain (Figure 3.8); 

each pair of such Cu(I1) centres is magnetically (but not structurally) isolated from the next. 

Thus, 3.6 can be treated as a simple bimetallic Cu(I1) species and accordingly, the magnetic data 

was fitted with the Bleaney-Bowers dimer model (using H = - ~ ~ s I s ? ) ' ~ ~  to yield J =  -0.70(1) cm-' 

and g = 2.16(1). This interaction is quite weak on account of the long Hg-C1 bonds (3.2800(16) 

A) that disrupt the exchange pathway. 

The magnetic behaviour of 3.5 is very similar to 3.6. The bfi = 1.92 pB at 300 K and is 

temperature-independent until 30 K, upon which it drops to 1.58 pg at 2 K. The data can be fit to 

the Curie-Weiss Law, with C = 0.4642(9) and 8 = -0.87(2) K, consistent with weak 

antiferromagnetic coupling between the Cu(I1) centres. The pathway for the AF interactions in 

3.5 is also a CI-Hg-CI bridge but in this case the Cu(I1) centres form a I-D chain (Figure 3.6), 

hence the magnetic data was fitted using the theoretical expression for a I-D AF chain of S = % 

centerslgO to give best-fit values of J = -0.45(1) cm-' and g = 2.22(1). Unlike 3.6, the CI-Hg-C1 

bridge in 3.5 is not linear but kinked, and the Cu(I1) centres are connected in an equatorial / axial 

fashion. Despite this difference, the magnitude of the coupling interaction is similar and weak, 

but stronger than that found in {[C~(bipy)Hg(CN)~C1~12Hg(CN)~) which has a linear, axial / axial 

Cl-Hg-Cl bridge mediating Cu(I1) magnetic exchange.'95 



As would be expected, 3.7, which contains a chloro-bridged Cu(dien) dimer cation, shows the 

strongest magnetic interaction. At 300 K, per = 2.57 p~ (per dimer) and this remains unchanged 

until 4 K, at which point it drops reaching 1.58 pg at 1.8 K. Importantly, there is a maximum in 

XM at 3.5 K (Figure 3.14), indicative of significant AF  interaction^.^^ The data can be fit to the 

Curie-Weiss Law, with C = 0.884(17) and 8 = -1.75(19) K, consistent with antiferromagnetic 

coupling between the Cu(I1) centres. An examination of the structure (Figure 3.10) shows that 

the [ ~ u ( d i e n ) ( p ~ 1 ) ] 2 ~ ~  dimers are connected in a 2-D array via CI-Hg-CI bridges similar to 3.5. 

Thus the magnetic data was fitted using the Bleaney-Bowers equation with an additional 

magnetic field parameter (zJ') to account for the weaker interdimer interactions and a 

paramagnetic impurity factor ( P ) . ~ ~  This gave best fit values of J =  - l . l6 ( l l )  cm-I, g = 2.08(5), P 

= 0.003, and zJ '  = -0.14(1) cm-I; the fit is shown as a solid line in Figure 3.18. The edge-sharing 

apical / basal coordination geometry of 3.7 is less common than edge-shared basal / basal 

systems.210 Other examples similar to 3.7 include [~u(dien)(p-~1)]~(~10~)~~'~ and [Cu(terpy)(p- 

204 
C1)]2(PF6)2, which show magnetic exchange interactions of J =  -5.9 and +0.4 cm-I respectively. 

A magnetostructural c~rrelation"~ based on the Cu-CI-Cu angle has been proposed and it predicts 

an antiferromagnetic interaction of -1 1.5 cm-I, however only three compounds were used to 

define the correlation. The J-value in 3.7 is found to be significantly smaller than the Cu-C1-Cu 

angle-based prediction due to the extreme asymmetry of the Cu-Cl bond lengths in 3.7 

(2.7608(17) and 2.2875(17) A); the related complexes used for the magnetostructural correlation 

have more symmetric copper-chloride cores than that found in 3.7. That said, theoretical 

calculations"%uggest that the coupling in these apical / basal systems should generally be weak 

and this is certainly reflected in the magnetic data for 3.7. Also, the weak interdimer interaction 

(zJ') in 3.7 is consistent with the fact that it is mediated by long (> 3.2 A) Hg-Cl bonds, as is the 

case for the weak coupling in 3.6. 



5 0 

Temperature (K) 

Figure 3.18 Temperature dependence of X, and hff for 3.7; a maximum at 4 K is observable. 
The solid line is theory (see text). 

3.3 DISCUSSION 
In an effort to comprehend the type of bridging mode (chloride versus N-cyano) favoured in 

the transition metal organoamine double salt mercurates, structures 3.1-3.10 can be examined by 

considering the effects of (a) the transition metal used, (b) the effective coordination sphere of the 

transition metal (i.e.: capping ligand employed), and (c) the capping ligand basicity. None of the 

transition metal cations utilized here in this study are coordinately saturated, thus ensuring either 

chloride or N-cyano coordination to the transition metal centre. 

3.3.1 Infrared Analysis 

The IR spectra for 3.1-3.6 (Table 3.8) which contain aromatic-amine capping ligands, are 

unusual in that there is a lack of consistency between the expected structure as predicted by the 

cyanide stretches, and the observed structure as shown by X-ray crystallography. The observed 

VCN stretches for 3.1-3.5 have such weak intensities (with the exception of 3.3) that it is difficult 



to assess whether or not Hg(CN)? had been incorporated in the compound formed; X-ray 

crystallography and elemental analysis confirmed the presence of Hg(CN)2 moieties. 

Table 3.8 Comparison of cyanide ( v c ~ )  absorptions (cm") for complexes 3.1-3.10. 

Complex Bridging vm 

2214 (m) 

22 17 (w), 2207 (w) 

2215 (m) 

Terminal v t  

2 180 (vw), 2 147 (vw) 

2 180 (vw) 

2 172 (m), 2 150 (vw) 

2173 (vw) 

2 177 (vw) 

2166 (m) 

2 1 78 (w) 

2178 (w) 

2 186 (w) 

2 I84 (w) 

I [Cu(en)2] [Hg(CN)2CI]2 (2.5)lW 2 175 (w) 

Values are determined from the maximum of the absorption peak. IR spectrometer resolution = + 2 cm-'; 
all spectra were collected as KBr pellets. 

The VCN stretches range from 2147 cm-' (3.1) to 21 80 cm-' (3.1 and 3.2) and are consistent 

with terminal cyanide groups on non-linear Hg(I1) units with coordination numbers greater than 

two. No reasonable explanation can be given as to why the two molecular complexes containing 

bipy (3.1 and 3.3) show two VCN stretches while those containing phen (3.2 and 3.4) show only 

one VCN stretch, even though the Hg(I1) effective coordination and C-N bond lengths of 3.1-3.4 

are nearly identical (see Table 3. I). 

The minimal effect of Hg-NC interactions on the cyanide stretching frequency is apparent 

from the IR spectrum of 3.6 which shows no shifted bands despite the presence of such 

interactions (Figure 3.7). There is a general consistency between the expected structure as 

predicted by the cyanide stretches and the observed structure from X-ray analysis for compounds 

3.7-3.10 which contain alkylamine ligands. The IR spectra of 3.7-3.10 clearly show the presence 

of the cyano groups and are displayed in Table 3.8. All four compounds show VCN stretches 



consistent with that of terminal cyanide groups on non-linear Hg(I1) units with coordination 

numbers greater than two (21 78 cm-I to 21 86 cm-I), comparable with those reported in Table 2.8. 

Compounds 3.8-3.10 show additional VCN stretches consistent with bridging cyanomercurate 

groups (2207 cm-I to 2217 cm-I) such as those found for {Zn(H20)4[Hg(CN)&)(N03)2 (vCN = 

2230 ~ m ' ' ) . ~ ~  Compound 3.8 shows a single terminal VCN stretch and a single bridging VCN stretch 

consistent with the two cyano groups shown in Figure 3.7 a. Compound 3.9 shows a single 

terminal VCN stretch and two bridging VCN stretches, although there are eight different terminal 

and four different bridging cyano groups. Compound 3.10 shows a single terminal VCN stretch 

and a single bridging VCN stretch, although there are two different terminal and two different 

bridging cyano groups. 

3.3.2 Influence of Transition Metal and Its Coordination Sphere 

When two equivalents of bipy and phen are employed with Mn(I1) or Ni(I1) centres, blocking 

four of six possible coordination sites, only molecular complexes incorporating Hg(CN), units are 

obtained (3.1-3.4) after the addition of Hg(CN)2; migration of the chloride ligands does not occur 

and there is no increase in structural dimensionality. However, changing the transition metal to 

Cu(I1) causes partial migration of the chloride ligands (from Cu(I1) to Hg(I1)) to occur, resulting 

in the formation of new moieties (e.g. [ H ~ ( c N ) ~ c ~ ] ~ ~ - )  and an increase in structural 

dimensionality to a 1-D chain in the case of 3.6. The increased lability of Cu(I1) vs. the more 

inert Mn(I1) or Ni(I1) centres may enable this facile chloride migration to occur. Although 

chloride migration from Cu(I1) does not occur upon substitution of bipy or phen for one 

equivalent of terpy, an increase of dimensionality also occurs (complex 3.5). In this case, the 

plasticity of the Cu(I1) centre enables a facile change in coordination sphere of the Cu(I1) from 

octahedral to distorted trigonal bipyramidal geometry also resulting in the formation of a 1-D 

chain. Typically, an increase in the number of available coordination sites at the transition metal 

site by changing the amine ligand should result in an increase in structural dimensionality. In this 



case, with the use of neutral Hg(CN)2, it is difficult to ascertain the impact of different denticity 

amines due to the fact that the chloride atoms can act as ligands themselves - there is not a clear 

correlation of capping amine denticity and structural dimensionality. 

3.3.3 Influence of Ligand Basicity 

On the other hand, the basicity of the amine capping ligand appears to be a very important 

factor influencing the type of structure that is observed. Thus, systems containing the basic 

trialkylamine ligand tren have Hg(CN)2 units N-bound to the transition metal; this generally 

results in an increase in structural dimensionality and particularly complicated, interesting 

structures that may have useful materials properties (e.g. 3.10). In the highly birefringent 2-D 

layer structure {C~(tmeda)[Hg(CN)~]~)HgCl~,  which has four N-bound cyano units per 

copper(II), the capping ligand is also a trialkylamine (tmeda),*05 as described in Chapter 4. 

Compounds containing the much less basic heterocyclic amine ligands bipy, phen and terpy as 

capping ligands do not, for the most part, have N-bound Hg(CN)2 units and generally have a 

lower overall dimensionality as compared with the tren-containing structures. The dien capping 

group has an intermediate basicity and thus 3.7 shows elements of systems containing both types 

of ligand. 

The impact of ligand basicity can be rationalized in terms of its influence on the transition- 

metal electron density. In these syntheses, both chloro- and N-cyano ligands are present and 

either (or both) can bind to the transition-metal (which also has a particular lability, as described 

above). A more electron-deficient transition-metal cation would likely opt to ligate the CI- units, 

which are good n-donors, rather than the naccepting nitrile moieties of Hg(CN)2, resulting in the 

chloride-bound structures observed in 3.1-3.7. Upon use of a basic capping ligand such as tren, 

however, the resulting electron-rich transition-metal cation more appropriately interacts with the 

z-accepting nitrile donors, yielding the N-cyano bridged structures 3.8 and 3.10. It was observed 

that ligand basicity was not observed to have a significant impact in a related study of amine- 



capped transition metal cations with [M(CN)2]- (M=Au, A ~ ) ~ ~ , ~ ~  as, in these cases, the nitrile 

donors are significantly more basic in their own right. 

The use of two equivalents of ethylenediamine with Ni(I1) results in N-cyano coordination of 

Hg(CN)2 to the Ni(I1) centre and an increase in structural dimensionality, as observed for the 2-D 

layer structure of 3.9. Although the en ligand is a monoalkylamine and less basic than tren, two 

en equivalents donate sufficient electron density to the Ni(I1) centre so that the neutral Hg(CN)2 

moieties are ligated rather than the C1- anions. This enables the Cl- anions to fully migrate from 

Ni(I1) to the more Lewis-acidic Hg(I1) centres forming 1-D mercury cyanide / chloride anionic 

chains. The two en ligands used in 2.5 also results in full migration of the C1- anions from the 

Cu(I1) centre to the unsaturated Hg(I1) centres, but N-cyano coordination of Hg(CN)2 does not 

occur as indicated by the lack of bridging VCN stretches in the IR (Table 3.8). In this case, the 

plasticity of the Cu(I1) centre enables a facile change in coordination sphere of the Cu(I1) from 

Jahn-Teller distorted octahedral to square planar geometry, effectively eliminating the 

requirement of N-cyano coordination to the Cu(I1) centres. 

3.4 CONCLUSIONS 
The bimetallic coordination polymers formed by the addition of Hg(CN)2 to [TML,]C12 show 

several structural motifs including molecular dimers, one-dimensional chains and ribbons, two- 

dimensional layers, and three dimensional extended structures. The dl0 Hg(I1) centres do not 

form metallophilic bonds like their gold and silver counterparts, but increase dimensionality by 

acting as low-coordinate Lewis acids, accepting chloride ligands from transition metal complexes 

in both bridging and non-bridging fashions. It has been illustrated that the formation of higher 

coordinate mercury cyanide / chloride double salt moieties invokes competition between halide 

and N-cyano coordination to unsaturated transition metal complexes. Although there is no 

correlation of capping amine ligand denticity and structural dimensionality, the amine's basicity 

significantly influences the structure type. Basic alkylamines promote N-cyano binding of 



Hg(CN)2 to the transition metal cations, yielding complex, high-dimensionality structures. By 

expanding the range of capping ligand basicities, further control and an increase in structural 

dimensionality in Hg(CN)2-based coordination polymers should be attainable, thereby potentially 

enhancing their useful bulk materials properties. It was also shown that the Hg(CN)2 units can 

mediate magnetic exchange through the diamagnetic Hg(I1) centre, thereby increasing the 

magnetic dimensionality of the coordination polymers. 

3.5 EXPERIMENTAL 
General experimental details were as indicated in Chapter 2, with the following exceptions: 

3.5.1 X-ray Crystallography 

Dr. R. Batchelor collected the data and solved the X-ray structure for complex 3.7. The 

diffraction data for 3.1, 3.5-3.8, and 3.10 were acquired on an Enraf Nonius CAD4F 

diffractometer as described in Chapter 2. However, the diffraction data for 3.2-3.4 and 3.9 were 

acquired on a Rigaku RAXIS-Rapid curved image plate area detector with graphite 

monochromatic Cu K a  radiation. Indexing was performed from three, 5" oscillations that were 

exposed for 90 seconds. The data were collected at a temperature of 293 K. The following data 

ranges were recorded: 3.2 = 6.9" I 28 i 136.5"; 3.3 = 1 1  .OO 1 28 I 136.5"; 3.4 = 10.0" i 28 i 

136.5"; 3.9 = 8" i 28 i 137"; A total of 18 images each were collected for 3.2 and 27 images for 

3.3, 3.4, and 3.9. A sweep of data for 3.2 was done using o scans from 50.0" to 230.0" in 30" 

steps, at x = 50.0" and @ = 0.0". A second sweep was performed done using o scans from 50.0" 

to 230.0" in 30" steps, at x = 50.0" and @ = 90.0". A final sweep was performed done using o 

scans from 50.0" to 230.0" in 30" steps, at x = 50.0" and @ = 180.0". The exposure rate for 3.2- 

3.4, and 3.9 was 90 secI0. A sweep of data for 3.3, 3.4, and 3.9 was done using o scans from 

50.0" to 230.0" in 20" steps, at x = 50.0" and @ = 0.0". A second sweep was performed done 

using o scans from 50.0" to 230.0" in 20" steps, at x = 50.0" and @ = 90.0". A final sweep was 



performed done using co scans from 50.0" to 230.0•‹ in 20" steps, at x = 50.0" and $ = 180.0". In 

each case, the crystal-to-detector distance was 127.40 mm. An empirical absorption correctiona4 

was applied which resulted in the following transmission ranges: 3.2 = 0.3388 - 1; 3.3 = 0.2363 - 

1; 3.4 = 0.271 8 - 1; 3.9 = 0.1794 - 1 ."4   he data were worked up using RAPID-AUTO"' and 

the resultant ' h  k 1' files were inputted into CRYSTALS"~ where the structures were solved and 

refined. 

3.5.2 Magnetic Susceptibility 

For complexes 3.5-3.7, variable temperature magnetic susceptibility data were collected using 

a Quantum Design SQUID MPMS-5s (3.5) or an Evercool XL-7 magnetometer (3.6, 3.7) 

working down to 2 K or 1.8 K at a field strength of 1 T. Sample 3.5 was measured in a 

cylindrical, airtight sample holder constructed from PVC"~ while 3.6 and 3.7 were measured in 

low background gel caps and straws. The data were corrected for TIP, the diamagnetism of the 

sample holder and the constituent atoms (by use of Pascal ~onstants).~' 

3.5.3 Preparation of [Mn(bipy)2(p-C1)2Hg(CN)2] (3.1) 

To a 5 mL methanolic solution of MnCl2 . 4 H 2 0  (0.078 g, 0.39 mmol), a 10 mL methanolic 

solution of bipy (0.124 g, 0.79 mmol) was added, while stirring. A 5 mL methanolic solution of 

Hg(CN)2 (0.100 g, 0.40 mmol) was added to this pale yellow solution and was stirred for 2 

minutes. After leaving the mixture covered for one day, small yellow crystal bars of 

[Mn(bipy>2(pCl),Hg(CN)2] (3.1) were collected by vacuum filtration, washed with two 1 mL 

portions of cold methanol, and were left to air dry. Yield: 0.186 g (68%). Anal. Calcd. for 

C22H16N6C12HgMn : C, 38.25; H, 2.33; N, 12.16. Found: C, 38.09; H, 2.25: N, 11.82. IR (KBr, 

cm-'): 3 190 (w), 3 106 (m), 3073 (m), 3060 (m), 303 1 (w), 2983 (w), 2950 (w), vCN 2180 (vw), 

2147 (vw), 2040 (w), 1996 (w), 1960 (m), 1923 (w), 1887 (w), 1853 (w), 16 17 (m), l602(s), 1596 

(s), 1574 (m), 1563 (m), 1539 (w), 1507 (m), 1492 (s), 1477 (s), 1443 (s), 1399 (m), 1363 (w), 

1340 (w), 13 17 (m), 1283 (w), 1249 (m), 12 18 (w), 1 184 (m), 1 160 (s), 1 120 (w), 1 102 (m), 1074 



(m), 1062 (s), 1041 (w), 10 15 (s), 962 (w), 91 0 (w), 892 (m), 81 6 (m), 773 (s), 766 (s), 738 (s), 

649 (s), 627 (m), 41 2 (s). 

3.5.4 Preparation of [Mn(phen)2(p-Cl)2Hg(CN)2] (3.2) 

To a 5 mL methanolic solution of MnClz . 4 H 2 0  (0.078 g, 0.39 mmol), a 10 mL methanolic 

solution of phen (0.157 g, 0.79 mmol) was added, while stirring. A 5 mL aqueous solution of 

Hg(CN)2 (0.100 g, 0.40 mmol) was added to this pale yellow solution and was stirred for 2 

minutes. After leaving the mixture covered for one day, small yellow crystal bars of 

[Mn(phen)2(p-C1),Hg(CN)2] (3.2) were collected by vacuum filtration, washed with two 1 mL 

portions of cold methanol, and were left to air dry. Yield: 0.232 g (80%). Anal. Calcd. for 

c&16N&hHgMn : C, 42.26; H, 2.18; N, 1 1.37. Found: C, 42.43; H, 2.25: N, 1 1.1 1. IR (KBr, 

cm-I): 3734 (w), 3093 (w), 305 1 (m), 3018 (w), 2994 (w), 2940 (w), 2915 (w), 2877 (w), 2830 

(w), 2650 (w), 2620 (w), 2600 (w), VCN 2180 (vw), 1983 (m), 1837 (w), 1803 (w), 1777 (w), 1625 

(s), 1589 (s), 1576 (m), 1540 (m), 15 14 (s), 1499 (m), 1456 (m), 1425 (vs), 1363 (w), 1341 (m), 

1302 (w), 1260 (w), 1228 (w), 1 149 (m), 1 104 (s), 1088 (w), 103 1 (w), 985 (w), 940 (w), 898 

(w), 864 (vs), 857 (vs), 785 (m), 730 (vs), 723 (vs), 639 (m), 555 (w), 5 10 (w), 474 (w), 421 (s). 

3.5.5 Preparation of [Ni(bipy)z(pC1)2Hg(CN)2] (3.3) 

To a 5 mL aqueous solution of NiClz . 6 Hz0 (0.094 g, 0.40 mmol), a 10 mL methanolic 

solution of bipy (0.124 g, 0.79 mmol) was added, while stirring. After reducing the total volume 

to 5 mL, a 5 mL aqueous solution of Hg(CN)2 (0.100 g, 0.40 mmol) was added to this pale purple 

solution and was stirred for 2 minutes. The solution was allowed to slowly evaporate. Small pale 

green crystal blocks of [Ni(bipy)2(p-Cl)2Hg(CN)2] (3.3) were collected by vacuum filtration, 

washed with two 1 mL portions of cold water followed by two 1 mL portions of cold methanol, 

and were left to air dry. Yield: 0.154 g (56%). Anal. Calcd. for C22H16N6C12HgNi : C, 38.04; H, 

2.32; N, 12.01. Found: C, 37.87; H, 2.32: N, 11.88. IR (KBr, cm-I): 3 199 (w), 3 108 (m), 3078 

(m), 3057 (m), 3035 (m), 2986 (w), 2963 (w), 2913 (w), 2882 (w), 2777 (w), 2677 (w), 2627 (w), 



VCN 2172 (m), 2150 (vw), 2040 (w), 1994 (w), 1963 (w), 191 7 (w), 1887 (w), 1850 (w), 1783 

(w), 1678 (w), 161 7 (m), 1600 (s), I566 (m), 1537 (m), 1507 (m), 1494 (s), 1475 (s), 1449 (s), 

14 17 (m), 1403 (w), 1360 (w), 13 16 (s), I283 (m), 125 1 (m), 1223 (w), 1 18 1 (m), 1 162 (s), 1 125 

(w), 1 107 (m), 1060 (m), 1043 (m), 1023 (s), 999 (m), 960 (m), 905 (m), 892 (m), 81 5 (s), 768 

(s), 736 (s), 654 (s), 664 (m), 462 (w), 449 (m), 441 (m), 4 18 (s), 4 14 (s). 

3.5.6 Preparation of [Ni(phen)2(p-Cl)2Hg(CN)2] (3.4) 

To a 5 mL aqueous solution of NiCI2 . 6 H 2 0  (0.094 g, 0.40 mmol), a 10 mL methanolic 

solution of phen (0.157 g, 0.79 mmol) was added with stirring. After reducing the total volume to 

5 mL, a 5 mL aqueous solution of Hg(CN)2 (0.100 g, 0.40 mmol) was added to this pink solution 

and was stirred for 2 minutes. The solution was allowed to slowly evaporate. Small pale blue 

crystal platelets of CNi(phen)2(p-C1)2Hg(CN)2] (3.4) were collected by vacuum filtration, washed 

with two 1 mL portions of cold water followed by two 1 mL portions of cold methanol, and were 

left to air dry. Yield: 0.182 g (62%). Anal. Calcd. for C22H16N6C12HgNi : C, 42.05; H, 2.17; N, 

1 1.32. Found: C, 41.79; H, 2.2 1 : N, 1 1.2 1. IR (KBr, cm-'): 3090 (w), 3053 (m), 30 19 (w), 2990 

(w), 2923 (w), 288 1 (w), vm 2173 (vw), 1994 (m), 1886 (w), 1842 (w), 1803 (w), 1777 (w), 17 16 

(w), 1626 (m), 1 600 (m), 1580 (m), 1539 (m), 1 5 14 (s), 1 500 (m), 1456 (m), 1426 (s), 1 342 (m), 

1307 (m), 1256 (w), 1230 (m), 1201 (w), 11 50 (s), 1107 (m), 1050 (m), 986 (m), 945 (w), 905 

(w), 869 (s), 857 (vs), 812 (w), 786 (s), 728 (vs), 643 (m), 509 (w), 484 (w), 425 (s), 414 (m), 404 

(m). 

3.5.7 Preparation of [Cu(terpy)C12(p-Hg(CN)*)] (3.5) 

To a 10 mL aqueous solution of CuClz - 2 H20  (0.075 g, 0.44 mmol), a 5 mL methanolic 

solution of terpy (0.103 g, 0.44 mmol) was added, while stirring. A 5 mL aqueous solution of 

Hg(CN)l (0.1 12 g, 0.44 mmol) was added to the green solution and was stirred for 2 minutes. 

The solution was allowed to slowly evaporate. Large dark green crystal bars of [Cu(terpy)Clz(p- 

Hg(CN)2)] (3.5) were collected by vacuum filtration, washed with two 1 mL portions of cold 



water followed by two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.252 g 

(91%). Anal. Calcd. for C17H15N5C12CuHg: C, 32.92; H, 1.72; N, 11.29. Found: C, 33.20; H, 

1.79; N, 1 1.14. IR (KBr, cm-I): 3 195 (w), 3 137 (w), 3074 (m): 3035 (w), 2997 (w), 2927 (w), 

2860 (w), 2770 (w), VCN 2177 (vw), 2037 (w), 1936 (w), 1893 (w), 1860 (w), 1807 (w), 1764 (w), 

1599 (s), 1574 (m), 1566 (m), 1539 (w), 1500 (m), 1475 (s), 1450 (s), 1419 (m), 1410 (m), 1387 

(m), 1363 (w), 1328 (s), 1302 (s), 1289 (m), 1255 (s), 1244 (m), 1 187 (m), 1 176 (m), 1 14 1 (w), 

1 1 18 (w), 1098 (m), 1070 (m), 1038 (m), 102 1 (s), 1009 (m), 978 (w), 902 (w), 834 (m), 784 (vs), 

734 (s), 726 (m), 671 (m), 65 1 (s), 539 (w), 5 15 (m), 438 (m), 423 (m), 41 1 (m). 

3.5.8 Preparation of {[Cu(phen)2C1]2Hg(CN)2[Hg(CN)2C1]2) (3.6) 

To a 10 mL aqueous solution of CuC12 2 H20  (0.135 g, 0.79 mmol), a 20 mL methanolic 

solution of phen (0.314 g, 1.58 mmol) was added, while stirring. A 15 mL aqueous solution of 

Hg(CN)2 (0.300 g, 1 . I9 mmol) was added to this green solution and was stirred for 2 minutes. 

After leaving the mixture covered for one day, small green crystal platelets of 

{[C~(phen)2C1]2Hg(CN)~[Hg(CN)~Cl]~} (3.6) were collected by vacuum filtration, washed with 

two 2 mL portions of cold water followed by two 2 mL portions of cold methanol, and were left 

to air dry. Crystals suitable for X-ray crystallographic studies were obtained upon slow 

evaporation of the solution mixture. These larger crystals has identical IR spectra and elemental 

analysis with the smaller crystals originally collected. Yield: 0.594 g (86%). Anal. Calcd. for 

C54H32N14C14Cu2Hg3 : C, 37.1 1 ; H, 1.85; N, 1 1.22. Found: C, 37.09; H, 1.94; N, 1 1.05. IR (KBr, 

cm-'): 3092 (m), 3070 (m), 3059 (m), 3013 (m), 2621 (w), 2513 (w), 2293 (w), V ~ N  2166 (m), 

2000 (w), 1975 (w), 1955 (w), 1936 (w), 1899 (w), 1833 (w), 1809 (w), 1783 (w), 1760 (w), 1627 

(m), 1608 (m), 1582 (s), 15 19 (s), 1495 (s), 1456 (m), 1427 (vs), 1341 (m), 1322 (m), 13 12 (m), 

1255 (w), 1224 (s), 1208 (m), 1 145 (s), 1 106 (s), 1037 (w), 1004 (w), 987 (m), 952 (m), 9 1 1 (w), 

870 (s), 854 (vs), 846 (vs), 787 (m), 774 (m), 724 (vs), 649 (s), 557 (w), 508 (w), 430 (s), 417 

(m). 



3.5.9 Preparation of [Cu(dien)Cl] [Hg(CN)2Cl] (3.7) 

To a 5 mL methanolic solution of CuCl2 . 2 H20  (0.067 g, 0.39 mmol), a 10 mL methanolic 

solution of dien (0.041 g, 0.39 mmol) was added, while stirring. A 5 mL methanolic solution of 

Hg(CN)2 (0.100 g, 0.40 mmol) was added to this dark blue solution and was stirred for 2 minutes. 

The solution was allowed to slowly evaporate. Dark blue crystal bars of 

[Cu(dien)Cl][Hg(CN)2Cl] (3.7) were collected by vacuum filtration, washed with two 1 mL 

portions of cold methanol, and were left to air dry. Yield: 0.133 g (69%). Anal. Calcd. for 

C6H13N~C12CuHg : C, 14.70; H, 2.67; N, 14.29. Found: C, 14.80; H, 2.79; N, 14.05. IR (KBr, 

cm-I): 3286 (vs), 3244 (vs), 3234 (vs), 3 136 (m), 2971 (m), 2959 (m), 291 8 (w), 2884 (m), v c ~  

2178 (w), 1844 (w), 1830 (w), 17 12 (s), 1636 (w), 1594 (m), 1580 (m), 1460 (m), 1436 (m), 1362 

(m), 13 18 (w), 130 1 (w), 1223 (m), 1 136 (m), 1 124 (m), 1092 (s), 1024 (s), 1000 (m), 954 (s), 

922 (w), 882 (w), 833 (w), 659 (m), 637 (w), 529 (m), 460 (w). 

3.5.10 Preparation of [C~(tren)Hg(CN)~Cl] [HgX2C1] (3.8) 

To a 5 mL aqueous solution of CuC12 - 2 H20 (0.067 g, 0.39 mmol), a 20 mL aqueous 

solution of tren (0.058 g, 0.39 mmol) was added, while stirring. A 5 mL aqueous solution of 

Hg(CN)2 (0.200 g, 0.80 mmol) was added to this blue solution and was stirred for 2 minutes. The 

solution was allowed to slowly evaporate. Blue crystal bars of [ C U ( ~ ~ ~ ~ ) H ~ ( C N ) ~ C ~ ] [ H ~ X ~ C I ]  

(3.8) were collected by vacuum filtration, washed with two 1 mL portions of cold water followed 

by two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.11 5 g (56%). Anal. 

Calcd. for C ~ H I ~ N ~ C ~ ~ C U H ~ ~  : C, 13.59; H, 2.28 N, 12.33. Found: C, 13.94; H, 2.26; N, 12.48. 

IR (KBr, cm-'): 3351 (vs), 3293 (s), 3293 (vs), VCN 2214 (m), 2178 (w), 163 1 (m), 1587 (s), 1480 

(m), 1450 (m), 1389 (w), 13 1 1 (m), 127 1 (w), 1226 (w), 1 1 17 (m), 1059 (s), 1038 (m), 10 13 (m), 

992 (s), 902 (m), 867 (m), 748 (w), 665 (w), 6 16 (w), 545 (m), 476 (m), 4 19 (vs). 



3.5.1 1 Preparation of {[Ni(en)2] [Hg(CN)2]3C12}2 (3.9) 

To a 5 mL aqueous solution of NiCI2 . 6 H20 (0.047 g, 0.20 mmol), a 5 mL methanolic 

solution of en (0.058 g, 0.40 mmol) was added, while stirring. A 10 mL aqueous solution of 

Hg(CN)? (0.150 g, 0.59 mmol) was added to this purple solution and was stirred for 2 minutes. 

The solution was allowed to slowly evaporate. Pink crystal platelets of 

{[Ni(en)?][Hg(CN)2]3C12}2 (3.9) were collected by vacuum filtration, washed with two 1 mL 

portions of cold water followed by two 1 mL portions of cold methanol, and were left to air dry. 

Yield: 0.124 g (63%). Anal. Calcd. for CIOHl6NIOCl2Hg3Ni : C, 11.92; H, 1.60 N, 13.90. Found: 

C, 11.70; H, 1.62; N, 13.81. IR (KBr, cm-I): 3386 (m), 3353 (s), 3343 (s), 3287 (s), 3185 (m), 

2974 (s), 2950 (s), 2888 (s), 2743 (w), 2724 (w), vw 2217 (w), 2207 (w), 2186 (w), 1585 (s), 

1539 (w), 1503 (m), 1463 (m), 1454 (m), 1437 (w), 1419 (w), 1395 (w), 1331 (m), 1279 (m), 

1 149 (m), 1 102 (m), 101 7 (vs), 972 (m), 880 (w), 87 1 (w), 855 (w), 693 (s), 627 (w), 61 4 (w), 

580 (w), 526 (s), 481 (w), 462 (m), 425 (m). 

3.5.12 Preparation of {[Ni(tren)]4[Hg(CN)2]8C16}HgC14 (3.10) 

To a 5 mL aqueous solution of N U 2  . 6 H20  (0.094 g, 0.40 mmol), a 20 mL aqueous solution 

of tren (0.058 g, 0.39 mmol) was added, while stirring. A 5 mL aqueous solution of Hg(CN)2 

(0.200 g, 0.79 mmol) was added to this purple solution, followed by a dropwise addition of a 5 

mL aqueous solution of HgClz (0.027 g, 0.01 mmol), and was stirred for 2 minutes. The solution 

was allowed to slowly evaporate. Purple crystal bars of {[Ni(tren)]4[Hg(CN)2]8c16}HgC14 (3.10) 

were collected by vacuum filtration, washed with two 1 mL portions of cold water followed by 

two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.228 g (68%). Anal. Calcd. 

for C ~ O H ~ ~ N X C ~ I O H ~ ~ N ~ ~ :  C, 14.15; H, 2.14; N, 13.20. Found: C, 14.01; H, 2.23; N, 13.09. IR 

(KBr, cm-'): 3338 (s), 3309 (m), 3277 (m), 3259 (m), 3 176 (m), 2990 (m), 2943 (w), 2930 (w), 

2905 (m), 2865 (s), v~ 2215 (m), 2184 (vw), 1987 (w), 1880 (w), 1598 (vs), 1581 (vs), 1539 

(m), 1479 (s), 1470 (s), 1397 (w), 1373 (w), 1347 (m), 1329 (m), 13 18 (m), 1254 (m), 1236 (m), 



1 167 (m), 1 140 (m), 1 107 (m), 108 1 (s), 1053 (s), 1036 (m), 1026 (s), 996 (s), 980 (vs), 896 (m), 

880 (s), 852 (m), 748 (m), 650 (m), 61 5 (s), 583 (w), 560 (w), 538 (s), 516 (w), 460 (s). 



CHAPTER 4 
SELF-ASSEMBLY OF A 
NON-CENTROSYMMETRIC 
2-D LAYER SYSTEM AND 
ITS MATERIAL PROPERTIES 

4.1 INTRODUCTION 
-- 

4.1.1 Material Properties of Crystals 

As described in Chapter 3, basic alkylamines promote N-cyano binding of Hg(CN)2 to 

transition metal cations, yielding high-dimensional structures that may have useful materials 

properties. Of particular interest are the properties related to non-centrosymmetric arrangements 

of molecules in the structure. Crystals with this feature may exhibit pyroelectric effects, 

piezoelectric effects, and significant optical non-linearity. Upon heating or cooling a pyroelectric 

crystal, opposite charges migrate to the two ends of the polar axis and can be detected on a 

macroscopic leveL217 Hence, pyroelectric crystals are typically used as thermal detectors. 

Piezoelectric crystals polarize upon the application of mechanical stress, developing electrical 

charges on opposite crystal faces. 217,218 They are commonly used in devices that transform 

mechanical energy into electrical energy and vice versa such as microphone pick-ups, sonar 

generators, and solenoid ignition systems.218 Optical non-linearity is potentially useful for 

frequency doubling into short wavelengths via so-called second harmonic generation (SHG); this 

is desirable for high-density information storage and telecommunication applications such as 

tunable laser light.25 

The introduction of Hg(I1) in the form of a tetrahedral moiety could increase the probability 

of a non-centrosymmetric product, as observed for {[Ni(tren)]4[Hg(CN)2]8Cls)HgC14 (3.10) 
-a 

(space group = P42,c) which contains a [ H ~ c ~ ] ~ -  building block. As demonstrated in Chapter 3, 



the addition of HgClz could be used as a means of generating the desired tetrahedral [ H ~ c ~ ~ ] ' -  

moieties in situ. Since HgC1' is more Lewis-acidic than Hg(CN)z 95 (Table 1 .I), it would be the 

principal acceptor for labile chloride ligands from the transition metal chloride salts. 

Another important property of crystals is birefringence, especially the principal birefringence 

(An), which is defined as the difference in the refractive indices of two waves vibrating in the 

same plane along two different crystallographic axes: 

An = nu - nh (Equation 4.1 ) 

where n, and nh correspond to the indices of refraction along the a-  and b-axis respectively 

for a light beam that has entered a crystal collinear to the c-axis. 

Birefringence can be useful in SHG materials. Greatly amplified harmonics are possible if 

the velocities of the fundamental and harmonic waves are made equal. This kind of phase 

matching is possible if the difference in refractive indices due to dispersion can be matched by 

birefrit~~ence."~ Birefringence is related to the structural anisotropy of the crystals. For instance, 

low dimensional polymers have been shown to exhibit high birefringence because of high 

structural a n i s o t r ~ ~ ~ . * ~ ~ " ~ ~  The use of linear mercury cyanide is particularly appealing with 

respect to generating high anisotropy and thereby strong birefringence. 

4.1.2 Magnetochemistry: Zero-Field Splitting 

When a compound has a total spin quantum number (S) greater than %, the effect of the 

crystal field about the paramagnetic metal centre can result in a splitting of energy levels in the 

absence of a magnetic field.'85 This zero-field splitting results in anisotropic behaviour for the 

magnetic susceptibility (xM); XM has both a parallel and perpendicular component relative to the 

applied magnetic field. Figure 4.1 depicts the zero-field spitting for a Ni(I1) centre, where S = 1.  

Application of the Van Vleck formula in the case of zero-field splitting for an S = 1 centre results 

in two equations for XM: 



Xpardlel = [(2Ngz2p2) 1 kT]*[ exp(-DkT) / (1 + 2 exp(-DIkT))] (Equation 4.2) 

xperp = [(2Ngx2p2) / D]*[(l - exp(-DIkT)) 1 ( 1  + 2 exp(-D/kT))] (Equation 4.3) 

where xPard1,~ and XpeV are the parallel and perpendicular components of the susceptibility. The 

experimental XM of powdered samples is the weighted average of equations 4.1 and 4.2:'85: 

X A V ~  = (xpardlel + 2 xperp) 3 (Equation 4.4) 

Zero-field splitting is prominent at lower temperatures; as the temperature decreases, so does p e ~ .  

Differentiation between weak antiferromagnetic interactions and zero-field splitting is difficult 

because both effects occur simultaneously. For Ni(II), D typically ranges from between 0.1 -6.0 

~111- l . '~~ 

Increasing H - 
Figure 4.1 Zero-field splitting energy diagram of a S = 1 metal centre. 

4.1.3 Dielectric Materials 

Many materials such as glass, plastics, and wood do not conduct electricity very easily; these 

insulating materials are known as dielectrics. In the mid-1800s, Michael Faraday performed 

experiments which demonstrated that the presence of a dielectric between the two conductors of a 

capacitor increases the capacitance."' The dielectric constant, E', of a material is defined by the 

following equation: 

E' = Cd I Co (Equation 4.5) 



where C, is the capacitance of a capacitor in a vacuum and Cd is the capacitance measured 

with a dielectric placed between the cond~c to r s . '~~  The dielectric constant is larger than 1 for all 

materials and depends on not only the material, but on external conditions such as temperature 

and the frequency of oscillating  field^.^" When a dielectric material is placed in a charged 

capacitor, the permanent or induced electric dipoles of the dielectric become aligned with the 

electric field; that is the dielectric is polarized. When the field is removed, the polarization 

disappears. If a residual polarization remains on the dielectric after the electric field has been 

removed, then the material is termed f e r r o e ~ e c t r i c . ~ l ' ~ ~  

The magnitude of E' depends upon the degree of polarization that can occur in the material. 

For most ionic solids, E' = 5- 10 (Table 4.1 ), while E' = 1 03- 1 o4 for ferroelectric materials."' 

Table 4.1 Dielectric properties of selected materials at room temperature. 

Material Dielectric Constant, E ' Frequency (Hz) Reference 

Vacuum 1 .O not applicable 222 

Asphalt 2.68 < 3 x 1 0 6  223 

HgC12 3.2 1 x lo6 223 

SiOz 4.34, 4.27 3 1 0 ~ , 3 ~  lo7 223 

CuS04.  5 H20 10.3 6 x lo7 223 

PbS04 14.3 1 x lo6 223 

Ag2(C3H3N303) 22000 not reported 224 

The dielectric constant of a material can be related to its index of refraction (n) by the 

following equation: 

~ ' = n  2 (Equation 4.6) 

It should be noted that the dielectric constant and the index of refraction is dependent on the 

frequency of the electromagnetic wave.2" 

Dielectric materials are used as capacitors, substrates, and electrical insulators in a variety of 

applications. They should be able to withstand high voltages and alternating electric fields 



without degradation, that is, the loss of electrical energy in the form of heat, in order to have 

practical applications.218 

4.1.4 Research Objectives 

This chapter investigates the use of HgXz and Hg(CN)2 moieties in conjunction with 

[(tmeda)M]Xz complexes (M = Cu(II), Ni(I1); X = C1, Br, I). The use of the bidentate basic 

trialkylamine ligand tmeda serves two main functions: 1) to induce N-cyano coordination of the 

neutral Hg(CN)? moieties; and 2) to increase the number of open sites at the transition metal 

complex available for N-cyano bridging to take place. Both functions should aid to increase the 

structural dimensionality in Hg(CN)2-based coordination polymers. By simultaneously using the 

more Lewis-acidic HgX2 units to accept the labile halide ligands, tetrahedral [ H ~ X ~ ] ~ -  moieties 

should be generated, thereby potentially enhancing the chance of forming non-centrosymmetric 

coordination polymers with useful bulk materials properties. Material properties such as the 

magnetic susceptibility, birefringence, and dielectric constant are investigated. 

4.2 RESULTS, ANALYSIS AND DISCUSSION* 

4.2.1 Synthesis of {(tmeda)M[Hg(CN)2]2}Hg& (M = Cu(II), Ni(I1); X = C1, Br, I) 
(4.1-4.6) 

The chloride complex {(tmeda)C~[Hg(CN)~]2)HgC14 (4.1) spontaneously self-assembles in 

good yields (49-91%) from several different starting points (Figure 4.2), indicating that it is the 

most thermodynamically stable product. In reactions 1 and 3, the migration of two labile chloride 

ligands from Cu(I1) to Hg(I1) drives the formation of the product;"6"52 in reaction 2, additional 

chloride is added. This halide migration from the harder Cu(I1) to the softer Hg(I1) effectively 

opens two additional coordination sites on the Cu(I1) for N-cyano binding. Interestingly, the 

crystal morphology of 4.1 ranges from block-like (reactions 1, 3) to plate-shaped (reaction 2) and 

* Draper, N. D.; Batchelor, R. J.; Sih, B. C.; Ye, Z. G.; Leznoff, D. B. Chem. Muter. 2003, 15, 1612- 1616. 
Reproduced in part by permission of the American Chemical Society. 



is highly influenced by the solvent employed. When water is used as the solvent for reaction 3 ,  

platelets of 4.1 crystallize in lieu of the blocks obtained when methanol is the solvent. 

I Reaction 1: 
[CuC12 . 2 H20  + tmeda] 

+ [Hg(CN)21 1 

Reaction 2: Reaction 3: 
[Cu(C104)2 . 6 H20 + tmeda] [CuC12 - 2 H20  + tmeda] 

+ 12 Hg(CN)2 + HgC121 

Figure 4.2 Scheme of the three reaction pathways for the synthesis of 
{(tmeda>C~[Hg(CN)~]~)HgCl~ (4.1). 

It should be noted that an additional undesirable green side product is obtained in reaction 1 

that is not formed in reactions 2 and 3. Complexes 4.2-4.6 also spontaneously self-assemble from 

similar reactions as those in Figure 4.2 upon substitution with the analogous starting materials. 

For example, crystals of the bromide complex {(tmeda)Cu[Hg(CN)2]2)HgBr4 (4.2) are obtained 

in high yields via reaction 3 when CuBr2 and HgBr2 are substituted for CuC12 and HgCI2 using 

water, rather than methanol, as the solvent. 

However, the differences in starting material solubilities and the reduction in lability of the 

TM centre upon replacement of Cu(I1) with Ni(I1) alter the precise experimental preparation for 

each complex, as described in experimental section 4.5. For example, both iodide complexes are 

difficult to prepare due to interference from the following equilibrium reaction:225 

Hg12 + Hg(CN), 2 Hg(CN)I &,= 0.14 



4.2.2 Structures of {(tmeda)M[Hg(CN)2]2}HgX, (M = Cum), N i O ;  X = C1, Br, I) 
(4.1-4.6) 

The X-ray diffraction studies performed on 4.1-4.6 all reveal a 2-D cationic 

( ( t m e d a ) ~ [ ~ ~ ( ~ ~ ) ~ ] , } ~ +  network consisting of six-coordinate M centres (M = Cu(II), Ni(11)) and 

bridging Hg(CN)* groups, impregnated with a layer of [H&]~- anions. 

Figure 4.3 (a) A view of the cationic 2-D framework of {(trneda)C~[Hg(CN)~]2)HgC4 (4.1), 
showing corrugated cavities and (b) the cavities filled with [H~cL,]~- anions as viewed 
down the c-axis. 
Tmeda methyl groups and methylene hydrogen atoms have been omitted for clarity. 
Colour scheme: Hg, pink; Cu, red; C1, green; N, blue, C, grey. 

The six complexes, which are isostructural and isomorphous, crystallize in the non- 

centrosymmetric, tetragonal space group P42,rn. For compounds 4.1-4.3, the Cu(I1) centre 

adopts a Jahn-Teller distorted octahedral geometry by coordinating to one trneda molecule and 

four cyanide bridged Hg(CN)2 moieties as shown for 4.1 in Figure 4.3. Each Hg(CN)2 unit 

bridges in an axial / equatorial fashion to a different [(tmeda)~u]~+ centre, thus propagating the 

corrugated 2-D array that lies in the ab-plane (for 4.1: Cu-N( 1, eq-CN) = 1.975( 1 1) A; Cu-N(2a, 

ax-CN) = 2.583(13) A; Cu-N(3, trneda) = 2.050(7) A) (Table 4.1). Analogous structures (4.4-4.6) 

are obtained upon the replacement of Cu(II) for Ni(II), which show no axial Jahn-Teller distortion 



(for 4.4: Ni-N(1)cyano = 2.052(15) A; NLN(2a)cyano = 2.159(14) A) (Table 4.1). The 

approximately 11 A diameter cavities delineated by four M(I1) centres (Figure 4.3 a) are filled by 

tetrahedral [H~&]*- anions, thus stabilizing the cationic 2-D array (Figure 4.3 b). 

Table 4.2 Selected Bond Lengths (A) and Angles (") for {(tmeda)M[Hg(CN)&}HgX4 (4.1- 
4.6)". 

4.1" 4.2 4.3 4.4 4.5 Compound 
M(W, X 
Selected Atoms 

Hg( 1)-X( 1) 

1 )-X( 1 '1 
Hg(2)-X( 1) 

Hg( l)-C( 1) 

Hg( l)-C(2) 

M( 1)-N( I ) 
M(I )-N(2a) 

M( 1 )-N(3) 

Selected Atoms 

N(3)-M(l)-N(l ) 

N(3)-M( I )-N(I *) 

N(3)-M(1)-N(3 *) 

N(3)-M(1)-N(2a) 

N(1)-M(1)-N(l*) 

N(1 )-M(I )-N(2a) 

XU)-Hg( 1 )-CU ) 

X(1)-Hg(1)-X(1') 

Cu, Cl 

Bond 
Lengths 

3.05 14(2) 

3.2 1 7(2) 

2.4807(2) 

2.049(13) 

2.014(12) 

l.975(ll) 

2.583(13) 

1.1 16(17) 

1.120(17) 

2.050(7) 

Bond 
Angles 

90.3(4) 

178.3(4) 

88.0(5) 

97.75(17) 

9l.3(3) 

82.48(16) 

1 72.4(4) 

89.3 l(6) 

85.9(2) 

85.91(7) 

99.6(2) 

Cu, Br 

Bond 
Lengths 

3.182(6) 

3.3 15(5) 

2.619(5) 

2.07(6) 

2.1 2(6) 

2.03(5) 

2.54(6) 

1.06(6) 

1.05(6) 

2.05(6) 

Bond 
Angles 

90(2) 

180(2) 

90(3) 

96.7(8) 

89(2) 

83.2(8) 

l73(2) 

86.50(13) 

84.2(12) 

80.87(19) 

lOO.9(ll) 

Cu, I 

Bond 
Lengths 
3.351(2) 

3.488(2) 

2.783(1) 

2.03(4) 

2.09(3) 

1.96(2) 

2.62(3) 

1.05(4) 

1.15(4) 

2.06(2) 

Bond 
Angles 

90.7(1) 

180.0(11) 

89.3(15) 

95.5(5) 

89.4(14) 

84.5(5) 

173.5(12) 

84.34(4) 

85.3(7) 

78.77(5) 

99.7(5) 

Ni, CI 

Bond 
Lengths 

3.136(4) 

3.1 80(4) 

2.479(3) 

2.044(16) 

2.02(2) 

2.052(15) 

2.159(14) 

1.12(2) 

1.1 l(2) 

2.1 16(15) 

Bond 
Angles 

90.7(6) 

1 77.0(7) 

86.2(11) 

96.4(3) 

92.3(9) 

84.0(3) 

l76.3(8) 

87.88(10) 

83.9(5) 

84.65(13) 

98.9(3) 

Ni, Br 

Bond 
Lengths 

3.268(3) 

3.282(3) 

2.605(3) 

2.01(3) 

2.03(5) 

2.03(3) 

2.15(3) 

1.15(5) 

1.1 5(4) 

2.15(3) 

Bond 
Angles 

91.1(11) 

175.6(13) 

84.6(15) 

95.6(5) 

93.3(19) 

84.8(4) 

175.5(14) 

85.1 O(8) 

82.6(6) 

8O.67(lO) 

1 OO.8(9) 

4.6 
Ni, I 

Bond 
Lengths 

3.465(5) 

3.465(5) 

2.797(4) 

2.14(10) 

1.86(8) 

1.87(8) 

2.13(7) 

l.4O(lO) 

1.21(11) 

2.16(8) 

Bond 
Angles 

88(3) 

174(3) 

86(5) 

93.8(14) 

98(4) 

86.6(13) 

178(4) 

82.1 l(11) 

81(2) 

77.64(16) 

lOO.9(18) 

( 1 - ( 2 - X I  ) 105.52(5) IO7.14(9) 109.01(3) 105.61(9) 107.72(9) 108.73(16) 

' Symmetry transformations: (*) -x, -y- I, z; (') -y,x,-z- I; (a).y, -x,- I, -z- I; (b) y, -x, -z,- 1. 



Figure 4.4 Packing diagram of 4.1 viewed down the a-axis, showing the unit cell. 
Colour scheme: Hg, pink; Cu, red; C1, green; N, blue, C, grey. 
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Fpre 4.5 Unit cell 0011lparism for oomplexes 4.1-4.6. 



Each halide atom further interacts with its two closest bridging mercury atoms resulting in an 

effective distorted octahedral geometry, based on linear characteristic coordination (2+4), about 

each mercury cyanide's metal centre. The Hg-Cl bond interactions in 4.1 (3.05 l(2) and 3.21 7(2) 

A), can be compared with the pseudo-octahedral chain structure of K2HgC14 . H20, which has two 

short Hg-Cl distances of 2.383(1) A and two longer pairs at 2.897(1) and 3.251(1) A.140,226 

The 2-D sheets in 4.1-4.6 are stacked together in a corrugated fashion, held together only by 

weak hydrophobic interactions between tmeda ligands, forming zigzag channels (- 4 A) between 

each sheet, as shown in Figure 4.4. This unusual structure, containing two different 2-D layers 

embedded in each other, is perhaps more closely related to some organic / inorganic hybrid 

materials227 than to interpenetrated coordination polymers, which normally involve 

interpenetration of one network with itself.74 

An examination of the unit cells for compounds 4.1-4.6 show the following two trends as 

depicted in Figure 4.5. First of all, the Cu(I1) chloride and bromide complexes are more 

corrugated (i.e.: they have significantly longer c-axes but similar a-axes length) than their Ni(I1) 

analogues, probably as a result of Jahn-Teller distortion. Coincidentally, both iodide complexes 

have very similar unit cell dimensions. Secondly, the unit cell expands in a linear fashion as the 

halide increases in size for both the Cu(I1) and Ni(I1) complexes. In both cases, expansion occurs 

not only between the 2-D layers, but predominately within the layers (the ab-plane) as shown by 

the fractional values obtained for the slope (Cu(I1) 0.362; Ni(I1) 0.569). 

4.2.3 Infrared Analysis 

The IR spectra of 4.1-4.6 clearly show the presence of bridging cyano groups and are 

displayed in Table 4.3. The VCN stretches range from 2248 cm-' (4.1) to 21 89 cm-' (4.3) and are 

comparable with those found for [ C U ( ~ ~ ~ ~ ) H ~ ( C N ) ~ C I ] [ H ~ X ~ C I ]  (3.8) (vCN = 2214 cm-I) and 

{CNi(en)2][Hg(CN)2]3C12)2 (3.9) (VCN = 2217 cm-I, 2207 cm-I). Compounds 4.1-4.6 each show 

two bridging VCN stretches that are consistent with the two cyano groups found in the asymmetric 



unit cell. There are two notable trends present in Table 4.3: I )  as the halide increases in size, both 

VCN stretches become less strongly shifted relative to free Hg(CN)'; and 2) the second VCN stretch 

is more strongly shifted and has greater intensity, upon changing the transition metal from Cu(11) 

to Ni(I1) while keeping the halides the same. The first trend is likely a result of an increase in 

electron donation from the halides to the Hg(1) centres in going from C1 to I (i.e.: how strong the 

secondary interactions are relative to linear characteristic coordination of the Hg(CN)2 units). 

The lack of Jahn-Teller distortion in compounds 4.4-4.6 results in more tightly bridged cyano 

groups, accounting for the second observed trend. 

Table 4.3 Comparison of cyanide (vCN) absorptions (cm-l) for complexes 4.1-4.6. 

Complex Bridging VCN 

{(tmeda)Cu [Hg(CN)&) HgC14 (4.1)'05 2248 (s), 2 197 (w) 

{(tmeda)C~[Hg(CN)~]~} HgBr4 (4.2) 2245 (s), 2196 (w) 

{(tmeda)Cu[Hg(CN),]2) HgI4 (4.3) 223 6 (s), 2 1 89 (w) 

{(tmeda)Ni[Hg(CN)2]2) HgC14 (4.4) 2247 (m), 22 10 (m) 

{(tmeda)Ni[Hg(CN)2]2) HgBr4 (4.5) 2244 (m), 2209 (m) 

{(tmeda)Ni[Hg(CN)2]2) HgI4 (4.6) 2235 (m), 2206 (m) 

Values are determined from the maximum of the absorption peak. IR spectrometer resolution = f 2 cm-I; 
all spectra were collected as KBr pellets. 

4.2.4 Magnetic Properties 

The magnetic susceptibility of 4.1 (Cu / C1) was measured as a function of temperature. 

However, despite the 2-D structural nature, 4.1 shows very little magnetic interaction between the 

Cu(I1) centres; peff = 1.87 yB at 300 K and is temperature independent until 5 K. Very weak 

antiferromagnetic coupling is observed between the Cu(I1) centres below 5 K, upon which p e ~  

drops to 1.80 pB at 1.8 K. The data can be fit to the Curie-Weiss Law, with C = 0.4289(2) and 8 

= -0.105(4) K, consistent with weak antiferromagnetic coupling between the Cu(I1) centres even 

though the Cu(I1) centres are connected in an axial / equatorial fashion, typical of systems 

showing ferromagnetic interactions."' The antiferromagnetic interaction can be attributed to the 

N(1)-Cu(1)-N(2a) bond angle of 82.48(16)" vs. the 90" angle required for strict orthogonality, 



which generates ferromagnetic coupling.68 A significant ferromagnetic interaction is observed in 

[ ~ u ( t m e d a ) ] [ ~ u ( ~ ~ ) & , ~ ~  a related axial 1 equatorial 1-D chain that is mediated by dl0 Au(1) 

centres, having an N-Cu-N angle of 89.3(4)". 

The Jahn-Teller distorted weak axial bonding of the cyanides (Cu(1)-N(2a), = 2.583(13) A 

vs. Cu(1)-N(l),, = 1.975(11) A) effectively disrupts coupling interactions between Cu(I1) 

 centre^,^' as a result of poor orbital overlap. For this reason, the susceptibility of the bromide 

(4.2) and iodide (4.3) Cu(I1) complexes were not measured. 

On the other hand, there is no Jahn-Teller distortion to disrupt coupling between the M(I1) 

centres of the nickel isostructural analogues, hence the magnetic susceptibility of 4.5 (Ni / Br) as 

a function of temperature was measured. However, the magnetic behaviour of 4.5 also showed 

very little magnetic interactions between the Ni(I1) centres. 
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Figure 4.6 X M  vs. T plot for 4.5 with data fitted using a zero-field splitting parameter. 
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The peff = 3.16 p~ at 300 K and is temperature-independent until 25 K, upon which it drops to 

2.1 1 pB. at 2 K. No maximum in XM vs. T is observed, indicative of weak antiferromagnetic 

interactions. The antiferromagnetic behaviour is consistent with a N(1)-Ni(l)-N(2a) bond angle 

of 84.8(4)", which is significantly shifted from the 90" required for ferromagnetic coupling in an 

axial / equatorial complex. 

The investigation of weak antiferromagnetic interactions is complicated by the zero-field 

splitting of isolated S = 1 octahedral Ni(I1) centres. The data can be modelled using a zero-field 

splitting parameter of D = +6.21(3) cm-' and g = 2.223(1) (Figure 4.6); these are reasonable 

values for magnetically dilute Ni(I1) centres,lg5 but there may be some weak AF interactions 

present. 

The magnetic susceptibility of the chloride (4.4) and iodide (4.6) Ni(I1) complexes were not 

measured. 

4.2.5 Thermogravimetric Analysis 

From thermogravimetric analysis, 4.1 begins to decompose at 138 "C with eventual loss of all 

material except CuClz (86.91 % calculated weight loss, 86.07 % observed) (Figure 4.7). A single 

crystal of 4.1 decomposed in air between 133-138 "C, as observed in a melting point apparatus. 
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Figure 4.7 Thermogravimetric analysis of 4.1 



4.2.6 Birefringence Properties 

The birefringence of a crystal is an important characteristic of the material. The unusual 

structural features of the {(tmeda)M[Hg(CN)2]2)HgX4 crystals, as described above, provide an 

ideal case to study the optical properties related to the structural anisotropy due to the stacking of 

2-D sheets. To investigate such a structure-property relationship, the optical birefringence of 4.1 

(M = Cu(I1); X = C1) was measured along different crystallographic directions by means of 

polarized light microscopy. The c-oriented crystal plates are optically isotropic when observed 

along the [OOI] direction, with extinction at any positions between the crossed polarizers, 

consistent with the tetragonal point group."0 The a- or b-oriented crystal plates (with the c-axis 

lying in the plane of the platelets) are strongly birefringent with a birefringence value of An = 

6.38 x lo-' at room temperature, as measured at h = 546.1 nm (Figure 4.8). 

O Oe7O 7 
- 

75.0 125 0 175.0 225.0 275 0 325.0 375 0 425.0 

Tern perature (K) 

Figure 4.8 Birefringence of 4.1 as a function of temperature. 

The blue crystals of 4.1 do not absorb light at 546.1 nm, hence the birefringence 

measurement is unimpeded by the optical absorption profile. This value of birefringence can be 

compared with 0.105 for the coordination polymer [hydrotris(l ,2,4-tria~ol~l)borato]silver(1)~~~ 



and 0.01 55 for [~ac(dibenzo-24-crown-8)(1(1 ,3-dioxolane)12" or even with the value of very 

strongly birefringent inorganic crystals, e.g. KNb03 (An = nh - n, = 0.171).2'0 Upon cooling, the 

birefringence of 4.1 decreases slightly to reach a value of An = 6.12 x lo-' at 90 K, while upon 

warming, the birefringence increases slightly to a value of An = 6.55 x 10.' at 400 K. As the 

temperature increases, the structural anisotropy increases slightly, probably due to the thermal 

expansion of the polymer interlayers. 

The correlation between the optical indicatrix and the crystallographic axes shows that the 

refractive index along the a- or b-axis (no, for the ordinary beam component) is larger than that 

along the c-axis, which is also the optical axis (n,, for the extraordinary beam component), as 

indicated in Figure 4.9. Therefore, the birefringence corresponds to An = no - n,, the principal 

birefringence of the tetragonal crystal. Since n, < no, 4.1 exhibits an optically negative 

ind i~a t r ix .~~ '  The optical character of the {(tmeda)Cu[Hg(CN)2]?}HgCl4 crystals can be 

understood with respect to the crystal structure and chemical bonding. It is known that the 

refractive index n of a crystal depends on its packing density and atomic or ionic polarizability, 

with a large n arising from a dense packing of highly polarizable atoms or ionic groups.219 

Figure 4.9 Orientation of the b-c section of the optical indicatrix with respect to the 
crystallographic axes, illustrating the optical anisotropy along the a-axis and the 
optically negative character of the {(tmeda)M[Hg(CN)z]2)HgX4 crystals. 



Figure 4.4 clearly shows that the ab-plane contains densely packed layers of [HgC'1412- anions 

and the { ( t m e d a ) ~ u [ H ~ ( ~ ~ ) ~ ] 2 ) 2 '  moieties; the 2-D sheets are only weakly packed along the c- 

axis. The electric vector of light propagating along the a- or b-axis encounters stronger 

interactions through the dense layers of highly polarizable Hg(1I) groups, giving rise to a 

substantially larger value of the refractive index no (along the a-  or b-axis) than n, (along the c- 

axis) resulting in the high birefringence and the optically negative character. 

The principal reason for synthesizing the bromide (4.2, 4.5) and iodide (4.3, 4.6) analogues 

was to make the [Hgx412- anions in the ab-plane more polarizable and hence increase the 

birefringence. However, birefringence measurements were not performed on 4.2-4.6 because 

suitable single crystals of the proper orientation (a- or b-oriented) and size could not be grown, 

despite numerous efforts. 

4.2.7 Dielectric Constant 

The dielectric constant of 4.1 was measured as a function of temperature using a polished c- 

axis oriented single crystal. The dielectric constant showed no temperature dependence between 

30 OC and 1 15 OC, having an average value of E' = 37.1 measured at an oscillating frequency of 

10 kHz (Figure 4.10). 
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Figure 4.10 Temperature dependence of the dielectric constant (E') for complex 4.l.at 10 kHz. 
The crystal was oriented along the c-axis. 



The dielectric constant was also measured as a function of frequency at 30 OC and showed 

only a slight change between 1 kHz (E' = 35.4) and I00 kHz (E' = 36.4) (Figure 4. 11). Dielectric 

constants of E' < 10 are common for most dielectrics that are non-ferroelectric materia~s."~ Even 

HgC12, which contains polarizable mercury atoms, has a low dielectric constant (Table 4.1). 
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Figure 4.1 1 Frequency dependence of the dielectric constant (E') for complex 4.1 at 30 OC. 

The dielectric constant of 4.1 was not measured for an a- or b-axis oriented crystal because 

the crystals grown were too small. Since the 2-D layers consist of densely packed [ H ~ c ~ ~ ] ' -  

anions and { ( t m e d a ) ~ u [ ~ ~ ( ~ ~ ) 2 ] 2 ) 1 '  moieties containing polarizable Hg(I1) atoms along the ab- 

plane (Figure 4.3), it is expected that the measured dielectric constant would be greater along the 

a- or b-axis than along the c-axis where the 2-D sheets are only weakly packed. 

Dielectric constant measurements were not performed on complexes 4.2-4.6 since the crystals 

grown were too small. 

4.3 CONCLUSIONS 
A series of self-assembled isostructural M(I1) / Hg(1I) coordination polymers with the general 

formula {(tmeda)M[Hg(CN)~]?)HgX~ (M = Cu(II), Ni(I1); X = Cl, Br, I) have been prepared. As 

expected, halide migration occurs from the harder M(I1) centres, not to the Hg(CN)2 units, but to 



the more Lewis-acidic HgX2 units forming tetrahedral [Hgx412- anions. Complexes 4.1-4.6 

crystallize in the tetragonal, non-centric P42]rn space group The structure adopted is composed 

of a 2-D cationic layer of [ ( t m e d a ) ~ [ ~ ~ ( ~ ~ ) ~ ] ~ ] ~ '  units (M = Cu(II), Ni(I1)) in which the six- 

coordinate M(I1) centres are capped by the basic trialkylamine tmeda which induces N-cyano 

bridging of four separate Hg(CN)* groups. This robust array is interspersed with a layer of 

[H~x~] ' -  anions (X = Cl, Br, I), which form additional bridging Hg-X bonds with the Hg(CN)2 

units. The strongly anisotropic 2-D layer crystal structure, including the highly polarizable Hg(I1) 

ions, is responsible for a significant optical birefringence and dielectric constant as measured for 

complex 4.1. It is expected that the bromide and iodide analogues would be even more strongly 

birefringent and have higher dielectric constants than that of the chloride analogues since they 

contain more polarizable atoms. However, despite numerous efforts, large single crystals of these 

complexes with the proper orientation could not be grown for birefringence and electronic 

measurements. 

Although viable magnetic pathways are present between the paramagnetic M(I1) centres, 

magnetic susceptibility measurements showed no significant interactions between the M(I1) 

centres. 

Efforts to grow large single crystals in both orientations are ongoing in order to expand the 

investigation of material properties for this interesting 2-D layer system. For instance, since 

many non-centric crystals that contain tetrahedral groups can have their tetrahedra distorted by 

the application of mechanical stress, 4.1-4.6 may also be piezoelectric.218 

Although compounds 4.1-4.6 crystallize in the polar, non-centric P42]rn space group, their 

SHG optical properties were not investigated because they absorb in the visible spectrum. SHG 

materials should be colourless so that the laser light employed is not absorbed causing 

overheating and subsequent melting of the ~rys ta l .~ '  If crystals of Zn(I1) structural analogues 

could be synthesized, then second-order non-linear optical properties could be investigated. 



4.4 EXPERIMENTAL 
CAUTION: Although we have experienced no difficulties, perchlorate salts are potentially 

explosive and should only be used in small quantities and handled with care. General 

experimental details were as indicated in Chapter 2, with the following exceptions: 

4.4.1 X-ray Crystallography 

Dr. R. Batchelor collected the data and solved the X-ray structure for complex 4.1. The 

diffraction data for 4.1, 4.3, and 4.4 were acquired on an Enraf Nonius CAD4F diffractometer, as 

described in Chapter 2. However, the diffraction data for 4.2, 4.5 and 4.6 were acquired on a 

Rigaku RAXIS-Rapid curved image plate area detector, as described in Chapter 3. An empirical 

absorption correction was applied to 4.1, and 4.3-4.6, while a numerical absorption correction 

was applied to 4.2. The data for 4.2 was worked up using CRYSTAL CLEAR^^^ control program 

and the resultant ' h  k 1' files were inputted into CRYSTALS"~ where the structure was solved and 

refined. 

4.4.2 Magnetic Susceptibility and Thermogravimetric Analysis 

For complexes 4.1 and 4.5, variable temperature magnetic susceptibility data were collected 

using an Evercool XL-7 magnetometer (4.1) or a Quantum Design SQUID MPMS-5s (4.5) 

working down to 1.8 K or 2 K at a field strength of 1 T. Sample 4.1 was measured in a low 

background gel cap and straw while 4.5 was measured in a cylindrical, airtight sample holder 

constructed from P V C . ~ ' ~  The data were corrected for TIP, the diamagnetism of the sample 

holder and the constituent atoms (by use of Pascal  constant^).^' Thermogravimetric analysis data 

were collected using a Shimadzu TGA-50 instrument. Solid-state visible spectra were obtained 

using a diode-array HP 8453 spectrometer and a suspension of sample in a customized cell. 



4.4.3 Birefringence 

The optical birefringence was measured, with assistance from B.C. Sih of Prof. Z.-G. Ye's 

group and Prof. Z.-G. Ye along different crystallographic directions by means of polarized light 

microscopy (Olympus BX60) on polished platelets of different orientations. 

After determining the anisotropic orientation through the use of crossed polars on the 

microscope (i.e.: the crystal lightens and darkens upon rotating the crystal on the microscope 

stage), crystals with an a-(or b-) axis orientation were mounted on a cylindrical brass die with a 

low melting-point wax. Care was taken to ensure the brass die was not heated above 100 OC so 

that decomposition of the crystal did not occur. While the die returned to room temperature, a 

thin coating of fine alumina powder (< 10 pm) was spread over a piece of Kodac photographic 

paper upon which a couple of drops of silicon oil were added. The crystal was then gently 

polished by moving the die (crystal side down) in a 'figure eight' motion on the photographic 

paper. During polishing, the thickness of the crystal (4 was carefully monitored using a 

Mitutoyo ID-C 1 12E digital micrometer; polishing ceased once d = 50 ym. It should be noted that 

it is necessary to polish both sides of the crystal. The polished crystal was then placed in 

diethyether for an hour in order to remove any residual residue from the polishing process. 

Using a 4-1 Berek tilting compensator (U-CBE, 3h) at the wavelength of h = 546.1 nm (e- 

line, o = l .37859, 5 = l .39043), the optical retardation (T) was calculated using the following 

equation: 

T = C * 2[(1-sin201 a')''' - (1-sin20/ 5') "1 1(1/k2 - 1/o2) (Equation 4.7) 

where C is the compensator constant and 0 is mean value of the compensator angle 

measurements. The birefringence was then calculated by dividing the measured retardation by 

the crystal thickness: 

(Equation 4.8) 



A heating / cooling stage (Linkam HTMS600) mounted on the microscope was used for 

studying the temperature dependence of the birefringence. 

4.4.4 Dielectric Constant 

The dielectric constant was measured, by Wenzhi Chen of Prof. Z.-G. Ye's group, along a c- 

oriented (1.0 x 1.0 x 0.25) mm3 platelet polished to a crystal thickness of d = 250 pm using the 

same method as described above. The dielectric constant and tan (6) vs. temperature using 

frequency as parameters for the crystal was measured by using a Solotran 1290 impedance 

analyzer in conjunction with a 1296 dielectric interface. The applied peak voltage was 0.5 V. 

4.4.5 Preparation of {(trneda)C~[Hg(CN)~]~}HgClj (4.1) 

Reaction 1: a 10 mL methanolic solution of Hg(CN)2 (0.100 g, 0.40 mmol) was added to a 

blue methanolic solution of comprised of CuC12 . 2 H20  (0.067 g, 0.40 mmol) and tmeda (0.046 

g, 0.40 mmol) at room temperature. The solution was decanted after the precipitation of a green 

side-product. The solution was allowed to slowly evaporate. Dark blue block-like crystals of 

{(tmeda)Cu[Hg(CN)2]2)HgC14 (4.1) were collected by vacuum filtration, washed with two 1 mL 

portions of cold methanol, and were left to air dry. Yield: 0.198 g (49%). Reaction 2: a 10 mL 

aqueous solution of Hg(CN)2 (0.200 g, 0.791 mmol), HgC12 (0.107 g, 0.40 mmol), and KC1 (0.059 

g, 0.79 mmol) was added, with stirring, to a 10 mL blue aqueous solution comprised of C U ( C ~ O ~ ) ~  

6 H 2 0  (0.147 g, 0.40 mmol) and tmeda (0.046 g, 0.40 mmol) at room temperature. The solution 

was allowed to slowly evaporate. Dark blue plate-like crystals of 4.1 were collected by vacuum 

filtration, washed with two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.32 1 

g (79%). Reaction 3: a 10 mL methanolic solution of Hg(CN)* (0.200 g, 0.79 mmol) and HgCI2 

(0.107 g, 0.40 mmol) was added, with stirring, to a blue methanolic solution comprised of CuCI2 . 

2 H 2 0  (0.067 g, 0.40 mmol) and tmeda (0.046 g, 0.40 mmol) at room temperature. The solution 

was allowed to slowly evaporate. Dark blue block-like crystals of 4.1 were collected by vacuum 

filtration, washed with two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.370 



g (91%). Anal. Calcd. for CI~H16N6C14C~Hg3: C, 11.69; H, 1.57; N, 8.18. Found: C, 11.72; H, 

1.57; N, 8.01. IR (KBr, cm"): 3018 (s), 2992 (m), 2976 (m), 2938 (m), 2856 (w), 2817 (w), VcN 

2248 (s), 2197 (w), 1632 (m), 1463 (vs), 1437 (m), 1428 (m), 1419 (w), 1388 (w), 1280 (s), 1241 

(m), 1205 (w), 1 120 (m), 1 103 (w), 1059 (m), 1043 (m), 1008 (s), 994 (m), 946 (s), 806 (s), 760 

(m), 592 (m), 499 (s), 468 (w), 426 (m). 

4.4.6 Preparation of {(tmeda)C~[Hg(CN)t]~)HgBr4 (4.2) 

To a 5 mL aqueous solution of CuBr? (0.090 g, 0.40 mmol), a 5 mL aqueous solution of 

tmeda (0.046 g, 0.40 mmol) was added, with stirring. Meanwhile, a second aqueous solution 

consisting of HgBr2 (0.142 g, 0.39 mmol), Hg(CN)? (0.200 g, 0.79 mmol), and 2 mL of methanol 

was prepared. The Hg(I1) solution was slowly added with stirring to the blue Cu(tmeda)Br2 

solution, was covered and left to stand over night. Dark blue platelets of 

{(tmeda)Cu[Hg(CN)2]2)HgBr4 (4.2) were collected by vacuum filtration, washed with two 1 mL 

portions of cold water followed by two 1 mL portions of cold methanol, and were left to air dry. 

Additional crystals of 4.2 were obtained by slowly evaporating the remaining filtrate. Yield: 

0.346 g (73%). Anal. Calcd. for C10H~6N6Br4C~Hg3: C, 9.97; H, 1.34; N, 6.97. Found: C, 9.91; 

H, 1.33; N, 6.82. IR (KBr, cm-I): 3736 (vw), 3019 (s), 2989 (m), 2973 (m), 2934 (m), 2854 (w), 

2815 (w), VCN 2244 (s), 2195 (vw), 1614 (m), 1462 (vs), 1437 (m), 1419 (m), 1387 (w), 1370 

(vw), 1340 (vw), 1280 (m), 1240 (m), 1 197 (w), 1 171 (vw), 1 1 19 (m), 1 103 (w), 1058 (w), 1043 

(m), 1007 (s), 995 (m), 947 (s), 807 (s), 761 (m), 592 (m), 508 (s), 498 (s), 466 (w), 423 (m). 

4.4.7 Preparation of {(tmeda)C~[Hg(CN)~]~)HgI4 (4.3) 

A 30 mL aqueous solution comprised of HgI2 (0.180 g, 0.40 mmol), KI (0.13 1 g, 0.79 mmol), 

5 mL of ethanol, and 10 mL of methanol was prepared with stirring. Meanwhile, a methanolic 

solution of Hg(CN)2 (0.200 g, 0.79 mmol) was added to a blue aqueous solution of comprised of 

C~(C104)~  . 6 H 2 0  (0.147 g, 0.40 mmol) and tmeda (0.046 g, 0.40 mmol) at room temperature. 

The pale yellow solution containing H ~ I ~ ~ ( , , ,  was added with stirring to the Cu(I1) solution 



resulting in the immediate formation of a green 1 grey precipitate. The mixture was covered and 

allowed to stand for 2.5 hours. The precipitate was filtered, washed with three 2 mL portions of 

ethanol followed by three 2 mL portions of methanol, and was discarded. The pale blue filtrate 

was allowed to slowly evaporate. Blue platelets of {(tmeda)C~[Hg(CN)~]~}HgI~ (4.3) were 

collected by vacuum filtration, washed with two 1 mL portions of cold water followed by two 1 

mL portions of cold ethanol, and were left to air dry. Yield: 0.122 g (22%). Anal. Calcd. for 

C ~ O H ~ ~ N & U H ~ ~ I ~ :  C, 8.62; H, 1.16; N, 6.03. Found: C, 8.84; H, 1.17; N, 6.14. IR (KBr, cm-I): 

3741 (vw), 3018 (m), 2987 (m), 2969 (m), 2920 (m), 2850 (w), 281 1 (w), VC- 2236 (s), 2189 

(vw), 2 129 (m), 19 18 (vw), 1869 (w), 1844 (w), 1830 (w), 1793 (w), 1 7 12 (vs), 1653 (m), 1635 

(m), 1472 (s), 1463 (s), 149 (m), 1365 (s), 1279 (m), 1228 (s), 1 170 (vw), 1 1 18 (w), 109 1 (w), 

1059 (w), 1043 (m), 1007 (s), 996 (m), 948 (s), 807 (s), 763 (m), 593 (m), 532 (m), 494 (s), 463 

(w), 420 (m). 

4.4.8 Preparation of {(tmeda)Ni[Hg(CN)2]2)HgC14 (4.4) 

To a 15 mL ethanolic solution of NiC12 . 6 H20  (0.094 g, 0.40 mmol), a 2 mL ethanolic 

solution of tmeda (0.046 g, 0.40 mmol) was refluxed with stirring for 1 hour. Meanwhile, a 25 

mL ethanolic solution containing Hg(CN)z (0.200 g, 0.79 mmol) and HgCI2 (0.108 g, 0.40 mmol) 

was prepared. The Hg(I1) solution was slowly added to the pale Ni(tmeda)C12 solution and was 

refluxed for 1 hour. While still warm, the mixture was filtered to remove a small amount of 

insoluble material. The filtrate was covered and left over night. Purple crystal platelets and a 

blue polycrystalline material were collected by vacuum filtration, washed with two 1 mL portions 

of cold water, and were left to air dry. The purple crystals of {(tmeda)Ni[Hg(CN):]2)HgC14 (4.4) 

were separated by hand. Yield: 0.098 g (24%). Anal. Calcd. for C10H16N6C14Hg3Ni: C, 11.75; H, 

1 S8;  N, 8.22. Found: C, 12.02; H, 1.63; N, 8.33. IR (KBr, cm-I): 3013 (s), 2982 (m), 2970 (m), 

2941 (m), 291 8 (w), 2892 (w), 285 1 (w), 28 1 1 (w), vm 2247 (m), 2210 (m), 1633 (m), 1470 (vs), 

1436 (m), 14 19 (m), 1387 (m), 1352 (m), 1283 (s), 124 1 (m), 1 195 (w), 1 169 (w), 1 120 (m), 1 101 



(w), 1059 (m), 1041 (m), 1014 (s), 1001 (m), 949 (s), 880 (vw), 804 (s), 763 (m), 589 (m), 492 

(s), 440 (m), 424 (m). 

4.4.9 Preparation of {(tmeda)Ni[Hg(CN)2]2)HgBr4 (4.5) 

To a 5 mL aqueous solution of NiBr:! (0.088 g, 0.40 mmol), a 5 mL aqueous solution of 

tmeda (0.046 g, 0.40 mmol) was added with stirring for 30 minutes. A 10 mL aqueous solution 

Hg(CN)2 (0.200 g, 0.79 mmol) was added to the pale blue Ni(tmeda)Br2 solution with stirring. 

Immediate precipitation occurred following the subsequent addition of a 2 mL methanolic 

solution of HgBrz (0.142 g, 0.39 mmol). The mixture was covered and left to settle over night. 

Pink microcrystalline {(tmeda)Ni[Hg(CN)2]2}HgBr4 (4.5) was collected by vacuum filtration, 

washed with three 2 mL portions of cold water, followed by three 5 mL portions of methanol, and 

was left to air dry. Yield: 0.204 g (43%). Anal. Calcd. for CIOHI6N6Br4Hg3Ni: C, 10.0 1; H, 1.34; 

N, 7.00. Found: C, 10.30; H, 1.47; N, 7.12. IR (KBr, cm"): 3735 (vw), 3012 (s), 2978 (m), 2967 

(m), 2932 (m), 2916 (m), 2899 (m), 2849 (m), 2809 (m), v c ~  2244 (m), 2209 (m), 1621 (m), 

1470 (vs), 144 1 (m), 14 19 (m), 1385 (m), 135 1 (m), 1283 (s), 1240 (m), 1 194 (w), 1 169 (m), 

1 1 19 (m), I 10 1 (m), 1059 (m), 104 1 (m), 10 14 (s), 1002 (m), 949 (s), 804 (s), 763 (m), 590 (m), 

490 (s), 44 1 (m), 4 15 (vw). Small single crystals of 4.5 were obtained upon slow evaporation of 

the filtrate. The crystals and microcrystalline powder had comparable IR spectra. 

4.4.10 Preparation of {(tmeda)Ni[Hg(CN)2]2}Hg14 (4.6) 

To a 25 mL ethanolic solution of Nil2 (0.137 g, 0.40 mmol), a 2 mL ethanolic solution of 

tmeda (0.046 g, 0.40 mmol) was refluxed with stirring for 1 hour. Meanwhile, a 25 mL ethanolic 

solution of Hg(CN)? (0.200 g, 0.79 mmol) and Hg12 (0.108 g, 0.40 mmol) was prepared. The 

Hg(I1) solution was slowly added to the dark orange Ni(tmeda)12 solution and was refluxed for 1 

hour. The solution was covered and left to stand for 45 days. Small pink platelets of 

{(tmeda)Ni[Hg(CN)2]2)Hg14 (4.6) were collected by vacuum filtration, washed with several 5 mL 

portions of ethanol to remove some impurities, and were left to air dry. Yield: 0.153 g (28%). 



Anal. Calcd. for c ~ ~ H d % H g & N i :  C, 8.65; H, 1.16; N, 6.05. Found: C, 8.75; H, 1.25; N, 5.85. 

IR (KBr, cm-'): 3734 (vw), 3010 (s), 2979 (m), 2963 (m), 2929 (w), 2914 (m), 2889 (m), 2847 

(m), 2805 (m), v c ~  2235 (m), 2206 (m), 2 17 1 (vw), I63 1 (m), I469 (vs), 1455 (m), 1427 (m), 

1394 (w), 1354 (w), 1283 (m), 1268 (w), 1240 (m), 1 193 (vw), 1 168 (m), 1 1 18 (m), 1 100 (w), 

I059 (w), 1042 (w), 1014 (s), 1003 (m), 950 (s), 93 1 (vw), 850 (vw), 805 (s), 766 (m), 591 (w), 

482 (s), 442 (m). 



CHAPTER 5 
REACTION OF 
MERCURY CYANIDE 
WITH UNSATURATED 
COPPER(1I) BIPYRIDINE 
COMPLEX CATIONS 

5.1 INTRODUCTION 

5.1.1 Research Objectives 

As detailed in Chapter 4, a series of self-assembled isostructural coordination polymers with 

the general formula {(t~neda)M[Hg(CN)~]~}Hg& (M = Cu(II), Ni(I1); X = C1, Br, I) were 

prepared. The use of Lewis acidic HgX2 units induced halide migration from the harder M(I1) 

centres to the softer, unsaturated, more Lewis-acidic HgC12 centres, forming tetrahedral [ H ~ & ] ~ -  

in the process. These anionic building blocks induce the formation of the non-centrosymmetric 

2-D layer adopted by complexes 4.1-4.6. 

In an effort to test the robustness of this 2-D layered system, this chapter investigates the 

replacement of the bidentate tmeda capping ligand with bidentate 2,2'-bipyridine (bipy) using a 

similar reaction scheme as developed for the {(trneda)Cu[Hg(CN)J2}HgCl4 complex (4.1). 

5.2 RESULTS, ANALYSIS AND DISCUSSION' 
The reaction of an aqueous solution of CuC12 containing one equivalent of bipy with an 

aqueous solution containing two equivalents of Hg(CN)2 and one equivalent of HgC12 yielded 

three minor crystalline products after partial evaporation of the resulting solution. Blue-green 

platelets of [Cu(bipy)*(p-C1)2Hg(CN)2] (5.1), dark blue platelets of [C~(b ipy )~Hg~Cl~]~  (5.2), and 

dark blue blocks of {[C~(bipy)Hg(CN)2C12]2Hg(CN)~} (5.3) were isolated and characterised. 

* Leznoff, D. B.; Draper, N. D.; Batchelor, R. J. Polyhedron 2003,22,1735-1743. Reproduced by 
permission of Elsevier B.V. 



Upon further evaporation of the remaining solution, the majority product, a blue polycrystalline 

compound, was obtained. An IR spectra of this compound showed two VCN stretches (2225 cm", 

21 85 cm-I) similar to those found for {(tmeda)Cu[Hg(CN)2]z)HgC14 (4.1) (vCN = 2248 cm-I, 2197 

cm-I). Table 5.1 shows the elemental analysis results for the polycrystalline compound. 

Table 5.1 Elemental analysis for blue polycrystalline majority product. 

I Compound % C  % H  % N I  
{(bipy)C~[Hg(CN)~]~)HgCl~ Calculated 15.75 0.76 

Blue polycrystalline product Experimental 17.2 1 0.98 

Although there is a significant difference between the calculated and experimental %C, this 

could be attributed to a possible impurity in the polycrystalline sample. In an attempt at 

recrystallization, the compound was then dissolved in concentrated NH40H and allowed to 

slowly evaporate. Dark blue platelets of {[Cu(bipy)(OH)(Cl)12Hg(CN)2) . 2 H20  (5.4) were the 

only crystals isolated and characterized using this recrystallization t e ~ h n i ~ ~ e . ~ ~ , ~ ~ ~ , ~ ~ ~  Although 

the IR spectra and EA analysis both support the possible formation of 

{(bipy)Cu[Hg(CN)z]?) HgCld, this evidence remains inconclusive. 

The reaction of an aqueous solution of Cu(C104)2 containing one equivalent of bipy with an 

aqueous solution containing two equivalents of Hg(CN)*, one equivalent of HgCL, and two 

equivalents of KC1 only yielded crystals of C ~ ( b i p y ) ~ ( C l O ~ ) ~  as confirmed by IR and EA 

analyses. 

The structural and magnetic properties of 5.1-5.4 are investigated below. 

5.2.1 Rational Synthesis of Complexes 5.1-5.4 

Complexes 5.1-5.4 could also be synthesized by different means with higher yields (see 

section 5.4). Single crystals of 5.1 and 5.2 were obtained by slow evaporation of solutions 

containing C~(bipy)~Cl?  and one equivalent of Hg(CN)* or two equivalents of HgCI2 respectively, 

as summarized by equations 5.1 and 5.2. 



Equation 5.1 

Equation 5.2 

The slow evaporation of a solution containing a 10% excess of Hg(CN)? and only one 

equivalent of bipy per CuCl? moiety yielded single crystals of 5.3. 

If solutions containing one equivalent of Cu(bipy)C12 and two equivalents of Hg(CN)2 are 

made basic via addition of N h O H  prior to solvent evaporation,234 then single crystals of 5.4 are 

obtained: 

5.2.2 Structure of [C~(bipy)~(p-Cl)~Hg(CN)~] (5.1) 

The X-ray crystal structure of [C~(bipy)~(p-Cl)~Hg(CN)~] (5.1) reveals a simple molecular 

complex, in which the coordinately unsaturated Hg(CN)2 unit is bound to the chloride ligands, 

which act as Cu-Hg bridging groups, isostructural to the Mn(I1) (3.1) and the Ni(I1) (3.3) 

complexes (see Figure 3.4). The Cu(I1) centre in 5.1 has an axially-distorted, octahedral 

geometry, with two 2,2'-bipyridine ligands cis-oriented and two chloride atoms completing the 

coordination sphere. The Cu(1)-N bond lengths range from 1.996(3) and 2.087(4) A in the 

equatorial plane to 2.1 89(4) A in the Jahn-Teller distorted axial site (Table 5.2). The equatorial 

and axial Cu(1)-CI bond lengths are 2.443(1) and 2.786(1) A respectively, which can be 

compared with the 2.218(19) and 2.723(3) A found in the equatorial 1 axial Cu-CI bonds204 in the 



chloride-bridged [ ( terpy)C~Cl]~[PF~]~ or the 2.481(1) and 2.545(2) A found in the distorted, 

chloride-bridged [(dpt)C~Cl]~(Cl)~ (dpt = dipropylenetriamine)."O The addition of Hg(CN)2 to 

coordinatively saturated C ~ ( b i p y ) ~ C l ~  does not induce halide migration and no coordination sites 

are opened on the Cu(I1) centre; extended n-zr stacking of neighbouring conjugated ring systems 

characterized by interplanar distances of 3.4-3.6 A form 1-D chains from the molecular units of 

5.1. These results are analogous to those described in Chapter 3 for complexes 3.1-3.4. 

Table 5.2 Selected Bond Lengths (A) and Angles (") for [C~(bipy)~(p-Cl)~Hg(CN)~] (5.1). 

Selected Atoms Bond Lengths Selected Atoms Bond Lengths 
Cu(1)-N(1) 1.999(3) 

Cu(1)-N(3) 1.996(3) 

Cu(1)-CI(1) 2.443(1) 

Hg(l)-C1(1) 2.820(1) 

Hg( 1 1-C( 12) 2.059(5) 
Selected Atoms Bond Angles 

Cu(1 )-N(2) 

Cu(1 )-N(4) 

Cu(1)-Cl(2) 

Hg( 1 ) - C W  

Hg( 1 1-C( 12) 
Selected Atoms 

N(1 )-Cu(l )-N(3) 

N(2)-Cu(1 )-N(3) 

N(3)-Cu(l )-N(4) 

N( 1 ) -CU(~ )-Cl(2) 

N(2)-Cu(1 )-Cl(2) 

N(3)-Cu(1 )-Cl(2) 

N(4)-Cu(1 )-Cl(2) 

Cu(1 )-Cl(2)-Hg(1) 

Cl(1)-Hg(1)-C(l2) 

Cl(2)-Hg(1)-C(12) 

Cl(1 )-Hg( 1 )-Cl(2) 

2.1 89(4) 

2.087(4) 

2.786(1) 

2.710(1) 

2.05 l(5) 

Bond Angles 
173.28(17) 

96.79(14) 

80.24(14) 

96.23(11) 

l74.6O(I 0) 

88.2O(lO) 

84.9O(lO) 

90.86(4) 

98.3O(l6) 

95.82(16) 

83.71(4) 

5.2.3 Structure of [ C ~ ( b i p y ) ~ H g ~ C l ~ ] ~  (5.2) 

The structure of [C~(bipy)~Hg~Cl& (5.2) is essentially molecular (Figure 5.1). However, the 

Cu(I1) centre in 5.2 is only five-coordinate, with a distorted geometry as exemplified by its tau 

parameter o f t  = 0.47. The [C~(bipy)~Cl]' unit resembles the dangling [ C ~ ( p h e n ) ~ ~ l ] '  cations of 

complex 3.6 (r = 0.72). The Cu(1)-Cl(4) distance of 3.856 A (Table 5.3) indicates that this 

chloride does not bind to the open Cu(I1) coordination site. One chloride ligand has migrated to 



generate an [HgC13]- anion, while the remaining chloride ligand (Cu(1)-Cl(3) = 2.320(7) A) 

bridges to another Hg(I1) centre, resulting in the formation of a [ H ~ ~ c ~ ~ ] ~ -  unit. 

Table 5.3 Selected Bond Lengths (A) and Angles (") for [C~(bipy)~Hg~Cl,]~ (5.2la. 

Selected Atoms 

Cu(1)-N(l) 

Cu(1)-N(3) 

Cu(1)-Cl(3) 

Hg(2)-C l(4) 

Hg(2)-CU) 

Hg( 1 ) - C W  

Hg( 1 )-CK6) 
Selected Atoms 

N( 1)-Cu(1 )-N(2) 

N(1)-Cu(1 )-N(4) 

N(2)-Cu(1 )-N(4) 

N(1)-Cu(1)-Cl(3) 

N(3)-Cu(1)-Cl(3) 

Cu(1 )-C l(3)-Hg(2) 

Cl(3)-Hg(2)-Cl(2) 

Cl(1)-Hg(2)-Cl(2) 

Cl(4)-Hg(2)-Cl(2) 

Cl( 1 )-Hg( 1 )-Cl(5) 

Cl(1 )-Hg(1 )-Cl(5*) 

Cl(2)-Hg(1 )-C1(5*) 

Cl(5)-Hg(1)-C1(5*) 

Hg( 1 )-CI(5)-Hg( 1 *) 

Bond Lengths 

1.978(17) 

1.973(16) 

2.320(7) 

2.338(8) 

2.884(6) 

2.541(6) 

2.361(6) 

Bond Angles 

77.8(7) 

92.3(7) 

1 O9.O(7) 

93.7(6) 

94.2(5) 

107.3 (2) 

97.39(19) 

87.78(19) 

1 OO.9(2) 

92.6(2) 

170.24(19) 

93.8(2) 

83.1(2) 

96.9(2) 

Selected Atoms 

Cu(1)-N(2) 

Cu(1 )-N(4) 

Hg(2)-C1(3) 

Hg(2)-CK I 

Hg( l)-CK 1) 

Hg( 1 )-CK5) 
Hg(1 )-Cl(5*) 

Selected Atoms 

N(1)-Cu(1 )-N(3) 

N(2)-Cu(1 )-N(3) 

N(3)-CU( 1 )-N(4) 

N(2)-Cu(1)-Cl(3) 

N(4)-Cu(1)-Cl(3) 

Cl(3)-Hg(2)-Cl( 1 ) 

Cl(3)-Hg(2)-Cl(4) 

Cl(1)-Hg(2)-Cl(4) 

Cl(1)-Hg(1)-Cl(2) 

Cl(1 )-Hg( 1 )-Cl(6) 

Cl(2)-Hg(1)-Cl(5) 

Cl(2)-Hg(1)-Cl(6) 

Cl(5)-Hg(1 )-Cl(6) 

Cl(5 *)-Hg(l )-Cl(6) 

Bond Lengths 

2. I E ( l 7 )  

2.042(16) 

2.728(6) 

2.337(7) 

3.1 l2(7) 

2.359(6) 

3 .O29(7) 

Bond Angles 

172.0(8) 

1 OO.9(7) 

80.6(7) 

1 O7.O(5) 

l44.O(5) 

93.2(2) 

1 OOS(3) 

162.6(3) 

79.49(18) 

89.5(2) 

1 1 OS(2) 

107.8(2) 

14 1.4(3) 

99.4(2) 

Hg( 1 )-C l(2)-Hg(2) 96.72(19) 

' Symmetry transformation: (*) -x+l, -y+l, -z+l. 

The molecule dimerizes via Hg-Cl bridges to yield the final structure: a dinuclear Cu(I1) 

complex with an impressive [ H ~ ~ c I , ~ ] ~ -  ribbon-like bridge. The Hg-Cl bond lengths in the bridge 

range from 2.337(7) to 3.1 12(7) A and can be compared with the Hg-CI bond lengths of 2.35 A, 

2.40 A , 2.81 A, and 3.27 A in NaHgC13, which is composed of twofold polymeric ribbons of 

[ ~ ~ 2 ~ 1 6 ] ' -  units in the solid state structure.235 The substantially higher Lewis acidity of HgC12 as 

compared with H ~ ( c N ) ~ , ~ ~  may also account for the increased halide migration in 5.2 vs. the 



cyanide-containing 5.1. The Cu(ltHg(2) and Hg(1)-Hg(2) distances are 4.073 A and 4.059 A 

respectively. There are no significant intermolecular interactions between neighbouring 

[C~(bipy)~Hg~Cl& molecules. 

Figure 5.1 Molecular structure of [C~(bipy)~Hg~Cl& (9.2). 
Hydrogen atoms have been removed for clarity (ORTEP 50% ellipsoids). 

5.2.4 Structure of {[CU(~~~~)H~(CN)~C~~]~H~(CN)~) (5.3) 

The X-ray crystal structure of {[Cu(bipy)Hg(CN)2CI&Hg(CNh) (5.3), as depicted in Figure 

5.2, reveals that some general structural features of 5.1 are present in 5.3 as well: the chloride 

ligands have not migrated from the Cu(I1) centre, but bridge to a Hg(CN)2 unit via Hg(1)-CI 

bonds of 2.7867(16) and 2.923(16) A to yield a [(bipy)Cu(p-C1)(CI)Hg(CN)2] moiety. The 

Cu(I1) centre has a five-coordinate, square-pyramidal geometry, with one bipy, one chloride 

(Cu(l>C1(2) = 2.3090(16) A) and one cyano-nitrogen from the adjacent [(bipy)Cu(p- 

C1)2Hg(CN)2] group in the basal plane and the other chloride (Cu(1)-Cl(2) = 2.5560(17) A) in the 

apical position completing the coordination sphere (Table 5.4). The Cu(1)-N-cyano bond length 

of 1.967(5) A is typical of an equatorially bound N-cyanide to Cu(I1) ; this interaction is clearly 

visible as a bridging stretch in the IR spectrum of 5.3 (vm = 2242 cm"). 



Figure 5.2 Extended 1-D chain structure of {[Cu(bipy)Hg(CN)2C12]~Hg(CN)~} (5.3). 
Hydrogen atoms have been removed for clarity (ORTEP 50% ellipsoids). 

Table 5.4 Selected Bond Lengths (A) and Angles (") for {[C~(bipy)Hg(CN)~Cl~l~Hg(CN)2) 
(5.3)=. 

Selected Atoms Bond Lengths Selected Atoms Bond Length 
Cu(1)-N(1) 1.994(5) CU( 1 )-N(2) 1.998(5) 
Cu(1)-Cl(1) 2.5560(17) Cu(1 )-Cl(2) 2.3090(16) 
Cu(1)-N(12*) 1.967(5) Hg(2)-Cl( 1 ) 3.1450(16) 

Hg(l)-Cl(l) 2.7867(16) Hg( 1 ) - w )  2.9523(16) 
Hg( 1 )-C( 1 1 2.043(6) Hg( l)-C( 12) 2.042(7) 
C(11)-N(11) 1.1 OO(8) C( 1 2)-N(12) 1.1 22(8) 

HgWC(2 1) 2.005(7) C(2 1 )-N(2 1 ) 1.140(9) 
Selected Atoms Bond Angles Selected Atoms Bond Angles 
N( 1)-Cu(1)-N(2) 80.6(2) N(1)-Cu(1)-N(12*) 165.2(2) 

N(1)-Cu(1)-Cl(1) 96.95(13) N(1)-Cu(1 )-Cl(2) 94.73(14) 

N(2)-Cu(1)-Cl(1) 96.27(14) N(2)-Cu(1 )-Cl(2) 164.61(15) 

N(2)-Cu(1)-N(12*) 92.1(2) Cl(1)-Cu(1)-Cl(2) 98.87(6) 

Cl(1)-Cu(1)-N(12*) 96.80(18) C l(1 )-Hg( 1 )-Cl(2) 80.2 l(4) 

Cl(2)-Cu(1)-N(12 *) 88.94(16) Cl(1)-Hg(1)-C(1 1) 96.93(19) 

Cl(1)-Hg(1)-C(l2) 93.68(18) Cl(2)-Hg(1)-C(l1) 98.79(19) 

Cl(2)-Hg( 1 )-C( 12) 89.5(2) C(l1)-Hg(1)-C(l2) 167.5(3) 

C(12)-N(12)-Cu(l*) 177.3(6) C(2 1)-Hg(2)-C(2 1 ') 180 

Cl(1 )-Hg(2)-C(2 1) 94.6(2) Cl(1)-Hg(2)-C(2 1 ') 85.4(2) 

Hg(1)-Cl(1)-Cu(1) 89.93(5) Hg(1)-Cl(2)-Cu(1) 90.98(5) 

"ymmetry transformations: (*) -x, -y+l , -z+2; (') -x+ 1, -y+l , -z+2. 



The Hg(CN)2 units thus act as bridging ligands via the Hg(I1) centre to one copper, and via 

one cyano group to another copper. This unusual binding motif generates a "Chinese kiten- 

shaped Cu2Hg2 unit (Figure 5.2) with C, symmetry. Each tetranuclear cluster is bridged to the 

next one via two copper-bound chloride ligands at opposite ends of the cluster, which donate not 

only to Hg(1) but also to another equivalent of Hg(CN)2 situated between the clusters; each of 

these Hg(2) centres has an effective square-planar coordination (2+2) based on linear 

characteristic coordination as a result. This Hg(2)-CI(1) interaction of 3.1450(16) A generates a 

1-D chain of Cu2Hg2 clusters; a similar example has been reported where HgCl? bridges Cu4 

 cluster^."^ Thus the use of coordinately unsaturated Hg(CN)?, which accepts chloride ligands, 

increases the structural dimensionality from zero to one in complex 5.3 and is also instrumental in 

constructing the clusters described. Extended n..n- stacking of neighbouring conjugated ring 

systems characterized by interplanar distances of 3.3-3.7 A form 2-D sheets along the ac-plane. 

5.2.5 Structure of ([C~(bipy)(0H)(Cl)]~Hg(CN)~} . 2  Hz0 (5.4) 

The X-ray structure, shown in Figure 5.3, indicates that dinuclear [(bipy)Cu(p-OH)]? units 

are produced in which each Cu(I1) centre is square-pyramidal, with a chloride ligand in the apical 

position (Cu(1)-Cl(2) = 2.6709(11) A). Within the dimer, the Cu-N, Cu-0 and Cu-Cu' distances 

are all comparable with those found in other [(bipy)Cu(p-OH)] systems.'36 Each dinuclear unit in 

5.4 is connected to the next via the apical chloride ligands, which bridge to an Hg(CN)' molecule; 

each Hg(1) thus becomes effectively square-planar (2+2 based on linear characteristic 

coordination), with Hg(1)-Cl(2) bonds of 2.98O(l) A (Table 5.5). This motif is similar to that of 

{[C~(phen)2C1]2Hg(CN)~[Hg(CN)~Cl]~} (3.7) and { [ C U ( ~ ~ ~ ~ ) H ~ ( C N ) ~ C I & H ~ ( C N > , )  (5.3); the 

chloride ligands bridge via the coordinatively unsaturated Hg(CN)2 acceptors to yield a I-D chain 

of alternating [(bipy)Cu(p-OH)(C1)I2 and Hg(CN)2 units (Figure 5.3). Thus, the Hg(CN)2 units 

have effectively increased the structural dimensionality from zero to one. 



Figure 5.3 Extended I-D chain structure of {[Cu(bipy)(OH)(Cl)l2Hg(CN)2) . 2  H20 (5.4). 
Hydrogen atoms have been removed for clarity (ORTEP 50% ellipsoids). 

Table 5.5 Selected Bond Lengths (A) and Angles (q for {[C~(bipy)(0H)(Cl)]~Hg(CN)~) - 2 
H20 (5.4)a. 

Cu(1)-N(l) 2.008(3) Cu(1)-N(2) 2.008(3) 

cu( 1 )-0(2) 1.943(3) Cu(1)-q2') 1.952(3) 
Cu(1)-Cl(2) 2.6709(11) Hg(l)-C(ll) 2.081(4) 
C(11)-N(1 1) 1.077(5) Hg(l )-C1(2*) 2.980(1) 
"m - M & F ,  .I : ; 
N(1)-Cu(l )-N(2) 80.82(13) N(l )-CU( 1 )-O(2) 97.08(12) 

N(1)-Cu(1)-O(2') 175.36(13) N(2)-Cu(1)-O(2) 159.5 l(14) 
N(2)-Cu(1 )-O(2') 97.94(13) N(1)-Cu(1)-C1(2*) 87.6(1) 
N(2)-Cu(1)-C1(2*) 100.1(1) Cl(2)-Cu(1)-0(2) 97.03(9) 
Cl(2)-Cu(1 )-O(2') 100.19(9) C(1 1)-Hg(1)-C(1 1 *) 180 
O(2)-CU( 1 )-O(2') 82.51(12) Cu(1)-Cl(2)-Hg( 1) 86.46(3) 

N(1 1)-C(1 1)-Hg(1) 176.9(4) Cl(2)-Hg(1)-C(l1) 86.93(11) 
Cl(2)-Hg(1 )-C(1 1 *) 93 .07(11) Cu(1)-O(2)-CU( 1 ') 97.49(12) 

a Symmetry transformation: (*) -x, -y, -2+2; (') -x+l, -y, -2+2. 



These chains are connected by H20 molecules which form hydrogen bonds with the chlorides 

of one chain and N-cyano atom on the other (not shown) but this interaction is not magnetically 

significant as the distance between Cu(I1) centres is > 10 P\. Other coordination polymers that 

utilize Cu(I1) dimers as "complex ligands" have been reported.2379238 

5.2.6 Infrared Analysis 

Unlike the IR spectra for 3.1-3.6 which contain aromatic-amine capping ligands, the vcN 

stretches for 5.1, 5.3, and 5.4 can easily be identified. The VCN stretches range from 2146 cm-' 

(5.1) to 2242 cm-' (5.3) and are consistent with either terminal cyanide groups on non-linear 

Hg(I1) units or bridging cyanide groups (Table 5.6). 

Table 5.6 Comparison of cyanide (vCN) absorptions (cm-I) for complexes 5.1-5.4. 

Complex Bridging v(;y 

[CU(~~PY)~(P-C~)~H~(CN)~I(~.~)~~~ 2 172 (w), 2 146 (vw) 

[Cu(bipy)2Hg2Cl& (5.2)195 not applicable not applicable 

{[Cu(bipy)Hg(CN),Cl&Hg(CN)2) ( ~ . 3 ) ' ~ ~  2242 (m) 2 1 82 (w) 

{[Cu(bipy)(0H)(C1)l2Hg(CN)2) . 2 H20 (5.4)19' 2 182 (w) 

Values are determined from the maximum of the absorption peak. IR spectrometer resolution = + 2 cm-'; 
all spectra were collected as KBr pellets. 

Complex 5.1 shows two VCN stretches (2146 cm-I, 2172 cm-') consistent with terminal 

cyanide groups on non-linear Hg(I1) units with coordination numbers greater than two. These 

results are also consistent with the VCN stretches observed for the isomorphous complexes Mn(I1) 

(3.1) and Ni(I1) (3.3). 

There is a general consistency between the expected structure as predicted by the cyanide 

stretches and the observed structure from X-ray analysis for compounds 5.3 and 5.4. Compound 

5.3 shows a single bridging VCN stretch and a single terminal VCN stretch, although there are two 

different terminal cyano groups as shown in Figure 5.2. Compound 5.4 shows a single terminal 

VCN stretch consistent with the two equivalent cyano groups shown in Figure 5.3. 



5.2.7 Magnetic Properties 

For 5.1, the paramagnetic transition metal centres are well separated in space with no viable 

magnetic coupling pathway. However complexes 5.2-5.4 have structural features that might 

mediate magnetic interactions. Accordingly, the temperature (T) dependence of the molar 

magnetic susceptibility (xM) of polycrystalline samples of these three compounds were measured 

from 2-300 K. 

In [Cu(bipy)2Hg2Cl& (5.2), the Cu(1)-Cu(l*) distance of 15.4 A precludes any significant 

magnetic interactions between the two d9 centres. However, the magnetic susceptibility as a 

function of temperature was measured from 2-300 K and although Curie Law behaviour was 

observed as the temperature was lowered from 300 to 15 K (peR = 1.87 pB), a small but 

discernable drop in magnetic moment to p e ~  = 1.8 1 p~ at 2 K was also noted. The data can be fit 

to the Curie-Weiss Law, with C = 0.4371(2) and 0 = -0.132(4) K, consistent with weak 

antiferromagnetic coupling between the Cu(I1) centres. This apparent weak antiferromagnetic 

(AF) interaction may be mediated by the highly polarizable and covalent [ H ~ ~ c I , ~ ] ~ -  bridge, but 

the possibility that a small structural change at low temperature could activate a shorter pathway 

(e.g. an Hg-CI bridge between molecular units) cannot be excluded. In any event, the magnitude 

of this coupling is very small and hence was not analyzed further. 

The temperature (T) dependence of the molar magnetic susceptibility (xM) of a 

polycrystalline sample of 5.3 was measured in the temperature range 2-300 K. The plot of hfi vs. 

T is shown in Figure 5.4. At 300 K, peff = 1.95 pB, consistent with isolated S = % Cu(I1) centres. 

The p e ~  value remains constant until 25 K, at which point it begins to decrease, reaching a value 

of pe r=  1.49 pB at 2 K. The data can be fit to the Curie-Weiss Law, with C = 0.4853(9) and 0 = - 

1.33(2) K, that is consistent with the presence of weak AF interactions. Examining the X-ray 

structure from the point of view of magnetic exchange, the Cu(l)-Cu(l*) distance within one 

cluster is 6.282 A. The two through-bond magnetic pathways delineated by Cu-C1-Hg-CN-Cu, in 



which the copper centres are connected in an equatorial / equatorial fashion, can mediate 

significant magnetic  interaction^.'^^ In addition, copper centres on adjacent clusters are 

connected by axial C1-Hg-CI linkages, with a Cu(1)-Cu(l*) distance of 10 A. This intercluster 

pathway is expected to yield weaker exchange interactions due to the longer Cu-Cu distance and 

axial / axial linkage. With this structural analysis in mind, the magnetic data were fitted with two 

different models. Firstly, using the simple Bleaney-Bowers dimer model, with H = -ZISIS2 

68,187 (assuming no intercluster interactions), the best-fit values of J = -0.99(2) cm-I and g = 

2.260(3) are obtained. If the second pathway is included, then the system can in principle be 

treated as a 1-D chain of Cu(I1) dimers. Thus, using the theoretical expression for an alternating 

1-D chain of AF coupled S = % Cu(I1) centres, which uses an additional molecular field 

parameter to account for the interdimer  interaction^,'^^ the best-fit values of JI = -0.92(1) cm-I, a 

= O.l7(l) (i.e., the second coupling constant is d l ,  or -0.16 cm-I) and g = 2.260(2) are obtained; 

this fit is indicated as a solid line in Figure 5.4. 
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Figure 5.4 Temperature dependence of peff for 5.3 treated as an alternating I-D chain of AF 
coupled Cu(I1) centres; the solid line is theory (see text). 



Even though they are weak, both pathways represent unusual examples of Hg(I1) (a 

diamagnetic dl0 metal centre) mediating a magnetic interaction. As previously mentioned, other 

dl0 metal centres, including copper(I), gold(I), silver(I), and zinc(I1) have been shown by the 

Leznoff group and others to be capable of mediating magnetic exchange.8038',24'9242 

Copper(I1) hydroxo-bridged dimers have been extensively studied both experimentally and 

theoretically; the Cu-0-Cu angle and the out-of-plane 0-H/R angle are known to be key 

geometric features that control the sign and magnitude of the coupling between S = % Cu(I1) 

Specifically, Cu-0-Cu angles > 97.5" generally yield AF coupling, while angles < 

97.5" generate ferromagnetic (F) ir~teractions.'~~ The [(bipy)Cu(p-OH)]-containing structures 

that have been previously reported all exhibit strongly ferromagnetic intradimer interactions, in 

keeping with their Cu-0-Cu angles, which range from 94.5" to 97.30;'~' this angle is anion- 

dependent.236 The critical Cu-0-Cu angle in 5.4 is 97.5", which is larger than that found in other 

[(bipy)Cu(p-OH)] systems; on this basis alone, a small J-coupling should be observed. However, 

the angle of the 0 - H  group (0-H hydrogen atoms were located and refined in 5.4) relative to the 

Cu202 plane is 56", which is predicted to lead to significant ferromagnetic  interaction^.'^^^'^^ To 

explore this point, the temperature (T) dependence of the molar magnetic susceptibility (xM) of a 

polycrystalline sample of 5.4 was measured and the results are depicted as a peff V S .  T plot in 

Figure 5.5. As the temperature is lowered, per increases slowly from 2.04 p~ at 300 K to 2.22 PB 

at 25 K, consistent with the presence of ferromagnetic interactions. Below 25 K, bff decreases to 

a value of 2.08 pg at 2 K. The data were fitted assuming an intradimer ferromagnetic interaction 

and a much weaker interdimer AF interaction mediated through the CI-Hg-Cl bonds; a similar 

intercluster pathway was identified in 5.3. The data could be successfully fitted using the 

Bleaney-Bowers equation and an additional molecular field parameter ( i f ) 6 8  used under the 

assumption that if is a much smaller value as compared to J .  
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Figure 5.5 Temperature dependence of peff for 5.4 fitted using the Bleaney-Bower's equation 
with an intradirner F interaction and a much weaker interdimer AF interaction. 
The solid line is theory (see text). 

This results in the best-fit values of J = 56.3(8) cm-', g = 2.23(2) and zJ = -0.060(4) cm-'. 

The result illustrates the importance of the 0-H/R angle relative to the Cu202 plane in 

determining the sign and magnitude of the Cu-Cu coupling, as has been stressed  recent^^.^^^,'^^ It 

is predicted that if the hydrogen atom remains in the Cu202 plane, then the magnetism for most 

hydroxo-bridged Cu(I1) dimers will be antiferromagnetic. Conversely, a large out of plane angle 

results in ferromagnetic Cu(I1) dimer  interaction^,'^^"^^ as observed for 5.4. The data could not 

737,248 be fitted with the 1-D chain model for alternating F / AF coupled S = % centres- due to the 

relative weakness of JAF vs. JF. The slightly larger interdimer coupling constant in 5.3 compared 

to 5.4 can be attributed both to the shorter Cu-CI distances (2.5560(17) vs. 2.6709(11) A) and 

larger Cu-C1-Hg angle ( 1  22.05(3)" vs. 86.46(3)') in 5.3 vs. 5.4, both of which enhance the orbital 

overlap necessary for magnetic exchange. 



5.3 CONCLUSIONS 
While attempting to synthesize single crystals of {(bipy)Cu[Hg(CN)2]l)HgCl4, three different 

coordination polymers that incorporate linear, neutral Hg(CN)2 units as ligands have been 

isolated, as well as a related complex using HgC12. As previously demonstrated, these dlo centres 

can increase structural dimensionality by acting as low-coordinate Lewis acids, accepting, 

chloride ligands from complex cations in a bridging fashion and the Hg(CN)2 units can mediate 

magnetic exchange through the diamagnetic Hg(I1) centre, thereby increasing the magnetic 

dimensionality of the coordination polymers as demonstrated by complexes 5.3 and 5.4. 

Unexpectedly, the use of the more Lewis-acidic HgC12 unit did not induce the formation of 

tetrahedral [ H ~ c I ~ ] ~ -  units in any of the single crystal products formed as was observed for 

complexes 3.10, 4.1, and 4.4. Even though IR and EA analysis of one product indicated possible 

{(bipy)Cu[Hg(CN)2]2)HgCI4 formation, no X-ray crystallographic data could be obtained to 

support this result. However, it remains possible that the use of other recrystallization techniques, 

such as the use of different solvents or hydrothermal reaction conditions, may result in the 

formation of {(bipy)C~[Hg(CN)~]~)HgC14 as single crystals. 

Although the bipy ligand was shown to induce N-cyano coordination of the Hg(CN)* units 

(complex 5.3), the use of different bidentate ligands should be investigated to form 

{(L)Cu[Hg(CN)2]2)HgCI4 2-D layer structural analogues. Investigation into the formation of 

structural analogues having different tetrahedral units-, such as R MOO^]'- for example, should also 

be examined. 

5.4 EXPERIMENTAL 

5.4.1 Preparation of [C~(bipy)~(p-Cl)~Hg(CN)~] (5.1) 

To a 15 mL aqueous solution of CuCI2 . 2 H 2 0  (0.067 g, 0.39 mmol), a methanolic solution 

of bipy (stock solution, 0.79 mmol) was added dropwise with stirring. A 10 mL aqueous solution 

of Hg(CN)? (0.100 g, 0.40 mmol) was added to this blue solution and was stirred for 5 minutes. 



The solution was allowed to slowly evaporate. Blue-green crystal blocks of [ C u ( b i ~ ~ ) ~ ( ~ -  

C1)2Hg(CN)2] (5.1) were collected by vacuum filtration, washed with two 1 mL portions of cold 

water followed by two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.207 g 

(75%). Anal. Calcd. for C ~ ~ H I ~ N ~ C ~ ~ C U H ~ :  C, 37.78; H, 2.31; N, 12.02. Found: C, 38.05; H, 

2.27; N, 12.05. IR (KBr, cm-I): 3735 (vw), 3202 (w), 3109 (m), 3073 (m), 3056 (m), 3033 (m), 

2987 (w), 291 8 (vw), 2883 (vw), 2776 (vw), VCN 2172 (w), 2146 (vw), 2046 (w), 1961 (w), 1913 

(w), 1892 (w), 1849 (w), 17 15 (vw), 1676 (vw), 1605 (s), 1566 (m), 1538 (m), 1494 (s), 1477 (s), 

1443 (s), 14 19 (m), 1396 (m), I36 1 (m), 13 19 (s), 1282 (w), 1252 (m), 122 1 (w), 1 1 86 (m), 1 163 

(s), 1 105 (w), 1063 (m), 1027 (s), 101 3 (s), 958 (w), 906 (w), 89 1 (w), 8 14 (m), 775 (vs), 733 (s), 

658 (s), 63 1 (m), 439 (vw), 409 (s). 

5.4.2 Preparation of [ C ~ ( b i p y ) ~ H g ~ C I ~ ] ~  (5.2) 

To a 10 mL aqueous solution of CuC12 . 2 H20  (0.067 g, 0.39 mmol), a methanolic solution 

of bipy (stock solution, 0.79 mmol) was added dropwise with stirring. A 10 mL aqueous solution 

of HgC12 (0.213 g, 0.78 mmol) was added, with stirring, to this blue solution resulting in an 

immediate white precipitate that was left to settle. The mixture was then decanted, and the pale 

blue solution was allowed to slowly evaporate. Small blue crystal platelets of [Cu(bipy)2Hg?Cl& 

(5.2) were collected by vacuum filtration, washed with two 1 mL portions of cold water followed 

by two 1 mL portions of cold methanol, and were left to air dry. Yield: 0.1 03 g (26%). Anal. 

Calcd. for C ~ O H I ~ N ~ C ~ ~ C U H ~ ~  : C, 24.27; H, 1.63; N, 5.66. Found: C, 24.01; H, 1.60: N, 5.50. IR 

(KBr, cm-I): 3733 (vw), 3108 (vw), 3084 (w), 3060 (w), 3052 (w), 3034 (vw), 2017 (vw), 1974 

(vw), 1935 (vw), 1862 (w), 1602 (m), 1567 (m), 1493 (m), 1474 (m), 1443 (s), 141 9 (m), 1392 

(w), 1340 (w), 13 16 (m), 125 1 (m), 12 15 (w), 1 172 (m), 1 1 57 (m), 1 105 (m), 1066 (w), 1044 (w), 

1 028 (m), 10 14 (m), 973 (vw), 90 1 (w), 8 1 0 (w), 769 (vs), 729 (m), 660 (m), 634 (w), 496 (vw), 

439 (vw), 419 (m). 



5.4.3 Preparation of {[Cu(bipy)Hg(CN)2Cl2]2Hg(CN)2) (5.3) 

To a 15 mL aqueous solution of CuC12 . 2 H20 (0.067 g, 0.39 mmol), a methanolic solution 

of bipy (stock solution, 0.39 mmol) was added dropwise with stirring. A 10 mL aqueous solution 

of Hg(CN)2 (0.150 g, 0.59 mmol) was added to this blue solution and was stirred for 10 minutes. 

The solution was allowed to slowly evaporate. Dark blue crystal blocks of 

{[Cu(bipy)Hg(CN)2C12]2Hg(CN)2) (5.3) were collected by vacuum filtration, washed with two 1 

mL portions of cold water followed by two 1 mL portions of cold methanol, and were left to air 

dry. Yield: 0.171 g (65%). Anal. Calcd. for CI6H8N8Cl2CuHg3: C, 23.32; H, 1.20; N, 10.46. 

Found: C, 23.12; H, 1.21; N, 10.43. IR (KBr, cm-I): 3737 (vw), 3207 (vw), 3 1 13 (w), 3095 (w), 

3084 (w), 3063 (w), 3034 (vw), 2983 (vw), v c ~  2242 (m), 2182 (w), 2034 (w), 1952 (w), 1874 

(w), 1612 (m), 1602 (s), 1567 (m), 1539 (w), 1498 (m), 1474 (m), 1445 (s), 1399 (w), 1339 (w), 

13 12 (s), 1280 (vw), 125 1 (m), 1224 (w), 1 173 (m), 1 154 (m), 1 1 10 (m), 106 1 (m), 1033 (m), 

1020 (m), 977 (m), 905 (m), 808 (m), 778 (vs), 748 (m), 730 (s), 662 (m), 650 (m), 640 (m), 502 

(m), 434 (m), 421 (m). 

5.4.4 Preparation of {[C~(bipy)(0H)(Cl)]~Hg(CN)~} . 2  H 2 0  (5.4) 

To a 15 mL aqueous solution of CuClz . 2 Hz0 (0.067 g, 0.39 mmol), a methanolic solution 

of bipy (stock solution, 0.39 mmol) was added dropwise with stirring. A 10 mL aqueous solution 

of Hg(CN)2 (0.050 g, 0.20 mmol) was added to this blue solution with stirring. The solution was 

made basic by the addition of 10 mL NH40H (conc.) and allowed to slowly evaporate. Dark blue 

plate-shaped crystals of {[Cu(bipy)(OH)(Cl)]zHg(CN)2) . 2 HI0 (5.4) were collected by vacuum 

filtration, washed with two 1 mL portions of cold water followed by two 1 mL portions of cold 

methanol, and were left to air dry. Yield: 0.080 g (49%). Anal. Calcd. for C22H22N604C12C~2Hg: 

C, 3 1.72; H, 2.66; N, 10.09. Found: C, 3 1.61; H, 2.60; N, 9.89. IR (KBr, cm-I): 3735 (w), 3493 

(vs), 3436 (vs), 3 1 14 (w), 3082 (m), 3057 (m), 3036 (m), 2987 (vw), 2948 (vw), 2922 (vw), 2892 

(vw), 2784 (vw), v c ~  2182 (w), 2035 (vw), 193 1 (vw), 1879 (vw), 1605 (s), 1578 (m), 1568 (w), 



1538 (w), 1500 (m), 1479 (m), 1446 (s), 1392 (w), 1361 (w), 1321 (s), 1255 (m), 1215 (vw), 1178 

(w), 1 162 (m), 1 108 (m), 1079 (vw), 1032 (m), 10 18 (m), 979 (m), 949 (m), 9 13 (w), 808 (vw), 

770 (s), 747 (m), 732 (s), 661 (m), 638 (m), 535 (w), 483 (m), 429 (m), 41 1 (s). 



APPENDIX 1 

SUMMARY OF CRYSTALLOGRAPHIC DATA 

The following pages contain summary tables of the crystallographic data and refinement 

details for all reported structures contained in this thesis. The complete list of fractional atomic 

coordinates and equivalent isotropic thermal parameters (U(iso) in A') are collected in Appendix 

2. Details regarding the collection data methods can be found in the experimental sections of 

Chapters 2,3,4,  and 5. 
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APPENDIX 2 

FRACTIONAL ATOMIC COORDINATES 

Note: Unless otherwise stated, the occupancies for all the atoms in the tables contained in this 

appendix are 1 .O. 

A2.1 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for [PPN][Hg(CN)2CI] . H20 (2.1). 

Atom x Y z u(iso)(hi2) Occ 





A2.2 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for ["Bu~N][H~(CN)~CI] . 0.5 H 2 0  (2.2). 

Atom x Y z u(iso)(A2) Occ 





H72 

H8 1 

H82 

H83 

H9 1 

H92 

HlOl 

H 102 

HI31 

H 132 

H141 

H142 

H143 

H151 

HI52 

H161 

H I62 

H171 

H 172 

HI81 

H 182 

HI83 

0 1 

H 1 

H2 

A2.3 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A*) for ~i(terpy),][Hg(CN)ZC1]2 (2.4). 

Atom x Y z u(iso)(A2) 



Nil 

CI 1 

C12 

N 1 

N2 

N3 

N4 

N5 

N6 

N11 

N12 

N2 1 

N22 

C11 

C12 

C2 1 

C22 

C 1 

C2 

C3 

C4 

C5 

C6 

C7 

C8 

C9 

C 10 

C 13 

C14 

C15 

C16 





A2. 4 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for [ C U ( ~ ~ ) ~ ] [ H ~ ( C N ) ~ C I ] ~  (2.5). 

Atom x Y z u(iso)(W2) 



A2. 5 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for [Co(en)~l[Hg(CN)zClzl{[Hg(CN)~lzCl) (2.6). 

Atom x Y z u(iso)(A2) 





A2. 6 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for [CO(NH~)~]~[H~(CN)~]~C~~ . 2 H20 (2.7). 

Atom x Y z u(iso)(bi2) Occ 



A2.7 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A*) for [Mn(bipy)&-C1)2Hg(CN)2] (3.1). 

Atom x Y z u(iso)(A2) 

Hgl 

Mn l 

C11 

N 1 

N2 

N3 

C 1 

C2 

C3 

C4 

C 5 

C6 

C7 

C 8 

C9 

CIO 

Cl1  

H2 



A2. 8 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for [Ni(bipy)2(p-C1)2Hg(CN)2] (3.2). 

Atom x Y z LJ(iso)(bi2) 

Hgl 

Nil 

C11 

N 1 

N2 

N3 

C 1 

C2 

C3 

C4 

C5 

C6 

C7 

C 8 

C9 

C 10 

C11 

H2 

H3 

H4 



A2.9 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for [Mn(phen)2(p-C1)2Hg(CN)2] (3.3). 

Atom x Y z u(iso)(A2) 





A2. 10 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for [Ni(phen)2(p-Cl)~Hg(CN)2] (3.4). 

Atom x Y z u(iso)(A2) 



A2. 11 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for [Cu(terpy)C12(p-Hg(CN)2)1 (3.5). 

Atom x Y z u(iso)(A2) 



A2. 12 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for ([CU(~~~~)~CI]~H~(CN)~[H~(CN)~C~]~ (3.6). 

Atom x Y z u(iso)(A2) 





A2. 13 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for [Cu(dien)CI] [Hg(CN)*Cl] (3.7). 

Atom x Y z u(iso)(A2) 



A2. 14 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for [Cu(tren)Hg(CN),CI][HgXfl] (3.8). 

Atom x Y z u(iso)(A2) Occ 



A2. 15 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for f [Ni(en)z]Hg(CN),l,C12)2 (3.9). 

Atom x Y z u(iso)(A2) 







A2. 16 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for {[Ni(t~en)]4[Hg(cN)~]~CI~) HgC14 (3.10). 

Atom x Y z u(iso)(hi2) 





A2. 17 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for {(tmeda)Cu[Hg(CN)&} HgC14 (4.1). 

Atom x Y z u(iso)(A2) 

A2. 18 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for {(trneda)C~[Hg(CN)~]~} HgBr4 (4.2). 

Atom x Y z u(iso)(di2) 



A2. 19 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for ((tmeda)C~[Hg(CN)~]~}HgI~ (4.3). 

Atom x Y z u(iso)(A2) 



A2. 20 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for {(tmeda)Ni[Hg(CN)?]d HgC14 (4.4). 

Atom x Y z u(iso)(A2) 

Hgl 

Hg2 

Nil 

C11 

N 1 

N2 

C 1 

C2 

N3 

C3 

C4 

H3 1 

H32 

H33 

H4 1 

H42 

A2.21 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for {(tmeda)Ni[Hg(CN)2]2) HgBr4 (4.5). 

Atom x Y z ~(iso)(A') 

Hgl 1.22886(8) 0.27 1 14(8) 0.05622(15) 0.0480 

Hg2 1 SO00 0.5000 0.0000 0.0573 

Nil 1 .OOOO 0.5000 -0.3222(6) 0.029 1 

Br l 1.4578(2) 0.3101(2) -0.1459(3) 0.0580 

N 1 1.0943(18) 0.4057(18) -0.181(4) 0.0563 



A2.22 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for {(tmeda)Ni[Hg(CN)2]2) Hg14 (4.6). 

Atom x Y z u(iso)(hi2) 

Hgl 

Hg2 

I1 

Nil  

N 1 

C 1 

N2 

C2 

N3 

C3 

C4 

H3 1 

H32 

H33 

H4 1 

H42 



A2.23 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for [Cu(bipy)2(p-C1)2Hg(CN)2] (5.1). 

Atom x Y z u(iso)(A2) 



A2.24 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for [Cu(bipy)2Hg2CI& (5.2). 

Atom x Y z u(iso)(bi2) 





A2.25 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A') for {[C~(bipy)Cl]zHg(CN)z[Hg(CN)~Cl]~) (5.3). 

Atom x Y z u(iso)(A2) 



A2.26 Fractional Atomic Coordinates and Equivalent Isotropic Thermal Parameters (U(iso) in 
A2) for {[Cu(bipy)(OH)Cl]~Hg(CN)2) . 2 H20 (5.4). 

Atom x Y z u(iso)(A2) 
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