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Abstract

This thesis focuses on incorporating Au(CN) –
2 with zinc(II) and lead(II) to form

diamagnetic coordination polymers. These cations were chosen based on the materials

properties of previous Au(CN) –
2 containing coordination polymers.

Four polymorphic forms of Zn[Au(CN)2]2 were synthesized. A zinc(II) centre in

a tetrahedral geometry was always observed with Au(CN) –
2 units at each tetrahe-

dral vertex. 3-D networks based on corner-sharing tetrahedra with various degrees of

interpenetration were formed. Gold-gold interactions of 3.11 – 3.33 Å link the net-

works. Three polymorphs are luminescent, with emissions ranging from 390 – 480 nm.

Upon exposure to ammonia vapour, the polymers alter their structure and emission

energies. The adsorption route is dependent on the polymorph used.

Five lead(II)-coordination polymers, Pb(H2O)[Au(CN)2]2, Pb[Au(CN)2]2,

Pb(phenanthroline)2[Au(CN)2]2, Pb(bipyridine)2[Au(CN)2]2, and

Pb(ethylenediamine)[Au(CN)2]2 were synthesized in order to determine the type of

polymers lead(II) and Au(CN) –
2 produced; the polymers were also investigated by

solid-state NMR spectroscopy. The more basic the ligand, and/or the less π-accepting

the ligand, the more stereochemically active the lead(II) lone pair is. The span and

isotropic chemical shift parameters of the 207Pb NMR increase with lone pair activity.

The birefringence of Pb(H2O)[Au(CN)2]2 is 0.070. Substituting the water molecules

in Pb(H2O)[Au(CN)2]2 with terpyridine produced a polymer with a birefringence of

0.396. Substituting Au(CN) –
2 with Ag(CN) –

2 , or lead(II) with manganese(II) elicits

no significant change in the birefringence, which was thus attributed to the terpyri-

dine ligand aligned face-to-face by the polymer framework. Substituting the terpyri-

dine with other terpyridine-based ligands such as 2-(2-pyridyl)-1,10-phenanthroline or
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4’-Bromo/Chloro-2,2’:6’,2”-terpyridine produces polymers with birefringences ranging

from 0.26 to 0.59. A recipe for birefringent coordination polymers was thus developed:

Highly anisotropically polarizable ligands with judiciously substituted halogen atoms

arranged face-to-face on a M[Au(CN)2]2 polymer framework.

Related bismuth(III) and thallium(I) compounds with Au(CN) –
2 were synthe-

sized and structurally characterized as proof-of-principle. Most bismuth(III) poly-

mers, such as [Bi(terpyridine)(H2O)(µ−OH)]2[Au(CN)2]4, formed hydroxide-bridged

dimers. Acidic (HNO3) synthetic conditions generated a series of compounds, includ-

ing Bi(phenanthroline)2[Au(CN)2](NO3)2 ·H2O, which contained a short bisumth(III)-

gold(I) interaction. The thallium(I) polymer Tl(phenanthroline)[Au(CN)2] shows a

parallel alignment of the phenanthroline and Au(CN) –
2 units.

This thesis clearly demonstrates that rational design of coordination polymers is

a powerful tool.
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“We don’t receive wisdom; we must discover it for ourselves after a journey that no

one can take for us or spare us.”

— Marcel Proust (1871 - 1922)
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in Å2) for Hg(terpy)2[Au(CN)2]2 . . . . . . . . . . . . . . . . . . . . . 264

B.14 Fractional atomic coordinates and isotropic thermal parameters (U(iso)
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Chapter 1

Introduction∗

Materials chemistry exploits the interactions and properties of electrons, atoms,

and molecules in order to synthesize compounds with desired properties. (1) For ex-

ample, redox-active compounds which absorb light could be used to harness solar

radiation as an alternative energy source. (2–4) Porous materials (5–7) have applications

as gas storage devices. (8–10) Magnetic materials can be used in electronic devices, or

to make smaller, stronger magnets. (11) Materials chemistry is an ever-expanding field

because of these, and many other, applications.

Most materials properties depend on the molecular structure and/or crystal struc-

ture. As such, one of the primary goals of materials chemists is to investigate the

structure-property relationship. What features of the material increase or otherwise

improve the properties of interest? Some of the properties outlined above, such as

porosity and magnetism depend on or are enhanced by the formation of extended

networks. Extended networks are compounds in which each molecule is linked to at

least two other molecules via some bridging ligand/atom. Metal-oxides are one of the

most common extended networks in materials chemistry. They contain metal cen-

tres linked to one another via bridging oxygen atoms. Unfortunately, modification of

∗Part of the work in this chapter is reproduced with permission from M. J. Katz, K. Sakai, and D.
B. Leznoff, “The use of aurophilic and other metal-metal interactions as crystal engineering design
elements to increase structural dimensionality”, Chemical Society Reviews, vol. 37, pp. 1884 - 1895,
2008 Copyright 2008 Royal Society of Chemistry
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Chapter 1. Introduction 2

metal-oxide compounds often requires high temperature, and/or high energy light ir-

radiation. Furthermore, there is a limited number of substitutable metal centres and

bridging atoms (even if non-oxide bridging atoms are incorporated). Coordination

polymers flourish in these areas of synthetic ease and flexibility in comparison with

their metal-oxide predecessors.

1.1 Coordination polymers

Coordination polymers are extended networks in which metal cations, Lewis-acids

(Purple balls, Figure 1.1), are bridged by a bridging ligand, Lewis-bases (gold rods,

Figure 1.1). Coordination polymers can extend “infinitely” in one direction, forming

a 1-D extended network. They can extend “infinitely” in two directions, forming 2-

D extended networks, or “infinitely” in all three directions, forming a 3-D extended

network as shown in Figure 1.1.

The geometry, or topology, of a coordination polymer is governed by the geometry

of the metal cation as well as the number of available coordination sites (see below),

the geometry of the bridging ligand, and to some extent, the charge of these units.

The metal cation can be thought of as a node, or anchor point for the bridging

ligand. A tetrahedral metal centre will not produce the same type of polymer as an

octahedral metal centre. For example, diamond consists of tetrahedral carbon atoms

while graphite consists of trigonal planar carbon centres. While these two compounds

are not coordination polymers, their structures and properties illustrate that different

connectivities can produce very different properties. Diamond is one of the hardest

materials known, while graphite is a soft material used in pencils and as a lubricant. (12)

The bridging ligand contains two or more Lewis-base functional groups arranged

in a manner which prevents metal chelation and promotes metal bridging. Lewis-

base functional groups such as cyanides, carboxylates, amines, and pyridines have

been used. These functional groups can be connected to an organic moiety such as

in benzene-1,2-dicarboxylic acid, (13) or these groups can be connected to other metal

cations to form bridging “metal-complex as ligand” units such as in
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+

1-D      2-D                    3-D

Mn+          Bridging ligand

Figure 1.1: The addition of metal cations and bridging ligands, forming 1-D, 2-D,
and 3-D extended structures.

Ru(pyrazine)4Cl2. (14) Bridging units with a wide range of geometry, including lin-

ear, bent, trigonal, tetrahedral, square planar, and octahedral, have all been utilized

in the design and synthesis of coordination polymers.

Further control over the polymer can be achieved by including capping ligands:

Mono or multidentate ligands which decrease the number of coordination sites avail-

able around the metal cation. For example, the purple metal cations in Figure 1.1

have six available coordination sites. In the 1-D chain there are four sites not occupied

by bridging ligands. These four sites would have to be occupied by capping ligands,

preventing the formation of 2-D or 3-D structures. Furthermore, capping ligands not
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(a)                          (b)            (c)       (d)

Figure 1.2: Depending on the arrangement of the capping ligands (blue balls),
different types of 1-D structures can be synthesized: (a) linear chain, (b) zig-zag
chain (c) ladder/ribbon (d) column.

only control the degree of dimensionality (i.e., 1-D vs. 2-D vs. 3-D), they can also

control the geometry and topology of a 1-D, 2-D, or 3-D network. Depending on

which coordination sites are occupied by capping ligands, a linear, zig-zag, ladder,

ribbon, or column 1-D structure topology can be attained (Figure 1.2). Other types

of 1-D structures are also possible. (15)

Two terms which come up often in coordination polymer research, and indeed

have already appeared in the previous pages, are topology and geometry. The 1-D

chain and 1-D zig-zag chain in Figure 1.2 are geometrically different, but they are

topologically the same (i.e., they are topological isomers). Thus, if any zig-zag chain

(not necessarily a coordination polymer) is stretched it becomes a linear 1-D chain.

However, the 1-D ladder in Figure 1.2c is not topologically equivalent to the 1-D chain

(i.e., links would have to be cut in order to convert from one topology to another). (15)

It is important to note that some properties may depend on geometry, while others

may only depend on topology (some properties may depend on both, or neither).

For example, a copper wire and a copper coil will both conduct electricity, thus the

property is not dependent on geometry. However, while a steel bar can be used to keep

things a fixed distance apart, a steel coil can be used as a shock absorber, allowing

some flexibility between the two objects at either end of the coil. I would not want

to replace the shocks in my car with a steel bar. Thus, for this application, topology
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is important.

On the basis that structure defines function, (1) it is important to be able to ratio-

nally design extended networks, i.e., increase structural dimensionality. In order to do

so, it is imperative to choose an appropriate metal-ligand combination for the prop-

erty of interest. For example, the key requirement in the design of porous materials is

the presence of an accessible pore. To that end, many bridging ligands continue to be

examined. The problem with many of these systems is that either the bridging ligand

does not occupy enough space, and an additional network occupies the free space

not occupied by the original network (network interpenetration), (15) or the bridging

ligand occupies too much space, and it blocks access for hydrogen or nitrogen gas (the

usual suspects) to internal pores. (5,16,17)

1.1.1 Synthesis of coordination polymers

Another strength of coordination polymer research is their relative ease of synthesis.

The synthesis is most often carried out at room temperature on a bench-top in envi-

ronmentally benign solvents such as water, methanol, or ethanol. Each building block

is dissolved in an appropriate solvent. Generally, capping ligands are first added to

the metal cation, limiting the number of free coordination sites on the metal cation.

In order to form an extended network, a minimum of two coordination sites must

remain available on the metal cation. The bridging ligand is then added to the mix-

ture. If the synthesis is successful, there are two possible outcomes: An immediate

precipitate of a coordination polymer occurs, or slow evaporation of the solvent yields

crystals of a coordination polymer.

Although the synthesis methodology appears straightforward, the synthesis is not

always clean. Most often this problem revolves around a combination of the solubility

of the polymer, starting materials or counterion salts, and side reactions that could

form undesirable byproducts. In the worst case scenario an intractable mixture of

all of the above compounds is produced. There are several routes to circumvent

these solubility-related pitfalls associated with coordination polymer research. In

particular, changing the solvent, or using solvent mixtures, is often sufficient to change



Chapter 1. Introduction 6

crystallization conditions to favour clean product formation. Other solvents used in

coordination polymer synthesis include acetonitrile, DMSO, nitromethane, and DMF.

Changing the counterions on the starting materials (e.g., M(ClO4) x instead of MClx)

can also help, as this changes the solubility of both the starting materials and any

byproduct salt produced (e.g., KClO4 vs. KCl).

Coordination polymer research revolves around the structure-property relation-

ship. The simplest method of determining the coordination polymer structure is by

single crystal X-ray diffraction (see 1.3.3 below) At times, the synthesis of a coordina-

tion polymer is successful but an immediate microcrystalline precipitate forms rather

than single crystals of sufficient quality, or perhaps crystals form but are of too poor

quality for a single crystal X-ray diffraction experiment. While under these condi-

tions powder X-ray diffraction (see below) methods can be used, due to the presence

of both ligands and metals, determining a structural solution can be very challeng-

ing. (18) In general, there are several methods used to try to produce crystals suitable

for single crystal X-ray diffraction: (1) Changing solvents and/or counterions is often

sufficient to induce single crystal product formation. (2) Repeating the reaction un-

der more dilute reaction conditions can slow crystal growth, which may yield X-ray

quality crystals. (3) Slow diffusion of reagents into one another (e.g., in an H-shaped

tube) is another method by which crystals can be grown, once again by slowing crys-

tal growth. (4) Solvatothermal crystallization/recrystallization can also yield X-ray

quality crystals. (19) In a solvatothermal reaction, the reagents or the preformed com-

plex are sealed in an ampule partially filled (ca. 50%) with a solvent. The ampule is

heated to a temperature higher than the boiling point of the solvent (20-30% in this

thesis), after which it is slowly cooled to room temperature over several days (usually

3-7). Other methods of synthesizing/crystallizing coordination polymers have also

been reported. (20–22)
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C N

C N

(a)

(b) M          M’

Figure 1.3: (a) σ bond from the lone pairs on the carbon and nitrogen σ∗ orbitals to
the metal d orbitals. (b) π-backbonding from the metal d orbitals to the unoccupied
π∗ antibonding orbitals on the cyanide.

1.2 Cyanometallate-containing coordination poly-

mers

The cyanide anion can act as a linear bridging ligand. Both the carbon and the nitro-

gen atoms contain a lone pair of electrons, which act as σ-donors, capable of bridging

two metal centres (Figure 1.3). (23,24) Furthermore, the π∗-antibonding orbitals of the

cyanide anion can accept electron density from the metal cation, strengthening the

M−C and M−N bond (thus weakening the C−−−N bond).

The reaction of the cyanide anion and a metal cation preferentially forms a M−C

bond, followed by a M−N bond. The outcome of this reaction can form a homometal-

lic coordination polymer, as observed for zinc(II), cadmium(II), and gadolinium(III)

cyanides. (25–27) The M(CN)2 (M = Zn, Cd) polymers show large negative thermal

expansion coefficients (NTE). (25) However, the real strength of the cyanide bridging

ligand is not in its ability to form homometallic coordination polymers, but rather

its ability to form stable cyanometallate building blocks. Cyanometallates are neu-

tral or anionic building blocks having the formula M(CN) y –
x (x = 2 - 8, y = 0 - 6).

These building blocks have received a great deal of attention in the rational design of

coordination polymers. (28)

Most cyanometallate building blocks are extremely stable since the M−C bond is
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FeIII        N     C               FeII

Figure 1.4: The crystal structure of Prussian Blue, Fe4[Fe(CN)6]3 · 14 H2O. Water
molecules removed for clarity. Colour scheme: Iron(II), yellow; iron(III), purple;
carbon, green; nitrogen, blue.

not easily displaced. (23) For example, heterobimetallic coordination polymers can be

easily synthesized by taking a cyanometallate made with one metal centre, and adding

it to a solution of a different metal cation. Each metal centre acts as a node, with the

potential to introduce different geometries and/or properties to the final coordination

polymer.

The most widely known cyanometallate coordination polymer is Prussian Blue,

Fe4[Fe(CN)6]3 · 14 H2O (Figure 1.4). Prussian Blue contains an iron(III) metal centre

linked via an iron(II) hexacyanometallate. Prussian Blue, discovered in 1704, (29) has

had a rich history, not only in science where it is a magnet below 5.6 K (30) and a cure

for thallium(I) poisoning, (23) but as a blue pigment and dye. (31) The magnetic ordering

of Prussian Blue has led people to replace either of the two iron centres with different

paramagnetic metal centres with the goal of synthesizing a room-temperature coordi-

nation polymer magnet. For example, in the M II
3 [Cr III(CN)6]2 (M = V(II) - Cu(II))
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system of Prussian Blue-like coordination polymers, magnetic ordering ranges from

16 K for the iron(II) system, all the way to 315 K for the vanadium(II) polymer. (30)

These cubic networks have also been used to encapsulate gases such as oxygen, hydro-

gen, and carbon dioxide. (32,33) For example, M II
3 [Co III(CN)6]2 is capable of binding

oxygen gas (M = Mn, Fe, Co, Ni, Cu, Zn, Cd). (32)

In the above examples, the metal centres were substituted, leaving the geome-

try of the bridging cyanometallate group unchanged. However, other cyanometal-

lates are available with different geometries. For example, the Hofmann clathrates,

Ni(NH3)2[Ni(CN)4] · 2 Guest, form a 2-D, square-planar network in part due to the

square-planar tetracyanonickelate building block. These 2-D sheets stack on top of

one another like a stack of paper. If synthesized in the presence of certain guest

molecules, such as benzene, thiophene, pyrrole, and furan, these guest molecules in-

corporate between neighbouring sheets. However, when the synthesis is carried out

with other guests such as alkylbenzenes, halobenzenes and napthalenes, no inclusion

is observed. (23) Many other cyanometallate geometries have also been reported, (23,24)

ranging from eight- to two-coordinate, giving a large diversity to the rational de-

sign of coordination polymers. As a building block, cyanometallates offer a par-

ticular advantage to purely organic building blocks such as the commonly utilized

4,4’-bipyridine; (34) namely, it is synthetically more cumbersome to design and syn-

thesize this breadth of heterobimetallic coordination polymers with a purely organic

building block such as 4,4’-bipyridine.

One cyanometallate that has received relatively little attention in coordination

polymer research is the linear dicyanoaurate anion, Au(CN) –
2 . This is surprising

considering that the related Ag(CN) –
2 building block has received substantially more

attention. (35) This state of affairs is even more surprising when the formation con-

stant of these two building blocks is taken into account. The formation constant for

Au(CN) –
2 (β2 = 1037) is significantly larger than that of Ag(CN) –

2 (β2 = 1020.44) (24)

and thus the gold-analogue should be a vastly more stable building block. In fact,

the lability of Ag(CN) –
2 has been shown to be a complicating feature when synthe-

sizing Ag(CN) –
2 containing coordination polymers. To illustrate this point, the prod-

uct of the reaction of zinc(II), copper(II), or nickel(II) with en and Au(CN) –
2 forms
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Au NN

Au NN

Figure 1.5: Au(CN) –
2 is capable of increasing structural dimensionality via both

C−−−N→M bonds and gold-gold interactions (dashed lines).

{M(en)2[Au(CN)2]}[Au(CN)2]. (36–38) However, when Ag(CN) –
2 is used, then either

{M(en)2[Ag(CN)2]}[Ag(CN)2] (M = Zn, Cu), (39,40) {Cu(en)2[Ag2(CN)3]}-
[Ag(CN)2], (41) or Ni(en)2[Ag2(CN)3]2 is formed in which the Ag2(CN) –

3 unit was gen-

erated in situ. (42) Even worse, silver-free Ni(CN) 2 –
4 containing polymers via CN –

attack of nickel(II) cations, and silver-free Cu(CN) –
2 containing polymers via reduc-

tion of copper(II) to copper(I) by cyanide and subsequent CN – binding have been

isolated from these systems. (41)

1.2.1 Au(CN)–
2 as a building block

As a bridging ligand, Au(CN) –
2 retains the stability of cyanometallates, while also

offering several advantages to other cyanometallate building blocks. First of all,

Au(CN) –
2 is a linear, two-coordinate bridge. As such, Au(CN) –

2 is more predictable

than other cyanometallates. For example, a 1-D chain formed with Au(CN) –
2 can

only be formed through the two trans-cyanides, forming a M−N−−−C−Au−C−−−N−M

chain (Figure 1.5). Alternatively, a 1-D chain formed with a metal cation and a

hexacyanometallate such as Fe(CN) 3 –
6 , is less predictable because a linear 1-D chain

could form via the trans-cyanides, or a zig-zag chain could form via the cis-cyanides

(Figure 1.2).

Most cyanometallates are only capable of increasing structural dimensionality via

the formation of M−N bonds. However, Au(CN) –
2 has an additional method of in-

creasing structural dimensionality (Figure 1.5). Complexes containing gold(I) are
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PMe3

Ph2P PPh2

PMe3

Ph2P PPh2

Au Au

Cl Cl
syn/anti             syn/syn

Figure 1.6: (Left) The low energy syn/anti configuration of the
Ph2P−C(−−PMe3)−PPh2 ligand. (Right) The low energy syn/syn configuration of
the (Cl−Au−(Ph2)P)2−C−−PMe3 complex.

known to be attracted to one another; this effect has been termed “aurophilicity”. (43,44)

Aurophilicity is the propensity of neutral, cationic, and/or anionic gold(I) species to

form gold-gold interactions. This type of attraction only occurs with closed shell

metals such as gold(I). The presence of gold-gold interactions is often determined by

crystallography. When two or more gold(I) atoms are separated by less than the sum

of their van der Waals radii (estimated to be 3.6 Å), (45) then a gold-gold interaction

is said to be present.

Non-crystallographic evidence for gold-gold interactions has also been observed.

Firstly, compounds which are said to exhibit gold-gold interactions are often lumines-

cent. This is clearly the case in the solid-state, (46–50) but surprisingly is also observed

in solution. (51) Thus, as the solution concentration of KAu(CN)2 increases, the emis-

sion shifts to lower energy. (51) For example, an aqueous 0.0300 M KAu(CN)2 solution

has two emission peaks at 400 and 430 nm. At 0.200 M there is only one emission

band at approximately 450 nm. Similar trends were observed in methanol as well. (51)

This phenomenon has been attributed to the oligomerization of anionic Au(CN) –
2

in solution via the formation of gold-gold interactions. (51) Another compelling sup-

porting experiment was the variable temperature NMR of Ph2P−C(−−PMe3)−PPh2

and its AuCl complex (Cl−Au−(Ph2)P)2−C−−PMe3. (45) At room temperature, the

free ligand exists in a syn/anti conformation (Figure 1.6). The energy required to
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switch the ligand from syn/anti to syn/syn is 40 kJ/mol. Despite this, at room tem-

perature, (Cl−Au−(Ph2)P)2−C−−PMe3 is in the syn/syn conformation, with the two

gold(I) units parallel to one another (Figure 1.6). Thus, the strength of the gold-gold

interaction must be at least as strong as the energy difference between the two con-

formations. Subsequent experiments limit the strength of a gold-gold interaction to

20 - 50 kJ/mol, roughly the strength of a hydrogen bond. (45)

Aurophilicity: A tool to increase structural dimensionality

The simplest examples of gold(I) complexes that increase their structural dimensional-

ity via the formation of gold-gold interactions can be found in molecular AuR2 systems

(R = ionic or neutral donors). Gold(I) chains, in which the AuR2 units are neutral, are

particularly numerous: [(2-methylpyridine)AuCl] and [(2-methylphenylphosphine)-

AuBr] are two representative examples. (52,53) In general, gold-gold distances range

from 2.967(2) and 2.979(2) Å for the double-salt [Au(tht)2][AuI2] (Figure 1.7a) to

3.4013(10) Å for cationic [Au(3-methylpyridine)2](SbF6). (52,54) The angles between

neighbouring gold centres in a chain range from 103 to 180 ◦. Examining the tor-

sion angles between R-groups on adjacent gold centres in the chains reveals a full

range, from totally eclipsed (0 or 180 ◦) to completely staggered (90 ◦) linear units,

but a more staggered arrangement is by far more common, as the steric effects of

the ligands are minimized. A particularly unusual form of 1-D chain is found in

the complex [(2-methylphenylphosphine)AuBr] (Figure 1.7b), which contains pairs of

[(2-methylphenylphosphine)AuBr] units bound at a distance of 3.097(1) Å with a tor-

sion angle of 90 ◦. These dimers link to the next pair at a longer distance of 3.380(1) Å,

with a torsion angle of 180 ◦, i.e., linking the dimers in a head-to-tail fashion. Unlike

most chains, which are nearly linear, this system forms a zig-zag 1-D chain. (53)

Although utilizing very bulky R-groups can yield isolated mononuclear AuR2 sys-

tems, using very non-steric R-groups can induce the formation of 2-D arrays. For ex-

ample, in [Au(o-xylyl isocyanide)CN] a typical 1-D chain is generated, with gold-gold

interactions of 3.4615(6) and 3.4220(6) Å and torsion angles of 155 ◦ (Figure 1.7c).

However, a second [Au(o-xylyl isocyanide)CN] unit bridges neighbouring chains to
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(a)    (b)     (c)
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Figure 1.7: (a) The 1-D chain of aurophilic interactions formed by
the double salt [Au(tht)2][AuI2]. (b) The zig-zag 1-D chain of neutral
[(2-methylphenylphosphine)AuBr] units. (c) 2-D structure of [Au(o-xylyl iso-
cyanide)CN] (xylyl methyl groups omitted for clarity).

one another via shorter 3.1706(4) Å aurophilic interactions and a near-perpendicular

torsion angle. (55) The propensity of shorter bonds to form with perpendicular torsion

angles is due to the steric repulsion of the R-groups on the gold.

The examples above illustrate how gold molecules can aggregate via the formation

of infinite 1-D chains or 2-D arrays of aurophilic interactions, thereby increasing struc-

tural dimensionality. However, multidimensional systems can also be formed where

discrete molecules containing two or more remotely situated gold(I) atoms link via

dimer-forming aurophilic interactions. (56) For example, each phosphine in the diphos-

phine ligand series Ph2P(CH2) nPPh2 (n = 4 - 8) can independently bind an AuX

(X = Cl, I) unit to yield a bis-monodentate digold molecule. Intermolecular gold-gold

interactions of 3.130(1) Å link neighbouring molecules (X = I, n = 8) to form an
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Au I

P

C

Figure 1.8: 1-D chains of IAu(Ph2P(CH2)8PPh2)AuI formed via discrete gold-gold
dimers at either end of the molecule.

overall 1-D chain (Figure 1.8a). (57)

In Au(CN) –
2 coordination polymers, the gold(I) introduces a secondary interac-

tion, in that the Au(CN) –
2 can further increase the structural dimensionality via the

formation of gold-gold interactions. One of the first successful illustrations of this de-

sign principle was in Cu(tmeda)[Au(CN)2]2. Via coordinate bonds the polymer forms

a 1-D zig-zag chain of Cu−N−−−C−Au−C−−−N− units. (58) A pendant Au(CN) –
2 unit is

also bound to the copper(II) centre at the apex of the chain (Figure 1.8a). Each gold

centre in this 1-D coordinately bonded framework participates in gold-gold interac-

tions: The gold(I) atoms in the backbone of the 1-D chain form interchain 3.5378(8) Å

interactions, yielding a 2-D array of alternating 1-D zig-zag chains (Figure 1.8b). The

pendant Au(CN) –
2 units bind (3.345(1) Å) to their counterparts on adjacent chains

(Figure 1.8c), yielding a ladder-rung type motif running parallel to the 1-D chains.

The complete 3-D picture of the structure is shown in Figure 1.8c: The aurophilic

interactions have increased the structural dimensionality from one to three.

The origin of aurophilicity in Au(CN)–
2

There have been many publications which have dealt with the origin and strength

of a gold-gold interaction. (43,45,47,59,60) This section will not attempt to summarize,

compare, or contrast these results. The purpose of this section is to demonstrate,
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(a)         (c)

(b)

Au

Cu

C
N

Figure 1.9: (a) Coordinately bonded 1-D chain of Cu(tmeda)[Au(CN)2]2, (b) linked
via aurophilic interactions to form a 2-D sheet (tmeda omitted on 2 of the 3 chains
for clarity). (c) 2-D sheets link together through the pendent Au(CN) –

2 unit, forming
the overall 3-D structure (tmeda omitted for clarity).

based on these and other experimental and theoretical results, (43,45,47,59,60) the origin

of gold-gold interactions (specifically in Au(CN) –
2 ) using a molecular orbital approach.

Furthermore, the effects of the gold-gold distance and the torsion angle between two

gold units on the gold-gold interaction will be briefly discussed.

The molecular orbital diagram for Au(CN) –
2 is shown in Figure 1.10, other molec-

ular orbital diagrams have been published previously. (48,61) Only the relevant cyanide

orbitals, i.e., the lone pairs on the carbon atoms and the π∗ antibonding orbitals are

shown. The lone pairs of electrons on the cyanide carbons (Figure 1.10 Σ+
g and Σ+

u

orbitals) are stabilized at the cost of destabilizing the dz2 and the empty s and pz or-

bitals of the gold. The cyanide antibonding orbitals (Figure 1.10 Πg and Πu orbitals)

stabilize the dxz, dyz, px and py orbitals on the gold. In terms of gold-gold interactions,
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                  LGO

Figure 1.10: Molecular orbital diagram of Au(CN) –
2 .

there are a few key orbitals (see below) that become important. The HOMO is a dz2 or-

bital. Thus, most of the electron density is along the N−−−C−Au−C−−−N-axis. As such,

the degree of overlap of this orbital with any neighbouring Au(CN) –
2 unit is small.

The dx2−y2 and dxy orbitals (HOMO −1) are unaffected by C−−−N bonding, while the px

and py orbitals (LUMO) are stabilized, decreasing the energy gap between the occu-

pied and unoccupied orbitals (this will become important later). These orbitals point

perpendicular to the N−−−C−Au−C−−−N-axis, and thus would overlap well with orbitals

of any neighbouring Au(CN) –
2 . The dxz and dyz orbitals (1Πg) protrude out from the

N−−−C−Au−C−−−N-axis, but depending on the torsion angle, neighbouring Au(CN) –
2
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units, these orbitals may or may not overlap with orbitals of a neighbouring Au(CN) –
2 .

It should be noted that the relative energies of the high energy orbitals in Fig-

ure 1.10 may not be accurate. For example, it is possible that the overlap of the Σ

orbitals is significantly larger than indicated in Figure 1.10. A stronger overlap would

decrease the energy of the two lowest energy occupied 1Σ+
g and 1Σ+

u orbitals while

increasing the energy of the two unoccupied 3Σ+
g and 2Σ+

u orbitals, possibly increasing

the latter orbitals above the 2Πu and 2Πg orbitals. The effect of the relative energies

will not change the origin of the gold-gold interaction. Although the strength of the

gold-gold interaction will be affected by the relative energies, there is no attempt to

determine the strength of the interaction by the diagrams in this section.

The molecular orbital diagram of two parallel Au(CN) –
2 is shown in Figure 1.11.

Some of the orbitals have been removed in order to simplify the diagram. However,

the effect of the symmetry and overlap of these orbitals on the visible orbitals in Fig-

ure 1.11 have been taken into consideration. The lowest occupied molecular orbitals

in Figure 1.10 were removed. These orbitals, the lone pair on the carbon atom, would

not overlap with any orbital on the neighbouring Au(CN) –
2 unit. The three highest

energy unoccupied orbitals, 2Πu, 2Πg and 2Σ+
u have also been removed for clarity.

The orbital overlaps in Figure 1.11 have been accentuated as to clearly demonstrate

the origin of the gold-gold interaction. The key portion of the diagram in Figure 1.11

is magnified in Figure 1.12.

In Figure 1.10, the z -direction (direction of highest symmetry) is along the

N−−−C−Au−C−−−N-axis. For comparative purposes, the z -direction in Figure 1.11 will

remain the N−−−C−Au−C−−−N-axis. The gold-gold interaction direction will be along

the x -direction in Figure 1.11.

Similar to the molecular orbital of a homodiatomic molecule such as H2, each

orbital on one Au(CN) –
2 unit in Figure 1.11 pairs up with its identical orbital on

the other Au(CN) –
2 unit, forming a bonding and antibonding pair. If this was the

only orbital overlap observed, then no gold-gold interaction would be observed. This

would be equivalent to forming He2. Each bonding orbital would be stabilized by

some amount, ∆, and every antibonding orbital would be destabilized by ∆. Since

both orbitals contain two electrons, there would be no overall stabilization effect in
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Figure 1.11: Molecular orbital diagram of two parallel Au(CN) –
2 units with a

gold-gold interaction between them. To simplify the figure only the strongest orbital
interactions were drawn (dashed lines). To simplify the figure some of the low en-
ergy and high energy orbitals that do not significantly contribute to the gold-gold
interaction have been removed.
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Figure 1.12: The relevant molecular orbitals required to describe the origin of gold-
gold interactions. The gold-based atomic orbitals on the right hand side represent the
symmetry and approximate shape of the molecular orbitals.

the formation of a gold-gold interaction.

The origin of gold-gold interactions is not in the overlap of identical orbitals (e.g.,

the two dx2−y2 orbitals on each gold), but rather the overlap of orbitals with the same

symmetry but different energy. Specifically, it is the overlap of the orbital formed by

the occupied dx2−y2 gold-orbital with the orbital formed by the unoccupied gold-px

orbital (Figure 1.11 and 1.12 shorter dashed lines). Each degenerate pair of orbitals on

each gold (e.g., the two dx2−y2 orbitals) still forms a pair of bonding and antibonding

orbitals (Ag and B3u respectively, Figure 1.11 and 1.12). However, the unoccupied

orbitals stabilize the occupied orbitals by an amount of δ (smaller than ∆), i.e., the

dx2−y2 orbitals are stabilized by the px orbitals, Figure 1.11 and 1.12. By the same

token, the empty px orbitals are destabilized by δ. Therefore, δ is the strength and

origin of the gold-gold interaction. To a lesser extent the dz2 is also stabilized. Relative

to the dx2−y2 and px orbitals, the dz2 orbitals on neighbouring golds do not overlap well

with one another or with the unoccupied px orbitals. Although the s orbital also has

the appropriate symmetry to overlap with the filled dx2−y2 , due to the relatively larger
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energy gap between the s and dx2−y2 orbitals, the stabilizing effect of the s orbital is

lower than the stabilizing effect of the px orbital. Thus, the simplest molecular orbital

diagram which accurately describes gold-gold interactions, independent of the torsion

angle between the two gold(I) centres, is in Figure 1.12. The symmetry labels will

depend on the point group.

The HOMO for an aurophilic pair of Au(CN) –
2 units consists of two parallel dz2

orbitals with opposite phase, forming an antibonding orbital. Due to the slight sta-

bilization of this orbital from the px and s orbitals, the HOMO has some bonding

character (Figure 1.13). (51) The LUMO is a bonding orbital consisting primarily of

two px orbitals overlapping along the gold-gold axis (Figure 1.12 and 1.13).

As the distance between gold atoms decreases, the orbital overlap increases, and

both ∆ and δ increase. If ∆ increases more than δ, then the HOMO-LUMO gap

will decrease. Alternatively, if the inverse is true, then the HOMO-LUMO gap will

increase. Experimentally it has been observed that the emission energy (see below)

of complexes with gold-gold interactions decreases as the distance between gold units

decreases. (48,62,63) This is consistent with a larger increase in ∆ relative to δ (Fig-

ure 1.12 and 1.13). Rotating either of the Au(CN) –
2 units along the gold-gold-axis

(x -axis as defined above) would not change the degree of overlap between the dx2−y2 ,

dz2 , px, and s orbitals (Figure 1.12). As such, a gold-gold interaction will always be

present as long as these orbitals can overlap and have the appropriate symmetry.

Systems in which more Au(CN) –
2 atoms are present in more complex geometries

may change the strength of the gold-gold interaction, and which orbitals contribute

to the interaction (i.e., py and dxy could also contribute). However, the origin of the

gold-gold interaction will not change: The filled d orbitals are stabilized by the empty

p and s orbitals.

Why complexes with gold-gold interactions are luminescent

Complexes that exhibit gold-gold interactions are often luminescent. However, if the

gold units are isolated, no luminescence is observed. The origin of the luminescence

can be seen in Figure 1.13, illustrating the Morse potential of the HOMO and LUMO
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Figure 1.13: An illustration of the Morse potentials of the HOMO and LUMO of
two Au(CN) –

2 units connected by a gold-gold interaction. The arrows illustrate the
excitation and emission energies. The emission is Stokes shifted from the excitation
energy.

in Figure 1.12. (51) As stated above, the HOMO consists of two dz2 orbitals with oppo-

site phase: an anti-bonding orbital. The orbital has a small bonding component due

to the small contribution of the px orbitals (Figure 1.13). The LUMO is a bonding

orbital formed by overlapping px orbitals (Figure 1.13). The LUMO’s energy mini-

mum occurs at a shorter distance than the HOMO and thus the gold-gold interaction

distance actually shortens and strengthens in the excited state. As a photon is ab-

sorbed, an electron is excited from the HOMO to the LUMO. Due to the different

equilibrium distances between the HOMO and LUMO orbitals, the electron can only

be promoted to a vibrational excited state on the LUMO. Prior to emission, the elec-

tron must decay to the ground state vibrational level of the LUMO. As such, the

emission energy is lower than the excitation energy. In other words, the absorption

energy is Stokes shifted upon emission (Figure 1.13).
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1.3 Characterization of polymers

Although the synthesis of coordination polymers can be relatively straightforward,

determining the structure, purity, and properties of the resultant polymer can be

quite difficult. To that effect, several different methods are used regularly in this

thesis to characterize coordination polymers and are described below.

1.3.1 Infrared spectroscopy

In coordination polymer research, infrared spectroscopy is used to identify the pres-

ence or absence of desired building blocks. The presence of capping ligands, the

bridging ligand Au(CN) –
2 , undesired counterions or impurities containing ClO –

4 and

NO –
3 , and even solvent molecules can all be readily identified by IR spectroscopy. In

cyanometallate systems infrared spectroscopy is also specifically used to examine the

vibrational stretch of the cyanide, which occurs between 1800 – 2200 cm−1. (64) Very

few other functional groups absorb energy in this region. As such they are a great

spectroscopic handle and, as a result, the vibrational spectra of cyanides has been

extensively investigated. (23,24,64)

Two opposing factors determine the vibrational energy of a cyanide (Figure 1.3).

In the majority of metal-cyanide containing compounds, the frequency of the cyanide

vibration shifts to higher energy upon complexation of either the nitrogen or the

carbon end of the cyanide. (23,24) The lone pair on both the cyanide carbon and nitrogen

atoms are antibonding. As a result, when an M−C or M−N σ-bond is formed, the

cyanide bond order increases, and so does the vibration energy (Figure 1.3). Of

course, backbonding has the reverse effect: The metal centre can donate electron

density back to the cyanide π∗-antibonding orbitals, which would weaken the C−−−N

bond, decreasing the vibrational energy (Figure 1.3).

In most cyanometallate building blocks and cyanometallate-containing polymers

the effect of π-backbonding is not nearly as large as the effect of σ-bonding. There-

fore, most cyanometallates and their polymers have higher νCN vibrational energies

than the analogous unbound cyanide/cyanometallate. For example, free cyanide, as

observed in aqueous solution, has a vibrational stretch at 2080 cm−1, while Au(CN) –
2
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shows one IR-active vibrational mode at 2141 cm−1. Most Au(CN) –
2 coordination

polymers exhibit an intense cyanide vibration > 2141 cm−1. For example, for the

Cu(tmeda)[Au(CN)2]2 polymer shown in Figure 1.9, three cyanide vibrations at 2152,

2174, and 2191 cm−1, all higher in energy than free Au(CN) –
2 were observed.

Although it is less common, in some complexes the effect of π-backbonding is

enhanced such that the νCN stretch is lower in M−C−−−N−M ’ systems than the par-

ent M−C−−−N system. For example, Ru(η 5−C5Me5)(PPh3)2(CN) has a νCN stretch at

2066 cm−1. When this complex was reacted with Ru(NH3)5(OSO2CF3)2, a

Ru−C−−−N−Ru bridge formed, and the νCN stretch shifted to 1981 cm−1, 100 cm−1

lower than the νCN stretch of free cyanide. (23,65) The same phenomenon is observed

when a cyanide complex is bound to electron-rich metals in low oxidation states

such as thallium(I). (66) When Tl(PF6) is reacted with Mn(dppm)2(CN)(CO) the νCN

stretch shifts to lower energy by 20 cm−1. (66)

1.3.2 Elemental analysis

Elemental analysis determines the percent composition of the elements present. Al-

though every element can be analyzed for, the percentage of carbon, hydrogen and

nitrogen (CHN) are usually sufficient to support the overall chemical composition.

The results of the analysis can be used to determine a probable chemical formula.

If the product synthesized is a known complex, elemental analysis can be used to

determine the purity of the product.

Coordination polymers are insoluble, and therefore elemental analysis serves as

an unusually important role in coordination polymer research. In other disciplines of

chemistry, techniques such as mass spectrometry, NMR, and column chromatography,

are used to characterize and purify molecular species in solution. However, these tools

are not generally available to the coordination polymer chemist. In this thesis, the

CHN elemental analysis was determined by burning a known mass of a complex and

measuring the amount of CO2, H2O, and NOx released from the sample. Elemental

analysis data was collected by either Mr. Frank Haftbaradaran or Mr. Miki Yang at

Simon Fraser University.
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1.3.3 Structural determination via X-ray diffraction methods

The study of coordination polymers focuses on comparing the properties of a poly-

mer with its structure. As such, the most widely utilized tool for characterization

of coordination polymers is single crystal and powder X-ray diffraction. X-ray crys-

tallography determines the connectivity of atoms in 3-D. Lacking knowledge of the

connectivity of a coordination polymer, it may be difficult to determine the origin of

the polymer properties.

A crystal is comprised of a regular arrangement of little blocks termed the unit

cell. In an X-ray diffraction experiment the contents of the unit cell are probed. By

analogy, imagine that a box of sugar cubes is a crystal. When you look into the

box there is a regular arrangement of sugar cubes. These cubes are the unit cell. In

crystallography the blocks do not have to be cubes; they can be any parallelepiped

that when translated in all three spatial directions will produce a crystal. The lengths

and angles of the parallelepiped are known as the unit cell parameters (a,b,c, and α,β,γ

respectively).

Each unit cell can be divided up into an infinite number of planes known as Miller

planes, or hkl -planes. These planes are a fixed distance (dhkl) from the origin of the

unit cell. In an X-ray diffraction experiment the crystal is irradiated with an X-ray

beam of known wavelength (λ), and the diffraction pattern is recorded as a function

of the angle (2θ) made between the transmitted X-ray beam and the diffracted X-ray

beam. The location of the reflections is governed by Bragg’s Law (Equation 1.1). The

unit cell is determined based on the diffraction angles.

n · λ = 2 · dhkl · sin(θhkl) (1.1)

The intensity of the diffracted beam depends on the scattering factors (a function of

the atom and the number of electrons), and atomic positions of the atoms in the unit

cell.

In this thesis, two X-ray diffraction experiments were used. The most common

experiment is single crystal X-ray diffraction. With the exception of hydrogen atoms,

single crystal X-ray diffraction determines the atomic positions of all the atoms in the

unit cell. In a single crystal diffraction experiment the location of each reflection is
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dependent on four angles which orient the Miller plane, the detector, and the incident

X-ray beam. In powder X-ray diffraction though, significantly less information about

atomic connectivity can be gained. In an ideal powder experiment all orientations

of a crystal are present at once. Only the Bragg angle remains constant. The other

orientation angles will take all possible values. Reflections which occur at very similar

angles will therefore appear as one reflection. The independent intensity of each

reflection is lost. Another problem, specific to compounds with both metals and

organic moieties is that the intensity of each reflection is proportional to the square

of the scattering factors. Therefore, the intensities in a powder X-ray experiment are

primarily due to the heavy atoms. Most, if not all of the information pertaining to

the light atoms is lost. This is not to say that connectivity cannot be determined, but

it is more difficult, and less accurate to determine the structure by powder diffraction

methods. (18) Often, additional information from other characterization tools, or other

structures, is required in order to determine a structure from powder X-ray diffraction.

Powder diffraction can also be used to monitor phase purity. A powder diffrac-

togram is like a fingerprint for a crystalline form of matter. This is particularly im-

portant when isomers are present and spectroscopic evidence cannot uniquely identify

one compound from another (see chapter 2).

The combination of single crystal and powder X-ray diffraction will predominantly

determine the connectivity and phase purity of a crystalline sample.

1.4 My piece of the pie: Au(CN)–
2 containing co-

ordination polymers with d10 and d10s2 metal

cations

Historically, the stability of Au(CN) –
2 has been utilized in the extraction of gold

ore. (67) The reaction of metallic gold with excess potassium cyanide and oxygen pro-

duces KAu(CN)2 in solution. Zinc metal is added to the solution in order to re-

cover the metallic gold; the byproduct of the reaction is K2Zn(CN)4. Given this,

it is not surprising that the earliest Au(CN) –
2 coordination polymer reported was
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Zn[Au(CN)2]2, (68) although at the time it was not recognized that this compound

was in fact a coordination polymer. It was almost a century later when the crystal

structure was determined. (69)

Chronologically, the next Au(CN) –
2 containing coordination polymers reported

were K{Co[Au(CN)2]3} and Co[Au(CN)2]2; (70,71) the structure of the latter is equiva-

lent to that of Zn[Au(CN)2]2. (69) Structurally, the former polymer,

K{Co[Au(CN)2]3}, (70) resembles that of Prussian Blue. Each cobalt(II) centre resides

at the corner of a cube, with bridging Au(CN) –
2 units linking corners to one another.

This polymer was found to be piezoelectric. (70) The cobalt(II) ion has been replaced

with other transition metal cations, yielding the same structure type. For example, the

iron(II), (72) nickel(II), (73) cadmium(II), (74) indium(III), (74) lanthanum(III), (75)

neodymium(III), (76) terbium(III), (77) americium(III), (76) and curium(III) (78) polymers

have been reported. The lanthanum system, in which the Au(CN) –
2 , Ag(CN) –

2 , and

mixed Au(CN) –
2 /Ag(CN) –

2 polymers were made, (75) exhibited a tunable luminescence

dependent on the Au(CN) –
2 :Ag(CN) –

2 ratio.

Attempts to incorporate other transition metal cations do not produce the same

3-D structure. For example, the reaction of copper(II) and Au(CN) –
2 produces an

immediate green precipitate of Cu(µ−OH2)2[Au(CN)2]2, which is a magnet below

200 mK. (79) Interestingly, only the water molecules in this structure act as bridg-

ing ligands; the Au(CN) –
2 are pendant. In the solid-state, the water molecules in

Cu(µ−OH2)2[Au(CN)2]2 could be replaced with various donor atoms in the vapour

phase with a concomitant change in the colour of the coordination polymer. Donor

atoms such as pyridine, DMF, ammonia, and DMSO were incorporated, (80) so this

coordination polymer could have applications as a vapochromic sensor. (80) Interest-

ingly, depending on the reaction conditions the isostructural manganese(II), iron(II),

cobalt(II), and nickel(II) polymers could also be synthesized. (79,81) Recall that differ-

ent Au(CN) –
2 polymers with iron(II), cobalt(II), and nickel(II) could also be made,

as described above.

A few main-group metal cations have also been incorporated with Au(CN) –
2 to

form coordination polymers. One such polymer is Tl[Au(CN)2], which contains a
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thallium(I)-gold(I) interaction of 3.446 (4) Å. (82) Owing to this metal-metal interac-

tion, the photochemistry of this luminescent polymer has been studied as a function

of pressure and temperature. (61,83) Likely prompted by the thallium(I) results, the re-

lated lead(II) complex was also synthesized. (84) Although at the time no structure was

reported, based on the photochemistry and theoretical calculations the authors postu-

lated that a lead(II)-gold(I) interaction was present. (84) One other polymer which con-

tained heterometallic metal-gold interactions is [Pt(NH3)4][Au(CN)2]2. Rather than

forming Pt−N−−−C−Au bonds, a combination of gold-gold and platinum(II)-gold(I)

interactions form a 3-D polymer. (85)

Current literature on chelate ligand-free Au(CN) –
2 containing polymers was sum-

marized above. There are also many other Au(CN) –
2 containing coordination po-

lymers synthesized with chelating ligands. The polymer Cu(tmeda)[Au(CN)2]2 is

one example (Figure 1.9); (58) this polymer shows ferromagnetic interactions between

the copper(II) centres. Another example which has already been mentioned is the

{M(en)2[Au(CN)2]}[Au(CN)2] (M = nickel(II), copper(II), zinc(II)) coordination po-

lymers. (36–38) The Leznoff group has systematically investigated the structure and

properties of chelate ligand-containing coordination polymers with a specific focus on

the role of the metal cation, and the nature of the chelate ligand (i.e., number of

binding sites, imposed geometry). (36,58,86) In addition, the Leznoff lab has also stud-

ied a series of chelate ligand-free Au(CN) –
2 coordination polymers, demonstrating

properties such as vapochromism, (79) magnetism, (73,81,87) and NTE. (74)

Despite the research to date, one area that has been neglected is the synthesis and

properties of d10 and main-group metal-containing Au(CN) –
2 coordination polymers.

To illustrate this point, prior to 2005 there were 4 reported Au(CN) –
2 containing coor-

dination polymers with d10 or d10s2 metal centres (this includes zinc(II), cadmium(II),

mercury(II), tin(II), thallium(I), lead(II), bismuth(III)). (69,82,84,88) Since 2005 there

have been an additional 7 structures containing such metal cations. (20,89–91) In con-

trast, there are 20 crystallographically characterized copper(II), and 7

nickel(II)/Au(CN) –
2 containing compounds. d10 and d10s2 metal cations offer sev-

eral features which are not available to most other transition metals. For example,

these cations can adopt many geometries because there is no electronic preference,
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according to crystal field theory, for one geometry to be favoured over another. As

such, these cations are often geometrically flexible. Furthermore, these cations are

colourless, allowing for visible light to transmit through the complex. If the synthe-

sized polymer is to be used for optical applications, there are no interfering d − d

electronic-absorptions in the visible spectrum. Also, as already stated, compounds

that contain gold-gold interactions are often luminescent. However, to the best of

our knowledge, no solid-state room temperature luminescence has yet been observed

for any of the previously reported coloured transition metal/Au(CN) –
2 coordination

polymers. Visually, no room temperature luminescence was observed for any of the

paramagnetic Au(CN) –
2 polymers synthesized in the Leznoff lab. Perhaps utilizing

colourless d10 or d10s2 metal cations in conjunction with Au(CN) –
2 could produce lu-

minescent coordination polymers. For example, when zinc(II) replaced copper(II) in

{[Cu(en)2[Au(CN)2]}[Au(CN)2], (36,37) the zinc(II) polymer was luminescent at room

temperature (the structures are similar, with 3.22 vs. 3.14 Å gold-gold interactions

respectively). (37)

Over the next few chapters, a systematic investigation of a series of d10 and d10s2

metal cation/Au(CN) –
2 coordination polymers will be investigated. The focus will be

on two specific cations: zinc(II) and lead(II). The investigation will begin with the old-

est reported Au(CN) –
2 coordination polymer, Zn[Au(CN)2]2. (68) As mentioned above,

the copper(II) polymer, Cu(µ−OH2)2[Au(CN)2]2, is vapochromic. (80) Would replac-

ing the copper(II) with zinc(II) also generate a vapour-absorbing polymer? While a

colour change was utilized as a sensory output in the copper(II) system, the colourless

zinc(II) system would rely on a potential change in luminescence. The details of the

Zn[Au(CN)2]2, and its capabilities as a vapoluminescent sensor will be described in

Chapter 2.

Lead(II) is a highly polarizable d10s2 cation, and thus may be useful in generating

birefringent coordination polymers. The coordination polymer

Cu(tmeda)[Hg(CN)2]2[HgX4] was shown to be highly birefringent when X = Cl. (92)

Isostructural X = Br and X = I coordination polymers were also synthesized, (93) but

the birefringence of these polymers could not be measured because the values were
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higher than our measurable scale (at the time). This latter point illustrates that po-

larizable units such as halides are in part responsible for the measured birefringence.

Could polarizable lead(II)/Au(CN) –
2 coordination polymers be made, and if so would

they be highly birefringent? These two questions will be addressed in Chapters 3

and 4 respectively. Future work regarding the results obtained in Chapters 3 and 4

will be discussed in Chapter 5.

This thesis will therefore explore the synthesis of zinc(II)/Au(CN) –
2 and

lead(II)/Au(CN) –
2 coordination polymers, with particular emphasis on the vapolu-

minescent and birefringent properties of any polymers successfully synthesized. First,

it will be demonstrated that the previously reported Zn[Au(CN)2]2 polymer, (69) is one

of four isomers of Zn[Au(CN)2]2, three of which are luminescent at room temperature.

When exposed to NH3 vapour all the polymorphs reversibly bind NH3 with a con-

comitant shift in the absorption and emission energy. These materials are extremely

sensitive to ammonia, and thus have potential commercial application as an ammonia

sensor. (94) In the second part of the thesis, the previously reported Pb[Au(CN)2]2

polymer was synthesized and structurally characterized. This polymer was found

to be just as birefringent as Cu(tmeda)[Hg(CN)2][HgCl4]. Adapting the polymer by

adding appropriate chelating ligands increased the birefringence by almost an order

of magnitude. The resulting polymers are among the most birefringent solids ever

reported, demonstrating the success of the recipe that was designed and modified

herein in order to rationally produce birefringent coordination polymers. (95)



Chapter 2

Polymorphism and vapochromism

of Zn[Au(CN)2]2
∗

2.1 Introduction

Materials which change colour when a stimulus is applied have always been of great

interest. This is likely due to the fact that the majority of our sensory input is

processed through the eyes. This latter point explains the continued popularity of

mood-rings. (96) Other, more useful, compounds which appear to change colour are

featured in fish tank thermometers, fish tank water tests, home pregnancy tests, ship-

ping boxes (drop/shake sensors), and pH indicators/paper. Vapochromic compounds

exhibit a change in their absorption spectrum upon inclusion of a gas, usually from a

volatile organic compound.

One example of a vapochromic material is AgL[Au(C6F5)2] (L = N, O, P, C−−C,

C−−−C donor ligands). (97) Depending on the ligand L, the colour of the complex is either

red, orange, or yellow. However, when the compounds are exposed to vapours such

as acetone, methanol, or ethanol, the complexes become colourless. The structure of

∗Part of the work in this chapter is reproduced with permission from M. J. Katz, T. Ramnial,
H.-Z. Yu, and D. B. Leznoff, “Polymorphism of Zn[Au(CN)2]2 and Its Luminescent Sensory Re-
sponse to NH3 Vapor”, Journal of the American Chemical Society, vol. 130, pp. 10662 - 10673, 2008
Copyright 2008 American Chemical Society
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Au
Ag

S(tht)
C

F

Figure 2.1: A representative example of the crystal structure of AgL[Au(C6F5)2]
where L = tht. The carbon atoms of the tht molecules removed for clarity. Colour
scheme: Gold, yellow; silver, purple; sulfur, yellow; carbon, green; fluorine, aquama-
rine.

AgL[Au(C6F5)2] (Figure 2.1) contains dimers of metal-metal bound Au(C6F5) –
2 linked

by silver-gold interactions from AgL units. The authors claim that as a vapour is in-

troduced the gold-gold and silver-gold interactions are disrupted, changing the colour

of the complex. A related polymer, Tl[Au(C6Cl5)2] is vapoluminescent (i.e., a change

in emission energy as a function of adsorbed/absorbed vapour). The structure of

Tl[Au(C6Cl5)2] consists of alternating thallium cations and Au(C6Cl6) –
2 anions linked

via gold-thallium interactions of 2.9726(5) and 3.0044(5) Å. (98,99) Tl[Au(C6Cl5)2] is

luminescent at room temperature, with an emission at 531 nm. The authors at-

tributed the emission to the gold-thallium interactions. When a vapour is introduced

to Tl[Au(C6Cl5)2] it binds to the thallium(I), changing the gold(I)-thallium(I) dis-

tance, and as a result changing the gold(I)-thallium(I) based luminescence; emission

energies ranging from 507 (THF) to 650 nm (acetylacetone) were observed. Other

compounds which contain metal-metal interactions have been used as vapolumines-

cent sensors. (100,101)

Vapochromic coordination polymers are also known. (80,102) The Leznoff lab has

previously reported that the organic ligand-free Cu(µ−OH2)2[Au(CN)2]2 polymer,
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which forms a rare water-bridged ribbon structure, (79) shows vapochromism in the

visible absorption. In addition to the colour change, the IR vibrational stretch of the

cyanide ligands, νCN , also shifts. (80) Structurally, the copper(II)-coordinated aqua-

ligands are easily substituted when the solid is exposed to a variety of donor-atom

containing vapours with a concomitant change of colour, IR spectrum, and crystal

structure. (80) Depending on the basicity and size of the donor vapour, the adsorption

process can be reversible at room temperature. The ability of these polymers to adsorb

and desorb various donors has been attributed to the flexibility of the copper(II) ion

coordination sphere (coordination number from 4 to 6 observed), and the stabilization

from the flexible cyanoaurate polymer framework.

Although the aforementioned Cu(µ−OH2)2[Au(CN)2]2 system can function as an

effective vapochromic sensor material, for certain applications there are potentially

complicating issues. For example, strong Lewis-base donors such as ammonia bind

irreversibly at room temperature, thereby limiting the material to be used as a dosime-

ter or one-time sensor. As well, water binds competitively with weak donors or at low

analyte concentrations. Also, while the use of a colour change as a sensory response

is excellent for visual sensing/alert purposes (like the mood-ring), (103) in this case,

the absolute sensitivity is limited since the various analyte absorption peaks partially

overlap with one another.

In order to address these issues, substitution of d 9 copper(II) for colourless d 10

zinc(II) was considered, with the knowledge that the d 10 zinc(II)-coordination sphere

is also very flexible. (104) While the copper(II) system depended on changes in the

ligand field of the copper(II), the zinc(II) system would hopefully depend on the

emission changes caused by any change in the gold-gold distance/arrangement. Note

that no room temperature luminescence has been observed for the d 9 copper(II)

system. By changing the detection method from absorption to luminescence, analyte

sensitivity could potentially increase since emission is an absolute measurement as

opposed to the relative measure of absorption. Although the requisite coordination

polymer, Zn[Au(CN)2]2 was previously reported, (69) and it contains short gold-gold

interactions, no luminescence properties were described. Despite being crystallized

out of water, the polymer contains no water molecules in the structure, suggesting
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that competitive H2O-binding could be reduced or eliminated. Therefore, the initial

goal of the project was to simply synthesize the previously reported Zn[Au(CN)2]2

polymer, (69) and characterize its luminescence and vapoluminescence.

2.2 Polymorphs, polymorphs and more

polymorphs: The controllable synthesis of four

Zn[Au(CN)2]2 isomers

2.2.1 Synthesis of polymorphs

Although the goal of this project was to synthesize the previously reported

Zn[Au(CN)2]2 polymer, (69) investigate its luminescence, and vapoluminescent response

to donor vapours, it became obvious that any results we obtained were nominally ir-

reproducible. The reported synthesis of Zn[Au(CN)2]2 by Hoskins et al . (69) does

reproducibly produce crystals of the desired compound. However, a powdered sam-

ple is more beneficial for further spectroscopic and vapour adsorption investigations.

When the synthesis reported by Hoskins is repeated in acetonitrile, an immediate

precipitate of Hoskins’ Zn[Au(CN)2]2, verified by X-ray powder diffraction, is formed.

Subsequent syntheses of this product by us had comparable IR spectra and were thus

believed to be pure. Unfortunately, the fluorescence spectra of these “pure” samples

were inconsistent with one another. Powder X-ray diffraction and elemental analysis

of these samples revealed that these samples had two distinct diffractograms, yet had

the same elemental composition, making these compound isomers of one another. A

careful investigation of the factors affecting the synthesis of each isomer, changing

the solvent, concentration, counterions, and pH revealed that the reaction of zinc(II)

salts with two or three equivalents of the Au(CN) –
2 building block resulted in the

controllable formation of four polymorphs of Zn[Au(CN)2]2 (Equation 2.1 – 2.4),

α – δ. Elemental analysis of β indicated that when initially formed, β starts off as

an acetonitrile adduct, having at least one acetonitrile per formula unit. Subsequent

elemental analyses of β indicated that the acetonitrile desorbs from the polymer if
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allowed to dry overnight. Powder X-ray diffractograms show no noticeable change

in the structure upon desorption of acetonitrile. Once dry, all four materials have

comparable elemental analyses and thus are true polymorphs.

ZnX2 + 2 KAu(CN)2

30 mL H2O
−−−−−−−−−−−→
X−−Cl−,NO−3 ,ClO−4

α− Zn[Au(CN)2]2 (xtl) (2.1)

Zn(NO3)2 + 2 [ nBu4N][Au(CN)2]
1. 6 mL CH3CN
−−−−−−−−−−−−→
2. -CH3CN (24h RT)

β − Zn[Au(CN)2]2 (ppt) (2.2)

Zn(ClO4)2 + 2 KAu(CN)2

10 mL CH3CN
−−−−−−−−→ γ − Zn[Au(CN)2]2 (ppt) (2.3)

2 KAu(CN)2 + 2 KCN
1. ∆ 100 ◦C, 2. 0.4 HCl−−−−−−−−−−−−−−−→

3. Cool to 50 ◦C, 4. ZnCl2

δ − Zn[Au(CN)2]2 (xtl) (2.4)

The synthesis of each polymorph is sensitive to several factors such as solvent

choice, (105–108) concentration, (80,109) pH, (110,111) and even the counterions associated

with either the zinc(II) or gold(I) starting material, despite the fact that these coun-

terions are not incorporated into the final polymer. This last point is best exemplified

in the synthesis of β vs. γ (Equation 2.2 and 2.3), where changing the gold counte-

rion from K+ to [nBu4N]+ and the zinc(II) counterion from NO –
3 to ClO –

4 generates

γ instead of β, under similar reaction conditions. Furthermore, if only one counterion

is changed, a mixture of polymorphs β and γ are obtained. The counterions in the

synthesis of β and γ could play an important role as a templating agent, preferentially

inducing the formation of one network versus another. (16)

Conversely, the synthetic route to α is insensitive to counterions and moderately

insensitive to concentration, although mixtures of α and δ are formed under extremely

concentrated conditions (2 mL total). Changing the solvent in equation 2.1 from water

to methanol produces crystals of β only when Zn(ClO4)2 is used (see experimental

section 2.6). The difference may be partially attributed to changes in the hydrogen

bonding characteristics of water vs. methanol. (112) The same effect is also observed in

the synthesis of δ, which is done under acidic conditions (Equation 2.4) with ZnCl2.

Although it has never been explicitly examined, there is likely a temperature

dependence on polymer selection. Attempts to synthesize γ during the summer tends

to produce mixtures of α and γ. On a separate occasion, an attempt to synthesize α
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α          β           δ

Figure 2.2: Crystal habit of polymorph crystals. (Left): Two hexagonal crystal
habits of α. (Middle): Plate shaped crystal habit of β. (Right): Cross shaped crystal
habit of δ; Each arm of the cross is a two component non-merohedral twin.

on a hot, humid, day in Japan produced crystals of α as well as a small percentage

of δ impurity.

While the rationale behind the preferential formation of a particular polymer under

a defined set of conditions is unclear, it is obvious (Equation 2.1 – 2.4) that the

formation constant for each polymorph is relatively similar. Changing the solvent,

concentration, counterion, and/or pH is sufficient to easily shift the resultant energy

minimum from one polymorphic form to another.

2.2.2 Vibrational spectroscopy of polymorphs

As already mentioned, the IR spectra of all four polymorphs, α – δ, are similar, having

strong νCN stretches between 2187 and 2199 cm−1, and readily visible 13C-satellites

between 2158 and 2149 cm−1. Identical spectra were obtained in a KBr matrix and as

pure samples on an ATR crystal, indicating that the pressure associated with pressing

a KBr pellet does not convert the polymorphs between one another, or generate a

new compound. These bands are all shifted to higher energy relative to KAu(CN)2

(νCN = 2141 cm−1), indicating that all of the cyanide groups are bound to a zinc(II)

centre. (23) For the most part, the similarities in the IR spectra for α – δ precluded the

use of the IR signatures as a definitive polymorph identifier; this was accomplished

on the basis of a combination of distinct crystal habit (Figure 2.2), distinct X-ray

powder diffractograms, and emission data (see below, section 2.2.9).
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Figure 2.3: Powder X-ray diffractogram of γ after decomposition at 650 ◦C. The
major peaks are due to metallic gold, while the positions labelled with a ∗ represent
the expected peak positions for ZnO.

2.2.3 Thermal stability of polymorphs

DSC shows no peaks or valleys for any of the four polymorphs between 25 and 300 ◦C,

indicating that the polymorphs do not interconvert between one another, melt, or oth-

erwise show any kind of phase change over this temperature range. TGA indicates

that further heating of the polymorphs past 350 ◦C causes loss of cyanides in a sin-

gle step from 350 to 390 ◦C. The loss occurs via reductive elimination of cyanogen

(C2N2), leaving metallic gold and zinc; the latter immediately reacts with oxygen in

the environment to produce the metal oxide, ZnO. Powder X-ray diffraction of the

decomposed product confirms the decomposition products as metallic gold and zinc

oxide in an approximate ratio of 2:1 (Figure 2.3), as determined by simultaneously

fitting the powder pattern in Figure 2.3 to the known crystal structures of gold and

ZnO. The intensity of the peaks associated with gold are significantly higher because

of the larger scattering factors (square of the number of electrons) of gold vs. ZnO.

Interestingly, despite the differences between the structures of the four polymorphs

(see below), the thermal stability of the four polymorphs are very similar.
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Figure 2.4: (a) Crystal structure of α viewed down the c-axis. (Left): A single
quartz-like network. (Right): All six interpenetrated quartz-like networks. (b) 1-D
chain of gold-gold bonded Au(CN) –

2 units. Colour scheme: Gold, yellow; zinc, red;
nitrogen, blue; carbon, green.

2.2.4 Crystal structure of α – Zn[Au(CN)2]2

The synthesis, with a Zn:Au(CN) –
2 ratio of 3:1, and the crystal structure of the

resulting hexagonal crystals of Zn[Au(CN)2]2 (α) were previously reported. (69) In our

hands, the stoichiometrically rational reaction of one equivalent of zinc(II) and two

equivalents of KAu(CN)2 in water generates the same hexagonal crystals (Table 2.3,

Figure 2.2); the crystal structure is briefly described below for comparative purposes.

The crystal structure of α contains a zinc(II) centre in a tetrahedral geometry, with

four N-bound cyanides (Zn–N bond lengths of 1.939 and 1.978 Å), generating a 3-D

coordination polymer. The network structure of α consists of corner-sharing tetra-

hedra, analogous to SiO2-quartz (Figure 2.4a); (15,113–117) each tetrahedron is defined
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by a gold(I) atom at each vertex and a zinc(II) atom at the centre. Five additional

networks interpenetrate to efficiently utilize the large space not occupied by the first

network (Figure 2.4a-right); (15,115) there are thus a total of 6 nets. The interpenetra-

tion is supported via gold-gold interactions of alternating 3.11 and 3.16 Å, forming a

1-D zig-zag chain of Au with an angle of 114.98 ◦ (Figure 2.4b). A similar structure

was reported for Co[Au(CN)2]2. (71)

2.2.5 Crystal structure of β – Zn[Au(CN)2]2

Rectangular plate crystals of β (Figure 2.2) were obtained from the partial evap-

oration of a methanol solution of Zn(ClO4)2 and KAu(CN)2. Similar to the crystal

structure of α, β also consists of a zinc(II) centre surrounded by four N-bound cyanide

groups in a tetrahedral geometry with Zn-N bond lengths of 1.941(14) – 1.961(14) Å

(Table 2.1, Figure 2.5). The tetrahedra are corner-sharing, this time forming a 3-D

structure that has a diamond-type topology; (15,112,115,118–120) each building block in the

network can be viewed as an adamantyl unit (Figure 2.5b). The framework is analo-

gous to cristobalite, another polymorph of SiO2 (Figure 2.5). (116,117) The 3-D networks

in β are five-fold interpenetrated (Figure 2.5c-right). (15,115,119) Despite the fact that

diamond-type networks are the most common 3-D topologies, (119) it is interesting to

note that β is the first example of a purely inorganic five-fold interpenetrating struc-

ture. (121) The interpenetrated networks are linked via gold-gold interactions ranging

from 3.1471(11) – 3.2702(6) Å and angles ranging from 104.951(17) – 180 ◦ (Table 2.1,

Figure 2.5d). The array of gold atoms in β form a 2-D network in which the gold

atoms form a distorted hexagonal motif (15,122) with gold atoms located at the vertices

and at the midpoints of four of the sides of the hexagons (Figure 2.5d).

2.2.6 Solid-state structure of γ – Zn[Au(CN)2]2

Although single crystals of γ could not be obtained, pure microcrystalline powder of

γ was synthesized from Zn(ClO4)2 and [cation][Au(CN)2] (cation = K+, nBu4N+) in

acetonitrile. The powder diffractogram of γ was indexed to a tetragonal unit cell with

a relatively low volume (393.03 Å3, Table 2.3). The unit cell was related to the unit cell
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Figure 2.5: Crystal structure of β. (a) Local geometry of Zn showing thermal
ellipsoids. (b) Single diamond-like repeat unit. (c) Left: A single diamond-like net-
work viewed down the b-axis. Right: All five interpenetrated networks. (d) Distorted
Hexagonal 2-D (6,3) network of gold-gold bonded Au(CN) –

2 units. Colour scheme:
Gold, yellow; zinc, red; nitrogen, blue; carbon, green.
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Table 2.1: Selected bond lengths (Å) and angles (◦) for βa

Bond Lengths
Zn(1) – N(11) 1.957(14) Zn(1) – N(21) 1.944(15)
Zn(1) – N(22) 1.955(14) Zn(1) – N(31) 1.964(13)
Au(1) – Au(2∗) 3.2702(6) Au(1) – Au(2†) 3.2702(6)
Au(2’) – Au(3) 3.1925(7) Au(2”) – Au(3) 3.1925(7)
Au(2”) – Au(2†) 3.1466(11)

Bond Angles
Zn(1) – N(11) – C(11) 168.6(16) Zn(1) – N(21) – C(21) 171.5(13)
Zn(1) – N(22) – C(22) 162.9(14) Zn(1) – N(31) – C(31) 166.6(14)
N(11) – Zn(1) – N(21) 111.4(6) N(11) – Zn(1) – N(22) 106.4(6)
N(11) – Zn(1) – N(31) 106.3(6) N(21) – Zn(1) – N(22) 112.8(6)
N(21) – Zn(1) – N(31) 108.9(6) N(22) – Zn(1) – N(31) 110.8(6)
Au(2∗) – Au(1) – Au(2†) 180.00 Au(3‡) – Au(2†) – Au(1) 104.944(17)
Au(3) – Au(2”) – Au(2†) 145.15(3) Au(1) – Au(2†) – Au(2”) 109.35(2)
Au(2’) – Au(3) – Au(2”) 141.53(4)

aSymmetry Operations: ∗: x+ 1/2, y + 1/2, z ; ’: −x+ 1,−y + 1,−z ;
†: −x+ 2,−y + 1,−z ; ‡: x+ 1, y, z ; ”: x,−y + 1, z − 1/2.

of Pb[Au(CN)2]2 (see chapter 3), in which the atomic coordinates of the heavy atoms

were based on those found in the tetragonal cell of a AuPb2 alloy. (123) The starting

model yielded a good agreement between the observed and calculated X-ray pow-

der diffractograms. For the cyanides, a tetrahedral arrangement around the zinc(II)

was chosen based on the similar IR spectrum of all four polymorphs. The structure is

both chemically reasonable and spectroscopically consistent, and the only geometry by

which Au−C, C−−−N, and N−Zn bond lengths comparable to those found in the other

three polymorphs could be obtained. The final structure yielded an excellent match

between predicted and experimental powder diffractograms (Figure 2.7). Interest-

ingly, the solid-state structure of γ has the same network structure as β: A diamond-

type array formed by fused adamantyl units (Figure 2.5b and 2.6a). (15,112,115,118–120)

The networks of γ are four-fold interpenetrated (Figure 2.6b). (15,119) The interpene-

tration is held together via gold-gold interactions of 3.29 Å, primarily forming dimers.

Long gold-gold interactions of 3.58 Å link the dimers to one another (Figure 2.6c).
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Figure 2.6: Solid-state structure of γ. (a) Single diamond-like repeat unit. (b) Left:
Single diamond-like framework. Right: All 4 interpenetrated networks. (c) network
gold-gold bonded Au(CN) –

2 units containing dimers of Au(CN) –
2 (Au-Au = 3.29 Å)

connected via longer Au-Au distances of 3.58 Å. Colour scheme: Gold, yellow; zinc,
red; nitrogen, blue; carbon, green.
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Figure 2.7: Simulated (red) and observed (blue) powder diffractograms of γ. Peaks
labelled with * are due to a small (3%) percentage of α impurity.



Chapter 2. Polymorphism and vapochromism of Zn[Au(CN)2]2 42

2.2.7 Crystal structure of δ – Zn[Au(CN)2]2

Twinned cross-shaped crystals of δ (Figure 2.2) were obtained from an acidic aque-

ous solution of ZnCl2, KAu(CN)2 and KCN; this synthesis was modified from an old

report of Zn/Au(CN) –
2 reactivity that identified two different crystal morphologies,

hexagonal prisms and hexagonal pyramids: (68) there was no mention of cross-shaped

crystals. The two morphologies identified therein were most likely crystals of α (Fig-

ure 2.2). As in α – γ, the crystal structure of δ contains a tetrahedral zinc(II) centre

with Zn-N(cyano) bond lengths ranging from 1.956(10) to 1.986(10) Å (Figure 2.8a,

Table 2.2). However, while α, β, and γ form easily recognizable structures based on

corner-sharing tetrahedra, the 3-D structure of δ is considerably more complicated.

Temporarily omitting one of the Au(CN) –
2 units on each zinc(II) (the Au(CN) –

2 unit

formed by Au(3)), the structure can be simplified to a corrugated 2-D herringbone

structure (Figure 2.8b and c) along the (1 0 1) plane. (15,118,122) A second herringbone

network is interwoven through the first (Figure 2.8c-right). Long gold-gold distances

of 3.6430(9) Å represent the only close contact between this pair of networks. Via the

previously omitted Au(CN) –
2 unit, each individual herringbone network is linked to

four additional networks (Figure 2.8d-left) - the pair of interwoven networks above,

and the pair of networks below - completing the basic 3-D structure. Each 3-D

network can be seen as a self-interpenetrating network. The void space is filled by

two additional identical 3-D interpenetrated networks (Figure 2.8d-right). (15) The in-

terpenetration is supported via gold-gold interactions of 3.3318(4) and 3.3382(5) Å

(Figure 2.8e). The gold-gold interactions in δ are longer than those observed in α,

β, and γ. Attempts to locate similar network topologies to δ revealed that not only

has this topology never been observed, but it was suggested that this topology is “not

likely to be found as a network in a crystal structure”. (117)
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Figure 2.8: Crystal structure of δ. (a) Local geometry of Zn showing thermal
ellipsoids. (b) One herringbone network. (c) Left: Side view of herringbone network.
Right: Pair of interwoven herringbone networks. (d) Left: One full 3-D network.
Right: All 3 interpenetrated networks. (e) 1-D chain of gold-gold bonded Au(CN) –

2

units. Colour scheme: Gold, yellow; zinc, red; nitrogen, blue; carbon, green.

2.2.8 Comparison of polymorphs

Polymorphism has been extensively investigated in coordination polymers, with struc-

tural differences between polymorphic forms attributed to connectivity, interpene-

tration, and degree of solvent inclusion (pseudo-polymorphism). (108,118,124–127) Poly-

morphsim has even been observed in the simplest frameworks. For example, the
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Table 2.2: Selected bond lengths (Å) and angles (◦) for δa

Bond Lengths
Zn(1) – N(11) 1.975(10) Zn(1) – N(21) 1.956(10)
Zn(1) – N(31) 1.968(10) Zn(1) – N(32) 1.986(10)
Au(1) – Au(3’) 3.3382(5) Au(1) – Au(3”) 3.3382(5)
Au(2∗) – Au(3”) 3.3318(4) Au(2∗) – Au(3) 3.3318(4)

Bond Angles
N(11) – Zn(1) – N(32) 110.3(4) N(11) – Zn(1) – N(21) 113.8(4)
N(11) – Zn(1) – N(31) 100.6(4) N(21) – Zn(1) – N(31) 118.9(4)
N(21) – Zn(1) – N(32) 101.2(4) N(31) – Zn(1) – N(33) 112.3(5)
Zn(1) – N(11) – C(11) 161.8(10) Zn(1) – N(21) – C(21) 163.1(10)
Zn(1) – N(31) – C(31) 158.7(10) Zn(1) – N(32) – C(32) 159.3(10)
Au(3’) – Au(1) – Au(3”) 180.00 Au(3) – Au(2∗) – Au(3”) 180.00
Au(1) – Au(3”) – Au(2∗) 65.690(8)

aSymmetry Operations: ’: x− 1/2, y + 1/2, z ; ”: −x+ 1/2,−y + 3/2,−z + 1 ;
∗: x,−y + 2, z + 1/2

Mn[Fe(CN)6] polymer has been observed in two polymorphic forms: The standard

Prussian Blue/rock-salt structure, and the doubly interpenetrated form. (128)

In the case of the four polymorphs α – δ, all have a zinc(II) centre in a tetrahedral

geometry. The difference between the networks of α and δ, and the diamond-like

networks of β and γ is due to the pathway connecting zinc(II) centres. In other

words, the structures differ in how the corner-sharing tetrahedra link. The shape

of the diamond network in γ, for example, is more prolate than that of β: A single

adamantyl framework in β has the dimensions 25.8 x 16.5 x 13.0 Å (Figure 2.5a) while

the adamantyl framework in γ has the dimensions 33.8 x 9.6 x 9.6 Å (Figure 2.6a).

Furthermore, the four polymorphs differ in the degree of interpenetration, decreas-

ing from six to three from α to δ respectively. In all of the polymers the interpene-

tration is supported by gold-gold interactions increasing from 3.11 to 3.34 Å as the

interpenetration decreases. While it would be attractive to attribute this to the tighter

packing of networks, it can be seen that δ has the highest density with three interpen-

etrated networks while β has the lowest density with five interpenetrated networks
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(Table 2.3), inconsistent with the trends in gold-gold interactions. The gold-gold net-

works in the three polymorphs are also different, ranging from isolated dimers (γ) to

chains (α and δ) to sheets (β).

The previous discussion on density brings up another interesting observation about

interpenetration. It is generally believed that a lower degree of interpenetration is

ideal for creating empty cavities. (112) However, it is interesting to note that β has

a significantly lower density than the other polymorphs, despite the relatively high

degree of interpenetration. (129–131) This markedly low density explains why only this

polymer initially forms as a solvent adduct (see experimental section 2.6). Perhaps

what is key in producing empty cavities, and ultimately porous materials, is not a

low degree of interpenetration, but rather the inability to fit an additional network

between n-other networks. Thus, interpenetration can be used as a design element in

the synthesis of porous materials. (132) In order to probe this hypothesis, nitrogen and

hydrogen isotherms were measured on α and β. While neither polymer adsorbs N2

gas at 77 K, β adsorbs H2 while α does not (Figure 2.9). Although β showed some

porosity to hydrogen at 77 K, it showed no porosity to nitrogen, suggesting that the

channels leading to the pores are relatively small, and inaccessible to molecules as

large as nitrogen gas.

Although β absorbs 4x more hydrogen than α, the porosity of β is quite low

in comparison with other porous coordination polymers. For example, the polymer

Zn4O(BDC)3 adsorbs 4 weight % hydrogen at 77K. (133) In comparison, β only adsorbs

0.4 weight %, an order of magnitude less than Zn4O(BDC)3.

A close look at the space groups of all four polymorphs reveals a potential trend:

Networks with an even interpenetration number (α and γ) are non-centrosymmetric,

while networks with an odd interpenetration number (β and δ) are centrosymmet-

ric (Table 2.3). This type of trend has been observed for diamond-like structures

with unsymmetrical bridging ligands. (131) In the case of α – δ, this “trend” is most

likely just a coincidence. In general, the presence of a centre of symmetry depends on

the number of networks, the chirality of each network, and the relationship between

each network. For example, the presence of one chiral network should yield a chiral

spacegroup, but two of these networks could relate by an inversion centre, yielding
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Figure 2.9: Hydrogen adsorption isotherms of β and α.

a centrosymmetric spacegroup. However, if one looks at two examples, such as α

and β, no correlation can be made because both the type of network and the degree

of interpenetration changes. The structures of β, centrosymmetric and five-fold in-

terpenetrated, and γ, non-centrosymmetric and four-fold interpenetrated, have the

same diamond network topology. If one were to extend this “trend” down to a single

diamond-like network a centrosymmetric network would be predicted. In reality, di-

amond, an experimentally observed single diamond network is non-centrosymmetric

(contrary to the above predicted trend) and thus the apparent trend in β and γ is

likely a mere coincidence.

2.2.9 Photophysics of α – δ polymorphs

As has already been mentioned, gold(I) centres which are separated by less than 3.6 Å

(the sum of the van der Waals radii for gold) (45,134,135) are said to show gold-gold inter-

actions; (45,136) such systems are known to be potentially luminescent. (47,60) As a result

of their interesting emission properties, compounds containing gold-gold interactions

have received a great deal of attention. (46–49,51,59,137,138) In the crystal structures of

α – δ, network interpenetration is supported via gold-gold interactions ranging from

the order of 3.11 Å to 3.34 Å and indeed, α – γ appear to be emissive when exposed

to UV light at room temperature.
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Table 2.3: Crystallographic data for α – δ

αa β γb δ
empirical formula C4N4Au2Zn C4N4Au2Zn C4N4Au2Zn C4N4Au2Zn
formula weight 563.40 563.40 563.40 563.40
crystal system Hexagonal Monoclinic Tetragonal Monoclinic
space group P 64 2 2 C 2/c P 4 b 2 C 2/c
crystal habit Hexagons Plates - Crosses
a, Å 8.4520(10) 8.90060(10) 6.8208 9.9583(3)
b, Å 8.4520(10) 16.8152(2) 6.8208 10.4988(3)
c, Å 20.621(11) 14.3808(2) 8.4487 15.7961(4)
α, ◦ 90 90 90 90
β, ◦ 90 100.6000(10) 90 98.407(2)
γ, ◦ 120 90 90 90
V, Å3 1275.8(7) 2115.58(5) 393.03 1633.74(8)
Z 6 8 2 8
T, K 293 293 293 293
ρcalcd, g · cm−3 4.400 3.537 4.760 4.581
µ, mm−1 37.146 29.868 40.193 38.677
R (Io ≥ 2.50σ(Io))

c 0.0459 0.0429 0.0082 0.0338
Rw (Io ≥ 2.50σ(Io))

c 0.0616 0.0564 0.0117 0.0543
goodness of fit - 1.1438 - 1.2462

a From (69)

b From X-ray Powder Diffraction data.
c Function Minimized:

∑
w(|Fo| − |Fc|)2, where w−1 = [σ2(Fo) + (nFo)

2], n = 0 for
β, 0.030 for δ, 0 for γ. R =

∑
||Fo| − |Fc||/

∑
|Fo|,

Rw = [
∑
w(|Fo| − |Fc|)2/

∑
w |Fo|2]1/2.

Electronic absorption

Before the luminescence of the polymers can be investigated, it is important to deter-

mine the absorption spectra of the polymorphs. The absorption spectra will identify

where each polymorph absorbs and hence the excitation energy that should be used

for fluorescence spectroscopy. If the fluorescence excitation energy were to differ from

the absorption spectrum, then the observed luminescence would likely be due to an

impurity. For example, the luminescence of KAu(CN)2 appears orange. (48) However,

the orange colour has been attributed to a small impurity of AuCN, while the emission
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attributed to KAu(CN)2 is in the violet (390 nm). (48) The UV-visible spectra of α – γ

can be seen in Figure 2.10. The absorption spectrum of δ could not be accurately

determined due to the simultaneous crystallization of α and δ.

The absorption spectrum of neat β shows a broad absorption of UV light from

250 – 370 nm. Unfortunately, neat samples of β are so strongly absorbing that

they saturate, indicating that these absorptions have a large extinction coefficient.

A diluted spectrum of β in MgO, a transparent material in this energy range, were

also measured. As with the spectrum of the neat sample, β/MgO absorbs UV light

from 250 nm to 370 nm. A maximum absorption can be seen at 340 nm, with a lower

intensity shoulder at approximately 370 nm. Interestingly, both the spectra of neat

and dilute β show a negative absorption peak at 440 nm. The negative peak is due

to the luminescence of β (vide infra), a consequence of the experiment as outlined

below.

An absorption spectrum is the logarithm of the ratio of transmitted light (I)

to incident light (Io). Generally speaking, a fluorescent sample produces light at

a frequency where the molecule in question does not absorb light. This process would

produce more transmitted light than the amount of light incident on the sample.

On a spectrometer not equipped with an excitation and emission monochromator

this would produce a negative absorption. To probe the origin of the negative peak,

the absorption spectrum of β was also measured on a fluorimeter, synchronizing the

excitation and emission monochromators, collecting only the photons at the excitation

wavelength. As can be seen in Figure 2.10-top right blue spectra, the absorption

spectrum of β still has its lowest energy absorption at 370 nm, but under these

conditions there is no negative absorbance at 440 nm. The shape of the two undiluted

spectra are different below 370 nm. Considering that the absorbance is so high for

both of these spectra, the variation in peak shape is more likely an artifact caused by

the small amount of light that is detected.

The absorption spectra of α and γ also show a strong absorption in the ultra-

violet, starting at approximately 350 nm. Similar to β, a negative absorbance at

approximately 440 nm is observed for γ, a consequence of the experiment, indicating

the approximate emission energy of γ. The absorption spectrum of α also shows a
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Figure 2.10: UV-Visible Absorption spectra of α (top left), β (top right), γ
(bottom). Spectra in red denote powder samples of polymer. Spectra in green denote
3% polymer mixed into MgO. Spectra in blue (β (top right)) were collected via a
synchronous scan on a fluorimeter.

valley. However, unlike β and γ, this negative absorption appears to be concentration

dependent. MgO dilute samples show a narrow valley at 390 nm, while neat samples

show a broad valley centred at approximately 475 nm.

Photoluminescence

Although α – γ appear to emit light under a hand held UV-light source at room

temperature, it is always possible that the observed emissions are due to impurities.

In order to probe the emission of the polymorphs, the luminescence spectra, and its

associated excitation spectra have been measured and compared to the absorption

spectra (Figure 2.10).

The room temperature photoluminescence spectra of α – δ are summarized in Ta-

ble 2.4. Powdered samples of β and γ show one emission band with similar energies at
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Table 2.4: Summary of luminescence data for α – δ, [Zn(NH3)4][Au(CN)2]2, and
{Zn(NH3)2[Au(CN)2]2}

Emission Max Excitation Max
α 390, 480 nm 345 nm
β 450 nm 390 nm
γ 440 nm 360 nm
δ N/A N/A
[Zn(NH3)4][Au(CN)2]2 430 nm 365 nm
{Zn(NH3)2[Au(CN)2]2} 500 nm 400 nm

450 and 440 nm respectively (Table 2.4, Figure 2.11). The excitation spectra show an

excitation maxima at 390 and 360 nm, consistent with the lowest energy absorptions

observed (Figure 2.10), indicating that the emission maxima observed for β and γ

are due to the polymorphs and not an impurity. Other Au(CN) –
2 based coordination

polymers have also shown excitation and emission energies in this range. (46,49,51,75,85)

Two emission bands at 390 and 480 nm are observed for α (Figure 2.11). The

excitation spectra show an identical excitation maximum at 345 nm for both emission

bands (Figure 2.11 bottom). However, for crystals, or densely packed powder samples

of α, the 480 nm emission band can be additionally excited at 390 nm. The relative

intensities of the 390 and 480 nm emission peaks are dependent on the thickness of

the sample being investigated. Comparison of the absorption spectrum of α with the

excitation spectrum, reveals that the 345 nm excitation is due to α, and thus the

390 and 480 nm emission (when excited at 345 nm) is also due to α, and not an

impurity. However, the absorption spectrum of α does not show a strong absorption

at 390 nm. The rationale behind this is once again experimental. Since the absorption

spectrum was not carried out with an instrument equipped with both an excitation

and emission monochromator, the observed absorption at 390 nm for α is due to

the actual absorption of α minus the emission intensity of α at the same wavelength.

Attempts to obtain a more accurate absorption spectrum (i.e., by using a fluorimeter)

were unsuccessful due to the poor adhesion of α to a quartz slide.

The lifetimes (inversely proportional to the rate of emission) of both emission en-

ergies were measured in order to determine the nature of the emission. The 390 nm
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Figure 2.11: Excitation (red) and emission (green) spectra of (top left) α, (top
right) β, and (bottom) γ.

emission has a lifetime of 240 ns while the 480 nm emission has a lifetime of 930 ns.

Based on this data and the lifetimes of other Au(CN) –
2 based coordination poly-

mers, (50,139) the 390 and 480 nm emissions are assigned to a singlet (fluorescence)

and triplet (phosphorescence) emission respectively. Due to the large spin-orbit cou-

pling of gold, phosphorescence is generally the predominant emission pathway. (50) The

presence of both types of emission, as in α, is less common. (50) Although no lifetime

measurements were performed on samples of β or γ, the similar peak widths of β and

γ to the 480 nm emission peak in α suggest that the emission peaks observed for β

and γ are from a triplet excited state.

The observation of both singlet and triplet emission peaks can be seen as a measure

of the relative rate of intersystem crossing from the singlet to the triplet excited state

vs. the rate of emission from the singlet state. Relative to β and γ, the rate of emission

from the singlet state must be higher in α. It is postulated that this increased rate is
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due to the good match between the ground state vibrational energy of the electronic

excited state, and the vibrational levels of the electronic ground state. Alternatively,

the rate of non-radiative decay from the singlet state may be significantly larger

in β and γ relative to α. As such, neither β or γ would show an emission from

the singlet state. In the absence of further information regarding the non-radiative

decay pathways, the rationale behind the presence or absence of a singlet emission is

speculative.

For δ, despite the presence of gold-gold interactions, hand-picked single crystals

of δ showed no observable room temperature luminescence.

It has been observed both theoretically and experimentally that the emission en-

ergy in a structurally related series of metal-metal bonded gold(I) systems are inversely

proportional to the cube of the gold-gold distance (dAu−Au, Equation 2.5). (48,62,63) In

Equation 2.5, Eo represents the emission at infinite atomic separation. In other words,

Eo represents the highest energy emission that two species separated by a distance d

would exhibit. The parameter a represents the rate at which the emission energy in-

creases toward the distance limit (Eo ). A small value of a indicates that the limit will

be reached faster than for larger values of a. Furthermore, the parameter a reflects

at which distance the compound pair will no longer be emissive.

For short spans of gold-gold interactions (3.11 – 3.34 Å for α – δ respectively)

Equation 2.5 has been simplified to a 1/dAu−Au relationship (Equation 2.6). The

interpretation of E ′ in Equation 2.6 is identical to Eo in Equation 2.5. However, the

values will not necessarily be equivalent. Although one can interpret the meaning of

a′ similarly to the value of a (Equation 2.5), this parameter has no physical basis; it

will change depending on which distance range is being fit.

E = E0 − a

d3
Au−Au

(2.5)

E = E ′ − a′

dAu−Au
(2.6)

Indeed, the low energy, phosphorescence, emissions of α – γ obey Equation 2.5

and 2.6; on average, shorter gold-gold interactions in α (3.11 and 3.16 Å) emit at lower

energy than the gold-gold interactions in β (3.1471(11) – 3.2702(6) Å) and γ (3.29 Å).
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Figure 2.12: Plot of emission energy vs. gold-gold distance for α – γ and
{Zn(NH3)2[Au(CN)2]2}. Extrapolation from the data (straight line) suggests that
δ should emit at 23400 cm−1 (427 nm), and [Zn(NH3)4][Au(CN)2]2 should have a
bond length of 3.3 Å (similar to γ) (see section 2.3.5).

A fit of the average Au-Au distance vs. emission energy to Equation 2.6 (Figure 2.12)

yields good agreement. Extrapolation predicts that δ should emit at around 427 nm.

The lack of any observable emission from δ may be due to the small amount of hand

picked crystals used for the fluorescence experiment. Alternatively, a non-emissive

decay pathway may be more prevalent in δ at room temperature, rendering it truly

non-emissive.

2.3 Vapoluminescent response of polymorphs to

ammonia

Based on the sensitive and dramatic visible and IR spectral response of the related

Cu(µ−OH2)2[Au(CN)2]2 system to various donor solvents in the gas phase such as

pyridine, DMSO, DMF, and particularly ammonia, (80) the response of the colourless

polymorphs α – δ to these donor vapours was examined. While the copper(II) system

showed dramatic colour changes when the aqua ligands were substituted, attributed
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to the change in crystal field around the copper(II), the zinc(II) system would ob-

viously not show any colour change (as a d10 metal centre). In the zinc(II) system

the goal is that the structures of the guest-incorporated compounds show different

gold-gold interactions, and hence different photoluminescence, regardless of whether

the guest binds to the zinc(II) centre. Based on the fast response, and dramatic colour

change, of the copper(II) system to ammonia, we primarily focused on the potential

vapoluminescent response of the four polymorphs to ammonia.

2.3.1 Why pick on ammonia?

Ammonia is part of our everyday lives. We smell it all around us when we clean

our windows with Windex R©. People working near or with a blueprint copier smell

ammonia. Farm animals give off ammonia as a digestive byproduct. The human

nose is quite capable of detecting ammonia under all of these conditions, and thus it

would appear as though there is no need for ammonia sensors. Specifically, the human

nose is capable of sensing ammonia at 50 ppm and higher. (140) Critically, however,

ammonia is capable of irritating the eyes and respiratory system at concentrations

below 50 ppm, (140) thus ammonia sensors are indeed important. Individuals who are

constantly exposed to ammonia become desensitized and may not detect ammonia

until concentrations exceeding 100 ppm.

The ability to accurately detect ammonia is not just important as a preventative

measure. Ammonia is naturally produced in the human body via the breakdown of

urea. (140) As such, healthy individuals exhale small concentrations of ammonia. If

the natural levels of urea are altered by liver or kidney disorder (140,141) or some types

of ulcers, (140,142) then physiological ammonia concentrations increase. The ability to

easily detect the concentration of ammonia in exhaled breath is thus a potentially

valuable diagnostic tool.

Ammonia is also utilized as a closed loop refrigerant in large refrigerators and

Zambonis. While a closed loop is maintained, the ammonia is safe. However, leaks in

such systems risk the health of nearby individuals. More importantly, hockey games

could get cancelled.
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Another application for ammonia sensors is in cars, specifically those containing

diesel engines. The exhaust gas of these engines contains some toxic NOx gas. Ammo-

nia is added to the exhaust system to combat the production of NOx gas. However,

if too much ammonia is added, then the toxic NOx is replaced by toxic ammonia

gas. Thus, ammonia sensors can be used to regulate the exhaust concentration of

ammonia.

For all these reasons, the design and fabrication of ammonia sensors is crucial.

However, with so many different types of applications there are different types of

requirements, and hence different sensors. The reduction of NOx gas from exhaust

engines requires operating temperatures of 600 ◦C with response times in seconds

over a 1 – 100 ppm range. For medical breath analysis ambient temperature is re-

quired, with a reasonable response time of minutes, but a very low detection limit of

50 – 2000 ppb.

Some common ammonia-sensor materials include conducting compounds based on

metal-oxides (143–145) or polymers such as polypyrrole (146) and polyaniline; (147) other

sensors are based on spectrophotometric determination. (148,149) While metal oxide

based sensors are very common, they require a high operating temperature, making

them great for the automotive industry, but unsuitable in some applications, e.g.,

medical diagnostics. (140) Conversely, although atomic absorption based sensing can

be operated at room temperature with high sensitivity, it is extremely expensive. (140)

2.3.2 Ammonia detection with α – δ

When the four polymorphs α – δ are exposed to a large excess of ammonia gas, a

new white powder is formed, the IR spectrum of which contained only one νCN band

at 2141 cm−1, indicative of free Au(CN) –
2 units. The IR spectrum also showed the

presence of metal-bound ammonia, (64) suggesting that the zinc(II) centre is either

tetrahedral, coordinated by four ammonia units, or octahedral, coordinated by six

ammonia units; the former is more likely on the basis of typical zinc(II)-ammine

coordination chemistry (150–152) and thus this ammonia-saturated powder is tentatively

formulated as [Zn(NH3)4][Au(CN)2]2.
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α−Zn[Au(CN)2]2          {Zn(NH3)2[Au(CN)2]2}

+NH3

Figure 2.13: Powder of α (Left) under Visible and UV light (top and bottom re-
spectively). After exposure to ammonia a yellow compound of {Zn(NH3)2[Au(CN)2]2}
remains (top right), with bright green luminescence (bottom right).

Removal from the ammonia-rich atmosphere and subsequent rapid loss of ammo-

nia from [Zn(NH3)4][Au(CN)2]2 generates a yellow powder (Figure 2.13), which is

stable in the absence of ammonia for 30 minutes. Elemental analysis of this yellow

powder is consistent with a bis-ammonia adduct of Zn[Au(CN)2]2. The IR spectrum

of this bis-ammonia adduct shows a single νCN band at 2158 cm−1, suggesting that

all of the Au(CN) –
2 units occupy a similar environment. Furthermore, the vibra-

tional modes associated with the ammonia molecule (3290 and 3178 cm−1) suggest a

metal-bound ammine is present (64) indicating that the formula of this compound is

{Zn(NH3)2[Au(CN)2]2}, and not Zn[Au(CN)2]2 · 2 NH3.

If {Zn(NH3)2[Au(CN)2]2} is left open to air for 30 minutes all ammonia molecules

are released, leaving behind a white powder of Zn[Au(CN)2]2, as determined by IR and

elemental analysis. Interestingly, the X-ray powder diffractogram of this ammonia-

free product indicated that a mixture of both α and δ polymorphs are generated.

However, the ratio of the two polymorphs is sample-dependent; cases ranging from

pure α to pure δ and various ratios in between have all been observed. These ratios

are independent of which polymorph was used for the initial uptake of ammonia. At

present, the controlling factor remains unclear.

What is clear is that the mode of action governing the adsorption and desorption
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of ammonia from α, and β/γ are different. In order to probe the mechanism of ad-

sorption/desorption, (153) titration of all four polymorphs with sequential equivalents

of NH3 while monitoring the νCN stretch in the IR, was investigated.† Titration of

α reveals that it binds ammonia in a stepwise fashion (Equation 2.7), first convert-

ing to {Zn(NH3)2[Au(CN)2]2} (νCN 2158 cm−1) and then to [Zn(NH3)4][Au(CN)2]2

(νCN 2141 cm−1). This reaction is completely reversible; i.e., loss of ammonia re-

generates α. However, titration of β and γ reveals that the tetraaminezinc(II) com-

plex, [Zn(NH3)4][Au(CN)2]2, forms directly (Equation 2.8), with no intermediate of

{Zn(NH3)2[Au(CN)2]2} observed. Sufficient ammonia must be present to break all

the bonds between the zinc(II) and the four cyanides in order for initial NH3-uptake

to occur. Due to the adsorption routes for the four polymorphs, it is clear that once

[Zn(NH3)4][Au(CN)2]2 is formed from β and γ, these polymorphs cannot be regener-

ated upon NH3-desorption; mixtures of α and δ are produced instead.

Titration of δ exhibits the same mode of action as α. However, since the synthesis

of δ produces crystals of both δ and α, and the titration experiment probes the first

observable change to the νCN stretch in the IR, these results may be simply due to

the impurity of α, not δ.

α− Zn[Au(CN)2]2 + 2 NH3(g) −−⇀↽−− {Zn(NH3)2[Au(CN)2]2}

{Zn(NH3)2[Au(CN)2]2}+ 2 NH3(g) −−⇀↽−− [Zn(NH3)4][Au(CN)2]2 (2.7)

β/γ − Zn[Au(CN)2]2 + 4 NH3(g) −→ [Zn(NH3)4][Au(CN)2]2

[Zn(NH3)4][Au(CN)2]2 −−⇀↽−− {Zn(NH3)2[Au(CN)2]2}+ 2 NH3(g) (2.8)

As mentioned above, porosity measurements on α and β showed no adsorption

of nitrogen gas at 77 K. Despite this, α – δ reversibly bind ammonia vapour. It is

well-known that non-porous coordination polymers can be quite flexible in the solid-

state. (9,154,155) The d10 zinc(II) cation can adopt several geometries encompassing co-

ordination numbers from two to six; (104,152,156) undoubtedly, this flexibility facilitates

the structural rearrangement which occurs as the ammonia interacts with the zinc(II)

centre.

†This data was collected by Dr. T. Ramnial
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2.3.3 Thermal stability of ammonia adducts

[Zn(NH3)4][Au(CN)2]2

Unfortunately, rapid loss of ammonia from [Zn(NH3)4][Au(CN)2]2 to

{Zn(NH3)2[Au(CN)2]2} precluded the investigation of this compound via TGA.

{Zn(NH3)2[Au(CN)2]2}

The TGA of {Zn(NH3)2[Au(CN)2]2} shows a drop starting at room temperature and

ending at 95 ◦C. The mass loss is consistent with a loss of two equivalents of ammo-

nia (% loss observed 6%; calculated 5.7%). This implies that a quick burst of heat

(seconds) can drive the bound ammonia from the material. As the temperature is

increased, a second loss from 350 to 390 ◦C is observed, consistent with decomposition

of the polymer via loss of cyanogen and formation of ZnO and Au (% loss observed

15.2%; calculated 14.7%), as seen for α – δ (see section 2.2.3).

2.3.4 Solid-state structure of {Zn(NH3)2[Au(CN)2]2}

Comparison of the powder X-ray diffractogram of {Zn(NH3)2[Au(CN)2]2} to other

closely related bis-ammonia dicyanometallate coordination polymers (85,157–159) reveals

a similar diffractogram to both {Cd(NH3)2[Ag(CN)2]2} (158) and

{Cu(NH3)2[Ag(CN)2]2}. (159) The powder pattern of the cadmium polymer is a better

fit, which is consistent with the fact that neither the zinc(II) nor the cadmium(II)

contain the Jahn-Teller axis present in the copper(II) system. Using the cadmium(II)-

system as a starting model, the solid-state structure of {Zn(NH3)2[Au(CN)2]2} was

determined by fitting atomic coordinates to the experimental powder X-ray diffraction

pattern. A good match was obtained (Figure 2.15), except for the {21l} reflections

which appear significantly broader and weaker than predicted. The broader peaks

indicate some type of X-ray line broadening phenomenon such as stress, strain, or

anisotropic particle size. The low intensity of the {21l} peaks could be a sign of

some unmodelled thermal motion/disorder in the structure. A close look at the {21l}
planes reveals that all the zinc(II) atoms lie in this plane. It is likely that these
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Figure 2.14: Crystal structure of {Zn(NH3)2[Au(CN)2]2}. (a) Corrugated sheet of
{Zn(NH3)2[Au(CN)2]2}. (b) Side view of stacked sheets in {Zn(NH3)2[Au(CN)2]2}.
Colour scheme: Gold, yellow; zinc, purple; carbon, green; nitrogen, blue.

planes are sensitive to NH3 gain/loss, and are thereby much broader in comparison

with the remaining peaks. Consistent with the IR data, the structure contains an

octahedral zinc(II) centre in D4h geometry having trans-ammonia molecules and four

N-bound cyanides. Linking through the Au(CN) –
2 units, the zinc(II) centres form a

2-D corrugated sheet (Figure 2.14a), (15,115) with Au(CN) –
2 units at the apex of the

corrugation. (158) Additional parallel sheets stack via gold-gold interactions of 3.06 Å

(Figure 2.14b). Rather than forming chains or sheets of gold-gold interactions as in

α, β and δ, only discrete dimers of Au(CN) –
2 units are found, similar to γ. A second

set of sheets are inclined 90 ◦ and interpenetrated through the aforementioned parallel

sheets. (15) These perpendicular sheets show no close gold-gold interactions or other

interactions to one another (not shown in Figure 2.14).
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Figure 2.15: Simulated (red) and observed (blue) powder diffractograms of
{Zn(NH3)2[Au(CN)2]2}. The 21l reflections are labelled with a *.

2.3.5 Photophysics of ammonia adducts

The photoluminescence spectra of the two ammonia adducts show that two differ-

ent fluorescent species are made. The room temperature luminescence spectrum of

[Zn(NH3)4][Au(CN)2]2 shows one emission peak at 430 nm with an excitation band

centred at 365 nm (Figure 2.16). Based on the gold-gold distance/energy graph (Fig-

ure 2.12), the structure of [Zn(NH3)4][Au(CN)2]2 is predicted to have a gold-gold

distance similar to that of γ, 3.3 Å.

Unfortunately, attempts to measure the ultraviolet/visible absorption spectrum of

the two ammonia adducts were unsuccessful due to the rapid loss of ammonia.

The room temperature photoluminescence of yellow {Zn(NH3)2[Au(CN)2]2} also

shows a single emission band, this time centred at 500 nm with an excitation at 400 nm

(Figure 2.16), which also matches the gold-gold distance/energy correlation graph

(Figure 2.12). The yellow colour of {Zn(NH3)2[Au(CN)2]2} is due to the lowest energy

absorption band, assumed to be at 400 nm, which tails into the visible (absorbing some

of the violet), making {Zn(NH3)2[Au(CN)2]2} a yellow colour.
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Figure 2.16: Excitation and emission spectra of (a) {Zn(NH3)2[Au(CN)2]2} and
(b) fully saturated [Zn(NH3)4][Au(CN)2]2.

2.3.6 Applications of α – δ as ammonia sensors

As it has already been stated, ammonia sensors are used in a wide range of set-

tings. (140) For each application there are different requirements for an ideal sensor,

including detection limits (0.1 ppb – 200 ppm), response times (seconds – minutes),

and operating temperatures (0 – 600 ◦C). (140) This work demonstrates that all four po-

lymorphs act as vapoluminescent sensors for ammonia. However, in order to determine

if the Zn[Au(CN)2]2 materials (which are relatively inexpensive and quite stable) could

compete with current NH3-detection systems, quantitative detection limits for each

polymorph were measured‡ by monitoring the intensity of the {Zn(NH3)2[Au(CN)2]2}
emission band (λmax = 500 nm, λex = 400 nm) at 520 nm. Sensitivities of the polymers

vary depending on polymorph; the lowest detection limit was observed for β, with a

NH3-detection limit of 1 ppb. The response times are also fast: Within seconds for

all polymorphs. In comparison with other materials used as ammonia sensors, these

four coordination polymers have some of the lowest NH3-detection limits and response

times. (140)

From an application point of view, α – δ can not function in an automotive system

due to the required operating temperature of 600 ◦C. The polymers could be suitable

for environmental monitoring and medical breath analysis, where low detection limits

‡This data was collected by Dr. T. Ramnial
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are required at moderate temperatures (0 – 40 ◦C).

2.3.7 Comparison with other vapochromic sensors

As has already been stated, the original goal of this project was to take the existing

α polymer, (69) and check if it can act as a vapoluminescent sensor, comparing the

sensory response of α to that of Cu(µ−OH2)2[Au(CN)2]2. (80) The four polymorphs,

α – δ, do not crystallize with either bound or unbound water molecules, giving them

several advantages over the copper(II) system. The presence of water vapour (i.e.,

humidity) is not an interference for the zinc-based system. The zinc(II) based system

is faster since it does not have to lose solvent or vapour prior to adsorption of a new

species.

Although the copper(II) system shows a noticeable colour change upon vapour

substitution (100 nm shift from green to blue for ammonia adsorption), which is

useful for visual badge indicator/dosimeter application, the peak widths are quite

broad (FWHM > 150 nm). As a sensor, where incomplete conversion is likely, it

may be difficult to determine the identity of the absorbed analyte. In the zinc(II)

system the peaks are significantly narrower (FWHM ∼= 50 nm), making overlapping

peaks easier to distinguish. Fluorescence spectroscopy has one additional benefit

to absorption spectroscopy: Absorption is a relative measure, while fluorescence is

an absolute measure of light. Fluorescence is therefore inherently more sensitive.

Furthermore, the ability to directly probe one specific emission band by tuning the

excitation energy is another advantage of the zinc(II) system over the copper(II)

system. Probing the emission at 520 nm ({Zn(NH3)2[Au(CN)2]2}) with excitation at

400 nm shows no interference from a range of other potential analytes (excluding neat

samples of α, which emit at 480 nm). These differences render the zinc(II) system

more sensitive than the corresponding copper(II) system.
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2.4 Conclusion

Under optimized reaction conditions, the reaction of various zinc(II) salts with either

the K + or Bu4N + salts of Au(CN) –
2 produced one of four different polymorphs of

Zn[Au(CN)2]2. The reaction depends on several factors including solvent, concen-

tration, pH, and even the counterions associated with the starting materials. The

structure of all four polymorphs contains a tetrahedral zinc(II) centre, with four N-

bound Au(CN) –
2 units in the tetrahedral sites. The tetrahedral units link to one

another forming one of three different 3-D structures: Quartz, diamond, and a rare

network, which until now has never been observed. The structures also differ in the

degree of interpenetration, ranging from 3 - 6 networks.

Three of the four polymorphs are luminescent at room temperature, with triplet

emission energies that are inversely proportional to the average gold-gold interactions

in the structure. The luminescence of the polymorphs changes when exposed to am-

monia vapour. It was determined that two ammonia compounds were produced via

vapour absorption: {Zn(NH3)2[Au(CN)2]2}, and [Zn(NH3)4][Au(CN)2]2. Depending

on the polymorph starting material, the absorption either occurred sequentially, form-

ing {Zn(NH3)2[Au(CN)2]2} followed by [Zn(NH3)4][Au(CN)2]2, or all at once, forming

[Zn(NH3)4][Au(CN)2]2. It was determined that the ammonia units were bound to the

zinc(II) thereby altering the Zn[Au(CN)2]2 framework and its associated gold-gold in-

teractions. The emission energy of {Zn(NH3)2[Au(CN)2]2} fit well with the distance-

emission energy relationship observed for the emissive polymorphs. The gold-gold

interaction distance in [Zn(NH3)4][Au(CN)2]2 was estimated to be 3.3 Å.

As an ammonia sensor, the four polymorphs outperform their copper(II) prede-

cessor. The polymorphs uptake ammonia faster, and at lower concentrations (1 ppb

for β).
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2.5 Future work

2.5.1 Other factors affecting polymorph selection

The synthesis of α – δ is obviously sensitive to many conditions. Although several

factors affecting the polymorph selection have been explored, it would be interest-

ing to explore a few new factors. As has already been mentioned, the temperature

dependence on polymorph selection is unknown and should be further explored. For

example, the aqueous reaction of zinc(II) and Au(CN) –
2 should be conducted at higher

temperature (70 ◦C) to see if a pure sample of δ is produced, as opposed to the crystals

of α that are normally produced.

While thermally the four forms of Zn[Au(CN)2]2 do not seem to interconvert, the

addition of pressure to the polymorphs should also be examined. Perhaps if pressure

is applied to β (the lowest density polymorph) it will convert to a polymorph of

higher density. The change in luminescence as polymorphs are converted could have

applications as a one time pressure sensor.

2.5.2 Beer, bourbon, and vodka: Other solvents, other poly-

mers

Various reaction conditions were employed in order to synthesize the four polymorphs.

The conditions tried were by no means comprehensive. Various other counterions, and

solvents should be investigated in order to determine if other

zinc:Au(CN) –
2 compounds can be made. To name a few, counterions such as PPN+,

rhodamine+, CF3−SO –
3 , SO 2 –

4 , PO 3 –
4 , BF –

4 , or PF –
6 , could be explored. Other sol-

vents such as ethanol, propanol, butanol, nitromethane, ether, or THF should also be

examined.

When ethanol was used as a solvent, for example, in the reaction between zinc(II)

and KAu(CN)2, a white precipitate was formed. The precipitate changed colour from

white to reddish-purple when exposed to light. This colour may be indicative of a pho-

tochemical decomposition reaction in this compound, leaving some nano-particles of

gold. (160) The original polymer could be a fifth polymorph, ε, or possibly a 1:3 adduct
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Figure 2.17: SEM image of spin cast film of γ and KClO4. EDX determined
that the long thin plates (labelled as a in the figure) contain zinc and gold (γ) while
the block shaped crystals (labelled as b in the figure) contain potassium and chlorine
(KClO4).

of zinc:Au(CN) –
2 , K{Zn[Au(CN)2]3}; the K{Cd[Au(CN)2]3}, K{Ni[Au(CN)2]3}, and

K{Co[Au(CN)2]3} polymer are known. (70,73,74) No further characterization of this com-

pound was performed.

2.5.3 Films, plates, and strips

In order to comercially utilize these polymers, ideally they would be made processable

into films, strips (such as pH paper), or even TLC plates. One of the most common

forms of film deposition is spin coating. There are several challenges associated with

spin coating coordination polymers. (161–164) Coordination polymers are generally in-

soluble once they have formed, and thus a solution of polymer precursors (KAu(CN)2,

and ZnX2 in this case) is required. Both the precursors and other byproducts of the

reactions may deposit as well. A second challenge is solvent choice. Finding a low

boiling solvent to spin coat from, such as methanol, that the mixed precursors remain

soluble in for an appreciable amount of time (10 minutes) is often difficult.

Some preliminary work has shown that spin casting films can be successful. The
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synthesis of crystals of β is accomplished in methanol. Attempts to spin cast films

from this methanolic solution showed that a film can be deposited on silicon. The

infrared spectrum of the film shows both a single cyanide stretch at 2198 cm−1, indica-

tive of a bridging cyanide, and a strong ClO –
4 stretch, attributed to either Zn(ClO4)2

or KClO4. A Powder X-ray diffractogram of the film reveals that γ and KClO4 are

deposited with some preferred orientation. A representative SEM image of the film

is shown in Figure 2.17. Two morphologies are observed in the film: long plates,

and blocks. EDX determined that the composition of the long plates was primar-

ily zinc and gold, while the blocks primarily contained potassium and chlorine. The

long plates are therefore γ while the blocks are KClO4. The luminescence of the film

(emission maximum at 440 nm) confirms the presence of γ. Future work should focus

on further characterization of the films, and optimizing the film deposition. Partic-

ular focus should be made to remove the KClO4 impurity. This can be potentially

accomplished by attempting to redissolve any of the polymers in hot methanol and

then spin casting, or by washing the films with water. Note that although β is formed

from methanol with this set of reagents, it is a film of γ that is deposited, once again

illustrating the sensitivity of reaction conditions to polymorph selection. With this

result in mind, it would be interesting to investigate the substrate dependence on

the film deposition of these polymorphs. Substrates such as glass (hydrophobic and

hydrophilic terminated SiO2), ITO coated glass, and CaF2 should be examined.

Another method by which these polymers could be commercially used is by incor-

porating them onto TLC plates. If silica particles (type, 230 – 400 mesh) and β are

mixed together (1% β in silica by mass), then a homogenous mixture of β:SiO2 can

be made; the sample luminesces uniformly. However, preliminary work attempting

to apply this mixture on a glass substrate resulted in separation into clumped parti-

cles of β on a uniform silica plate. Perhaps synthesizing β in the presence of silica

would produce a material that will be strongly adsorbed on the surface of the silica.

Changing the silica particle size, or the type of silica (neutral, basic, acidic) could also

produce a true β/silica composite material.
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2.5.4 Other analytes

The four Zn[Au(CN)2]2 coordination polymers in this chapter show a remarkable

vapoluminescent response to ammonia vapour. Several questions still remain to be

explored. The copper(II) system, used as a guide for the luminescent zinc(II) system,

showed a high sensitivity to other analytes as well. Donors such as pyridine, DMF,

dioxane, acetonitrile, and DMSO were examined. (80) Thus, the ability of the zinc(II)

system to incorporate donors other than ammonia should be explored, compared,

and contrasted with the Cu(donor)x[Au(CN)2]2 adducts. (80) Preliminary work incor-

porating other guest molecules, such as DMSO, pyridine, and DMF, either by vapour

adsorption or crystallization has shown some success. Infrared spectroscopy of the

polymorphs show that vapour adsorption of pyridine and DMF is possible. However,

these analytes desorb faster than the ammonia adducts, and further characterization

has thus far been unsuccessful. Unsurprisingly, attempts to crystallize these adducts

have also been unsuccessful, likely due to the fast desorption of these adducts to any

of the four polymorphs.

One analyte whose adduct was successfully characterized is DMSO. Crystallized

out of neat DMSO, the structure of Zn(DMSO)2[Au(CN)2]2 (Figure 2.18, Table 2.5)

contains a single octahedral zinc(II) centre, with two cis-coordinated oxygen-bound

DMSO molecules (Zn-O = 2.120(6) and 2.075(6) Å). The remaining four sites around

the zinc(II) are coordinated with Au(CN) –
2 units with an average Zn-N bond length

of 2.144 Å, longer than the bond lengths in α – δ. A 2-D corrugated structure,

with DMSO molecules protruding from the apex of the corrugation, is formed by the

bridging Au(CN) –
2 units. The closest interaction linking sheets is a Au-Au interaction

of 3.4943(6) Å. A similar crystal structure was observed for the copper(II) system. (80)

Attempts to measure the luminescence of this polymer have revealed emission

peaks identical to that of α. Considering that the gold-gold interactions in

Zn(DMSO)2[Au(CN)2]2 are long, close to the edge of the van der Waals radius for

gold, (134) Zn(DMSO)2[Au(CN)2]2 may not be emissive. Small impurities of α, po-

tentially caused by grinding crystals of Zn(DMSO)2[Au(CN)2]2, would thus dominate

the fluorescence spectra. This system should be explored in order to determine how
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Figure 2.18: Crystal structure of Zn(DMSO)2[Au(CN)2]2. (a) Local geometry
of Zn showing thermal ellipsoids. (b) Single 2-D sheet, viewed at the face of the
sheet. (c) a pair of 2-D sheets viewed perpendicular to the sheet face, long Au(1)-
Au(2∗) interactions (3.4943(6) Å) represent the closest contact between sheets (DMSO
molecules excluded for clarity). Colour scheme: Gold, yellow; zinc, red; nitrogen, blue;
carbon, green; sulfur, yellow; oxygen, purple.
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Table 2.5: Selected bond lengths (Å) and angles (◦) for Zn(DMSO)2[Au(CN)2]2
a

Bond Lengths
Zn(1) – N(1) 2.163(7) Zn(1) – N(2’) 2.167(8)
Zn(1) – N(3) 2.140(8) Zn(1) – N(4”) 2.104(8)
Zn(1) – O(1) 2.120(6) Zn(1) – O(2) 2.075(6)
Au(1) – Au(2∗) 3.4943(6)

Bond Angles
N(2’) – Zn(1) – N(4”) 91.3(3) N(2’) – Zn(1) – O(1) 88.8(3)
N(4”) – Zn(1) – O(1) 175.7(3) N(2’) – Zn(1) – O(2) 88.3(3)
N(4”) – Zn(1) – O(2) 91.2(3) O(1) – Zn(1) – O(2) 93.2(3)
N(2’) – Zn(1) – N(1) 172.5(3) N(4”) – Zn(1) – N(1) 93.0(3)
O(1) – Zn(1) – N(1) 87.4(3) O(2) – Zn(1) – N(1) 85.4(3)
N(2’) – Zn(1) – N(3) 94.1(3) N(4”) – Zn(1) – N(3) 87.9(3)
O(1) – Zn(1) – N(3) 87.8(3) O(2) – Zn(1) – N(3) 177.4(3)
N(1) – Zn(1) – N(3) 92.3(3) Zn(1) – O(1) – S(1) 126.3(4)
Zn(1) – O(2) – S(2) 126.0(4) Zn(1) – N(1) – C(1) 172.8(8)
Zn(1’) – N(2’) – C(2’) 169.4(8) Zn(1) – N(3) – C(3) 172.8(10)
Zn(1) – N(4”) – C(4”) 167.3(8) Au(2∗) – Au(1) – C(1) 105.3(3)

aSymmetry Operations: ’: x− 1,−y + 3/2, z − 1/2 ; ”: −x+ 4, y − 1/2,−z + 1/2 ;
∗: −x+ 4,−y + 2,−z + 1

easily the DMSO molecules desorb from the zinc.

Up until now, the guests that have been explored have previously been exposed to

the copper(II) system. These donor molecules often contain nitrogen, and to a lesser

extent oxygen donors. Work into the vapochromic Cu[Au(CN)2]2-based and vapolu-

minescent Zn[Au(CN)2]2-based coordination polymers has not examined their ability

to bind sulfur-containing molecules. In particular, the ability to detect butanethiol,

often used as an odorant in natural gas, would be a valuable tool. Similarly, hydrogen

sulfide (H2S) is a poisonous, corrosive gas, often found as an impurity in natural gas.

The ability to detect the presence of either of these molecules at low concentrations

would be invaluable for the continued safety of natural gas usage.

Halogens such as chlorine and bromine vapour should also be explored as analytes.

It is known that both of these molecules undergo oxidative addition to Au(CN) –
2 , pro-

ducing Au(CN)2X –
2 (X = Br, Cl). Generally, gold(III) species do not form gold-gold
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interactions, and are thus non-emissive. If a polymer containing Au(CN) –
2 converts

to Au(CN)2X –
2 , then the luminescence should be turned off; this may be an effective

non-reversible halogen sensor. It would also be interesting to explore the structural

and photophysical effects of partial doping of Au(III) into a network of Au(I)-systems.

2.5.5 Replacing the zinc(II) centre with other colourless

cations

The vapochromic sensors that have thus far been designed in the Leznoff group have

focused on binding a guest molecule to a transition metal, with a concomitant shift

in absorption/emission energies. One area that has not been explored is the abil-

ity of M[Au(CN)2] x polymers to bind molecules that use a π system to coordinate.

Aromatic molecules such as benzene and toluene, or alkenes such as ethylene should

be investigated. (165–167) Exposing β to benzene has shown no effect. Perhaps replac-

ing the zinc(II) with other cations such as silver(I) or platinum(II) which have been

observed to bind with alkenes and/or aromatic molecules, will create a vapochromic

polymer that when exposed to such molecules will produce a concomitant shift in

absorption/emission energies.

2.6 Experimental

2.6.1 General procedures

All manipulations were performed in air. [nBu4N][Au(CN)2] · 1
2
H2O was synthesized

as previously described. (87) All other reagents were obtained from commercial sources

and used as received. Infrared spectra were recorded as pressed KBr pellets on a

Thermo Nicolet Nexus 670 FT-IR spectrometer.

CAUTION: Although we have experienced no difficulties, perchlorate salts are

potentially explosive and should only be used in small quantities and handled with

care.
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2.6.2 Synthesis of α – Zn[Au(CN)2]2 (α)

A 15 mL aqueous solution containing Zn(ClO4)2 · 6 H2O (37 mg, 0.10 mmol) was

added to a 15 mL aqueous solution of KAu(CN)2 (57 mg, 0.20 mmol). Crystals begin

to form after two days of slow, partial, evaporation yielding colourless X-ray quality

crystals of α – Zn[Au(CN)2]2, (α). Yield: 40 mg (72%). Anal. Calcd. for C4N4Au2Zn:

C, 8.53%; H, 0.00%; N, 9.94%. Found: C, 8.84%; H, 0.00%; N, 10.15%. IR (KBr,

cm−1): 2216 (w), 2198 (s), 2158 (w), 517 (m). A similar preparation (using a different

stoichiometry) and the crystal structure have been previously reported. (69)

2.6.3 Synthesis of β – Zn[Au(CN)2]2 (β)

To a 3 mL acetonitrile solution containing Zn(NO3)2 · 6 H2O (30 mg, 0.10 mmol),

a 3 mL acetonitrile solution of [nBu4N][Au(CN)2] · 1
2
H2O (100 mg, 0.20 mmol) was

added while swirling, yielding an immediate precipitate. The mixture was centrifuged,

after which the solvent was removed and the powder allowed to dry overnight. The

sample was washed with three portions of acetonitrile (6 mL) through filter paper

to remove any KNO3 or unreacted starting material. The resulting powder was air

dried, yielding a white powder of β – Zn[Au(CN)2]2, (β). Yield: 40 mg (72%). Anal.

Calcd. for C4N4Au2Zn: C, 8.53%; H, 0.00%; N, 9.94%. Found: C, 8.51%; H, 0.00%;

N, 9.78%. IR (KBr, cm−1): 2221 (sh), 2199 (s), 2158 (w), 521 (m).

When β (Equation 2.2) is initially formed, elemental analysis indicates that the

initial product does contain at least one acetonitrile per Zn[Au(CN)2]2-unit, Anal.

Calcd. for C4N4Au2Zn ·CH3CN: C, 11.92%; H, 0.50%; N, 11.59%. Found: C, 11.84%;

H, 0.49%; N, 11.30%. This complex readily desolvates if left unsealed overnight.

Powder X-ray diffractograms show no difference between the solvated and desolvated

forms of β.

X-ray quality crystals of β can be grown by slow, partial, evaporation of a 20 mL

methanol solution of KAu(CN)2 (10 mL, 57 mg, 0.20 mmol) and Zn(ClO4)2 · 6 H2O

(10 mL, 37 mg, 0.10 mmol). The crystals and powder had identical IR spectra and

powder diffractograms. Crystals of KClO4 are interspersed with crystals of β.
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2.6.4 Synthesis of γ – Zn[Au(CN)2]2 (γ)

Method 1

To a 1 mL acetonitrile solution containing Zn(ClO4)2 · 6 H2O (37 mg, 0.10 mmol),

a 1 mL acetonitrile solution of [nBu4N][Au(CN)2] · 1
2
H2O (150 mg, 0.30 mmol) was

added dropwise while swirling, yielding an immediate precipitate. The mixture was

centrifuged, after which the solvent was removed and the powder allowed to dry

overnight. The sample was washed with three portions of acetonitrile (2 mL) through

filter paper to remove any KClO4 and unreacted starting material . The resulting

powder was air dried, yielding a white powder of γ – Zn[Au(CN)2]2, (γ). Yield:

40 mg (72%). Anal. Calcd. for C4N4Au2Zn: C, 8.53%; H, 0.00%; N, 9.94%. Found:

C, 8.62%; H, 0.00%; N, 9.82%. IR (KBr, cm−1): 2187 (s), 2149 (w), 526 (m).

Method 2

To a 5 mL (99:1) acetonitrile:water solution containing Zn(ClO4)2 · 6 H2O (37 mg,

0.10 mmol), a 5 mL (99:1) acetonitrile:water solution of KAu(CN)2 (57 mg, 0.20 mmol)

was added dropwise while swirling, yielding an immediate precipitate, which was

filtered and washed with three portions of acetonitrile (3 mL), leaving a powder of γ.

Yield: 43 mg (77%). The IR spectra and X-ray powder diffractograms of the products

from both methods are identical.

2.6.5 Synthesis of δ – Zn[Au(CN)2]2 (δ)

A 15 mL aqueous solution containing KAu(CN)2 (114 mg, 0.40 mmol) and KCN

(26 mg, 0.40 mmol) was covered with a watch glass and brought to a boil, after which

HCl (0.80 mL, 0.100 N solution, 0.080 mmol) was added. The solution was cooled

until the beaker was warm to the touch, after which a 15 mL aqueous solution of ZnCl2

(26 mg, 0.20 mmol) was added. Over several hours, crystals of δ – Zn[Au(CN)2]2 (δ)

deposited. The crystals were immediately filtered and dried. Yield 60 mg (56%).

Anal. Calcd. for C4N4Au2Zn: C, 8.53%; H, 0.00%; N, 9.94%. Found: C, 8.44%; H,

0.00%; N, 10.27%. IR (KBr, cm−1): 2191 (s), 2188 (s), 2156 (w), 2151 (w), 526 (m).
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Further evaporation yields a mixture of α and δ crystals, after which a yellow powder

of AuCN is produced.

2.6.6 Synthesis of {Zn(NH3)2[Au(CN)2]2}

Ammonia gas (10 mL), from the saturated headspace of a bottle of concentrated

ammonia solution (29.4%), was introduced to a vial containing 20 mg of β. The

vial was sealed and left standing for 30 min, yielding a white powder. The vial

was then opened and the ammonia allowed to escape for 5 min, generating a bright,

yellow powder of {Zn(NH3)2[Au(CN)2]2}. Anal. Calcd. for C4H6N6Au2Zn: C, 8.04%;

H, 1.01%; N, 14.07%. Found: C, 8.30%; H, 0.91%; N, 13.87%. IR (KBr, cm−1):

3290 (m), 3178 (w), 2158 (s), 2117 (sh), 1202 (s), 618 (m, br).

Using α, γ,or δ as the starting material still generated {Zn(NH3)2[Au(CN)2]2}.
If a sample of {Zn(NH3)2[Au(CN)2]2} is left unsealed for an hour, a white powder

of Zn[Au(CN)2]2 forms. Anal. calcd. for C4N4Au2Zn: C, 8.53%; H, 0.00%; N, 9.94%.

Found: C, 8.86%; H, 0.00%; N, 9.80%. IR (KBr, cm−1): 2197 (s), 2160 (w), 518 (m).

2.6.7 Synthesis of Zn(DMSO)2[Au(CN)2]2

To a 0.5 mL DMSO solution of Zn(ClO4)2 · 6 H2O (32 mg, 0.086 mmol), a 0.5 mL

DMSO solution of KAu(CN)2 (50 mg, 0.174 mmol) was added dropwise. The so-

lution was allowed to evaporate slowly. Crystals of Zn(DMSO)2[Au(CN)2]2 were

formed over several days of slow evaporation Yield 30 mg (42%). Anal. Calcd. for

C8H12N4O2Au2Zn: C, 13.35%; H, 7.79%; N, 1.68%. Found: C, 13.50%; H, 8.04%; N,

1.72%. IR (KBr, cm−1): 3009 (w), 2919 (w), 2186 (m), 2175 (m), 1314 (w), 1299 (w),

1030 (m), 1013 (s, νS−−O), 1005 (s, νS−−O), 957 (m).

2.6.8 Single crystal structural determination

Crystals of β, δ and Zn(DMSO)2[Au(CN)2]2 were mounted on glass fibers using epoxy

adhesive. β was a colourless plate having dimensions 0.20 x 0.20 x 0.02 mm3, δ was a

colourless plate having dimensions 0.14 x 0.11 x 0.06 mm3, and Zn(DMSO)2[Au(CN)2]2
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was a colourless chunk having dimensions 0.42 x 0.22 x 0.14 mm3. The data for com-

pounds β and δ were collected at room temperature on a Bruker Smart instrument

equipped with an APEX II CCD area detector at a distance of 6.0 cm from the crystal.

A Mo Kα fine-focus sealed tube operated at 1.5 kW power (50 kV, 30 mA) was utilized

for data collection. The following data ranges were recorded: β = 4◦ ≤ 2θ ≤ 57◦;

δ = 7◦ ≤ 2θ ≤ 65◦.

For compound β, a total of 776 frames were collected with a scan width of 0.5 ◦

in ω; all frames were collected with a 20 s exposure time. The frames were integrated

with the Bruker SAINT software package. Data were corrected for absorption effects

using a numerical face-indexed technique (SADABS) with a transmission range of

0.058 – 0.700. Final unit-cell dimensions were determined based on the refinement of

the XYZ-centroids of 1969 reflections with ranges 4◦ ≤ 2θ ≤ 51◦

Crystals of compound δ were determined to be two component non-merohedral

twins (CELL NOW) by an approximately 180 ◦ rotation about the [100] direction in

real space. A total of 4079 frames were collected with a scan width of 0.5 ◦ in ω; all

frames were collected with a 20 s exposure time. Frames were integrated with the

Bruker SAINT software package using the appropriate twin matrix. Data were cor-

rected for absorption effects (TWINABS) with a transmission range of

0.036 – 0.110. Final unit-cell dimensions were determined based on the refinement of

the XYZ-centroids of 9904 reflections with ranges 7◦ ≤ 2θ ≤ 61◦

Compound Zn(DMSO)2[Au(CN)2]2 was collected at room temperature on a Enraf

Nonius Delft CAD 4 diffractometer with a PMT point detector using the control pro-

gram DIFRAC. (168) A Mo Kα normal-focus sealed tube operated at 0.736 kW power

(46 kV, 16 mA) was utilized for data collection over the range 4◦ ≤ 2θ ≤ 60◦. The

data was corrected by integration for the effects of absorption using a semi-empirical

psi-scan method with a 0.073 – 0.262 transmission range. Data reduction included

corrections for Lorentz and polarization effects using the NRCVAX software suite. (169)

Final unit-cell dimensions were determined based on 43 well-centred reflections with

a range of 47◦ ≤ 2θ ≤ 51◦.

The structures of compounds β, δ, and Zn(DMSO)2[Au(CN)2]2 were solved in

CRYSTALS (170) using direct methods (SIR92) and expanded using Fourier techniques.
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Diagrams were prepared using ORTEP-3, (171) POV-Ray, (172) and Cameron. (173)

The coordinates and anisotropic temperature factors for all non-hydrogen atoms

of compounds β, δ, and Zn(DMSO)2[Au(CN)2]2 were refined. For β, the final re-

finement using observed data (Io ≥ 2.50σ(Io)) included an extinction parameter, and

statistical weights included 103 parameters for 1656 unique reflections. For δ, the

final refinement using observed data (Io ≥ 2.50σ(Io)) and statistical weights included

104 parameters for 2105 unique reflections. For Zn(DMSO)2[Au(CN)2]2, the final

refinement using observed data (Io ≥ 2.50σ(Io)) included an extinction parameter,

and statistical weights included 177 parameters for 2953 unique reflections. Hydrogen

atoms were placed in calculated positions (d C-H 0.95 Å) and initially refined with

soft restraints on the bond lengths and angles to regularise their geometry; after-

wards their coordinate shifts were linked with those of the respective carbon atoms

during refinement. Isotropic thermal parameters for the hydrogen atoms were ini-

tially assigned proportionately to the equivalent isotropic thermal parameters of their

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

atoms on the DMSO were constrained to have identical shifts during refinement.

Crystallographic data for β and δ are tabulated in Table 2.3;

Zn(DMSO)2[Au(CN)2]2 is tabulated in Table 2.6. Selected bond length and angle

tables for β, δ, and Zn(DMSO)2[Au(CN)2]2 are given in Tables 2.1, 2.2, and 2.5

respectively.

2.6.9 Powder sample structural determination

X-ray powder diffractograms were collected on a Rigaku RAXIS rapid curved image

plate area detector with a graphite monochromated Cu-Kα radiation source operated

at 1.9kW (46 kV 42mA), and a 0.5 µm collimator. Powder samples were adhered

to a glass fiber with grease. Peak positions for γ were located in WinPlotr. (174) Cell

parameters were determined with Dicvol. (175) Structural models for γ were produced

and refined with PowderCell (176) using triclinic symmetry. The spacegroup and atomic

positions of the carbon and nitrogen atoms were determined with CRYSTALS (170)

using distance and angle restraints based on the distances and angles in the other
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polymorphs. A final refinement cycle for γ was conducted in Powder Cell (176) in the

tetragonal spacegroup P 4 b 2.

The powder pattern of {Zn(NH3)2[Au(CN)2]2} was compared with simulated pat-

terns of the coordination polymer {Cd(NH3)2[Ag(CN)2]2}, (158) which was found to

have a similar diffraction pattern. Unit cell determination and further refinements

were performed in Powder Cell (176) using the atomic positions of the

{Cd(NH3)2[Ag(CN)2]2} complex. (158) The relative intensities of the 21l reflections

for the observed powder pattern were consistently less intense and broader than the

intensities in the calculated powder diffractogram.

Crystallographic data for γ and {Zn(NH3)2[Au(CN)2]2} are tabulated in Table 2.3

and 2.6 respectively.

2.6.10 UV/Vis absorption

UV/Vis measurements of α – γ were carried out on an Ocean Optics QE65000 spec-

trometer with an Ocean Optics deuterium/tungsten-halogen DH-2000-FHS source,

using MgO as a calibrant. Both the calibrant and the sample were evenly distributed

on a glass slide. Pure samples of α – γ and mixed samples of 1 mg α – γ in 40 mg

of MgO were run.

A UV/Vis measurement of β was also carried out on a Photon Technology In-

ternational (PTI) fluorimeter, using a Xe arc lamp and a photomultiplier (PMT)

detector. Synchronous scans were carried out with a 1 nm aperture. Finely ground

powder samples were drop cast, from acetonitrile, on a quartz plate and placed at an

approximately 45 ◦ angle to the incident source. The source and emission monochro-

mators were scanned at the same rate starting at the same wavelength. Intensity

measurements of the Xe arc lamp (Io) were carried out with a MgO sample.

2.6.11 Fluorescence spectroscopy

Solid-state luminescence data were collected at room temperature on a PTI fluorime-

ter, using a Xe arc lamp and a PMT detector. Finely ground powder samples were

drop cast, from the synthesis solvent, on a quartz plate and placed at an approximately
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Table 2.6: Crystallographic data for {Zn(NH3)2[Au(CN)2]2} and
Zn(DMSO)2[Au(CN)2]2

{Zn(NH3)2[Au(CN)2]2}a Zn(DMSO)2[Au(CN)2]2
empirical formula C4H6N6Au2Zn C8H12N4Au2O2S2Zn
formula weight 597.45 719.66
crystal system Tetragonal Monoclinic
space group P 42/m b c P 21/c
crystal habit - Chunk
a, Å 7.8554 7.8403(11)
b, Å 7.8554 12.8395(12)
c, Å 17.0937 16.4572(17)
α, ◦ 90 90
β, ◦ 90 98.891(10)
γ, ◦ 90 90
V, Å3 1054.81 1636.8(3)
Z 4 4
T, K 293 293
ρcalcd, g · cm−3 3.724 2.920
µ, mm−1 29.967 19.592
R/Rw (Io ≥ 2.50σ(Io))

c 0.0366/0.0691 0.0342/0.0396
goodness of fit - 1.5426

a From X-ray Powder Diffraction data.
c Function Minimized:

∑
w(|Fo| − |Fc|)2, where w−1 = [σ2(Fo) + (nFo)

2], n = 0 for
{Zn(NH3)2[Au(CN)2]2}, 0.02 for Zn(DMSO)2[Au(CN)2]2.
R =

∑
||Fo| − |Fc||/

∑
|Fo|, Rw = [

∑
w(|Fo| − |Fc|)2/

∑
w |Fo|2]1/2.

45 ◦ to the incident source in a quartz cuvette. Emission scans were performed with

a 1 nm scanning aperture on the emission monochromator, with a 30 nm fixed aper-

ture centred at the excitation energy. Excitation scans were performed with a 30 nm

aperture on the emission monochromator centred at the emission wavelength, and a

1 nm scanning aperture on the excitation monochromator.

Ammonia exposure experiments were conducted under the same conditions, sealing

the top of the cuvette with parafilm to prevent rapid loss of ammonia gas. The

headspace of a bottle of concentrated ammonia solution (29.4%) was used as the

source of ammonia gas.
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Emission lifetimes data were measured in collaboration with Prof. K. Sakai and

Mr. Y. Kuroki using a customized apparatus (Prof. K. Sakai, Kyushu University)

equipped with an Iwatsu DS-4262 Digital Oscilloscope and a Hamamatsu R928/C3830

photomultiplier tube coupled to a Horiba H-20-VIS grating monochromator. The

excitation source was an N2 laser (337 nm) (Usho KEN-1520).

2.6.12 Porosity

Nitrogen and hydrogen porosity measurements at 77 K of α and β were carried out

on a Micromeritics ASAP 2020 porosimeter. Samples of α and β were pretreated

by heating to 150 ◦C under vacuum in order to degas the sample and remove any

surface-bound solvent. A maximum pressure of 850 mm Hg was used.

2.6.13 Thermal stability

TGA data were collected using a Shimadzu TGA-50 instrument heating at 1 ◦C/min

in an air atmosphere. DSC measurements were collected on a Perkin Elmer DSC 7

instrument with a Perkin Elmer TAC 7/DX controller heating at 2 ◦C/min from

25 – 300 ◦C.

2.6.14 Titration of α – δ with ammonia

The vapochromic behaviour of the polymorphs α – δ was quantified in a customized

chamber of known volume by Dr. T. Ramnial. The visible emission spectrum was mon-

itored using an Ocean Optics QE65000 spectrometer with an Ocean Optics

deuterium/tungsten-halogen DH-2000-FHS source. Titration and sensitivity limit

studies were both performed on the different polymorphs, by introducing a known

amount of NH3 (as 2.0 M NH3 solution in 2-propanol) into the chamber through a

septum using an air-tight syringe.

The sensitivity of the different polymorphs to NH3 was determined by sequentially

introducing known concentrations of NH3 into the chamber and observing any change

in visible emission at 520 nm. The 520 nm wavelength was chosen to ensure that no
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peak overlap was observed. The emission spectrum of the appropriate NH3-free poly-

morph starting material was used as the background; this yielded higher sensitivities

than use of a MgO white background.

The titration studies were performed by adding sequential equivalents of NH3 per

zinc(II) centre, allowing the material in the chamber to equilibrate for 30 seconds,

and then measuring the IR spectrum.

2.6.15 Preparation of spin cast films

Two methods of spin coating were attempted. The spin coater consisted of a small

DC-motor equipped with three 6V batteries in series. The spinning speed was unde-

termined.

Method 1: Drop-spin

A 20 mL methanol solution of KAu(CN)2 (10 mL, 57 mg, 0.20 mmol) and

Zn(ClO4)2 · 6 H2O (10 mL, 37 mg, 0.10 mmol) was prepared. A silicon chip was

covered with the solution at which point the motor was started and allowed to spin

for 5 minutes. The IR of the film showed a strong ClO4 stretch at 1000 cm−1, with

an additional broad weak stretch around 2200 cm−1. The presence of a film was not

easily noticeable.

Method 2: Spin-drop-drop

A 20 mL methanol solution of KAu(CN)2 (10 mL, 57 mg, 0.20 mmol) and

Zn(ClO4)2 · 6 H2O (10 mL, 37 mg, 0.10 mmol) was prepared. A silicon chip was placed

on the motor, and the motor was started. Approximately 2 mL of the methanolic so-

lution was slowly dropped on the spinning silicon chip. After the last drop the film

was allowed to spin for 5 minutes. The IR of the film showed a strong ClO4 stretch at

1000 cm−1, with an additional medium intensity stretch at 2198 cm−1. The presence

of a film was noticeable. An X-ray diffractogram of the film were carried out at room

temperature on a Bruker D8 diffractometer equipped with a PMT line detector. A

Cu Kα sealed tube operated at 1.6 kW power (40 kV, 40 mA) was utilized for data
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collection. A collection time of 33 seconds/step, 17 h total, was used with a 0.02 ◦

step size over the 2θ range 8–45 ◦.

2.6.16 Preparation of β:SiO2 mixtures and coatings

To a 50 mL round-bottom flask was added 20 mL of acetonitrile, 1.00 g of neutral

silica (230 – 400 mesh) and 10 mg of β. The solution was stirred while the solvent

was removed in vacuo.

A binding agent, 10% CaSO4 · (H2O)1/2, was added to the resulting mixture in

order to make a coating. A glass slide was masked on one side along the edges with

scotch tape, leaving a thin valley between the two pieces of tape. The thickness of

the scotch tape thus controls the thickness of the coating. The mixture was spread

on the glass slide and smeared evenly with the flat edge of another glass slide. The

smearing direction was along the valley.



Chapter 3

Structure and spectroscopy of a

series of lead(II)-dicyanoaurate

coordination polymers∗,†

3.1 Introduction

Historically, lead(II) has received a great deal of attention; the Romans used to add

lead(II) acetate to wine as a sweetener. (177) We know now that this was not a good

idea; it caused gout, colic, deafness, and insanity (to name a few). (177) Lead(II) also

inhibits the biosynthesis of hemoglobin, thereby causing anaemia. (178) Interestingly,

2000 years later, wine and lead(II) still come together. Being more informed than the

Romans, artisans mix PbO into glass to form crystal (30 % PbO). Putting wine in

∗Part of the work in this chapter is reproduced with permission from M. J. Katz, P. M. Aguiar,
R. J. Batchelor, A. A. Bokov, Z.-G. Ye, S. Kroeker, and D. B. Leznoff, “Structure and Multinuclear
Solid-State NMR of a Highly Birefringent Lead-Gold Cyanide Coordination Polymer”, Journal of
the American Chemical Society, vol. 128, pp. 3669 - 3676, 2006 Copyright 2006 American Chemical
Society
†Part of the work in this chapter is reproduced with permission from M. J. Katz, V. K. Michaelis,

P. M. Aguiar, R. Yson, H. Lu, H. Kaluarachchi, R. J. Batchelor, G. Schreckenbach, S. Kroeker, H.
H. Patterson, and D. B. Leznoff, “Structural and Spectroscopic Impact of Tuning the Stereochemical
Activity of the Lone Pair in Lead(II) Cyanoaurate Coordination Polymers via Ancillary Ligands”,
Inorganic Chemistry, vol. 47, pp. 6353 - 6363, 2008 Copyright 2008 American Chemical Society
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crystal goblets doesn’t make the wine taste any better, but the glass has a nice sparkle

and the degree of lead poisoning is significantly lower than spiking the drink with

lead(II) acetate. Despite the harmful effects of lead(II), it is often a critical component

in advanced materials due to the piezoelectric, (179) ferroelectric, (180) and NLO (181) (for

example) properties associated with lead(II) compounds. Often, when the lead(II) is

removed from the system or substituted for another metal, the properties of interest

diminish. (179)

Lead(II), which has a d10s2 electronic configuration, is a large, highly polarizable

cation. (177,182,183) Its van der Waals radius is estimated to be 2.00 Å. (177) In com-

parison, the estimated van der Waals radii of zinc and gold are 1.39 Å and 1.80 Å

respectively. Due to its large size and lack of any geometric constraints by crystal

field (due to its d10s2 electronic configuration), coordination numbers ranging from

two to twelve have been observed. Owing to its electronic configuration, lead(II) com-

plexes are often colourless, or pale yellow, due to the lack of d− d transitions. Upon

examining a database of lead(II) crystal structures, an interesting phenomenon ap-

pears. (178) The coordination sphere of many lead(II) compounds exhibits asymmetric

bond lengths, even when all of the ligands are identical. For example, the structure of

Pb(phen)4(ClO4)2 contains a nine-coordinate lead(II) centre surrounded by four phen

ligands, one more than the majority of transition metal phen complexes. The lead(II)-

N bond lengths range from 2.637(9) – 2.898(8) Å. (184) In addition to the four phen

ligands there is a single lead(II)-oxygen bond from one of the perchlorate anions. If

this were the only complex exhibiting this asymmetry in bond lengths, it could be pos-

tulated that the four phen ligands are overcrowding the lead(II) centre, thereby lead-

ing to the asymmetry. However, in the less steric seven-coordinate Pb(phen)2(SCN)2

complex, the lead(II)-N bond lengths range from 2.41(2) – 2.73(1) Å, a larger span

than in Pb(phen)4(ClO4)2. (185) Strangely enough, this is not always the case: The

lead(II) coordination sphere in [Pb(phen)2(oxalate)] · 5 H2O, shows extremely regular

bond lengths. (186)

Another observation about lead(II) coordination chemistry is that in some com-

plexes the geometry about the lead(II) centre contains a void, as if an “invisible” ligand
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(a)       (b)

Figure 3.1: Lead(II) geometry in (a) the crystal structure of the seven coordinate
asymmetric structure of Pb(2-(aminomethyl)pyridine)2(SCN)2, and (b) the crystal
structure of the eight-coordinate symmetric geometry of [Pb(phen)2(oxalate)] · 5 H2O.

is occupying a coordination site. In others, the geometry about the lead(II) is very reg-

ular. For example, the ligands on the seven-coordinate

Pb(2-(aminomethyl)pyridine)2(SCN)2 (Figure 3.1a) are crowded around two-thirds

of the lead(II) coordination sphere; the remaining one-third is “unoccupied”. (187) In

contrast, the lead(II) centre in [Pb(phen)2(oxalate)] · 5 H2O has all the ligands evenly

distributed around its coordination sphere (Figure 3.1b). (186,187)

The observations described above have been attributed to a stereochemical lone

pair of electrons on d10s2 lead(II). The lone pair can block part of the coordination

sphere, acting as a ligand around the lead(II). While at times the lone pair on lead(II)

seems to be stereochemically active, as in Pb(2-(aminomethyl)pyridine)2(SCN)2, (187)

at times, the lone pair appears stereochemically inactive, as in

[Pb(phen)2(oxalate)] · 5 H2O. (186) What remains unclear from the discussion above is:

how is the lone pair of electrons in a spherical s orbital stereochemically active, what

conditions are needed to toggle this stereochemical activity on/off, and how does this

explain the large span in bond lengths?

It is this stereochemically active lone pair that is at least partially responsible
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for the interesting physical properties associatedf with lead(II). For example, piezo-

electricity is the ability of a compound to produce an electric field when an exter-

nal force is applied to the compound. (188) These materials are featured in ultra-

sound detectors. (179) One of the most notable piezoelectric materials is PbZr(1-x)TixO3

(PZT). (179,180,188) The large piezoelectric response of PZT has been, in part, attributed

to the stereochemically active lone pair of 6 s 2 lead(II) electrons, which causes a dis-

tortion of the “ideal” structure. (179) PZT materials polarize when an external force is

applied to them. (188) If the lead(II) is replaced with barium(II) (electronic configura-

tion = [Xe] vs. [Xe]d10s2 for lead(II)), then the piezoelectric response is significantly

lower. (180) Thus, the lone pair can be a key requirement in some materials properties.

3.1.1 The origin of the lead(II) stereochemical lone pair

As described above, the stereochemical lone pair in d10s2 lead(II) is most often char-

acterized by crystallography. This is accomplished by examining the coordination

sphere around the lead(II) (bond lengths and geometry). There are three possible

observations: (1) The geometry and bond lengths appear symmetric, such as in a

tetrahedral PbX4 (Figure 3.2 left), or [Pb(phen)2(oxalate)] · 5 H2O (Figure 3.1b). The

stereochemical lone pair is said to be stereochemically inactive. (2) At the other ex-

treme, there may be a large amount of space unoccupied around the lead(II), such

as in a see-saw shaped PbX4 (Figure 3.2 right). Here, the stereochemical lone pair is

said to be stereochemically active. (3) An intermediate geometry with non-symmetric

bond lengths is observed, not quite tetrahedral and not quite see-saw (Figure 3.2

middle). Different researchers may label this case either stereochemically active or

stereochemically inactive. Based on the analysis presented below, my opinion is that

any geometry which is not perfectly symmetric, and the span of the bond lengths

is surprisingly large (e.g., different Au(CN) –
2 have different Pb-N bonds) contains a

lead(II) centre with a stereochemically active lone pair.

In order to explain the origin of the stereochemical lone pair the molecular orbital

diagram for two PbH 2 –
4 geometries is shown below (Figure 3.3). The first geometry
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Figure 3.2: (Left) Tetrahedral lead(II) showing no evidence for a stereochemically
active lone pair (holodirectional). (Middle, right) C2v distorted tetrahedral lead(II)
showing a space around the lead(II) which is not occupied by a ligand, but is occupied
by a stereochemically active lone pair (Hemidirectional).

is tetrahedral (stereochemically inactive). The second geometry is a distorted tetra-

hedron (C2v symmetry). This geometry would resemble either of the stereochemically

active geometries in Figure 3.2 middle or right. In all the diagrams, the key orbital in

question is the filled s orbital on the lead(II) (i.e., the HOMO). In the fully symmet-

ric, tetrahedral PbH 2 –
4 , the only metal orbital that contributes to the HOMO is the

s orbital. None of the other lead(II) orbitals, including the d orbitals (not shown),

have the appropriate symmetry to disrupt the spherical shape of the s orbital. As

such, the stereochemistry of the lone pair of the lead(II) in a symmetric tetrahedral

geometry would be holodirectional (i.e., spherically symmetric, with no evidence for

a stereochemically active lone pair). It is important to note that the s orbital is

destabilized upon ligation of the four hydrides.

If the tetrahedron is distorted to C2v symmetry (Figure 3.3b), then the symmetry

of the s orbital on the lead(II) becomes the same as the symmetry of the pz orbital

on the lead(II). As illustrated in Figure 3.3b, the s orbital, which is destabilized

relative to free lead(II), is partially re-stabilized by mixing from the empty pz orbital.

Calculations have suggested that the HOMO has no greater than 5% p character. (178)

Now, the HOMO would not be spherically distributed about the lead(II) as in the

perfectly tetrahedral case; it would occupy more space toward one half of the lead(II).

When this occurs, the lead(II) is said to be hemidirectional. An illustration of the
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hemidirectional (C2v distorted tetrahedral) PbH 2 –
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shape of the orbital can be found in Figure 3.4. The grey sphere in Figure 3.4a

represents a holodirectional lead(II) while the grey oval in Figure 3.4b represents the

pz admixed s orbital of a hemidirectional lead(II).

Focusing on only the HOMO orbital would suggest that all lead(II) complexes

should be hemidirectional, as spz mixing would stabilize the HOMO. However, there

is a cost associated with forming the stereochemically active spz orbital: One of the

filled 1T2 orbitals in the tetrahedral geometry (Figure 3.3a) must be destabilized

(2A1 Figure 3.3b). Note that the other orbitals also change their energy, but only

this filled orbital is destabilized relative to its holodirectional counterpart. Hemidi-

rectional structures will only occur when the effect of stabilizing the HOMO and

HOMO −4 (3A1 and 1A1, Figure 3.3b) is greater than the effect of destabilizing the

HOMO −1 (2A1, Figure 3.3b). Calculations have estimated the energy difference

required to convert a hemidirectional structure to holodirectional structure is at most

125 kJ/mol. (178)

In practise, hemidirectional lead(II) compounds are found when the ligands around

the lead(II) are hard (i.e., small, electronegative, low polarizability). (178) Alternatively,

the stereochemical activity can be a function of the Lewis-base strength of the ligand.

Both representations are exemplified in the two structures in Figure 3.1 in which the

harder, more basic, 2-(aminomethyl)pyridine ligand forces the lone pair on lead(II)

to be stereochemically active, (187) while the relatively softer, less basic, phen contain-

ing complex is holodirectional. (186) This observation can be explained from the two

molecular orbital diagrams (Figure 3.3). When a strong Lewis-base is ligated to the

lead(II), the s orbital on the lead(II) is significantly destabilized (relative to a weak

Lewis-base). The s orbital can be re-stabilized if the lone pair is activated (i.e., sp

mixing, Figure 3.3b) via geometric distortion.

As mentioned above, lead(II) complexes with a stereochemically active lone pair

contain an asymmetry in the bond lengths around the lead(II). This occurrence is

due to the non-spherical shape of the HOMO (Figure 3.4b), causing non-spherical

electronic repulsion around the lead(II) such that the ligands on one side of the lead(II)

bind at shorter distances relative to the ligands at the other side of the lead(II). In a

holodirectional structure, where the lone pair is not stereochemically active, the span
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Holodirectional         Hemidirectional

Figure 3.4: (left) Symmetric bond lengths in lead(II) complex with no lone pair
activity. (right) Hemidirected bond lengths, shorter lengths away from the lone pair
and longer bond lengths toward the lone pair, in lead(II) complex with lone pair
activity. The grey shape on either side represents the shape of the HOMO orbital in
a holodirectional (left) and hemidirectional (right) lead(II) centre.

of the lead(II)-ligand bonds is significantly lower than in hemidirectional structures

(Figure 3.4a). The large span of lead(II)-X bond lengths makes it difficult to determine

the van der Waals radii for lead(II), and hence in the absence of comparable structures

or spectroscopy it may be difficult to accurately assign a bond.

3.1.2 Lead(II) coordination polymers

Despite the properties associated with lead(II)-containing compounds and the inter-

esting coordination chemistry of lead(II), it is surprising that the incorporation of

lead(II) into coordination polymers has been relatively neglected. To the best of

our knowledge, there are approximately 100 journal articles that describe the syn-

thesis and/or properties of lead(II) coordination polymers. (189–191) In contrast, there

are thousands of coordination polymers made with each of manganese(II), iron(II),

cobalt(II), nickel(II), copper(II), or zinc(II). Of the reported lead(II) coordination

polymers, the majority contain bridging halide ligands. (192–196) For example, the

[(PbBr2)2(µ−pyrazine)] polymer contains distorted 2-D Pb-Br sheets. (192) The dis-

tortion was attributed to a stereochemically active lone pair. The sheets are linked to
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one another via pyrazine ligand connectors. (192) Such halide-bridged polymers, partic-

ularly those with iodide units, show a large third-harmonic NLO response (e.g., for the

layered polymer [C6H13NH3]2PbI4). (197) By incorporating a chiral organic fragment

large second-order NLO properties have also been observed. (181) Similar polymers

containing tin(II) ions have also been investigated. (198,199)

In terms of cyanometallate coordination polymers, incorporating lead has received

even less attention. The only such lead-containing materials include organolead(IV)

polymers with [M(CN)6]2−/3− (M = Fe, Ru, Co) linkers, (200,201) a Pb2[Fe(CN)6] semi-

conducting material whose structure was resolved by powder X-ray diffraction, (202,203)

and a lead(II)-Au(CN) –
2 system of undetermined structure exhibiting interesting lu-

minescence behaviour. (84)

Given the relative scarcity of lead(II)-containing coordination polymers, it is not

surprising that an in-depth analysis of the role of this large cation and its lone pair on

the polymeric structure has not been undertaken. In order to utilize lead(II) to syn-

thesize coordination polymers with a desired functionality, the structural impact of

the lead(II) and its potentially stereochemically active lone pair must be understood.

What remains unclear from the limited body of work regarding lead(II) coordination

polymers is if halide free lead(II) polymers can be formed. Additionally, the extended

structure of lead(II)-containing polymers could be unique due to the large coordi-

nation sphere of the lead(II), and thus the variety of ways by which neighbouring

lead(II) centres could be joined. Furthermore, the lone pair offers a new feature in

coordination polymer research that has not been previously examined. Depending on

the ligands, the lone pair may be stereochemically active or inactive. Toggling this

on or off could drastically alter the topology of the resulting polymer by radically

changing the coordination sphere, and the number of available coordination sites; the

resulting materials properties could also be significantly impacted. However, before

the properties of such polymers can be investigated, all these unknowns must be

addressed. These unknowns ask one question: can lead(II) and its lone pairs stere-

ochemical activity be used a design element in the rational design of coordination

polymers?

In order to probe these questions, a small subset of ligands was chosen and the
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ligand-lead(II)-Au(CN) –
2 coordination polymer chemistry investigated. This knowl-

edge may lay the ground work for designing such coordination polymers with useful

properties typical of lead(II)-containing materials.

3.2 Synthesis, structure, and spectroscopy of

Pb(H2O)[Au(CN)2]2

The addition of two equivalents of KAu(CN)2 to a concentrated aqueous solution of

Pb(NO3)2 resulted in the precipitation of a microcrystalline compound. Elemental

analysis indicated that the compound has the formula Pb(H2O)[Au(CN)2]2. Interest-

ingly, a similar synthesis of this compound by Patterson et al . (84) claims that a water

free compound, Pb[Au(CN)2]2, is synthesized. With the exception of the photochem-

istry of this compound, no further characterization was reported by Patterson et al .

Thus, in order to determine if the two compounds were the same, the room tempera-

ture luminescence of Pb(H2O)[Au(CN)2]2 was measured and compared to the lumines-

cence of the compound previously published. The spectrum of Pb(H2O)[Au(CN)2]2

showed emission and excitation maxima at 520 and 420 nm respectively, suggesting

that the compound previously reported was in fact Pb(H2O)[Au(CN)2]2. (84) The de-

hydrated product (see below) of Pb(H2O)[Au(CN)2]2 showed no room temperature

luminescence.

3.2.1 Infrared spectroscopy of Pb(H2O)[Au(CN)2]2

The IR spectrum of Pb(H2O)[Au(CN)2]2 reveals two cyanide bands at 2140 and

2130 cm−1, both of which occur at a lower energy than the νCN of 2141 cm−1

for KAu(CN)2. As explained in the introduction, any cyanide vibration energy re-

flects a combination of σ donating and π-backbonding. The shift to lower energy in

Pb(H2O)[Au(CN)2]2 can be attributed to substantially more back-bonding from the

electron-rich lead(II) centre than σ-bonding from the cyanides.
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Figure 3.5: (a) Crystal structure of Pb(H2O)[Au(CN)2]2 viewed down the c-axis,
showing thermal ellipsoids. (b) 2-D slab of Pb(H2O)[Au(CN)2]2 viewed down the
c-axis. Colour scheme: Gold, yellow; lead, purple; nitrogen, blue; carbon, green;
Oxygen, red.

3.2.2 Structure of Pb(H2O)[Au(CN)2]2

Crystals of Pb(H2O)[Au(CN)2]2 can be grown by slow evaporation of a dilute aqueous

solution of KAu(CN)2 and Pb(NO3)2, or by hydrothermally recrystallizing a micro-

crystalline powder of Pb(H2O)[Au(CN)2]2 (see experimental section 3.8.3). The struc-

ture of Pb(H2O)[Au(CN)2]2 contains a lead(II) centre in a bicapped trigonal prism co-

ordination geometry, defined by six cyanide nitrogens forming the vertices of the prism

and two capping water molecules (Figure 3.5a). The lead(II) is not located at the

centre of the prism, but slightly shifted toward one of the walls. The trigonal prisms

stack upon one another to form a column along the b-axis (Figure 3.5b). The columns

link to each other along the a-axis via the water molecules and a µ2 cyanide (C−−−N(1)

on Au(1)). Via coordinate bonds, the overall structure of Pb(H2O)[Au(CN)2]2 can

be considered a 2-D slab of edge-sharing trigonal prismatic columns (Figure 3.5b).
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Table 3.1: Selected bond lengths (Å) and angles (◦) for Pb(H2O)[Au(CN)2]2
a

Bond Lengths
Pb(1) – N(1) 2.595(18) Pb(1) – N(2) 2.65(2)
Pb(1) – N(1’) 2.595(18) Pb(1) – N(2’) 2.65(2)
Pb(1) – N(1∗) 2.87(2) Pb(1) – O(1) 2.57(2)
Pb(1) – O(1∗) 2.83(2) Au(1) – Au(2) 3.541(2)
Au(1) – Au(1”) 3.5222(8) Au(2) – Au(1”) 3.454(2)

Bond Angles
Pb(1) – N(1) – C(1) 138.0(19) Pb(1) – N(2) – C(2) 132.1(19)
Pb(1) – N(1”) – C(1”) 125.0(19) N(1) – Pb(1) – N(2) 83.1(6)
N(1) – Pb(1) – N(1”) 79.2(4) N(1) – Pb(1) – N(1’) 87.2(9)
N(1) – Pb(1) – N(2’) 143.0(7) N(1) – Pb(1) – N(1∗) 132.4(3)
N(2) – Pb(1) – N(1”) 131.9(6) N(2) – Pb(1) – N(2’) 83.5(8)
N(2) – Pb(1) – N(1∗) 80.6(6) N(1∗) – Pb(1) – N(1”) 77.2(7)
O(1) – Pb(1) – O(1∗) 122.7(7)

aSymmetry Operations: ∗: x− 1/2,−y + 1,−z + 1/2 ; ’: x,−y − 1,−z ;
”: x− 1/2, y,−z + 1/2.

Weak gold-gold interactions of 3.454(2), 3.5222(8), and 3.541(2) Å occur within

each slab (Figure 3.5). These slabs stack upon each other via hydrogen bonding

(O(1)-N(2) = 2.86(3) Å) and gold-gold interactions of 3.456(3), 3.487(5), 3.524(5) Å

(not shown). The layer of gold(I) atoms shows a nearly close-packed environment,

with all the Au(CN) –
2 units nearly eclipsed (dihedral angle of < 1 ◦). (51,204) Selected

bond lengths and angles can be found in Table 3.1.

Consistent with the IR data, there are two distinct cyanide units in the struc-

ture: C−−−N(1) bridges two lead(II) centres (µ2-cyanide) while C−−−N(2) binds only to

one lead(II) atom. The C−−−N(2) moiety also accepts a hydrogen bond from a water

molecule of the adjacent slab.

The eight-coordinate lead(II) centre shows an asymmetry in the bond lengths

toward one hemisphere of the lead(II); i.e., the lead(II) is stereochemically active

yielding a hemidirectional structure (Table 3.1). (178,205) This asymmetry is exempli-

fied by Pb(1)-N(1) and Pb(1)-N(1∗) bond lengths of 2.595(18) and 2.87(2) Å respec-

tively; these are similar to Pb(dca)2, which has Pb-N bond lengths of 2.679(6) and



Chapter 3. Pb(II)-dicyanoaurate coordination polymers 93

2.868(10) Å. (206,207) The Pb(1)-OH2 bonds also show an asymmetry associated with

the lone pair’s presence, with Pb(1)-O(1) and Pb(1)-O(1∗) distances of 2.57(2) Å and

2.83(2) Å respectively; these lengths are comparable to other water-bound lead(II)

complexes. (208) Examining the geometry and bond lengths around the lead(II) can

indicate the orientation of the lead(II) lone pair. Four of the six cyanides have short,

nearly identical Pb-N, bond lengths. The short Pb(1)-OH2 bond is perpendicular to

the face of these four cyanides. The remaining bond lengths around the lead(II) (two

Pb-N(cyano), and one Pb-OH2 bonds) are all longer. Thus, the orbital containing the

lone pair is likely situated primarily trans to the short Pb(1)-O(1) bond.

As already mentioned, Pb(H2O)[Au(CN)2]2 has previously been synthesized. (84)

Based on calculations, it was postulated (84) that the structure of Pb(H2O)[Au(CN)2]2

contained a metallophilic lead(II)-gold(I) interaction of 5.8 Å. The presence of lead(II)-

gold(I) interactions is not unprecedented. For example, the structure of

Au2Pb(CH2P(S)Ph2)4 contains ligand-supported lead(II)-gold(I) interactions of

2.896(1) and 2.963(2) Å. (209) While the shortest distance between lead(II) and the

gold(I) centres in Pb(H2O)[Au(CN)2]2 is 5.3 Å, shorter than the calculated predic-

tion, this distance is significantly longer than the estimated sum of the van der Waals

radii for lead(II) and gold(I) (3.8 Å). (134,135) Furthermore, the Pb−Au−CN angle

is 22 ◦ which is too acute for a direct metal-metal interaction. At this angle the

cyanide orbitals are likely overlapping any metal orbitals along this path. Therefore,

no lead(II)-gold(I) interaction is present in this system.

3.2.3 Thermal stability of Pb(H2O)[Au(CN)2]2

The TGA of Pb(H2O)[Au(CN)2]2 shows the loss of bound water over the broad

temperature range of 100–200 ◦C, suggesting relatively strong H2O-binding to the

lead(II) centre. The dehydrated compound is then stable up to 300 ◦C, at which

point Pb[Au(CN)2]2 decomposes via loss of cyanogen in a single step. (129,130) The re-

maining material was not characterized, but most likely contains metallic gold and a

combination of PbO and/or AuPb2 (an alloy of lead and gold). (123)
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3.3 Synthesis and spectroscopy of Pb[Au(CN)2]2

The dehydrated compound Pb[Au(CN)2]2, a bright yellow solid, was synthesized in

bulk by heating Pb(H2O)[Au(CN)2]2 in an oven overnight at 175 ◦C. In contrast to

Pb(H2O)[Au(CN)2]2, no room temperature emission was observed for Pb[Au(CN)2]2,

confirming that the compound prepared by Patterson et al . (84) was

Pb(H2O)[Au(CN)2]2. Once dehydrated, Pb[Au(CN)2]2 does not readily rehydrate.

Attempts to adsorb other guests such as ammonia, pyridine, and DMF were also un-

successful, indicating that Pb[Au(CN)2]2 could not be used as a vapochromic sensor

for these types of Lewis-base donors. Although some coordination polymers exhibit

single-crystal-to-single-crystal phase transitions upon dehydration, (210,211) single crys-

tals of Pb(H2O)[Au(CN)2]2 become microcrystalline powder upon dehydration, pre-

cluding a structural investigation of Pb[Au(CN)2]2 via single crystal X-ray diffraction.

It was possible to index the X-ray powder diffractogram of Pb[Au(CN)2]2 to several

different cells. However, considering the versatility of the coordination chemistry of

lead(II), with coordination numbers ranging from two to twelve, (178,182,183) attempts

to build a matching structural model in the absence of other spectroscopic data was

not made.

The IR spectrum of Pb[Au(CN)2]2 exhibits only one νCN stretch at 2130 cm−1 in

the IR. As in Pb(H2O)[Au(CN)2]2 the vibrational frequency of the cyanide is shifted

to lower energy, once again indicating that significantly more π-backbonding is present

than σ-bonding. Both Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2 have this 2130 cm−1

stretch indicating that the environment of the cyanide in Pb[Au(CN)2]2 may be similar

to the environment of the cyanide units in Pb(H2O)[Au(CN)2]2.

3.4 Multinuclear solid-state NMR as a tool for

structural elucidation

One focus of coordination polymer research is to relate structure to property. Often

this is done by discussing the physical properties being investigated in light of the
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crystal structure of the coordination polymer. However, sometimes growing single

crystals of a desired compound can be quite elusive. For example, the crystal structure

of Prussian-Blue took over 100 years to be determined due to the inability to grow

single crystals. In the end, dissolution of the polymer with HCl followed by vapour

diffusion of water into the acidic solution afforded X-ray quality crystals (not an

obvious first choice of methodology). (212) However, when crystals are not available,

spectroscopic methods of structural elucidation are often employed. Solid-state NMR

is one method by which structural information can be elucidated from a coordination

polymer, yet this method has received relatively little attention in this field despite

the use of solid-state NMR to investigate weak interactions in supramolecular systems

and zeolites. (213–215)

In the case of the lead(II) system, Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2, solid-

state NMR may yield some insight into the structure of Pb[Au(CN)2]2. In addi-

tion to probing the 13C and 15N spectra, which may give insight into the number

of cyanides and can indicate the symmetry of the cyanides around the metal centre,

lead-containing materials can also be investigated by solid-state 207Pb NMR. As has

already been stated, the coordination chemistry of lead(II) is extremely versatile and

the 207Pb NMR is a direct probe of the coordination environment. 207Pb (I = 1
2
, 22.1%

natural abundance) NMR chemical shifts are extremely sensitive to small deviations

in local structure. For example, solid Pb(NO3)2 is often used in solid-state NMR to

calibrate probe temperature, since its chemical shift changes by 0.70 ppm/K. (216,217)

Furthermore, the sensitivity to coordination number can be seen in isotropic 207Pb

chemical shifts: Three- and four-coordinate lead(II) in lead oxides resonate from 2000

to −1500 ppm, whereas seven- to twelve-coordinated lead(II) in lead oxides range

from −1500 to −3800 ppm. (218)

Solid-state NMR can yield a significant amount of information, but the spectra

most often look very different than solution NMR spectra (Figure 3.6). Thus, a brief

introduction to solid-state NMR spectroscopy follows. To illustrate the difference

between solid and solution NMR spectroscopy, a holodirectional octahedral all trans-

PbX2Y2Z2 complex will be used as an example. Assuming no coupling between the

lead(II) and the three ligands, one resonance for the lead(II) in solution, δPb, would be
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observed. However, in a solid-state NMR experiment this is not the case. If a single

crystal of trans-PbX2Y2Z2 is aligned such that the X−Pb−X-axis of the complex is

parallel with the external magnetic field of the NMR, then one chemical shift δX−Pb−X

would be observe. If the Y−Pb−Y- or Z−Pb−Z-axes are then aligned with the ex-

ternal magnetic field, a chemical shift of δY−Pb−Y or δZ−Pb−Z respectively would be

observed. In a powdered sample, all orientations are possible, and thus the observed

chemical shift is the linear combination of the projection of the three principle, mutu-

ally perpendicular chemical shifts, δX−Pb−X , δY−Pb−Y , and δZ−Pb−Z , on the external

magnetic field. The average of δX−Pb−X , δY−Pb−Y , and δZ−Pb−Z (Equation 3.1) would

be δPb, the solution value (this assumes no solvent or crystal packing effects). In

solution, the molecule is tumbling so quickly that only an isotropic chemical shift is

observed on the NMR time scale (δPb or δiso in more general terms). In the solid-state

the molecule is fixed in a crystal lattice, incapable of turning, giving rise to three

chemical shifts (δ11, δ22, and δ33, where δ11 represents the most deshielded chemical

shift). If a solid sample is spun quickly enough about an axis tilted by 54.74 ◦ with

respect to the applied magnetic field (the magic angle), then the solid-state spectrum

will appear as one peak at the isotropic chemical shift (δiso). This experiment is known

as magic angle spinning NMR (MAS-NMR). In order for a solid-state NMR spectrum

to show only isotropic chemical shifts, the sample must be spun at a frequency faster

than the width of the spectrum (Ω, see below). If this is not achieved, the spectrum

will exhibit spinning sidebands which are spaced evenly around δiso in intervals of

the spinning frequency. For example, the spectra in Figure 3.15 (Page 115) exhibit

spinning sidebands.

Several pieces of information can be extrapolated from solid-state NMR. Returning

to the case of trans-PbX2Y2Z2, with X 6= Y 6= Z, three different chemical shifts exist

and the NMR spectrum of a powdered sample would look similar to the ideal spectrum

in Figure 3.6a. If the molecule contains axial symmetry (a 3-fold or greater rotation

axis), for example, trans-PbX4Z2, then two of the chemical shifts would be equivalent,

giving rise to a spectrum similar to Figure 3.6b. If the symmetry is increased once

more, making all six ligands around the lead(II) equivalent (i.e., PbX6), then all three

chemical shifts would be equivalent, giving rise to only one peak in the solid-state
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(a)                   (b)                  (c)

Figure 3.6: Ideal, non-spinning, solid-state NMR spectra for molecules possessing
(a) three unique chemical shifts such as in all trans-PbX2Y2Z2 (b) two equivalent
chemical shifts such as in trans-PbX4Z2 (i.e., axial symmetry) (c) all three equivalent
chemical shifts such as in PbX6 (spherical symmetry).

NMR spectrum (Figure 3.6c). Thus, solid-state NMR can give information regarding

the crystallographic symmetry of the nucleus being probed.

When interpreting solid-state NMR spectra there are two terms that come up

often: Span (Ω) and skew (κ). The span of a spectrum is defined as the difference be-

tween the most shielded component and the least shielded component of the chemical

shifts (i.e., the width of the spectrum, Equation 3.2). The span is thus a measure of

the chemical shift anisotropy around the nucleus being probed. The skew determines

the deviation from ideal axial symmetry, as defined by Equation 3.3. For an axially

symmetric molecule, such as trans-PbX4Z2, the skew is either +1 or −1. If the skew

is +1, then δ11 = δ22, as in Figure 3.6b. If the skew is −1, then δ33 = δ22 (i.e., Fig-

ure 3.6b would be flipped horizontally). The farther κ deviates from ±1, the farther

the deviation from perfect axial symmetry (Figure 3.6a).

δiso =
δ11 + δ22 + δ33

3
(3.1)

Ω = δ33 − δ11 (3.2)

κ = 3
δ22 − δiso

Ω
(3.3)

With this in mind, the solid-state 207Pb, 15N NMR, and 13C NMR of

Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2 were investigated in collaboration with Prof.

S. Kroeker and Dr. P. Aguiar (Manitoba) to probe the structure of microcrystalline

Pb[Au(CN)2]2. The 13C NMR spectra of Pb(H2O)[Au(CN)2]2 (167 ppm) and
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Figure 3.7: Solid-State 207Pb-NMR spectra of (a) Pb(H2O)[Au(CN)2]2 and (b)
Pb[Au(CN)2]2. Labels denote the primary components of the chemical shift tensor.

Pb[Au(CN)2]2 (174 ppm) were axially symmetric and contained only one resonance,

despite the presence of two crystallographically inequivalent cyanides in

Pb(H2O)[Au(CN)2]2; the chemical shielding is thus dominated by bonding to the

gold and nitrogen and is little affected by the presence of the second coordination

sphere. As such, no structural information could be derived.

3.4.1 207Pb NMR

The non-spinning 207Pb NMR spectrum of Pb(H2O)[Au(CN)2]2 is shown in Fig-

ure 3.7a. Interestingly, comparison of this spectrum with other reported solid-state
207Pb NMR spectrum shows that Pb(H2O)[Au(CN)2]2 has a surprisingly small span

(Ω = 342 ppm, Table 3.6, Equation 3.2); lead(II) complexes often show spans up to

3800 ppm. (218) The relatively low span is consistent with the relatively regular trig-

onal prism formed by the N-bound cyanides (Figure 3.5). The skew (Equation 3.3)

of −0.16 (Table 3.6) indicates a lack of axial symmetry; all three components of the

shielding tensor are markedly different.

The non-spinning 207Pb NMR spectrum of Pb[Au(CN)2]2 is shown in Figure 3.7b.
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Compared with the 207Pb NMR spectrum of Pb(H2O)[Au(CN)2]2, there is a rela-

tively small change of 71 ppm in the isotropic chemical shift, but the span is sig-

nificantly smaller (Ω = 91 ppm, Table 3.6). The similar chemical shift indicates

that the molecule possesses similar shielding to Pb(H2O)[Au(CN)2]2 but the smaller

span indicates that the environment is more symmetric. The increased symmetry is

also corroborated by the skew (κ = 0.9 ± 0.1) which indicates that the lead(II) in

Pb[Au(CN)2]2 possesses essentially axial symmetry.

When comparing the two 207Pb NMR spectra, it appears as if the left hand side

of the spectrum of Pb(H2O)[Au(CN)2]2 “disappears” upon dehydration. More accu-

rately, the least shielded component (δ11 = −2672 ppm) shifts to align with the inter-

mediate component, δ22, whereas the most shielded component in Pb(H2O)[Au(CN)2]2

(δ33 = −3014 ppm) is not significantly changed upon dehydration. For a nucleus as

sensitive to local environments such as lead(II), (216,217) this implies that the environ-

ment around the lead(II) is not significantly altered.

3.4.2 15N NMR

The 15N MAS NMR spectrum (Figure 3.8a) of 13C15N-enriched Pb(H2O)[Au(CN)2]2

shows two cyanides sites in a 1:1 ratio at 259 and 266 ppm, in agreement with the IR

and crystal structure. Since hydrogen-bonding has been shown to increase nitrogen

shielding, (219,220) the peak at 259 ppm is probably assignable to C−−−N(2), although

bonding to one vs. two lead(II) atoms may also have an effect on the observed chemical

shift.

The dehydrated sample produces a single peak in the 15N NMR spectrum, slightly

higher in frequency than the cyanides in Pb(H2O)[Au(CN)2]2, indicating only a single

cyanide site in Pb[Au(CN)2]2 (Figure 3.8b). This is reflective of the higher symmetry

revealed by the 207Pb NMR data.
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(a)

(b)
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Figure 3.8: Solid-State 15N-NMR spectra of (a) Pb(H2O)[Au(CN)2]2 and (b)
Pb[Au(CN)2]2.

3.5 Solid-state structure of Pb[Au(CN)2]2

Although the removal of solvents from within coordination polymers can yield com-

pounds with quite different structures, (80,221–223) the isotropic 207Pb chemical shift of

Pb[Au(CN)2]2 is quite similar to that observed in Pb(H2O)[Au(CN)2]2 which implies

that the coordination geometry of the lead(II) is not greatly altered by dehydra-

tion. The coordination geometry of the lead(II) centre in Pb[Au(CN)2]2 is in a more

symmetric environment than in Pb(H2O)[Au(CN)2]2: The non-spinning 207Pb NMR

spectrum of Pb[Au(CN)2]2 (Figure 3.7b) indicates essentially axial symmetry, the

non-spinning 207Pb NMR spectrum of Pb(H2O)[Au(CN)2]2 does not. In addition, the
15N MAS NMR data show only a single site at 276 ppm (Figure 3.8b), indicating that

all cyanide groups interact equally with the lead(II). This last result is also corrobo-

rated in the IR results, which indicated two peaks for the hydrated complex, and only

one peak for the dehydrated complex.

Taking into account the above constraints and the Pb[Au(CN)2]2 stoichiometry

the structure of Pb[Au(CN)2]2 must contain a lead(II) centre surrounded by either

eight or four N-bound cyanides. Considering the similar 207Pb chemical shifts in
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*    *    *

Figure 3.9: Illustration of the dehydration of Pb(H2O)[Au(CN)2]2. The loss of
water, followed by a minor reorganization of the structure is all that’s required to
render all the cyanides equivalent, and an axially symmetric lead(II) centre. (Left)
Two 2-D slabs of Pb(H2O)[Au(CN)2]2; inter-sheet gold-gold interactions not shown.
(Right) Schematic representation of Pb[Au(CN)2]2. The gold atom labelled with a *
denotes the gold atom containing N(2) in Pb(H2O)[Au(CN)2]2. This cyanide is not
bridging in Pb(H2O)[Au(CN)2]2, but is proposed to be µ2-bridging in Pb[Au(CN)2]2.
Colour scheme: Gold, yellow; Lead, purple; nitrogen, blue; carbon, green.

Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2, relative to the large changes documented

for significant changes in the lead(II) coordination number, (218) it may be inferred

that a strictly four-coordinate lead(II) centre is highly unlikely to be present in the

dehydrated product. Using the structure of Pb(H2O)[Au(CN)2]2 as a reference point,

the loss of the H-bond at C−−−N(2) via the removal of the water molecule would result

in a C−−−N(2) environment similar, but not identical, to that of C−−−N(1) (Figure 3.9).

If the slabs of Pb[Au(CN)2]2 attach to one another via C−−−N(2) (∗ in Figure 3.9),

and an additional, minor, reorganization of the lead(II) and Au(CN) –
2 layers occurs,

then the two cyanide units become equivalent, illustrating that only a small structural

rearrangement is necessary to render the two cyanide groups equivalent (Figure 3.9).

Further structural information can be gleaned from the powder X-ray diffrac-

togram of Pb[Au(CN)2]2 (Figure 3.10), which can be indexed to a tetragonal cell hav-

ing dimensions a = b = 6.401, c = 18.366 Å: A tetragonal crystal system would require

the presence of a C4 axis. Recall that the solid-state 207Pb NMR of Pb[Au(CN)2]2

was axially symmetric. Thus a tetragonal cell is in agreement with the solid-state
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NMR results. Furthermore, the tetragonal unit cell obtained for Pb[Au(CN)2]2 is

not significantly different from the unit cell of Pb(H2O)[Au(CN)2]2. Starting from

Pb(H2O)[Au(CN)2]2, compression of all axes, followed by a simple transformation

yields the observed cell for Pb[Au(CN)2]2 (aH2O =⇒ a
��H2O, 2bH2O =⇒ c

��H2O,
1
2
cH2O =⇒ b

��H2O), reinforcing the NMR-based supposition that dehydration of

Pb(H2O)[Au(CN)2]2 does not radically alter the structure.

Thus, using the structure of Pb(H2O)[Au(CN)2]2 as a starting point, lead(II) and

gold(I) atoms were placed at specific fractional coordinates inside the tetragonal unit

cell for Pb[Au(CN)2]2 and the resulting crystal symmetry and calculated powder pat-

terns were compared with the experimental data. Several different sets of positions

for the gold(I) and lead(II) atoms in Pb[Au(CN)2]2 were considered and those which

did not conform to the NMR data (i.e., axial symmetry about the lead(II) and equiv-

alent cyanide groups), were rejected. Of all the possible models, only two remained.

Both models contained layers of lead(II) with a layer of Au(CN) –
2 above and below

the lead(II) layer. A single lead(II) and Au(CN) –
2 layer is shown in Figure 3.11b. In

one model the gold(I) layers were eclipsed when looking down the c-axis, forming an

ABABA layer model of gold(I) and lead(II) atoms as in Figure 3.11b. In this model,

the structure of Pb[Au(CN)2]2 would contain a lead(II) centre in an eight-coordinate

square prism geometry. In the other model the gold(I) layer immediately below the

lead(II) was not eclipsed with the layer immediately above the lead(II). Alternating

gold(I) layers were eclipsed, forming an ABCBA model of gold(I) and lead(II) atoms.

In this model, the lead(II) centre would be in an eight-coordinate distorted square

antiprism geometry. Only one arrangement, the ABCBA model, of atoms generated

a powder pattern comparable in calculated positions and intensities to those observed

(Figure 3.10). On this basis, the structure of Pb[Au(CN)2]2 is proposed to consist

of a lead(II) cation in an eight-coordinate distorted square prismatic geometry (Fig-

ure 3.11), in the spacegroup I 4/m c m (see experimental). In Pb[Au(CN)2]2, the

lead(II) square antiprisms stack upon one another, producing a column of prisms,

similar to the columns of trigonal prisms in Pb(H2O)[Au(CN)2]2. The columns in

Pb[Au(CN)2]2 edge-share to four neighbouring columns (Figure 3.11b). As a result,

each gold(I) centre forms gold-gold interactions of 3.3 Å to four other gold(I) centres
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Table 3.2: Crystallographic data for Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2
Pb(H2O)[Au(CN)2]2 Pb[Au(CN)2]2

a

empirical formula C4H2N4Au2OPb C4N4Au2Pb
formula weight 723.22 705.20
crystal system Orthorhombic Tetragonal
space group P c m a I 4/m c m
crystal habit Plate -
crystal colour Pale yellow Yellow
crystal size, mm3 0.18 x 0.17 x 0.05 -
a, Å 6.8938(8) 6.401
b, Å 9.8074(9) 6.401
c, Å 13.1773(19) 18.366
α, ◦ 90 90
β, ◦ 90 90
γ, ◦ 90 90
V, Å3 890.92(18) 752.51
Z 4 4
T, K 293 293
ρcalcd, g · cm−3 5.392 3.797
µ, mm−1 51.725 41.689
R (Io ≥ 2.50σ(Io))

b 0.049 0.073
Rw (Io ≥ 2.50σ(Io))

b 0.058 0.098
goodness of fit 1.25 -
instrument Nonius Rigaku Rapid
wavelength (Å) 0.71073 (Mo) 1.54180 (Cu)
collected data range 4◦ ≤ 2θ ≤ 62◦ 4◦ ≤ 2θ ≤ 144◦

transmission range 0.073 – 0.162 -
final cell determination 53 reflx, 40◦ ≤ 2θ ≤ 45◦, -
reflections (Io ≥ 2.50σ(Io)) 805 -
parameters 75 -
restraints 13 -

a From X-ray Powder Diffraction data.
b Function Minimized:

∑
w(|Fo| − |Fc|)2, where w−1 = [σ2(Fo) + (nFo)

2], n = 0.03
for Pb(H2O)[Au(CN)2]2, 0.0 for Pb[Au(CN)2]2. R =

∑
||Fo| − |Fc||/

∑
|Fo|,

Rw = [
∑
w(|Fo| − |Fc|)2/

∑
w |Fo|2]1/2.
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Figure 3.10: Simulated (red) and observed (blue) powder X-ray diffrac-
tograms of Pb[Au(CN)2]2. Observed (green) X-ray powder diffractogram of
Pb(H2O)[Au(CN)2]2.
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Figure 3.11: (a) Local structure of Pb[Au(CN)2]2 viewed along the c-axis. (b)
Partial 3-D structure of Pb[Au(CN)2]2 viewed down the c-axis. Only one layer of
gold atoms is displayed. The gold atoms in the next layer do not eclipse the observed
gold atoms. Including the Pb, an ABCBA layer structure is observed (A/C = Au,
B = Pb). Colour scheme: Gold, yellow; lead, purple; nitrogen, blue; carbon, green.
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(Figure 3.11b), thereby generating a 2-D array of interlinked gold(I) atoms in the ab-

plane. The gold-gold interactions in Pb[Au(CN)2]2 are shorter than those observed

in Pb(H2O)[Au(CN)2]2. The cyanide units were placed in idealized positions (i.e.,

using standard, fixed bond lengths for the Au(CN) –
2 unit) pointing at the lead(II) in

a similar fashion to that observed in Pb(H2O)[Au(CN)2]2 (Figure 3.5a, Figure 3.11a),

thereby preserving a similar coordination geometry about the lead(II). In agreement

with the NMR interpretation, a four-coordinate lead(II) centre would be structurally

unreasonable due to the resulting closeness of the gold(I) and lead(II) atoms and

the subsequent generated Pb−N bond length. Based solely on the placement of the

cyanide groups, the Pb-N bond length is approximately 2.8 Å, which is comparable to

the 2.595(18), 2.65(2) and 2.87(2) Å in Pb(H2O)[Au(CN)2]2. Interestingly, the struc-

ture of Pb[Au(CN)2]2 has an Anyuiite-type structure (i.e., AuPb2). (123) This mineral

family crystallizes in the same spacegroup as Pb[Au(CN)2]2 (I 4/m c m) with similar

fractional coordinates for the heavy atoms. Note that in Pb[Au(CN)2]2, the fractional

coordinates of the gold(I) have the same coordinates as the lead(II) in Anyuiite. (123)

In fact, the unit cell of Pb[Au(CN)2]2 is quite similar to that of γ (Table 3.2,

and Chapter 2 Table 2.3). Although the two structures are significantly different, the

heavy atoms in γ and Pb[Au(CN)2]2 occupy similar fractional coordinates. In the

absence of knowledge of the structure of Pb[Au(CN)2]2, the structure of γ may not

have been solved.

3.6 Structural and spectroscopic impact of the

stereochemical lone pair in lead(II)/Au(CN)–
2

coordination polymers via ancillary ligands

While the initial endeavour into lead(II)/Au(CN) –
2 coordination polymers was suc-

cessful, synthesizing Pb(H2O)[Au(CN)2]2 polymer and utilizing its structure and spec-

troscopic data to determine the structure of its dehydrated analogue, some of the

initial questions outlined for this chapter remain unaddressed. Specifically, can the
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stereochemical lone pair be tuned or toggled on/off, ultimately utilizing the stereo-

chemical lone pair as a design element in the synthesis of coordination polymers? To

that effect, the water molecules in Pb(H2O)[Au(CN)2]2 were substituted with a series

of judiciously chosen ligands.

The criteria for the ligands was as follows: All ligands are nitrogen donors, and

all ligands are bidentate chelating ligands. The coordination chemistry of lead(II)

with nitrogen donor containing ligands has been well established, and thus bond

length and angle comparisons with our systems is relatively simple. (182–185,224–230) The

ligands chosen were phen, bipy, and en. These ligands have similar steric constraints,

but vary in their Lewis-base strengths (pKa = 1.8 and 4.91, 4.34, and 6.848 and 9.928

respectively). (231–234) As has already been discussed, the more basic the ligand, the

more pronounced the lone pair appears. (177,178)

Along with the structural investigation of the lone pair on this series of

lead(II)/Au(CN) –
2 coordination polymers, a spectroscopic handle on the lone pair

was also sought. With this in mind, we returned to our collaboration with Prof. S.

Kroeker, and his students V. K. Michaelis and Dr. P. M. Aguiar to see if the solid-state
207Pb NMR of the compounds below exhibit any trend as each ligand is incorporated

into a Pb[Au(CN)2]2 coordination polymer framework.

3.6.1 Structure of Pb(phen)2[Au(CN)2]2

Synthesized and crystallized from a water/methanol solution, the structure of

Pb(phen)2[Au(CN)2]2 contains an eight-coordinate distorted square-antiprismatic

lead(II) centre with non-polar point group symmetry D2. The lead(II) coordination

sphere contains two trans-phen ligands, with the remaining four sites occupied by two

sets of N-bound cyanides, which are also trans to each another (Figure 3.3a). The

dihedral angle between the two planar phen ligands is 30.0 ◦, indicating a propeller-

like orientation around the lead(II). The Pb-N bond lengths in Pb(phen)2[Au(CN)2]2

are all 2.72 Å, indicating that the lead(II) centre is holodirectional, showing no crys-

tallographic evidence for a stereochemically active lone pair. The lead(II) coordina-

tion sphere observed in Pb(phen)2[Au(CN)2]2 can be compared to that found for the
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(a)                                                                                 (b)
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N1’             Au1’
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N2’ N2*Au 1“         N1”

Au1*            N1*
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a

Figure 3.12: Crystal structure of Pb(phen)2[Au(CN)2]2 (a) local geometry showing
thermal ellipsoids. (b) 2-D sheet of Pb(phen)2[Au(CN)2]2 viewed down the b-axis.
Phen molecules removed for clarity. Colour scheme: Gold, yellow; lead, purple; nitro-
gen, blue; carbon, green.

[Pb(phen)2(oxalate)] · 5 H2O coordination polymer (Figure 3.1), which also has Pb-N

and Pb-O bond lengths of 2.721(2) and 2.704(2) Å respectively; i.e., the lone pair was

also found to be stereochemically inactive. (186)

In the structure of Pb(phen)2[Au(CN)2]2 each of the four Au(CN) –
2 units on a

given lead(II) centre binds to one of four different lead(II) centres via the other cyanide

group, thereby forming a 2-D network structure (Figure 3.12b). (15,122) Conversely, the

bridging oxalate in [Pb(phen)2(oxalate)] · 5 H2O generates a 1-D chain: Each lead(II)

bridges two other lead(II) centres. The 2-D sheets in Pb(phen)2[Au(CN)2]2 stack

upon one another via weak π−π interactions of 3.58(3) Å. This is significantly longer

than the 3.25 Å π − π stacking observed in the related oxalate polymer. There are

no gold-gold interactions observed in Pb(phen)2[Au(CN)2]2; the shortest distance of

Au(1)-Au(1’) = 3.7081(7) Å is longer than the sum of the van der Waals radii of 3.6 Å

for two gold(I) centres. (45,134,135)

3.6.2 Structure of Pb(bipy)2[Au(CN)2]2

The structure of Pb(bipy)2[Au(CN)2]2 contains an eight-coordinate distorted square

antiprism lead(II) centre with polar point group symmetry C2. Two bipy units bind
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Table 3.3: Selected bond lengths (Å) and angles (◦) for Pb(phen)2[Au(CN)2]2
a

Bond Lengths
Pb(1) – N(1) 2.725(12) Pb(1) – N(2) 2.722(10)
Pb(1) – N(1”) 2.725(12) Pb(1) – N(2”) 2.722(10)
Pb(1) – N(1’) 2.725(12) Pb(1) – N(2’) 2.722(10)
Pb(1) – N(1∗) 2.725(12) Pb(1) – N(2∗) 2.722(10)

Bond Angles
N(2∗) – Pb(1) – N(1) 78.5(3) N(2’) – Pb(1) – N(1) 73.6(3)
N(2”) – Pb(1) – N(1) 78.4(3) N(1∗) – Pb(1) – N(1) 111.6(6)
N(1’) – Pb(1) – N(1) 77.7(6) N(1”) – Pb(1) – N(1) 147.6(5)
N(2’) – Pb(1) – N(2) 150.2(4) N(2”) – Pb(1) – N(2) 60.2(4)
N(1∗) – Pb(1) – N(2) 78.5(3) N(1’) – Pb(1) – N(2) 73.6(4)
N(2∗) – Pb(1) – N(2) 129.0(4) N(1”) – Pb(1) – N(2) 78.4(3)
N(1) – Pb(1) – N(2) 133.1(3) N(2∗) – Pb(1) – N(2’) 60.2(4)
N(2∗) – Pb(1) – N(2”) 150.2(4) N(2’) – Pb(1) – N(2”) 129.0(4)
N(2∗) – Pb(1) – N(1∗) 133.1(3) N(2’) – Pb(1) – N(1∗) 78.4(3)
N(2”) – Pb(1) – N(1∗) 73.6(3) N(2∗) – Pb(1) – N(1’) 78.4(3)
N(2’) – Pb(1) – N(1’) 133.1(3) N(2”) – Pb(1) – N(1’) 78.5(3)
N(1∗) – Pb(1) – N(1’) 147.6(5) N(2∗) – Pb(1) – N(1”) 73.6(3)
N(2’) – Pb(1) – N(1”) 78.5(3) N(2”) – Pb(1) – N(1”) 133.1(3)
N(1∗) – Pb(1) – N(1”) 77.7(6) N(1’) – Pb(1) – N(1”) 111.6(6)
Pb(1) – N(1) – C(1) 144.3(12)

aSymmetry Operations: ∗: x,−y + 1/4,−z + 1/4 ; ’: −x+ 5/4, y,−z + 1/4 ;
”: −x+ 5/4,−y + 1/4, z.

cis to the lead(II) with Pb(1)-N(3) and Pb(1)-N(4) bond lengths of 2.597(10) Å and

2.629(9) Å respectively. These distances are within the range of other Pb-N(bipy)

bonds; known [Pb(bipy)2] 2+ complexes contain Pb-N bond lengths ranging from

2.467(4) – 2.694(6) Å. (229) As in Pb(phen)2[Au(CN)2]2, the remaining four sites on the

lead(II) centre are occupied by N-bound cyanides from Au(CN) –
2 units (Figure 3.13a).

However, the Pb(1)-N(cyano) bond lengths of 3.091(13) and 2.912(13) Å are substan-

tially longer than those observed in Pb(phen)2[Au(CN)2]2 (Table 3.3, 3.4), indicating

a hemidirectional coordination sphere for Pb(bipy)2[Au(CN)2]2. Each pair of cis-

cyanoaurate units links to an adjacent lead(II) centre, thereby forming a corrugated
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Figure 3.13: Crystal structure of Pb(bipy)2[Au(CN)2]2 (a) local geometry showing
thermal ellipsoids. (b) 1-D chain of Pb(bipy)2[Au(CN)2]2. Colour scheme: Gold,
yellow; lead, purple; nitrogen, blue; carbon, green.

1-D chain in which the bipy units always occupy the periphery of the corrugation (Fig-

ure 3.13b). The shortest gold-gold distance in Pb(bipy)2[Au(CN)2]2 of Au(1)-Au(1’)

= 3.5925(11) Å occurs within each chain (Figure 3.13). The chains further stack via

weak π − π interactions of 3.441(16) Å from the bipy units.

Examining the bond lengths and geometry around the lead(II) in

Pb(bipy)2[Au(CN)2]2 can give some indication of the orientation of the stereochem-

ically active lone pair. The shortest bond lengths are at the periphery of the 1-D

zig-zag chain while the longest bond lengths are within the chain. Thus, the lone pair

is likely oriented toward the cyanides, pointing away from the bipy ligands.

3.6.3 Structure of Pb(en)[Au(CN)2]2

The topological structure of Pb(en)[Au(CN)2]2 is the most complex of the three po-

lymers. In the polar point group C1, the equatorial plane of the five-coordinate

lead(II)coordination sphere is defined by one en unit, having distances of

Pb(1)-N(5) = 2.123(7) Å and Pb(1)-N(6) = 2.488(9) Å. The observed Pb-N(en)

bond lengths are remarkably asymmetric relative to those found in other [Pb(en)] 2+

units, e.g., 2.429(6) and 2.444(6) Å in Pb(en)(NO3)2, (227) and 2.397(6) and 2.402(6) Å

in the [NaPb(en)(ClO4)(NO3)2] n polymer. (235) A single N-bound cyanide resides in

this plane as well, with Pb(1)-N(2) = 2.887(9) Å. The remaining 60% of this plane
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Table 3.4: Selected bond lengths (Å) and angles (◦) for Pb(bipy)2[Au(CN)2]2
a

Bond Lengths
Pb(1) – N(1∗) 3.091(13) Pb(1) – N(1’) 3.091(13)
Pb(1) – N(2) 2.912(13) Pb(1) – N(2”) 2.912(13)
Pb(1) – N(3) 2.597(10) Pb(1) – N(3”) 2.597(10)
Pb(1) – N(4) 2.629(9) Pb(1) – N(4”) 2.629(9)
Au(1) – Au(1’) 3.5925(11)

Bond Angles
N(3”) – Pb(1) – N(4”) 62.0(3) N(3”) – Pb(1) – N(3) 75.6(4)
N(4”) – Pb(1) – N(3) 79.4(3) N(3”) – Pb(1) – N(4) 79.4(3)
N(4”) – Pb(1) – N(4) 131.1(4) N(3) – Pb(1) – N(4) 62.0(3)
N(3”) – Pb(1) – N(2) 74.4(3) N(4”) – Pb(1) – N(2) 113.9(3)
N(3) – Pb(1) – N(2) 134.8(3) N(4) – Pb(1) – N(2) 79.8(3)
N(3”) – Pb(1) – N(2”) 134.8(3) N(4”) – Pb(1) – N(2”) 79.8(3)
N(3) – Pb(1) – N(2”) 74.4(3) N(4) – Pb(1) – N(2”) 113.9(3)
N(2) – Pb(1) – N(2”) 148.0(5) N(3”) – Pb(1) – N(1’) 139.7(3)
N(4”) – Pb(1) – N(1’) 155.3(3) N(3) – Pb(1) – N(1’) 113.9(3)
N(4) – Pb(1) – N(1’) 72.7(3) N(2) – Pb(1) – N(1’) 72.5(3)
N(3”) – Pb(1) – N(1∗) 113.9(3) N(4”) – Pb(1) – N(1∗) 72.7(3)
N(3) – Pb(1) – N(1∗) 139.7(3) N(4) – Pb(1) – N(1∗) 155.3(3)
N(2) – Pb(1) – N(1∗) 83.9(3) N(2”) – Pb(1) – N(1’) 83.9(3)
N(2”) – Pb(1) – N(1∗) 72.5(3) N(1’) – Pb(1) – N(1∗) 84.7(4)
C(1) – N(1) – Pb(1’) 132.1(10) C(2) – N(2) – Pb(1) 156.4(11)

aSymmetry Operations: ∗: x− 1/2,−y + 4, z + 1/2 ; ’: −x+ 1,−y + 4,−z + 2 ;
”: −x+ 1/2, y,−z + 5/2.

contains no short contacts to any nitrogen donors, but instead has an unsupported

lead(II)-gold(I) interaction of 3.5494(5) Å (Figure 3.14d). This is a longer contact

than the ligand-supported lead(II)-gold(I) interactions of 2.896(1) and 2.963(2) Å

previously reported, (209) but is within the sum of the lead(II) and gold(I) van der

Waals radii. (134,135) In the axial positions, Pb(1) contains N-bound cyanides with bond

lengths of 2.624(8) and 3.035(9) Å for Pb(1)-N(1) and Pb(1)-N(3) (Figure 3.14a,d).

There is an additional Pb(1)-N(4)cyano bond in the plane of the en unit. However,

the Pb(1)-N(4) distance of 3.177(9) Å is above the longest reported Pb-N bond of

3.092(6) Å. (230) This pair of atoms cannot be considered a bond in the absence of any
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Table 3.5: Selected bond lengths (Å) and angles (◦) for Pb(en)[Au(CN)2]2
a

Bond Lengths
Pb(1) – N(1) 2.624(8) Pb(1) – N(2”) 2.887(9)
Pb(1) – N(3) 3.035(9) Pb(1) – N(5) 2.123(7)
Pb(1) – N(6) 2.488(9) Pb(1) – Au(1∗) 3.5494(5)
Au(1) – Au(2’) 3.3798(5) Au(1) – Au(2†) 3.3221(5)
Au(2) – Au(2‡) 3.2495(7)

Bond Angles
N(2”) – Pb(1) – N(1) 81.6(3) N(2”) – Pb(1) – N(5) 73.5(3)
N(1) – Pb(1) – N(5) 86.3(3) N(2”) – Pb(1) – N(6) 146.1(2)
N(1) – Pb(1) – N(6) 91.6(3) N(5) – Pb(1) – N(6) 73.0(3)
N(2”) – Pb(1) – N(3) 104.1(3) N(1) – Pb(1) – N(3) 156.4(3)
N(5) – Pb(1) – N(3) 73.8(3) N(6) – Pb(1) – N(3) 70.8(3)
N(2’) – Pb(1) – Au(1∗) 73.60(17) N(1) – Pb(1) – Au(1∗) 74.69(18)
N(5) – Pb(1) – Au(1∗) 143.9(2) N(6) – Pb(1) – Au(1∗) 136.5(2)
N(3) – Pb(1) – Au(1∗) 128.93(18) Au(2’) – Au(1) – Au(2†) 162.156(13)
Pb(1$) – Au(1) – Au(2) 86.015(11) Au(2‡) – Au(2) – Au(1♦) 87.182(14)
Pb(1) – N(1) – C(1) 174.2(7) Pb(1) – N(2”) – C(2”) 143.3(7)
C(3) – N(3) – Pb(1) 163.7(8)

aSymmetry Operations: ∗: x,−y + 3/2, z + 1/2 ; ’: −x+ 1, y + 1/2,−z + 1/2 ;
”: −x, y − 1/2,−z − 1/2 ; † : x− 1, y, z ; ‡ : −x+ 2,−y + 1,−z + 1 ;
♦ :-x+1, y-1/2, -z+1/2; ; $: x,−y + 3/2, z − 1/2

spectroscopic evidence to indicate that these two atoms are bound to one another.

Via coordination bonds, the structure of Pb(en)[Au(CN)2]2 is a 1-D zig-zag chain

having terminal Au(CN) –
2 units at the apex of the chain (Figure 3.14b). Unlike in

Pb(phen)2[Au(CN)2]2 and Pb(bipy)2[Au(CN)2]2, the chains in Pb(en)[Au(CN)2]2 are

not loosely packed, but are held together via gold-gold interactions of 3.3798(5) and

3.3221(5) Å, forming a 2-D sheet from the terminal gold(I) (Au(2)) to the bridging

Au(CN) –
2 unit (Au(1)) in the chain (Figure 3.14b). Further gold-gold interactions

of 3.2495(7) Å as well as the lead(II)-gold(I) interaction of 3.5494(5) Å hold these

sheets together to make the overall 3-D structure (Figure 3.14c). The structure of

Pb(en)[Au(CN)2]2 is reminiscent of the [Cu(tmeda)][Au(CN)2]2 polymer previously

reported (Chapter 1, Figure 1.9), which also formed a similar 1-D zig-zag chain. The
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Figure 3.14: Crystal structure of Pb(en)[Au(CN)2]2 (a) local geometry showing
thermal ellipsoids. (b) 1-D chains of Pb(en)[Au(CN)2]2 linked to one another, along
the {101}-plane, via gold-gold interactions of 3.3221 and 3.3798 Å. (c) Further gold-
gold and lead(II)-gold interactions of 3.2495 and 3.5494 Å link these chains along the
ac-plane. (d) local geometry around the lead(II) showing the strong asymmetry in
the lead(II) coordination sphere. Colour scheme: Gold, yellow; lead, purple; nitrogen,
blue; carbon, green.
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chains in [Cu(tmeda)][Au(CN)2]2 also link via gold-gold interactions to form a 3-D

structure. (58)

Attempting to determine the orientation of the stereochemically active lone pair

in Pb(en)[Au(CN)2]2 is significantly more difficult due to the strong asymmetry in the

bond lengths around the lead(II) (Figure 3.14d). Since the shortest Pb-N distance

is Pb(1)-N(5), the stereochemically active lone pair should be pointing roughly along

this direction, but on the other hemisphere of the lead(II).

3.6.4 Comparison of polymers

The three compounds presented herein demonstrate the ability of the ancillary ligand

to tune the electron density on the lead(II) centre and thus alter the degree to which

the stereochemical lone pair is prevalent. In Pb(phen)2[Au(CN)2]2 the stereochemical

lone pair is inactive. The bonding around the lead(II) is symmetric with all Pb-N

bond lengths at 2.72 Å. What is interesting about the Pb(phen)2[Au(CN)2]2 structure

is that this polymer, along with the [Pb(phen)2(oxalate)] · 5 H2O polymer (186) are the

only two structurally characterized lead(II)-phen2 complexes in which there is no

crystallographic evidence for the stereochemical lone pair (i.e., both structures are

holodirectional). Other lead(II)-phen2 complexes such as [Pb(phen)2](ClO4)2, show

a noticeable variation in Pb-N(phen) bond lengths, ranging from 2.41(2)-2.73(1) Å,

all equivalent or below the 2.72 Å seen in Pb(phen)2[Au(CN)2]2. (185,225,228) Thus, the

donor strength of phen is at the cusp between a stereochemically active and an inactive

lone pair in a Pb[Au(CN)2]2 framework.

Comparing the Pb(phen)2[Au(CN)2]2 and Pb(bipy)2[Au(CN)2]2 structures, both

complexes have eight-coordinate lead(II), with Pb(phen)2[Au(CN)2]2 having more

symmetric bond lengths than Pb(bipy)2[Au(CN)2]2. The point-symmetry of the

lead(II) is also lower in Pb(bipy)2[Au(CN)2]2 than in Pb(phen)2[Au(CN)2]2, C2 vs.

D2. Phen, having pKa values of 1.8 and 4.91 for the dication, is less basic than

the bipy cation with its pKa of 4.34. (231,233,234) Based on the Lewis-base/lone pair

argument previously presented, (177,178) Pb(bipy)2[Au(CN)2]2 is more likely to have a

stereochemically active lone pair than Pb(phen)2[Au(CN)2]2, which is the case. The
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most basic ligand, en (pKa’s of 6.848 and 9.928) (231–233) has the most pronounced

effect on the lead(II) lone pair. The coordination sphere around the lead(II) only con-

tains one en ligand, contrary to the majority of transition metal en complexes which

often contain two or three en ligands per metal centre. Furthermore, the coordina-

tion number around the lead(II) is only five, the lowest coordination number for all

the lead(II) polymers reported in this thesis. The lead(II) in Pb(en)[Au(CN)2]2 also

contains the lowest point group symmetry, C1.

3.6.5 Solid-state 207Pb MAS NMR

The solid-state 207Pb MAS NMR spectra of Pb(phen)2[Au(CN)2]2,

Pb(bipy)2[Au(CN)2]2, and Pb(en)[Au(CN)2]2 are shown on the same scale in Fig-

ure 3.15, and the data tabulated in Table 3.6. Several structurally informative

trends can be observed. Looking at the isotropic chemical shift (δiso) and the span

of the 207Pb MAS NMR of the three ligand systems, it can be seen that as the

lone pair becomes more pronounced, the chemical shift is more shielded, and the

span increases. The increase in span is expected: As the symmetry decreases be-

tween the structures from D2 to C2 to C1, the structures become more anisotropic,

and hence the principle components of the chemical shift become markedly differ-

ent. Comparing the NMR results of Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2 with

those of Pb(phen)2[Au(CN)2]2, Pb(bipy)2[Au(CN)2]2, and Pb(en)[Au(CN)2]2, it can

be seen that these structures obey the same trend. The isotropic chemical shift

of Pb[Au(CN)2]2 is similar to that of Pb(phen)2[Au(CN)2]2, validating the previous

supposition that the stereochemical lone pair in Pb[Au(CN)2]2 is not stereochemi-

cally active. The structure of Pb(H2O)[Au(CN)2]2 does have some variation in bond

length, but not as much as Pb(bipy)2[Au(CN)2]2. The isotropic chemical shift, δiso,

of Pb(H2O)[Au(CN)2]2 resides closer to that of Pb(phen)2[Au(CN)2]2 indicating that

the lone pair in Pb(H2O)[Au(CN)2]2 is only slightly active.

There remains one anomaly in the data presented above. The structure of

Pb(H2O)[Au(CN)2]2 contains a lead(II) centre with a stereochemically active lone
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Figure 3.15: Solid-State 207Pb-NMR spectra of (a) Pb(phen)2[Au(CN)2]2, (b)
Pb(bipy)2[Au(CN)2]2, and (c) Pb(en)[Au(CN)2]2. ∗ denote the isotropic chemical
shifts (δiso).

Table 3.6: 207Pb NMR parameters (in ppm) for the polymers in this chapter

δ11 δ22 δ33 δiso Ω κa

Pb(H2O)[Au(CN)2]2 −2672 −2870 −3014 −2850 342 −0.16
Pb[Au(CN)2]2 −2888 −2896 −2979 −2921 91 0.9
Pb(phen)2[Au(CN)2]2 −2645 −2891 −3383 −2970 740 0.3
Pb(bipy)2[Au(CN)2]2 −1396 −1641 −2569 −1869 1173 0.6
Pb(en)[Au(CN)2]2 1083 470 −2898 −448 3980 0.7
a κ is a unitless scalar

pair, but water is not as strong a Lewis-base/σ-donor as phenanthroline (the struc-

ture of Pb(phen)2[Au(CN)2]2 is not stereochemically active). Thus, the generalization

that weak σ-donors produce holodirectional structures is not always accurate. Recall

that holodirectional structures will only occur when the effect of stabilizing the HOMO

and HOMO −4 (3A1 and 1A1, Figure 3.3b) is less than the effect of destabilizing the

HOMO −1 (2A1, Figure 3.3b). One difference between phen and water is that phen

is a π-acceptor ligand as well as a σ-donor (water is only a σ-donor). Returning

to the tetrahedral PbH 2 –
4 example in the introduction (Figure 3.3), as a π-acceptor

ligand, phen stabilizes the filled 1T2 orbitals (Figure 3.3a). In the hemidirectional
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diagram (Figure 3.3b) the 1B1, 1B2, and 2A1 are lowered in energy (these are the

three orbitals that make up the 1T2 orbitals in the holodirectional diagram). How-

ever, the 2A1 orbital does not get stabilized as much as the 1B1 and 1B2 orbitals

because in the hemidirectional geometry this orbital has some σ-character, rendering

it less susceptible to the effects of the π-acceptor ligands. As such, the gap between

1B1 and 1B2, and the 2A1 orbitals would increase relative to the gap in Figure 3.3b.

When sufficiently π-accepting ligands are used, the destabilizing effect of the 2A1

would be larger than the stabilizing effect of the HOMO and HOMO −4, resulting

in a holodirectional structure. Thus, an amendment to the guidelines proposed in

the introduction (i.e., weak σ-donors yield holodirectional structures) is required: A

holodirectional structure will occur when a weak σ-donor, and/or a π-acceptor ligand

is used.

3.7 Conclusion

The goal of this chapter was to probe the role of the lead(II) and its lone pair in

order to determine if lead(II) can be used as a design element in the rational design

of coordination polymers. The first, and probably most important result from this

chapter is that halide free lead(II) coordination polymers can be readily synthesized.

At first glance this would appear to be a trivial observation; however, if these po-

lymers could not be synthesized, then it would not be possible to rationally design

polymers with desired properties. Generally speaking, as long as the ligands around

the lead(II) are not strong Lewis-bases (such as primary amines), the lead(II) centre

is observed in a high (e.g., eight-coordinate) environment. The coordination number

in Pb(en)[Au(CN)2]2 decreased from the eight-coordinate observed for all the other

structures in this chapter to five-coordinate where, surprisingly, only one en ligand is

chelated around the lead(II). These observations are likely a result of an extremely

stereochemically active lone pair. Furthermore, in this structure, where the lone pair

was most active, a lead(II)-gold(I) interaction was observed.

Regardless of the ligand used, when the lone pair was stereochemically active, the

orbital containing the lone pair pointed away from the chelating ligand(s). The lone
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pair could be toggled on/off depending on the ligands around the lead(II) centre.

For example, in the absence of any additional ligands, or when phen was ligated, the

lead(II) centre in these Au(CN) –
2 containing polymers was stereochemically inactive.

However, if slightly more basic constituents such as bipy, or pure σ-donor molecules

such as water are coordinated to the lead(II), then the lone pair becomes stereochem-

ically active. Summarizing the results, as the ligand set around the lead(II) becomes

more basic, the lone pair become more stereochemically active, and the symmetry

around the lead(II) decreases.

In the process of addressing the question of the role of lead(II) in coordination

polymers, we also demonstrated non-crystallographic evidence of the stereochemical

activity of the lone pair by solid-state 207Pb NMR. Solid-state 207Pb NMR demon-

strated that as the lone pair became more stereochemically active the isotropic chem-

ical shift became more deshielded. In the absence of the solid-state 207Pb NMR data,

it could be difficult to gauge how stereochemically active a lead(II) centre is.

Thus, the use of lead(II) as a design element in the synthesis of coordination

polymers is possible. With such a large foundation of lead(II) coordination chem-

istry, appropriate ligands, in combination with Au(CN) –
2 could be used to synthesize

coordination polymers with a predictable coordination spheres and perhaps desired

functionality as well.

3.8 Experimental

3.8.1 General procedures

CAUTION: Although we have experienced no difficulties, perchlorate salts are po-

tentially explosive and should only be used in small quantities and handled with care.

Potassium cyanide is a rapidly acting poison and should also be handled with care.

All manipulations were performed in air. [nBu4N][Au(CN)2] · 1
2
H2O was synthe-

sized as previously described. (87) All other reagents were obtained from commercial

sources and used as received. Thermogravimetric analysis (TGA) data were collected

using a Shimadzu TGA-50 instrument heating at 5 ◦C/min in an air atmosphere.
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3.8.2 Synthesis of 13C 15N−KAu(CN)2

An aqueous solution of K 13C 15N/KCN (18 mg K 13C 15N, 0.27 mmol; 41 mg KCN,

0.63 mmol) was added to a suspension of AuCN (200 mg, 0.89 mmol) in 30 mL of

water. The mixture was stirred and heated to 60 ◦ for three hours, after which the

remaining AuCN was filtered off. The water was removed in vacuo to yield a white

precipitate of 15% 13C 15N enriched K[Au(CN)2]. Yield: 90 mg (35%). Anal. Calcd.

for C2N2AuK: C, 8.42%; H, 0.00%; N, 9.80%. Found: C, 8.11%; H, 0.00%; N, 9.47%.

IR (KBr, cm−1): 2152 (s), 2140 (s), 2101 (w), 2071 (s), 2063 (s).

3.8.3 Synthesis of Pb(H2O)[Au(CN)2]2

The addition of a 0.5 mL aqueous solution of KAu(CN)2 (58 mg, 0.2 mmol) to a

0.5 mL aqueous solution of Pb(NO3)2 (33mg, 0.1 mmol) generated an immediate pale

yellow precipitate of Pb(H2O)[Au(CN)2]2, which was filtered and dried. Yield: 60 mg

(83%). Anal. Calcd. for C4H2N4Au2OPb: C, 6.64%; H, 0.28%; N, 7.75%. Found:

C, 6.57%; H, 0.48%; N, 7.55%. IR (KBr, cm−1): 3556 (w), 3476 (m, br), 2142 (s),

2131 (s), 1633 (w), 1593 (w).

Single crystals of Pb(H2O)[Au(CN)2]2 were synthesized as above, with both re-

actants dissolved in 10 mL of solvent. Slow evaporation yielded pale yellow crystals

near dryness. The elemental analysis and IR spectra of the crystals were comparable

with the powder.

Single crystals were also synthesized hydrothermally by heating the reactants to

125 ◦C, followed by slow cooling to room temperature over a three-day period.

Isotopically enriched Pb(H2O)[Au(CN)2]2

Reaction of 15% 13C 15N−KAu(CN)2 with Pb(NO3)2 as above generated a partially
13C 15N labelled Pb(H2O)[Au(CN)2]2 for solid-state NMR analysis. Anal. Calcd. for

C4H2N4Au2OPb: C, 6.71%; H, 0.28%; N, 7.81%. Found: C, 6.65%; H, 0.29%;

N, 7.64%. IR (KBr, cm−1): 3469 (m, br), 2152 (s), 2140 (s), 2070 (s), 2062 (s),

1633 (m, br), 1591 (m), 1386 (m).
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3.8.4 Synthesis of Pb[Au(CN)2]2

Solid Pb(H2O)[Au(CN)2]2 (60 mg, 0.083 mmol) was heated at 175 ◦C for 18h, forming

a powder of Pb[Au(CN)2]2. Yield: 59 mg (100%). Anal. Calcd. for C4N4Au2Pb:

C, 6.81%; H, 0.00%; N, 7.94%. Found: C, 6.70%; H, 0.00%; N, 7.66%. IR (KBr,

cm−1): 2130 (s), 1631 (m, br). 1385 (m).

Isotopically enriched Pb[Au(CN)2]2

Labelled Pb[Au(CN)2]2 was synthesized by heating labeled Pb(H2O)[Au(CN)2]2 at

175 ◦C for 18h.

3.8.5 Synthesis of Pb(phen)2[Au(CN)2]2

To a 15 mL methanol/water (1:1) solution containing Pb(ClO4)2 · xH2O (40 mg,

0.098 mmol) was added a 15 mL methanol/water (2:1) solution of phen monohy-

drate (40 mg, 0.202 mmol). To the resulting solution a 20 mL methanol/water (1:1)

solution of KAu(CN)2 (56 mg, 0.194 mmol) was then added. Crystals began to form

almost immediately. The mixture was allowed to settle overnight, after which it

was filtered yielding clear, colourless X-ray quality crystals of Pb(phen)2[Au(CN)2]2.

Yield: 73 mg (70%). Anal. Calcd. for C28H16N8Au2Pb: C, 31.55%; H, 1.51%;

N, 10.51%. Found: C, 31.74%; H, 1.55%; N, 10.38%. IR (KBr, cm−1): 3074 (vw),

2148 (s), 1620 (w), 1590 (w), 1567 (w), 1514 (s), 1497(w), 1423 (s), 1346 (w),

1309 (vw), 1212 (vw), 1202 (vw), 1131 (w), 1091 (m), 860 (m), 837 (s) 764 (m),

726 (s), 713 (m), 632 (m).

3.8.6 Synthesis of Pb(bipy)2[Au(CN)2]2

To a 10 mL methanol/water (1:1) solution containing Pb(ClO4)2 · xH2O (42 mg,

0.103 mmol) was added a 10 mL methanol/water (1:1) solution of bipy (30 mg,

0.192 mmol). To the resulting solution a 20 mL methanol/water (1:1) solution of

KAu(CN)2 (56 mg, 0.194 mmol) was added. The solution initially became cloudy but
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after 24 hrs single crystals began to deposit. The solution was allowed to slowly evapo-

rate for a week, after which it was filtered, yielding clear colourless X-ray quality crys-

tals of Pb(bipy)2[Au(CN)2]2. Yield: 54 mg (55%). Anal. Calcd. for C24H16N8Au2Pb:

C, 28.32%; H, 1.58%; N, 11.01%. Found: C, 28.42%; H, 1.68%; N, 11.17%. IR

(KBr, cm−1): 3118 (w), 3106 (w), 3076 (w), 3059 (w), 3041 (w), 2154 (m), 2140 (s),

1595 (m), 1576 (m), 1566 (m), 1493 (m), 1475 (m), 1439 (m), 1319 (m), 1244 (m),

1206 (w), 1179 (w), 1156 (m), 1104 (w), 1063 (m), 1040 (w), 1008 (m), 966 (w),

958 (w), 899 (w), 884 (w), 805 (w), 766 (m), 759 (s), 734 (m), 654 (m), 640 (m),

622 (m).

3.8.7 Synthesis of Pb(en)[Au(CN)2]2

To a 10 mL acetonitrile solution containing Pb(ClO4)2 · xH2O (40 mg, 0.098 mmol)

was added an acetonitrile solution containing en (1 mL of a 0.1 M stock solution,

0.100 mmol). To the resulting solution a 10 mL acetonitrile solution of

[nBu4N][Au(CN)2] · 1
2
H2O (100 mg, 0.200 mmol) was added. A precipitate formed

immediately. The resulting mixture was allowed to settle overnight, after which

it was filtered to obtain microcrystalline Pb(en)[Au(CN)2]2. Yield: 50 mg (66%).

Anal. Calcd. for C6H8N6Au2Pb: C, 9.42%; H, 1.05%; N, 10.98%. Found: C, 9.34%;

H, 1.02%; N, 10.84%. IR (KBr, cm−1): 3320 (m), 3238 (m), 3209 (m), 3126 (m),

2954 (w), 2932 (w), 2920 (w), 2880 (w), 2866 (w), 2156 (m), 2143 (s), 2100 (w),

1573 (m), 1309 (w), 1120 (w), 1082 (w), 1053 (w), 1022 (m), 984(m), 964 (m), 864(w),

495 (m).

Single crystals of Pb(en)[Au(CN)2]2 were obtained by altering the Pb:en:Au ratio

to 1:1.5:1 and mixing the reagents in 50 mL of acetonitrile, after which the solu-

tion was left covered overnight. Small X-ray quality crystals and some powder of

Pb(en)[Au(CN)2]2 were deposited. The crystals had comparable IR and simulated

powder X-ray data to the bulk powder.
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3.8.8 Single crystal structural determinations

The crystallographic data for Pb(H2O)[Au(CN)2]2, Pb[Au(CN)2]2,

Pb(phen)2[Au(CN)2]2, Pb(bipy)2[Au(CN)2]2, and Pb(en)[Au(CN)2]2 are summarized

in Table 3.2 and 3.7. The data for Pb(H2O)[Au(CN)2]2, Pb(phen)2[Au(CN)2]2, and

Pb(bipy)2[Au(CN)2]2 were collected at room temperature using the diffractometer

control program DIFRAC (168) and an Enraf Nonius CAD4F diffractometer with a Mo

Kα fine-focus sealed tube operated at 0.736 kW power (46 kV, 16 mA). The data was

corrected by integration for the effects of absorption using a semi-empirical psi-scan

method. Final unit cell dimensions were determined based on several, high angle,

well-centred reflections.

The data for Pb(en)[Au(CN)2]2 was measured at 100(2) K by Dr. Gabrielle Schatte

on a Bruker Kappa instrument equipped with an APEX I CCD area detector at a

distance of 2.5 cm from the crystal, a graphite monochromator, and a Mo Kα fine-

focus sealed tube. A total of 210 frames were collected with a scan width of 2.0 ◦ in

ω; all frames were collected with a 120 s exposure time. The frames were integrated

with the Bruker SAINT software package. Data were corrected for absorption effects

using a numerical face-indexed technique (SADABS).

The refinement of all the structures was carried out in a similar fashion to the

structures in Chapter 2.

Slight (4%) disorder in the structure was observed for the heavy atoms. The disor-

der appears to arise from an alternate orientation of the Pb−OH2 chain, in which the

1-D chain of Pb−OH2 is shifted by half a cell in the a-direction, effectively switching

the location of the lead(II) and water; this forces the gold atoms to reorganize slightly

to accommodate the shifted chain. The alternate (4%) sites for the cyanide and water

groups were not modeled due to the very low electron-density expected for these sites.

The en carbon atoms in Pb(en)[Au(CN)2]2 were found to be disordered in two

conformations and consequently were refined isotropically.

The programs used for absorption corrections, data reduction, and processing were

from the NRCVAX (169) Crystal Structure System; except for Pb(en)[Au(CN)2]2 in

which the Bruker software package was used. All structures were solved using Sir 92,
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expanded using Fourier techniques and refined using CRYSTALS. (170) Diagrams were

made using ORTEP-3, (171) POV-RAY (172) and Cameron. (173)

3.8.9 Powder sample structural determination

X-ray powder patterns were collected on a Rigaku RAXIS Rapid Instrument equipped

with a curved image plate area detector, a graphite monochromator, and Cu-Kα

radiation operated at 1.9 kW (46 kV, 42 mA). One-hour scans were taken with a

0.3 µm collimator and a φ spinning speed of 5 ◦/sec, ω was held at 90 ◦ and χ was

held at 0 ◦. The powder was adhered to a glass fibre with grease. Peak positions for

Pb[Au(CN)2]2 were located in WinPlotr. (174) Cell parameters were determined using

Dicvol (175) and Treor. (236) Further refinement of the lattice parameters was performed

using the FullProf package in WinPlotr. (174) Structural models for Pb[Au(CN)2]2 were

produced with PowderCell (176) using triclinic symmetry. The final atomic positions

were placed in a crystal data file and analyzed for existing symmetry elements using

the MISSYM program, (169) thereby uniquely identifying the space group.

3.8.10 Solid-state NMR

Solid-state NMR spectra were collected and analyzed by Prof. Scott Kroeker and

his students Vladimir K. Michaelis and Dr. Pedro M. Aguiar at the University of

Manitoba. The experimental section is presented here for completion purposes.

Solid-state 207Pb and 15N NMR experiments were run on a Varian Inova 600

(B0 = 14.1 T) at 195.08 and 60.77 MHz respectively using 3.2 mm and 5 mm double-

resonance magic-angle spinning (MAS) probes.

207Pb NMR

A single-pulse experiment was employed for the MAS spectra with a 1 s pulse (18 ◦ tip

angle) for Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2, and a 0.8 s pulse (15 ◦ tip angle)

for the remaining compounds. Recycle delays of 5 s were used for all compounds

except for Pb[Au(CN)2]2 in which a 10 s recycle delay was used, with spinning speeds
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of 6 to 11.4 kHz. Isotropic chemical shifts were identified by comparison of spectra

acquired at different spinning rates.

Non-spinning experiments were acquired using a Hahn-echo, with pulse lengths of 5

and 10 s, and recycle delays of 10 and 25 s for Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2,

respectively. Chemical shifts are reported with respect to Pb(CH3)4 using 1.0 M

Pb(NO3)2 (−2961.2 ppm) as secondary reference. (237)

Due to the inherent nature of lead chemical shifts being sensitive to changes in

temperature, all acquired spectra where maintained at 298 K. To ensure that the

measured chemical shifts are reliable, the effects of sample heating due to fast spinning

were measured for spinning rates up to 11 kHz. The chemical shift was found to vary

< 0.1 ppm/K, as calibrated by Pb(NO3)2. (216,217) The small peak shift and symmetric

lineshape verify that the temperature dependence is too small to influence the data

presented here.

15N NMR

Spectra were acquired with single-pulse experiments using 2 s pulse lengths (35 ◦ tip

angle) and recycle delays of 720 s for Pb(H2O)[Au(CN)2]2. Spectra of Pb[Au(CN)2]2

were acquired with a 1 s pulse length (18 ◦ tip angle), and a 120 s recycle delay.
15N chemical shifts are relative to NH3 (l), using 15NH 15

4 NO3 (23.8 ppm, 15 NH4) as a

secondary reference.
15N NMR experiments on Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2 were done on

samples prepared with 15% doubly-labelled 13C 15N to enhance sensitivity. These

samples afford the additional advantage that 13C signals are coupled to spin-1/2 15N,

and not the quadrupolar 14N, resulting in higher resolution and less complicated

spectra. (238–240)

3.8.11 Luminescence of Pb(H2O)[Au(CN)2]2

Solid-state luminescence data of Pb(H2O)[Au(CN)2]2 were collected at room temper-

ature on a Photon Technology International (PTI) fluorimeter, using a Xe arc lamp,

and a photomultiplier detector. Wavelengths were selected with a single excitation
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and emission monochromator. Powder samples were mounted on an aluminum block.



Chapter 4

Birefringent coordination

polymers∗,†

4.1 Introduction

The rationale behind utilizing lead(II) as a cation in Au(CN) –
2 containing coordi-

nation polymers was due to the various materials properties which lead(II) contain-

ing compounds exhibit. The previous chapter focused on gaining insight regarding

the structural role of lead(II) and its potentially stereochemically active lone pair

in Au(CN) –
2 containing coordination polymers. This chapter will focus on taking

the lessons learned in Chapter 3 and utilizing them to synthesize and characterize

birefringent coordination polymers.

An isotropic material like water has a single refractive index (the ratio of the speed

∗Part of the work in this chapter is reproduced with permission from M. J. Katz, P. M. Aguiar,
R. J. Batchelor, A. A. Bokov, Z.-G. Ye, S. Kroeker, and D. B. Leznoff, “Structure and Multinuclear
Solid-State NMR of a Highly Birefringent Lead-Gold Cyanide Coordination Polymer”, Journal of
the American Chemical Society, vol. 128, pp. 3669 - 3676, 2006 Copyright 2006 American Chemical
Society
†Part of the work in this chapter is from M. J. Katz, H. Kaluarachchi, R. J. Batchelor, A. A.

Bokov, Z.-G. Ye, and D. B. Leznoff, “Highly Birefringent Materials Designed Using Coordination
Polymer Synthetic Methodology”, Angewandte Chemie International Edition, vol. 46, pp. 8804 –
8807, 2007 Copyright 2007 Wiley

126
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of light in a vacuum vs. the speed of light in a material). Some crystals have a di-

rectional dependence of their refractive index. These types of crystals are said to be

birefringent. Birefringent materials have several applications as optical components.

For example, there are two types of polarizing filters employed in photography: Lin-

ear and circular polarizers. In digital SLR cameras circular polarizers are ideal. A

circular polarizer consists of two parts: A polarizer, and a birefringent material which

converts the linearly polarized light into circularly polarized light. Another common

application of birefringent materials is in LCD monitors. Research into birefringent

materials has focused on other applications as well. (241,242)

Birefringent materials have also been used to improve the NLO properties of Si

and GaAs by phase-matching the incoming light and the frequency doubled/tripled

light. (243–245) Si and GaAs (both of which belong to the cubic crystal class and show

no birefringence) are used in the telecommunication industry to generate coherent

light at frequencies where lasers are unavailable. (246) Unfortunately, they suffer from

low nonlinear coefficients and dephasing problems. (246) Introducing birefringence into

these systems has greatly increased the nonlinear coefficient and the coherence length,

owing to phase-matching. (244–246) Thus, researching new birefringent materials has

several potential applications.

4.1.1 A birefringence primer

The following section will briefly describe the origin of birefringence as well as the

mechanics of measuring birefringence, addressing most of the background necessary

to understand and interpret the birefringence of the polymers in this chapter. The

following references are recommended for supplementary information. (188,243,247)

As stated above, crystals can have different refractive indices depending on their

direction. Birefringence refers to the difference of the refractive index in one direction

vs. the orthogonal direction. More accurately, birefringence is the difference between

two primary refractive indices (more details below). In order to synthesize birefringent

materials it is crucial to understand the factors which determine the refractive index

of a substance. The refractive index of a material is a measure of the ratio of the
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speed of light in a vacuum (c) to the speed in the material (v) (Equation 4.1).

n =
c

v
(4.1)

In order to change the refractive index we must change the speed of light in a

material. Since light is an electromagnetic wave it interacts with the electron cloud

of an atom, bond, or molecule, scattering light in all directions within the crystal.

The easier it is to cause this absorption, oscillation, and emission the slower light

will travel through that material. This ease is related to the polarizability (α) of an

atom, bond, or molecule. Atoms with more electrons are more polarizable, and the

less tightly held electrons are the more polarizable. Tables of atomic and molecular

polarizabilities are readily available. (248)

Thus, a birefringent molecule is one in which the polarizability is anisotropic. In a

molecule, the polarizability is larger along a bond than perpendicular to it. (249) Taking

Au(CN) –
2 as an example, the polarizability parallel to the N−−−C−Au−C−−−N-axis (αz)

is larger than perpendicular (αx and αy). In fact, due to the symmetry of Au(CN) –
2

(D∞h) two of the primary polarizabilities are equivalent (αx = αy). The Au(CN) –
2

unit contains only two primary polarizabilities. The polarizability in any direction is

a linear combination of αz and αx. As another example, benzene is easier to polarize

in the plane of the benzene ring (αx and αy) than perpendicular (αz). Unlike in

Au(CN) –
2 , in benzene αx is not equal to αy.

Therefore, one criterion for designing a highly birefringent material is the presence

of anisotropically polarizable molecules and bonds. Electronically delocalized systems

are more polarizable than their saturated analogues. For example, carbon-carbon

single bonds have a calculated polarizability of 0.086 x 10−23 cm3 along the bond, and

0.024 x 10−23 cm3 perpendicular to the bond. In contrast, a C−−−−C bond, such as that

found in benzene, has a calculated polarizability of 0.128 x 10−23 cm3 along the bond,

and 0.075 x 10−23 and 0.048 x 10−23 cm3 perpendicular to the bond. (249) Furthermore,

highly conjugated systems are often flatter than saturated systems, and as such the

polarizability anisotropy of the systems is greater (e.g., benzene vs. cyclohexane).

Unfortunately, just having anisotropically polarizable molecules is not sufficient to

make highly birefringent materials. In a crystal, molecules can align in many different
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Au NN

Au NN

Au

N

N

Au NN

(a)        (b)

Figure 4.1: (a) parallel alignment of Au(CN) –
2 , and (b) perpendicular alignment of

Au(CN) –
2 . Notice the polarizability of the two golds is enhanced in (a), but completely

nullified in (b).

ways relative to one another. Polarizability is additive and as such the alignment of

molecules is crucial. To illustrate this point Figure 4.1a,b contains a pair of Au(CN) –
2

units in two different geometries. In the first geometry (Figure 4.1a), the Au(CN) –
2

units are parallel, and so are the different components of the polarizability anisotropy

(i.e., αx (green arrow) of each Au(CN) –
2 are parallel as are αz (red arrow)). In this

alignment, the birefringence in the plane of the paper is enhanced. Conversely, in the

second geometry (Figure 4.1b), the Au(CN) –
2 units are perpendicular, as are their

polarizability anisotropies. In this second geometry, light travelling in either direction

in the plane of the paper experiences the same polarizability/refractive index, and thus

the birefringence is zero. Therefore, the second criterion required to synthesize highly

birefringent materials is good alignment of anisotropically polarizable molecules and

bonds.

Another important consideration when designing a birefringent material is the

spacing between neighbouring molecules. In other words, the density anisotropy in

the crystal can increase or decrease the birefringence. For example, the refractive
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index along a graphite plane should be higher (i.e., the speed of light will be slowest

in this direction) than the refractive index perpendicular to the plane (i.e., the speed

of light will be fastest in this direction). Thus, in order to increase the birefringence

of graphite, either the larger refractive index needs to be increased, or the smaller

refractive index needs to be decreased. The latter is easier to do. If the planes are

spread further apart, the birefringence would increase. In other words, light will

interact with fewer graphite sheets per unit distance in this direction, increasing the

speed of light through the material along this direction (decreasing the refractive

index). Thus, the third factor to be considered when designing highly birefringent

materials is density (ρ).

The discussion above demonstrates the factors that affect the refractive index,

and thus the birefringence, of a material. A mathematical representation of these

guidelines is known as the Lorentz-Lorenz equation (Equation 4.2). (247) As described

above, in Equation 4.2 as the polarizability (α) or density (ρ) of a material increases

so does the refractive index (n); MW = molecular weight, N = Avogadro’s number.

Thus, for a birefringent material, one or both of these values must be different along

different directions.

n =

√
1 + 2·α·N ·ρ

3·MW

1− 2·α·N ·ρ
3·MW

(4.2)

In a crystal, all the factors described above come together. Therefore, a crystal

such as the one in Figure 4.2a contains three different refractive indices (at this point

we will call them na > nb > nc). Note that the values of these refractive indices are not

dependent on the length of the unit cell axes. Furthermore, two of these components

are unique (na and nc), i.e., there is only one direction which has this refractive index.

The third component nb is orthogonal to the other two. The refractive index in any

direction is thus a linear combination of these three primary components. The ellipsoid

in Figure 4.2a is called the optical indicatrix, and it is an imaginary surface defining

the refractive index of a crystal. The axes of the indicatrix are the three primary

refractive indices. The birefringence (∆n) of a crystal is the difference between any

two orthogonal directions of a crystal. However, the primary birefringence is the
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a

b

c

na

nb

nc

nc

na

c1na + c2nc= nb

nb

c1na + c2nc= nb

nb
O.A.

na > nb > nc

Optical Axis

(a)     (b)     (c)

Figure 4.2: (a) A crystal showing the optical indicatrix and the three primary
refractive index components of the optical indicatrix. (b) The nanc-plane of the
indicatrix. Because nb is intermediate between na and nc there exists four locations
in the nanc-plane of the indicatrix where the refractive index is equal to nb. The
optical axes are orthogonal to the direction from the origin of the indicatrix to these
four locations. (c) The orthogonal slice of the indicatrix viewed down the optical axis.
The birefringence is zero in this plane.

difference between two primary components of the indicatrix (Equation 4.3).

∆nab = |na − nb|

∆nbc = |nb − nc| (4.3)

∆nac = |na − nc|

In Figure 4.2a the indicatrix is aligned with the crystallographic axes. This is not

always the case. Depending on the symmetry of the crystal class the indicatrix may or

may not align with the crystallographic axes. For cubic, tetragonal, and orthorhombic

crystals, the indicatrix will align with the crystallographic axes. Due to the symmetry

of the crystal class a cubic crystal will have a spherical indicatrix (i.e., na = nb = nc).

A tetragonal crystal will have two different refractive indices (i.e., na = nb 6= nc).

Tetragonal crystals are thus uniaxial (see below). In the orthorhombic crystal class

all three primary refractive index components will be different (i.e., orthorhombic

crystals are biaxial with na 6= nb 6= nc). Biaxial crystals have two directions in which
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the perpendicular birefringence is zero (see below). In a monoclinic crystal only one of

the components of the indicatrix must be aligned with the b-axis (nb). The remaining

two components (nac1 and nac2) must lie in the ac-plane, but neither component is

required to align with either the a- or c-axis. In a triclinic crystal there is no symmetry

to restrict the orientation of the indicatrix with the crystal axes. In this chapter the

majority of the crystals are monoclinic.

The term uniaxial/biaxial can be confusing; uniaxial crystals have two primary

components of the indicatrix and biaxial crystals have three (always one more than

expected). The term uniaxial/biaxial refers to the number of optical axes present in

the crystal. Light travelling along an optical axis experiences no birefringence (i.e.,

the perpendicular components of the indicatrix are equivalent). This is easy to see

in a uniaxial crystal such as a tetragonal crystal where na = nb 6= nc. When looking

down the c-axis the birefringence is ∆n = na − nb = 0. However, in biaxial crystals

this is not as inherently obvious: Figure 4.2 illustrates the origin and orientation of

the optical axes in biaxial crystals. Looking down the nb axis in Figure 4.2 (i.e., the

nanc-plane) it can be seen that because nb is an intermediate value between na and nc

there must be four locations along this slice of the indicatrix where the combination

of na and nc are equal to nb (golden arrows Figure 4.2b). As such, the plane formed

by nb and any one of the four locations mentioned above (Figure 4.2c) must have a

birefringence of zero, defining the orientation of the two optical axes (light blue arrows

Figure 4.2b, light blue dot Figure 4.2c).

To illustrate that one component of the indicatrix must align with the b-axis

(unique axis) of a monoclinic crystal let’s see what happens when the largest primary

component of the indicatrix is aligned 20 ◦ with respect to the 2-fold rotation axis of a

monoclinic crystal (Figure 4.3). Applying the 2/m symmetry constraints will produce

the equivalent primary component tilted 40 ◦ from the parent direction. This would

not be possible considering the indicatrix is at most an ellipsoid defined by three

primary refractive indices which are all orthogonal to one another. The shape of the

indicatrix in Figure 4.3 would look more like a square than an ellipse.
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mirror

2-fold

n1

n2

20o

Figure 4.3: An illustration demonstrating why the primary components of an
indicatrix cannot be tilted with regards to the symmetry of the crystal.

Table 4.1: Birefringence of some common inorganic compounds.

∆n ∆n
CaCO3, calcite 0.172 H2O, ice 0.004
NaNO3 0.251 MgF2 0.006
TiO2, rutile 0.287 SiO2, quartz 0.009
Hg2Cl2, calomel 0.683 Al2O3 0.027

4.1.2 An example: Calcite (CaCO3)

The previous section described the molecular origin of birefringence, and the im-

plications of crystal structure and symmetry on birefringence. In order to clearly

understand how these aspects of birefringence come together, an example of a known

birefringent material will be discussed. To that end, one of the most widely used bire-

fringent materials is calcite (CaCO3, icelandic feldspar). The birefringence of calcite

is 0.172, (243) which is quite large in comparison to other crystals (Table 4.1). A crystal

of calcite on top of a picture is shown in Figure 4.4. The image is doubled through

the calcite crystal due to the presence of two different refractive indices.

While the image in Figure 4.4 demonstrates the effect of birefringence, it does

not explain the origin of birefringence in calcite. Calcite crystals grow in the rhom-

bohedral crystal class in the hexagonal setting a = b = 4.991 Å, c = 17.068 Å,

α = β = 90 ◦, γ = 120 ◦. (250) This crystal system contains one axis of symmetry, a
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Figure 4.4: A picture of calcite on top of an image. Note the double image viewed
through the calcite crystal. This phenomenon is due to the birefringence of calcite.

three-fold axis parallel to the c-axis. Thus, the indicatrix is uniaxial with one compo-

nent along the c-axis, nc, and the other two equivalent components in the ab-plane,

nab. Thus, the maximum birefringence observed for calcite is the difference between

these two components (i.e., ∆ncalcite = |nc − nab| = 0.172). (243)

One of the criteria delineated above for high birefringence is the presence of

anisotropically polarizable units. The carbonate group is a flat anion, with a delocal-

ized π-system which should make it highly polarizable. Carbonate is thus a highly

anisotropically polarizable unit. Another criterion mentioned above is good alignment

of the anisotropic units. Viewed down the a- or b-axis (Figure 4.5b), it can be seen

that the carbonate fragment is aligned face-to-face along the c-axis (Figure 4.5a). The

layers of carbonate are separated by calcium(II) ions (Figure 4.5b). Considering the

alignment of the carbonate fragments, and the fact that light propagates slower along

a bond than perpendicular (i.e., larger refractive index), it can be surmised that the

refractive index along the a- and b-axis is larger than the refractive index along the

c-axis, and so it is: nc = 1.486, nab = 1.658.

The origin of the birefringence in calcite is thus the presence of highly aligned,
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Figure 4.5: The crystal structure of calcite viewed down the (a) c-axis (calcium
ions removed for clarity), and (b) a- or b-axis.

anisotropically polarizable carbonate units.

4.1.3 Measuring birefringence by optical microscopy

There are several methods by which birefringence can be measured. For example,

the refractive indices of the material can be measured by submerging the crystals in

different refractive index oils until the crystal appears to disappear in the oil, at which

point the refractive index of the crystal is equal to the isotropic refractive index of the

oil standard. In this thesis the refractive indices have not been measured; only the

birefringence have been determined. This will be accomplished by means of optical

microscopy, as described below.

Prior to measuring the birefringence of a crystal it is important to investigate

the crystal between the crossed polarizers of a microscope. Natural light consists of

photons which have their electric field oriented in any orientation perpendicular to the

propagating direction. A polarizer filters a light source such that only one alignment

of the electric field remains. Crossed polarizers consist of a pair of polarizing filters

aligned such that their polarization direction is 90 ◦ with respect to one another

(Figure 4.6a). As such, the first filter produces polarized light in one direction. The

second polarizer filters all the light that is not parallel with respect to the second
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polarizer’s polarization axis (Figure 4.6a). Due to the 90 ◦ orientation between the

two polarizers, all photons will be filtered between crossed polarizers (Figure 4.6a)

and no light will be transmitted past the second polarizer. If a crystal is placed

between crossed polarizers, then one of two observations can be made (the second

polarizer is often called an analyzer): (1) The crystal appears black independent of

its rotation. (2) The intensity and colour of the light observed through the crystal

is dependent on the orientation of the crystal with respect to the two polarizers

(Figure 4.6b). Through a full 360 ◦ rotation the crystal will appear to not transmit

light briefly in 90 ◦ increments. The former crystal is said to be isotropic, and in the

plane the birefringence is 0. The latter is a birefringent crystal. In order to describe

the observation of the birefringent crystal, let us take a ray of light travelling along

the z -direction of a microscope (Figure 4.6b). As the light travels through the first

polarizer, a ray of linearly polarized light is produced (Figure 4.6b). When the linearly

polarized light enters the crystal it can be thought of as two different rays of light

polarized parallel with two components of the indicatrix (nx and ny). Mathematically

speaking this is a frame of reference change, changing from the frame of reference of

the polarization direction to the frame of reference of the crystal’s optical axes (nx and

ny which are not necessarily primary components of the indicatrix). Two rays of light

with orthogonal polarization directions leave the crystal. The second polarizer (the

analyzer) filters the light from the crystal. Thus, the crystal transmits light. However,

under special conditions, when nx or ny are parallel with the polarizers polarization

direction, the crystal will appear dark (no frame of reference change). As stated, this

will occur every 90 ◦. These directions are called extinction directions. (188)

Observing a crystal under crossed polarizers can give valuable information. For

example, single crystal X-ray diffraction depends on the use of single crystals. If a

crystal observed between crossed polarizer lightens and darkens as described above,

then it is a good candidate for single crystal X-ray diffraction. However, if half the

crystal appears dark while the other half is not, then the crystal is actually two crys-

tals growing off of a common seed. (188) For birefringence measurements, the extinction

directions directly identify the orientation of the indicatrix with respect to the crys-

tal. Thus, with the combination of X-ray diffraction experiments to determine these
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Figure 4.6: (a) light propagating through crossed polarizers (i.e., polarization
axes of polarizer and analyzer are 90 ◦ with respect to one another). The polarizer
creates linearly polarized light which is filtered by the analyzer. No light is trans-
mitted from the light source past the analyzer. (b) A crystal placed between crossed
polarizers. The crystal is rotated 45 ◦ with respect to the polarization axis of the
polarizer/analyzer. The crystal converts the linearly polarized light exiting the po-
larizer into two orthogonally polarized rays of light. One of the rays lags temporally
behind the other. This lag is most easily observed after they pass through the an-
alyzer where the two rays are linearly polarized parallel to one another. The rays
defer by ∆n · t = retardation (t = thickness). (c) a compensator (rotated −45 ◦ with
respect to the polarization axis of the polarizer/analyzer) is placed between the crys-
tal and the analyzer such that the compensator’s retardation is equal to the sample’s
retardation. As a result, light travelling through both crystals behaves as an isotropic
material (such as air in (a)), and no light is transmitted through the analyzer.
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directions, the crystal structure and indicatrix can be aligned and compared. This is

crucial for monoclinic and triclinic crystals where the components of the indicatrix

are not necessarily oriented with respect to the crystallographic axes (in monoclinic

systems the b-axis and one of the indicatrix axes must be parallel).

With a suitable crystal chosen (i.e., a single crystal, optically transparent, flat)

and the extinction directions determined, the birefringence, or more accurately the

retardation (see below), can be determined (Figure 4.6b). This measurement will

determine the in-plane birefringence (i.e., |nx − ny|). The crystal is rotated such that

the extinction direction of the crystal is 45 ◦ with respect to the polarizer/analyzer

(Figure 4.6b). In this geometry, when linearly polarized light leaving the polarizer

enters the crystal, the rays of light can be thought of as two orthogonally polarized,

equal intensity rays travelling along the nx and ny axes of the indicatrix (a frame of

reference change). Each ray is thus subject to either nx or ny refractive index. When

the orthogonally polarized rays start off at the surface of the crystal they are in-phase.

However, due to the different refractive indices one ray lags temporally behind the

other (Figure 4.6b). When these rays leave the crystal they lag behind one another

by an amount proportional to the difference in the refractive indices (∆n) and the

thickness (t) of the crystal (Figure 4.6b). This lag is known as the retardation, and

is the quantity measured by optical microscopy (Equation 4.4).

Retardation = ∆nsample · tsample = ∆n(θ)compensator · t(θ)compensator (4.4)

At this point the light rays have exited the crystal and are travelling at the same

speed, but lagged relative to one another. In order to determine this lag, or retar-

dation, a known birefringent crystal is placed between the unknown crystal and the

analyzer (Figure 4.6c). This known material, the compensator, has its indicatrix

aligned −45 ◦ with respect to the polarizer and analyzer directions. In this thesis

a tilting compensator will be used. The compensator can be tilted, and the tilting

angle can be related to the retardation (Figure 4.7). The compensator is a uniaxial

crystal (usually calcite or MgF2) which, when untilted, one of its refractive indices

pointing along the optical axis of the microscope (no), and the other two (equal)
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nx = ny = ne ne = nx = ny

Untilted 
compensator

microscope optical axis

Tilted 
compensator

Indicatrix

In-plane  refractive 
indices of compensator

∆n = 0            ∆n = | nx - ny |

θ

Figure 4.7: The illustration above depicts how a uniaxial crystal can be used as a
tilting compensator; let the two refractive indices of this crystal be no and ne. (Left)
An untilted compensator. Due to the alignment of the indicatrix with respect to
the optical axis of the microscope the in-plane birefringence of the compensator is
zero. In this orientation the compensator does not compensate for the birefringence
of the sample. (Right) As the compensator is tilted, the in-plane (perpendicular
to the optical axis) birefringence is increased. One of the two components remains
unchanged (nx = ne) while the second component (ny) becomes a linear combination
of no and ne.

components of the indicatrix perpendicular to the optical axis (ne). As such the bire-

fringence observed for the compensator is zero (ne − ne = 0, Figure 4.7). As the

crystal is tilted a component of no is tilted away from the optical axis of the mi-

croscope toward one of the ne directions (Figure 4.7). The in-plane birefringence of

the compensator increases as the compensator is tilted (Figure 4.7). As the two rays

from the unknown birefringent material enter the compensator they are slowed down

by the in-plane (perpendicular to the optical axis) components of the compensator’s

refractive indices. One ray (the faster one) is slowed down more than the other ray

(the slower one). Thus, once the light leaves the compensator the lag between the two

rays decreases. At some critical angle, θ, the compensator fully compensates for the

lag of the crystal, and the birefringence is undone (Figure 4.6c, Equation 4.4). Using
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Equation 4.5, the rotation angle can be converted to the retardation of the compen-

sator, which is equal to the retardation of the unknown crystal (Equation 4.4). In

Equation 4.5 ne/no = refractive index of compensator, t = thickness of compensator,

and λ = wavelength of light. The critical angle is determined by looking at the crys-

tal through the analyzer. As the light rays enter the analyzer, only the light of the

appropriate polarization is transmitted (producing linearly polarized light comprised

of equal amounts of the two rays). At the critical angle the crystal will appear black.

The crystal and compensator combined are equivalent to an isotropic material. As

described above, isotropic materials don’t change the polarization of light, leaving the

initial polarization direction unchanged. At all other angles the crystal will transmit

light of some colour. The refractive index, and hence the birefringence, is wavelength-

dependent. As such, a colour filter is used to determine the birefringence at a specific

wavelength (λ). In this thesis a green filter is used (546.1 nm). Once the critical angle

is determined, a colour filter is placed beneath the polarizer and the tilting angle fine

tuned to determine the correct retardation angle at this wavelength. Although this ex-

plains the mechanics and most of the details associated with measuring birefringence,

a complete worked example for Pb(H2O)[Au(CN)2]2 can be found in Appendix A.

Retardation = C ·
2 · (

√
1− sin2θ/n2

o −
√

1− sin2θ/n2
e)

1/n2
e − 1/n2

o

(4.5)

C =
t · ne
2 · λ

∣∣∣∣ 1

n2
o

− 1

n2
e

∣∣∣∣
With the retardation determined all that remains unknown is the crystal thickness;

this was determined by SEM or by optical microscopy and is often the largest source

of error in this process. The ratio of the retardation and thickness determines the

birefringence (Equation 4.4).

As stated above, the measurement of birefringence by optical microscopy does

not determine the value of the refractive indices of the material. However, with the

use of the compensator, the relative magnitude of the two in-plane refractive indices

can be determined. As stated above, as the two rays from the unknown birefringent

material enter the compensator they are slowed down by the in-plane (perpendicular

to the optical axis) components of the compensator refractive indices. One ray (the
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faster one) is slowed down more than the other ray (the slower one). What if the

crystals were oriented such that the slower ray was slowed down more than the faster

ray (i.e., the compensator is rotated 45 ◦ instead of −45 ◦)? The compensator would

not compensate - it would enhance the birefringence. This problem is alleviated

by rotating the crystal 90 ◦, converting the enhancor back to a compensator. If

the orientation of the compensator is known, then the orientation of the fast and

slow directions (smaller and larger refractive index) of the birefringent sample is also

known, although the actual refractive index values remain unknown. The crystal

faces can be determined crystallographically and the relative orientation of the unit

cell and the indicatrix determined, giving further insight into the molecular origin of

the birefringence.

At this point it would be prudent to mention a few brief things about this exper-

iment. The measured birefringence is the difference in the refractive indices perpen-

dicular to the microscope’s optical axis. In order to measure all three birefringences

sufficiently large crystals must be obtained so that all three appropriate faces can be

measured. Furthermore, depending on the crystal growth direction, the birefringence

of a monoclinic crystal may be the difference between (1) two primary components of

the indicatrix - for example, where the b-axis (unique axis) is parallel with the optical

axis of the microscope: (2) a primary component (nb) and a linear combination of

the other two components nac1 and nac2 - where the b-axis is perpendicular to the

optical axis. The birefringence is thus |nb − (c1 · nac1 + c2 · nac2)|. (3) The observed

birefringence is of an arbitrary slice of the indicatrix - a monoclinic crystal where the

b-axis is rotated ω ◦ with respect to the optical axis (0 < ω < 90 ◦).

4.1.4 Why make birefringent coordination polymers?

Part of the rationale behind synthesizing coordination polymers is the formation of

extended networks, which are often critical for various applications. However, ex-

tended networks are not required for the formation birefringent compounds. De-

spite this, the synthetic methodology associated with coordination polymer synthesis,
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na
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Figure 4.8: Single crystal of Pb(H2O)[Au(CN)2]2 under a polarizing microscope:
(a) Single polarizer, P, below the sample. (b) Crystal, in diagonal position, between
crossed polarizers, P & A. Directions of the polarizers are indicated by black or white
arrows. The direction of one crystallographic axis (a or c) is shown by the blue arrow.
The red ellipse denotes the ac section of the indicatrix.

i.e., the ability to carefully choose building blocks in order to form a desired poly-

mer, is very helpful in the design of birefringent coordination polymers. As will be

demonstrated, it is possible to design and improve on a recipe for birefringent mate-

rials. While an extended network is not necessary, it can be very useful to align the

metals and ligands, thereby increasing the birefringence. While coordination poly-

mer research has focused on many different properties, (1) the study of birefringence

has not been investigated. The only reported birefringent coordination polymers are

from a Cu(tmeda)[Hg(CN)2][HgCl4] polymer (∆n = 0.0638), (92) and a triazolylborate-

silver(I) coordination polymer (∆n = 0.105). (251) This chapter will demonstrate that

birefringent coordination polymers can be designed, and improved upon.

4.2 The birefringence of Pb(H2O)[Au(CN)2]2

To explore the potential utility of highly polarizable lead(II)-containing coordination

polymers as birefringent materials, the birefringence of Pb(H2O)[Au(CN)2]2 was mea-

sured (Figure 3.5 and 4.8). Recall that the structure of Pb(H2O)[Au(CN)2]2 contains

a lead(II) centre in a bicapped trigonal prism geometry. These prisms stack in one

direction and bridge to one another in the second direction, thus making the overall

2-D slab (see section 3.2.2, Figure 3.5b).

X-ray analysis reveals that the large face of the plate-shaped crystals of
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Pb(H2O)[Au(CN)2]2 (Figure 4.8) are oriented perpendicular to the b-axis, suggest-

ing that the slowest crystal growth direction is along the b-axis. The structure of

Pb(H2O)[Au(CN)2]2 contains 2-D sheets. Based on the structure, it would be reason-

able to predict that the crystal growth direction is the direction of sheet extension.

However, the 2-D sheets of Pb(H2O)[Au(CN)2]2 grow in the ab-plane, not the ac-plane

(the crystal growth direction). Although sheet extension is rapid along the a-axis,

sheet extension in the b-axis, growth via Pb-Au(CN)2 bonding, appears to be the

slowest. This suggests that gold-gold interactions, and inter-slab hydrogen bonding

may play an important role in the kinetics of crystal growth in this system. The

stereochemical lone pair, whose hemisphere is found oriented most likely along the

a-axis, does not seem to affect rapid bond-formation in that direction.

A photograph of the crystal of Pb(H2O)[Au(CN)2]2 used to measure the birefrin-

gence is shown in Figure 4.8. The fact that the crystal remains bright when observed

under crossed polarizers (Figure 4.8b) indicates the existence of an optical anisotropy,

which is expected for orthorhombic crystals. Between crossed polarizers the crys-

tal shows complete extinction every 90 ◦. The dark streaks observed near the right

and bottom crystal edges in Figure 4.8b can be found in Figure 4.8a also and thus

they are opaque regions, not part of extinction. The extinction direction in an or-

thorhombic crystal viewed down the b-axis coincides with the a and c crystallographic

axes. (252) Thus, the position of the crystallographic axes can be derived from optical

observations (Figure 4.8, blue arrow indicates the direction of one crystallographic

axis); however, it cannot be determined from optical data which direction is the a- or

c-axis. Examining this crystal by X-ray diffraction reveals that the direction along the

blue arrow in Figure 4.8 coincides with the a-axis while the direction perpendicular

to this coincides with the c-axis. With the crystal rotated 45 ◦ from the extinction

position, the crystal colour appears fairly homogeneous (Figure 4.8b); the rainbow

pattern observed is due to a slight variation in thickness across the platelet. This ho-

mogeneity implies that significant internal stresses are absent. This is also confirmed

by the fact that the extinction is observed in all parts of the crystal simultaneously:

These preliminary observations indicate that the crystal is suitable for a birefringence

measurement.
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For the light propagating along the b-axis of Pb(H2O)[Au(CN)2]2, a birefringence

value of ∆nac = 0.070(6) was measured at room temperature (see Appendix A for

a detailed description of this calculation). This is a high value, much larger than

the ∆n of 0.009 for quartz, 0.027 for Al2O3 (a material used for birefringent coat-

ings), (253) and indeed larger than most other optical materials. (254) The birefringence

of Pb(H2O)[Au(CN)2]2 is still below that of commercially important calcite (0.172),

but is higher than the value of 0.0638 that was obtained for the structurally anisotropic

Cu(tmeda)[Hg(CN)2][HgCl4] layered system. (92) The birefringence of other coordina-

tion complexes containing crown ethers or triazolylborate ligands have also been in-

vestigated and found to be 0.015 and 0.105 respectively. (251,255)

Orthorhombic crystals are biaxial and their indicatrix is represented by an ellipsoid

having three inequivalent primary refractive indices parallel to the crystallographic

axes. (252) From this, any measured refractive index can be broken down into compo-

nents along the ellipsoid axes. The three principal refractive indices can be designated

as na, nb and nc for light propagating along the a, b and c crystallographic directions

respectively. The above measured birefringence is ∆n = ∆nac = |na − nc|; two other

values of interest, ∆nab = |na − nb| and ∆nbc = |nb − nc|, remain unknown. Unfortu-

nately, to determine the remaining birefringence values and thereby to determine the

maximum birefringence and the full indicatrix, crystals with large enough surfaces

perpendicular to the a or c axes are required; these are currently unavailable due

to difficulties in altering the crystal growth direction. However, based on the crystal

structure, the magnitude of these differences relative to the measured birefringence

can be surmised (see below).

The measured birefringence of Pb(H2O)[Au(CN)2]2 remains practically unchanged

upon heating to 340 K and upon cooling increases gradually to 0.073 at 200 K, be-

low which no further change occurs, suggesting a “freezing” of the crystal struc-

ture. This small temperature dependence of the birefringence indicates the absence

of significant changes in the crystal structure in the studied temperature range of

150 – 340 K since any structural phase transformation would be indicated by an

abrupt variation of the birefringence. The small increase in birefringence as the tem-

perature is lowered may not be due to a change in the optical anisotropy, but rather
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Figure 4.9: Crystal structure of Pb(H2O)[Au(CN)2]2 viewed down the b-axis,
perpendicular to the crystal growth direction. The measured birefringence of
Pb(H2O)[Au(CN)2]2 is due to the difference in the refractive index in this plane.
Colour scheme: Gold, yellow; lead, purple; nitrogen, blue; carbon, green.

a small change in the dimensions of the crystal due thermal expansion/contraction of

the crystal. (256,257) Assuming only a change in the thickness of the crystal, the b-axis

would need to increase from 9.80 to 10.23 Å as the temperature is lowered, indicating

NTE. (257) This difference is quite large when compared with other investigated coor-

dination polymers. (256–259) However, the difference is an upper estimate; the effect of

the expansion/contraction in the ac-plane, neglected in the above calculation, would

affect the packing of Pb(H2O)[Au(CN)2]2 and the observed birefringence.

The birefringence of Pb(H2O)[Au(CN)2]2 can be associated with the 2-D layer

crystal structure of Pb(H2O)[Au(CN)2]2. Figure 4.9 illustrates the orientation of

Pb(H2O)[Au(CN)2]2 viewed down the b-axis. The sheets extend along the a-axis, and

pack along the c-axis. The Au(CN) –
2 units are parallel with the b-axis. Therefore,

there is no effect from the polarizability anisotropy of the Au(CN) –
2 units on the

birefringence. Only the anisotropic effect of packing, density variations, and the in

plane components of the Pb-N, Pb-O, and Au-Au bonds/interactions contribute to

the birefringence. In the structure of Pb(H2O)[Au(CN)2]2, light propagating along the

a-axis has a higher refractive index (travels slower) than light propagating along the

c-axis (Figure 4.8b red ellipsoid). Light propagating along a sheet (a-axis) interacts

more strongly than light propagating perpendicular to the sheet (c-axis).
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In the case above, looking down the N−−−C−Au−C−−−N-axis, the effect of the

Au(CN) –
2 units is negligible. However, in the perpendicular directions (∆nab and

∆nbc), the effect of the Au(CN) –
2 units is not negligible and thus the birefringence is

predicted to be higher than the 0.070(6) found for the ac-plane. The motif in these

directions is extremely anisotropic. Light travelling along the N−−−C−Au−C−−−N-axis,

coincident with the b-axis in Pb(H2O)[Au(CN)2]2, interacts more strongly than light

travelling perpendicular to the bond. If light travels the slowest along the b-axis and

fastest along the c-axis, then the maximum birefringence would occur in the bc-plane,

∆nbc. The intermediate birefringence would be ∆nab, which would be 0.070(6) smaller

than ∆nbc (as shown below).

With the knowledge that na > nc

∆nac = 0.070(6) = na − nc (4.6)

Assuming the hypothesis above is correct (i.e., nb > na)

∆nab = nb − na (4.7)

Substituting 4.6 into 4.7

∆nab = nb − (nc + 0.070(6)) (4.8)

and thus

∆nab = ∆nbc − 0.070(6) (4.9)

One of the rationales behind incorporating lead(II) into coordination polymers

was to examine the role of the stereochemically active lone pair on the observed

properties. In the structure of Pb(H2O)[Au(CN)2]2 the lone pair is located primarily

along the a-axis. Since the birefringence is in the ac-plane, the lone pair should be

more polarizable along the a-axis. Considering the a-axis was found to be the slow

axis, the lone pair is enhancing the anisotropy. The role of the lead(II) is not just

to incorporate the lone pair. The lead(II) also acts as a structure directing unit,

aligning the Au(CN) –
2 units parallel to one another. Recall that in the structures of

the four Zn[Au(CN)2]2 polymers in Chapter 2, none of the Au(CN) –
2 units aligned
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themselves parallel to one another. The only other Au(CN) –
2 containing compounds

which show this orientation of Au(CN) –
2 units is the family of M(µ−OH2)2[Au(CN)2]2

polymers (appropriate sized single crystals of which cannot be synthesized), (79,81) and

the Cs2Na[Au(CN)2]3 salt. (260)

4.3 Birefringence 2.0: Rational design of birefrin-

gent coordination polymers

Although we have shown that the layered structure of Pb(H2O)[Au(CN)2]2 has a high

birefringence, we have not shown that this property can be designed and incorporated

into Au(CN) –
2 containing polymers. In fact, this property has never been explicitly

targeted in coordination polymer research. In order to design highly birefringent

polymers, we must first outline the requirements of such polymers. Recall from the

introduction that in order to make highly birefringent compounds, the building blocks

must be anisotropically polarizable, and oriented in the crystal structure in such a

way as to align the building blocks parallel to one another. The Au(CN) –
2 unit is

anisotropically polarizable, and is thus a potentially good building block. Depending

on the presence and orientation of the stereochemical lone pair in lead(II), it could

also exhibit some anisotropic polarizability. One design principle by which a more

highly birefringent coordination polymer could be synthesized would be to modify

the aforementioned Pb(H2O)[Au(CN)2]2 system by substituting the water molecule

with a ligand having a high structural/polarizability anisotropy. If the ligand can be

aligned such that the polarizability of the resulting material is strongly directionally

dependent, then a highly birefringent polymer could be made.

In order to pick an appropriate ligand, the lead(II)-ligand structures in the previous

chapter serve as a guide. The structures of Pb(bipy)2[Au(CN)2]2 and

Pb(phen)2[Au(CN)2]2 both contain pyridine units. Due to the planar, conjugated

nature of pyridine, the polarizability of the ligand is anisotropic. (249) Unfortunately,

incorporating bidentate ligands into a Pb[Au(CN)2]2 framework demonstrated that

the alignment of the bipy and phen ligands was not ideal. In the Pb(phen)2[Au(CN)2]2
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structure, the two trans-phen ligands in Pb(phen)2[Au(CN)2]2 had a dihedral angle of

30 ◦ with respect to one another (Figure 3.12). In order to maximize the birefringence,

the ligands have to be perfectly parallel to one another. As it stands, the polarizabil-

ity anisotropy of the two ligands partially cancels out due to their relative orientation.

In the Pb(bipy)2[Au(CN)2]2 polymer, the bipy units were found cis to one another,

clearly not an ideal orientation. Lastly, measuring birefringence requires optically

clear crystals, with well defined crystal growth directions, such as Pb(H2O)[Au(CN)2]2

(Figure 4.8). Unfortunately, crystals of Pb(bipy)2[Au(CN)2]2 grow in fairly irreg-

ular chunks. Although the Pb(phen)2[Au(CN)2]2 grow as plates, the crystals are

extremely small, and show evidence of internal stress, likely due to rapid crystal

growth. Thus, these compounds were not considered further for birefringent studies.

In order to address the complications associated with the Pb(bipy)2[Au(CN)2]2 and

Pb(phen)2[Au(CN)2]2 polymers, a new ligand was targeted. The ligand should still

be pyridine based, thereby incorporating the anisotropic polarizability of this unit.

Considering that bipy and phen ligands were not planar with respect to one another,

it would be best to use a ligand which will more likely form a 1:1 ligand:lead(II)

adduct, such as a tridentate ligand. In this light, the terpy ligand was chosen. This

ligand offers all the desired features: It contains three pyridine groups, which exhibit

both a large polarizability and large structural anisotropy. (249)

With these design principles targeting high birefringence delineated, we wanted

not only to synthesize a coordination polymer with a large birefringence, but to also

examine the effect of the metal centres (replacing Au(CN) –
2 with Ag(CN) –

2 ) and the

stereochemically active lone pair (replacing Mn(II) for Pb(II)) (178,182,183,261–263) on the

optical and structural anisotropy.

4.3.1 Structure of Pb(terpy)[M(CN)2]2 (M = Au, Ag)

The synthesis and structure of Pb(terpy)[Au(CN)2]2 and Pb(terpy)[Ag(CN)2]2 are

identical. Only the structure of Pb(terpy)[Au(CN)2]2 will be discussed in detail.

Synthesized in a water/methanol solution, the reaction of Pb(ClO4)2 with terpy

and KAu(CN)2 produced large plates of Pb(terpy)[Au(CN)2]2, which grow fastest
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Figure 4.10: Crystal structure of Pb(terpy)[Au(CN)2]2 (a) local geometry show-
ing thermal ellipsoids. (b) 2-D corrugated sheet of Pb(terpy)[Au(CN)2]2 showing all
the terpy molecules aligned face-to-face. Colour scheme: Gold, yellow; lead, purple;
nitrogen, blue; carbon, green.

perpendicular to the b-axis. The structure consists of a lead(II) centre in a dis-

torted pentagonal biprism geometry (Figure 4.10a), with a terpy ligand occupying

three of the meridional sites, having Pb(1)-N(4) and Pb(1)-N(3) bond lengths of

2.495(13) and 2.539(8) Å respectively. The remaining four coordination sites around

the lead(II) are taken up by N-bound Au(CN) –
2 , with axial Pb(1)-N(1) and equatorial

Pb(1)-N(2) bond lengths of 2.623(9) and 3.016(15) Å respectively. The large span of

the bond lengths in Pb(terpy)[Au(CN)2]2 are attributed to the stereochemically ac-

tive lone pair of s-electrons on the lead(II). (178,224,261,264,265) Examining the structure,

it can be seen that the Pb-N bond trans to the terpy are longer than 2.7 Å (the

bond lengths in the isotropic Pb(phen)2[Au(CN)2]2 structure) while the terpy Pb-N

bond lengths are shorter. The axial and equatorial bond lengths are symmetrically

distributed such that the lone pair must be oriented down the 2-fold axis (the b-axis)

of Pb(terpy)[Au(CN)2]2.

The Pb(terpy) 2+ units are linked through the axial cyanide bonds, forming a

1-D chain of Pb(terpy)[Au(CN)2] + (Figure 4.10b along a-axis). These chains fur-

ther link via the equatorial cyanides, forming the overall corrugated 2-D network

(Figure 4.10b). (15,118,122) The sheets stack via π − π interactions of ca. 3.27 Å (not
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Table 4.2: Selected bond lengths (Å) and angles (◦) for Pb(terpy)[M(CN)2]2
(M = Au, Ag)a

Bond Lengths M = Au M = Ag
Pb(1) – N(1) 2.623(9) 2.617(7)
Pb(1) – N(1∗) 2.623(9) 2.617(7)
Pb(1) – N(2) 3.016(15) 3.016(12)
Pb(1) – N(2∗) 3.016(15) 3.016(12)
Pb(1) – N(3) 2.539(8) 2.523(8)
Pb(1) – N(3∗) 2.539(8) 2.523(8)
Pb(1) – N(4) 2.495(13) 2.518(10)

Bond Angles
N(3∗) – Pb(1) – N(1) 92.1(3) 92.7(3)
N(1∗) – Pb(1) – N(1) 149.1(5) 149.9(4)
N(3∗) – Pb(1) – N(3) 131.6(4) 130.5(4)
N(1) – Pb(1) – N(3) 75.2(3) 74.7(3)
N(1) – Pb(1) – N(4) 74.5(2) 74.95(19)
N(3) – Pb(1) – N(4) 65.8(2) 65.3(2)
N(3∗) – Pb(1) – N(2) 79.3(3) 80.0(3)
N(1∗) – Pb(1) – N(2) 124.5(3) 125.4(3)
N(1) – Pb(1) – N(2) 78.9(4) 77.2(3)
N(3) – Pb(1) – N(2) 139.6(3) 138.8(3)
N(4) – Pb(1) – N(2) 134.6(3) 133.7(2)
N(2) – Pb(1) – N(2∗) 90.7(6) 92.6(5)
Pb(1) – N(1) – C(1) 168.8(10) 170.0(8)
Pb(1) – N(2) – C(2) 145.3(14) 144.0(13)

aSymmetry Operations: ∗: −x+ 1, y,−z − 1/2

shown). (266) The metrical parameters for the isostructural Ag(CN) –
2 analogue,

Pb(terpy)[Ag(CN)2]2, are comparable to those in Pb(terpy)[Au(CN)2]2 (Table 4.2).

Importantly, the terpy ligands are all aligned face-to-face in the crystal, the alignment

proposed above to yield the maximum birefringence.
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4.3.2 Removing the lone pair

Although the lone pair augmented the birefringence of Pb(H2O)[Au(CN)2]2 (i.e., by

aligning along the larger refractive index direction), in Pb(terpy)[Au(CN)2]2 and

Pb(terpy)[Ag(CN)2]2 the lone pair is isotropically distributed about the b-axis (slow-

est crystal growth direction). In order to determine the role the lone pair plays in

determining the properties of the polymer, the d10s2 lead(II) was replaced with high

spin d5 manganese(II).

Manganese(II) was not the preferred first choice of metal centre. Ideally, a cation

similar to lead(II), but without the possibility of a lone pair was desired - the most

obvious candidate was d10 mercury(II). Accordingly, the reaction of HgCl2 with terpy

and KAu(CN)2 was carried out hydrothermally (only a fibre-like material could be ob-

tained non-hydrothermally). The reaction produced needle-shaped crystals of

[Hg(terpy)2][Au(CN)2]2, two chelating ligands bind in a meridional fashion to one

mercury(II), in a distorted octahedral geometry (Figure 4.11), thereby cancelling out

the anisotropy of each terpy ligand. The Hg-N distances range 2.32(2) – 2.46 Å

(Table 4.3), shorter than the Pb-N(terpy) bonds in Pb(terpy)[Au(CN)2]2. The span

of the bonds in the coordination sphere of [Hg(terpy)2][Au(CN)2]2 is 0.14 Å, signif-

icantly shorter than the 0.521 Å span observed in Pb(terpy)[Au(CN)2]2 (Table 4.2).

The large decrease in span is due to the lack of a stereochemically active lone pair

on d10 mercury(II). The free Au(CN) –
2 units form a 3.391(2) Å separated gold-gold

dimer (Figure 4.11). Although the structure did not produce the ideal product, it

does demonstrate the role the lone pair has on the analogous lead(II)-based system:

By occupying part of the coordination sphere around the lead(II), there is insufficient

room for a second terpy to easily coordinate to the lead(II).

The second metal centre chosen to replace the lead(II) was zinc(II). Unfortunately,

the crystals that were obtained from the reaction of d10 zinc(II), terpy, and Au(CN) –
2

were of such poor quality that no structural information could be gained. Thus, d5

manganese(II) was tried as a third alternative.
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Figure 4.11: Crystal structure of Hg(terpy)2[Au(CN)2]2. Colour scheme: Gold,
yellow; mercury, purple; nitrogen, blue; carbon, green.

Table 4.3: Selected bond lengths (Å) and angles (◦) for [Hg(terpy)2][Au(CN)2]2
Bond Lengths
Hg(1) – N(5) 2.36(2) Hg(1) – N(6) 2.30(2)
Hg(1) – N(7) 2.40(2) Hg(1) – N(8) 2.32(2)
Hg(1) – N(9) 2.34(2) Hg(1) – N(10) 2.46(3)
Au(1) – Au(2) 3.391(2)

Bond Angles
N(5) – Hg(1) – N(6) 72.0(7) N(5) – Hg(1) – N(7) 141.1(8)
N(6) – Hg(1) – N(7) 69.2(7) N(5) – Hg(1) – N(8) 113.4(8)
N(6) – Hg(1) – N(8) 129.5(8) N(7) – Hg(1) – N(8) 88.9(8)
N(5) – Hg(1) – N(9) 103.9(7) N(6) – Hg(1) – N(9) 161.1(7)
N(7) – Hg(1) – N(9) 114.0(7) N(8) – Hg(1) – N(9) 69.2(8)
N(5) – Hg(1) – N(10) 85.1(8) N(6) – Hg(1) – N(10) 92.4(8)
N(7) – Hg(1) – N(10) 100.2(8) N(8) – Hg(1) – N(10) 137.1(9)
N(9) – Hg(1) – N(10) 68.8(8)
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Figure 4.12: Crystal structure of Mn(terpy)[Au(CN)2]2 showing 1-D chain of the
face-to-face aligned terpy molecules. Colour scheme: Gold, yellow; manganese, purple;
nitrogen, blue; carbon, green.

Structure of Mn(terpy)[Au(CN)2]2

Synthesized under similar reaction conditions to the lead(II) analogue, the

Mn(terpy)[Au(CN)2]2 coordination polymer consists of an octahedral manganese(II)

centre having one terpy and three N-bound Au(CN) –
2 groups in a meridional geometry

(Figure 4.12). Unlike the large range of bond lengths observed for Pb(terpy)[Au(CN)2]2

and Pb(terpy)[Ag(CN)2]2, the Mn-N bond lengths in Mn(terpy)[Au(CN)2]2 span only

2.179(17) – 2.276(15) Å. This decrease in span is due to the lack of the extra lone-

pair on the isotropic high-spin d5 manganese(II) vs. the d10s2 lead(II) centre. The

axial Au(CN) –
2 units, perpendicular to the face of the terpy ligand, connect adja-

cent manganese(II) atoms to form an overall 1-D chain. The major structural differ-

ence upon substitution of manganese(II) for lead(II) is in the coordination number

around the central metal (6 vs. 7). This impacts the final dimensionalities in that

Pb(terpy)[Au(CN)2]2 and Pb(terpy)[Ag(CN)2]2 form 2-D sheets while

Mn(terpy)[Au(CN)2]2 remains a 1-D chain via coordinate bonds.

The structure of Mn(terpy)[Au(CN)2]2 resembles a ladder cut in half (a half-ladder

motif). Two interactions link neighbouring chains to one another. Long gold-gold
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Table 4.4: Selected bond lengths (Å) and angles (◦) for Mn(terpy)[Au(CN)2]2
a

Bond Lengths
Mn(1) – N(2∗) 2.217(17) Mn(1) – N(1) 2.179(17)
Mn(1) – N(3) 2.186(15) Mn(1) – N(5) 2.276(15)
Mn(1) – N(6) 2.231(14) Mn(1) – N(7) 2.247(14)

Bond Angles
N(2∗) – Mn(1) – N(1) 172.9(6) N(2∗) – Mn(1) – N(3) 85.1(6)
N(1) – Mn(1) – N(3) 89.4(6) N(2∗) – Mn(1) – N(5) 89.9(6)
N(1) – Mn(1) – N(5) 88.5(6) N(3) – Mn(1) – N(5) 117.0(5)
N(2∗) – Mn(1) – N(6) 89.8(6) N(1) – Mn(1) – N(6) 96.3(6)
N(3) – Mn(1) – N(6) 170.1(6) N(5) – Mn(1) – N(6) 71.4(5)
N(2∗) – Mn(1) – N(7) 91.4(6) N(1) – Mn(1) – N(7) 94.0(6)
N(3) – Mn(1) – N(7) 100.2(5) N(5) – Mn(1) – N(7) 142.7(5)
N(6) – Mn(1) – N(7) 71.4(5) Mn(1) – N(1) – C(1) 168.8(16)
Mn(1) – N(2∗) – C(2∗) 162.4(17) Mn(1) – N(3) – C(3) 169.4(16)

aSymmetry Operations: ∗: x+ 1, y, z

interactions of 3.5926(13) Å dimerize these chains together in a head-to-tail fash-

ion, connecting the bridging Au(CN) –
2 unit of one chain to the terminal Au(CN) –

2

unit on another chain. Although these gold-gold interactions are long, and under

most circumstances would not be discussed, this interaction becomes more signifi-

cant later on and is thus being presented here as well. Even including this weak

interaction, the structure remains 1-D, but converts the open ladder framework with

rungs 10.5 Å apart to a closed ladder with rungs 5.25 Å apart (a schematic of a 1-D

ladder can be seen in Chapter 1 Figure 1.2). These chains also link to one another

via hydrogen bonds, linking the rung of one ladder to the rung of another ladder

(O(1)-N(4) = 2.794(2) Å). Despite the differences between the lead(II) and man-

ganese(II) structures, the key structural feature of face-to-face aligned terpy molecules

as seen in Pb(terpy)[Au(CN)2]2 and Pb(terpy)[Ag(CN)2]2 is preserved in

Mn(terpy)[Au(CN)2]2 (Figure 4.13).
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Figure 4.13: Terpy packing viewed down the b-axis in the structure of (a)
Pb(terpy)[Au(CN)2]2 and Pb(terpy)[Ag(CN)2]2, and (b) Mn(terpy)[Au(CN)2]2. No-
tice the face-to-face alignment of terpy ligands. The lead(II)/manganese(II), water,
and Au(CN) –

2 /Ag(CN) –
2 units have been removed for clarity.

4.3.3 Birefringence of Pb(terpy)[M(CN)2]2 (M = Au, Ag)

and Mn(terpy)[Au(CN)2]2

The birefringence of these terpy-containing polymers was determined to be 0.396(8) for

Pb(terpy)[Au(CN)2]2, 0.43(4) for Pb(terpy)[Ag(CN)2]2, and 0.388(8) for

Mn(terpy)[Au(CN)2]2. These values are much larger than the birefringence of any

other coordination polymer reported, including Pb(H2O)[Au(CN)2]2. The observed

birefringence is also substantially larger than the majority of inorganic compounds,

including commercially utilized calcite (∆n = 0.172). (254)

The three terpy polymers presented in this section all crystallize in the monoclinic

crystal class (Table 4.11 and 4.12) and are therefore biaxial, having three different

primary refractive indices which define the indicatrix. Since the b-axis is the only

axis that contains a symmetry element, one of the primary components of the optical

indicatrix must coincide with the crystallographic b-axis. (243) The observed birefrin-

gence in the ac-plane represents the difference between the remaining two primary

components of the indicatrix, which are not required to align themselves with either

of these two crystallographic axes.

Examining crystals of Pb(terpy)[Au(CN)2]2 under crossed polarizers reveals that

the extinction direction is approximately oriented along the a- and c-axis. Since
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(a)      (b)

Figure 4.14: The polymorphic crystal structures of terpy. (267,268) Notice that unlike
the Pb(terpy)[Au(CN)2]2, Pb(terpy)[Ag(CN)2]2, and Mn(terpy)[Au(CN)2]2 the terpy
units are not aligned face-to-face.

these axis are not orthogonal, the extinction directions cannot be exactly oriented

with these two axes. Comparing the extinction directions with the crystal structure

(Figure 4.10b) reveals that the plane of the terpy ligand roughly aligns with the

extinction direction. Thus, the birefringence observed is due to the anisotropy in the

plane of the terpy vs. perpendicular to the face (as viewed down the b-axis).

Viewed down the b-axis, the lead(II) and manganese(II) coordination polymers

show similar features; all three materials are structurally anisotropic, having all the

terpy molecules aligned face-to-face, with the 2-fold axis of the terpy ligand paral-

lel with the b-axis (Figure 4.13). In contrast, the two reported polymorphic crystal

structures of terpy do not have neighbouring molecules aligned in such a manner (Fig-

ure 4.14). (267,268) Both polymorphs of terpy contain zig-zag networks of terpy units.

Ideally, the optical properties of the three terpy containing coordination polymers

would be compared to the birefringence observed for terpy. Unfortunately, it has

been noted that terpy forms very poor quality crystals (268) and thus far, to the best

of our knowledge, no birefringence measurements have been reported. However, the

phenyl-based biphenyl and phenanthrene moieties show a polarizability anisotropy

comparable to pyridine (249) and ∆n values of 0.384 and 0.372 respectively have been

reported. (269–271) Furthermore, these moieties show similar structural features to terpy
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Figure 4.15: Alignment of terpy and one of the Au(CN) –
2 units in

Mn(terpy)[Au(CN)2]2. The polarizability anisotropy of the terpy ligand partially
cancels the polarizability anisotropy of the Au(CN) –

2 unit.

in that the neighbouring molecules of both biphenyl and phenanthrene do not have

all neighbouring molecules aligned face-to-face. While these organic moieties show

comparable optical anisotropies to Pb(terpy)[Au(CN)2]2, Pb(terpy)[Ag(CN)2]2, and

Mn(terpy)[Au(CN)2]2, their birefringence would theoretically be significantly higher

if the molecular polarizabilities were aligned, as occurs in these three terpy poly-

mers. (249)

The high birefringence of biphenyl and phenanthrene, which form a zig-zag struc-

tures as in Figure 4.14b, indicate that the M[Au(CN)2]2 polymer framework may ac-

tually decrease the birefringence from its maximum achievable quantity. The source

of this loss could be in part due to the alignment of the Au(CN) –
2 units. A close

look at the structure of Mn(terpy)[Au(CN)2]2 best demonstrates this: The Au(CN) –
2

units which link neighbouring manganese(II) units to one another run almost perpen-

dicular to the face of the terpy units (Figure 4.15). Recall that the method utilized

here to maximize birefringence is by maximizing the difference in polarizability in two
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orthogonal directions. The perpendicular alignment of the terpy and Au(CN) –
2 bonds

indicates that the minimum polarizability of one ligand is parallel to the maximum

polarizability of the other ligand. Overall, this alignment decreases the maximum

difference in polarizability (Figure 4.15).

Substitution of the lead(II) with its stereochemically active lone pair for the

isotropic manganese(II) elicited no significant change in the birefringence. This is

in part attributed to the location of the lone pair with respect to the measured

birefringence direction. The lone pair is located along the 2-fold b-axis of the crys-

tal, as evident by the bond lengths around the lead(II) in Pb(terpy)[Au(CN)2]2 and

Pb(terpy)[Ag(CN)2]2. (178) The lone pair is therefore isotropic in the ac-plane, and

cannot contribute to the observed birefringence. Thus, the anisotropy of polariz-

ability in the ac-plane of Pb(terpy)[Au(CN)2]2 and Pb(terpy)[Ag(CN)2]2 is primarily

influenced by the terpy and cyanometallate framework, which in comparison with the

manganese(II) structure is relatively unchanged in the ac-plane (Figure 4.13). The

birefringence along the other pairs of the optical indicatrix may indeed be different

in the lead(II) structures versus the manganese(II) system, but the crystal growth di-

rection precluded such a measurement. However, based on the alignment of the terpy

ligands, and the polarizability of pyridine and other aromatic compounds, (249,269) the

other two birefringence values are expected to be lower.

Substituting Au(I) for Ag(I) also generated no significant change in the observed

birefringence. However, long term exposure of Pb(terpy)[Ag(CN)2]2 to light photode-

graded the polymer, thus Ag(CN) –
2 incorporation is actually detrimental. Although

calculations on AgBr and AuBr suggest that the polarizability anisotropy is larger for

AuBr; (272) the observation that there is no difference in the optical anisotropy between

Pb(terpy)[Au(CN)2]2 and Pb(terpy)[Ag(CN)2]2 suggests that the optical anisotropy

of Au(CN) –
2 and Ag(CN) –

2 is quite similar. The larger error in the birefringence of

Pb(terpy)[Ag(CN)2]2 relative to Pb(terpy)[Au(CN)2]2 and Mn(terpy)[Au(CN)2]2 is

due to the increase in variance of the crystal thickness of Pb(terpy)[Ag(CN)2]2.

In summary, a class of highly birefringent coordination polymers incorporating

Au(CN) –
2 and the terpy ligand were designed and prepared; the ∆n values exceed

twice that of calcite. The presence of a stereochemical lone pair does not seem to
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Figure 4.16: Molecular structure of 2-(2-pyridyl)-1,10-phenanthroline (phenpy).

change the birefringence of the system. This observation is likely due to the orientation

of the lone pair which is parallel with the b-axis, and thus symmetrically distributed

about the ac-plane (i.e., the direction in which birefringence was measured). How-

ever, the appropriate use of a metal cation as a ligand orientation/alignment control

platform is essential: The combination of the face-to-face alignment of the anisotropic

terpy molecules, aligned by the M(CN) –
2 units in a highly-ordered polymer scaffolding,

produces the high birefringence of these coordination polymers.

4.4 Ligand modification I: Substituting terpy for

phenpy

The design methodology above clearly demonstrated that by judicious choice of build-

ing blocks a desired property can be targeted. In this case, the property is birefrin-

gence. The next step was to see if the design methodology could be further uti-

lized to increase the birefringence of Pb(terpy)[Au(CN)2]2. Since we have shown

that the ligand, aligned by the polymer framework, is one of the primary sources

of the birefringence in this system, a logical direction is to substitute the terpy lig-

and with a ligand that is more anisotropically polarizable. The ligand chosen was

2-(2-pyridyl)-1,10-phenanthroline (phenpy) (Figure 4.16). (273) Phenpy is a triden-

tate ligand, like terpy, but contains an additional fused phenyl group thereby in-

creasing planarity, conjugation, and therefore polarizability anisotropy. This ligand
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Figure 4.17: Crystal structure of Cd(phenpy)(H2O)[Au(CN)2]2 (a) local geometry
showing thermal ellipsoids. (b) 1-D chain of Cd(phenpy)(H2O)[Au(CN)2]2, showing
all the phenpy molecules aligned face-to-face. Colour scheme: Gold, yellow; cadmium,
purple; oxygen, red; nitrogen, blue; carbon, green.

has received very little attention in coordination chemistry. (273–277) Synthesis of the

ligand is relatively simple, achieved by reacting 2-Li-pyridine with phen. (273) Addi-

tion of phenpy to lead(II) and Au(CN) –
2 does produce a product with the formula

Pb(phenpy)[Au(CN)2]2. However, attempts to grow single crystals of

Pb(phenpy)[Au(CN)2]2 have been thus far unsuccessful. As a result, polymers con-

taining manganese(II), zinc(II), or cadmium(II) cations with phenpy and Au(CN) –
2

were targeted.

4.4.1 Structure of M(phenpy)(H2O)[Au(CN)2]2 ·

The reaction of manganese(II), zinc(II), or cadmium(II) salts with phenpy and two

equivalents of Au(CN) –
2 all produced crystals of M(phenpy)(H2O)[Au(CN)2]2 · xH2O

(refered to as M(phenpy)(H2O)[Au(CN)2]2 from now). The structures of the three

M(phenpy)(H2O)[Au(CN)2]2 structures (M = manganese(II), zinc(II), cadmium(II))

are all equivalent. Unfortunately, all three also give poor diffraction patterns, and thus

the structural models are of poor quality. The structure of

Cd(phenpy)(H2O)[Au(CN)2]2 will be described as a representative example, but the
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Table 4.5: Selected bond lengths (Å) and angles (◦) for M(phenpy)[Au(CN)2]2
(M = Mn, Zn, Cd)a

Bond Lengths M = Mn M = Zn M = Cd
M(1) – O(1) 2.16(3) 2.19(2) 2.37(2)
M(1) – N(3) 2.28(3) 2.22(2) 2.39(2)
M(1) – N(4) 2.17(3) 2.11(2) 2.37(2)
M(1) – N(5) 2.23(3) 2.17(2) 2.37(2)
M(1) – N(11) 2.201(18) 2.049(10) 2.22(3)
M(1) – N(21) 2.227(17) 2.156(11) 2.32(3)
Au(1) – Au(2∗) 3.357(5) 3.307(2) 3.457(2)
Au(2) – Au(2’) 3.228(6) 3.208(3) 3.277(3)

Bond Angles
O(1) – M(1) – N(3) 90.7(9) 89.4(8) 88.8(7)
O(1) – M(1) – N(4) 88.2(10) 88.4(8) 86.9(7)
O(1) – M(1) – N(11) 87.7(16) 88.0(10) 86.9(9)
O(1) – M(1) – N(5) 90.7(9) 91.1(7) 91.3(7)
O(1) – M(1) – N(21) 173.4(15) 174.7(9) 170.5(8)
N(3) – M(1) – N(5) 142.8(15) 149.9(10) 139.8(9)
N(3) – M(1) – N(4) 73.5(12) 73.6(9) 70.8(8)
N(3) – M(1) – N(11) 114.7(14) 109.4(10) 115.8(9)
N(3) – M(1) – N(21) 87.3(11) 88.4(9) 88.2(8)
N(4) – M(1) – N(5) 69.4(13) 76.4(8) 69.0(8)
N(4) – M(1) – N(11) 170.8(13) 175.3(9) 170.8(9)
N(4) – M(1) – N(21) 97.3(12) 95.6(10) 100.6(8)
N(5) – M(1) – N(11) 102.4(16) 100.7(10) 104.4(9)
N(5) – M(1) – N(21) 94.7(11) 93.3(9) 96.8(8)
N(11) – M(1) – N(21) 87.5(16) 88.2(11) 86.4(10)
M(1) – N(11) – C(11) 160(4) 170(3) 160(3)
M(1) – N(21) – C(21) 162(4) 166(3) 166(3)

aSymmetry Operations: ∗: −x+ 1/2,−y + 3/2,−z + 1 ; (’): −x, y,−z + 1/2

bond length and angles of all three structures are available in Table 4.5.

The structure contains an octahedral metal centre (Figure 4.17), with one phenpy

molecule (Cd-N = 2.37(2) and 2.39(2) Å), two terminal Au(CN) –
2 units

(Cd-N = 2.22(3) and 2.32(3) Å), and a water molecule (Cd-O = 2.37(2) Å). There are

two additional unbound water molecule sites in the structure. Via coordinate bonds,
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the structure of Cd(phenpy)(H2O)[Au(CN)2]2 is molecular (Figure 4.17). However,

gold-gold interactions of 3.277(3) and 3.457(2) Å link these molecules to one another,

forming an irregular 1-D chain (Figure 4.17b).

It is surprising that substituting terpy with phenpy does not produce the same

structure. It seems that the addition of the water molecule in the coordination sphere

of Cd(phenpy)(H2O)[Au(CN)2]2 blocks the cadmium(II) from binding the Au(CN) –
2

units of a different Cd(phenpy)(H2O)[Au(CN)2]2 fragment.

4.4.2 Birefringence of M(phenpy)(H2O)[Au(CN)2]2

The measured birefringence of Zn(phenpy)(H2O)[Au(CN)2]2 is 0.59(6). The bire-

fringence of the cadmium analogue was found to be smaller, 0.40(2). No measure-

ment of the Mn(phenpy)(H2O)[Au(CN)2]2 structure could be made due to the poor

quality crystals obtained. The relatively large errors in the birefringence values for

Zn(phenpy)(H2O)[Au(CN)2]2 and Cd(phenpy)(H2O)[Au(CN)2]2 are because thickness

measurements had to be performed on an optical microscope, rather than with an

electron microscope (SEM) as in the terpy compounds above. Unfortunately, crys-

tals of Zn(phenpy)(H2O)[Au(CN)2]2 and Cd(phenpy)(H2O)[Au(CN)2]2 shatter when

viewed under an electron microscope. This is likely due to desolvation of the crys-

tals under the vacuum of the SEM. Crystals of Zn(phenpy)(H2O)[Au(CN)2]2 are

optically transparent, showing no significant crystal damage. However, crystals of

Cd(phenpy)(H2O)[Au(CN)2]2 show significant fracturing across the crystal faces.

The crystals of all three phenpy compounds are monoclinic. The primary crystal

growth direction is perpendicular to the b-axis. As in the structure of

Pb(terpy)[Au(CN)2]2 and Mn(terpy)[Au(CN)2]2, the b-axis is oriented parallel to the

central pyridine-M bond. Thus, the readily-measured birefringence of

M(phenpy)(H2O)[Au(CN)2]2 is comparable to that of Pb(terpy)[Au(CN)2]2 and

Mn(terpy)[Au(CN)2]2. Furthermore, since the b-axis contains a symmetry element,

one of the three components of the indicatrix is aligned along this axis. Therefore,

the measured birefringence represents the difference between the remaining two pri-

mary components of the indicatrix (nac1 and nac1). The phenpy crystals appear to
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a
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Figure 4.18: Phenpy packing in the structure of Mn(phenpy)(H2O)[Au(CN)2]2,
Zn(phenpy)(H2O)[Au(CN)2]2, and Cd(phenpy)(H2O)[Au(CN)2]2 looking down the b-
axis. Notice the face-to-face alignment of phenpy ligands. The metals, cyanides, and
water units have been removed for clarity.

grow as plates, resembling a blade of grass, with the long direction corresponding to

the c-axis. One of the extinction directions appears to align itself along the a-axis,

which is parallel to the face of the chelating ligand. Thus, as in the terpy struc-

tures above, the birefringence will be a measure of the difference in refractive index

between the in-plane, and perpendicular direction of the phenpy ligand. Examining

the crystal orientation with respect to the compensator orientation reveals that the

higher refractive index is along the a-axis (Figure 4.18). The phenpy units align with

the line formed by N(5) – N(3) (Figure 4.17) parallel to the a-axis (Figure 4.18). As

observed, light propagating in the plane of the phenpy interacts more strongly than

light travelling perpendicular to the phenpy ligand. This is due to the polarizabil-

ity anisotropy of aromatic compounds which is larger in the plane of the ring than

perpendicular. (249,269) The same orientation was observed in the terpy structures.

The birefringence of Zn(phenpy)(H2O)[Au(CN)2]2 is larger than the birefringence

observed for the analogous terpy systems since the added conjugation has increased

the anisotropy of the ligand. (269) Furthermore, the arrangement of ligands in the cell
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is more regular, with planes of phenpy every 3.3 Å (Figure 4.18 vs. Figure 4.13). The

more regular alignment may make the density anisotropy larger. The birefringence of

the Cd(phenpy)(H2O)[Au(CN)2]2 complex is smaller than that of

Zn(phenpy)(H2O)[Au(CN)2]2, but identical to that of the terpy systems above. The

lower birefringence of Cd(phenpy)(H2O)[Au(CN)2]2 vs. Zn(phenpy)(H2O)[Au(CN)2]2

is surprising considering that no difference was observed between the birefringence of

Pb(terpy)[Au(CN)2]2, Pb(terpy)[Ag(CN)2]2, and Mn(terpy)[Au(CN)2]2. Perhaps the

combination of the poor quality crystals of Cd(phenpy)(H2O)[Au(CN)2]2, combined

with the large error associated with the thickness measurements of

Zn(phenpy)(H2O)[Au(CN)2]2 and Cd(phenpy)(H2O)[Au(CN)2]2 is the rationale for

the large difference. In order to more accurately determine/confirm the birefrin-

gence of the M(phenpy)(H2O)[Au(CN)2]2 compounds, better crystals, and multiple

measurements need to be taken. Based on the quality of the crystals the birefrin-

gence of Zn(phenpy)(H2O)[Au(CN)2]2 is believed to be more accurate than that of

Cd(phenpy)(H2O)[Au(CN)2]2.

Incorporating the phenpy ligand into an Au(CN) –
2 containing complex, does pro-

duce a large birefringence (at least in the case of the zinc(II) complex). The key

result is that the methodology for increasing the birefringence, namely incorporation

of additional polarizable groups, appears to be effective.

4.5 Ligand modification II: Adding more polariz-

able bonds

In line with the phenpy modification, the addition of other polarizable groups/atoms

could also produce a larger birefringence. For example, the polarizability anisotropy of

a Car-Br bond is almost as large as the anisotropy in pyridine (∆α = 0.410 x 10−23 cm3

vs. ∆α = 0.427 x 10−23 cm3). (249) Thus, incorporating halides into a terpy framework

may make a more birefringent polymer than Pb(terpy)[Au(CN)2]2,

Pb(terpy)[Ag(CN)2]2, and Mn(terpy)[Au(CN)2]2. In order to test this, substitution

of the terpy ligand in M(terpy)[Au(CN)2]2 (M = Pb, Mn) with Clterpy and Brterpy
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Figure 4.19: Molecular structure of 4’-chloro- and 4’-bromoterpy.

(Figure 4.19) was targeted.

If the haloterpy structures are isostructural to their terpy counterparts, then there

should be no significant change in birefringence. Recall that the 2-fold axis of terpy

in Pb(terpy)[Au(CN)2]2 lies along the crystallographic 2-fold axis. If the structures of

Pb(Clterpy)[Au(CN)2]2 or Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 have the same struc-

tural features as Pb(terpy)[Au(CN)2]2, then the C-X bond would also be located along

the crystallographic 2-fold axis. The polarizability of a bond is isotropic around the

axis. (249)

However, if the haloterpy-containing structures are not isostructural to their terpy-

containing analogues, then the presence of the highly polarizable C-X bond may

drastically affect the birefringence.

4.5.1 Synthesis and structure of Pb(Clterpy)[Au(CN)2]2

The synthesis of Pb(Clterpy)[Au(CN)2]2, and in fact all the Clterpy- and Brterpy-

containing compounds in this thesis, were conducted in methanol. Addition of water

to a mixture of Pb(ClO4)2 · xH2O with Clterpy produces an immediate precipitate of

Pb(Clterpy)(ClO4)2. On the other hand, the reaction between Pb(ClO4)2, Clterpy,

and Au(CN) –
2 in methanol produces crystals of the desired compound,

Pb(Clterpy)[Au(CN)2]2. However, the mixture of colours of the resulting product,
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Figure 4.20: Crystal structure of Pb(Clterpy)[Au(CN)2]2 (a) local geometry show-
ing thermal ellipsoids. (b) 1-D ladder structure of Pb(Clterpy)[Au(CN)2]2 showing all
the Clterpy molecules aligned face-to-face. Colour scheme: Gold, yellow; lead, purple;
nitrogen, blue; carbon, green; chlorine, pink.

and the elemental analysis indicate that the sample is not pure. Based on the elemen-

tal analysis, which indicates significantly more carbon and hydrogen than expected

from the chemical formula of Pb(Clterpy)[Au(CN)2]2, the impurity is either unbound

ligand, or a lead(II) complex containing two Clterpy ligands per lead(II). Reproduc-

ing the reaction under hydrothermal conditions produces a product with an elemental

analysis that is consistent with the crystal structure.

The crystal structure of Pb(Clterpy)[Au(CN)2]2 contains a lead(II) centre with a

single Clterpy ligand, and four Au(CN) –
2 units (Figure 4.20). The geometry is similar

to the geometry around the lead(II) in Pb(terpy)[Au(CN)2]2 (Figure 4.10), namely a

distorted pentagonal biprism. The lead(II)-N(pyridine) bond lengths increase from

2.572(16) to 2.610(16) Å from N(5) to N(3) (Figure 4.20, Table 4.6). The Clterpy

bond lengths are longer than those observed for the Pb(terpy)[Au(CN)2]2 structure

(2.495(13) and 2.539(8) Å). The remaining equatorial sites around the lead(II) are

surrounded by two cyanides of 2.81(2) and 2.90(2) Å, shorter than the 3.016(15) Å
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Table 4.6: Selected bond lengths (Å) and angles (◦) for Pb(Clterpy)[Au(CN)2]2
a

Bond Lengths
Pb(1) – N(21’) 2.81(2) Pb(1) – N(12∗) 2.85(2)
Pb(1) – N(22”) 2.90(2) Pb(1) – N(3) 2.610(16)
Pb(1) – N(4) 2.592(16) Pb(1) – N(5) 2.572(16)
Pb(1) – N(11) 2.461(18) Au(1) – Au(2) 3.1011(14)
Au(2’) – Au(2”) 3.3232(19)

Bond Angles
N(21’) – Pb(1) – N(12∗) 130.6(6) N(21’) – Pb(1) – N(22”) 74.9(6)
N(12∗) – Pb(1) – N(22”) 105.1(6) N(21’) – Pb(1) – N(3) 78.8(5)
N(12∗) – Pb(1) – N(3) 88.6(6) N(22”) – Pb(1) – N(3) 153.4(6)
N(21’) – Pb(1) – N(4) 136.7(5) N(12∗) – Pb(1) – N(4) 70.9(5)
N(22”) – Pb(1) – N(4) 142.8(6) N(3) – Pb(1) – N(4) 63.1(5)
N(21’) – Pb(1) – N(5) 142.9(6) N(12∗) – Pb(1) – N(5) 81.8(6)
N(22”) – Pb(1) – N(5) 79.6(6) N(3) – Pb(1) – N(5) 125.6(5)
N(4) – Pb(1) – N(5) 63.2(5) N(21’) – Pb(1) – N(11) 74.0(6)
N(12∗) – Pb(1) – N(11) 155.1(6) N(22”) – Pb(1) – N(11) 83.6(6)
N(3) – Pb(1) – N(11) 93.4(5) N(4) – Pb(1) – N(11) 87.9(6)
N(5) – Pb(1) – N(11) 76.8(5) Pb(1) – N(11) – C(11) 141.2(15)
Pb(1) – N(12∗) – C(12∗) 146.8(18) Pb(1) – N(21’) – C(21’) 139.6(17)
Pb(1) – N(22”) – C(22”) 134.1(19)

aSymmetry Operations: ∗: x+ 1, y, z + 1 ; ’: −x+ 1,−y + 1,−z ;
”: x+ 1, y, z

observed in Pb(terpy)[Au(CN)2]2. These two Au(CN) –
2 units are linked to one another

via a Au(2’)-Au(2”) interaction of 3.3232(19) Å. The axial positions on the lead(II)

in Pb(Clterpy)[Au(CN)2]2 are occupied by two Au(CN) –
2 units, with Pb-N(cyano)

bond lengths of 2.461(18) and 2.85(2) Å, on either side of the axial bond lengths in

Pb(terpy)[Au(CN)2]2 (2.623(9) Å).

The extended structure of Pb(Clterpy)[Au(CN)2]2 is a 1-D ladder (Figure 4.20b).

The Pb(Clterpy) 2+ units link to one another via the axial Au(CN) –
2 units (Au(1))

to form a 1-D chain (the post of the ladder). The equatorial cyanides (Au(2)) link

two of the aforementioned chains to one another, forming the rungs of the ladder

(Figure 4.20b). The ladders link to one another via 3.1011(14) Å gold-gold interactions



Chapter 4. Birefringent coordination polymers 168

from the post of one ladder to the rung of a different ladder, resulting in a 2-D sheet

(not shown). No short contacts below the sum of the van der Waals radii are observed

between neighbouring 2-D sheets.

As with the majority of the lead(II) structures reported in this thesis, the bond-

ing around the lead(II) is not symmetric, due to the stereochemical lone pair on the

lead(II). However, the likely orientation of the lone pair in Pb(Clterpy)[Au(CN)2]2 is

different than the direction in Pb(terpy)[Au(CN)2]2. In the structure of

Pb(terpy)[Au(CN)2]2, the lone pair is orientated along the 2-fold rotation axis of

the crystal, coinciding with the bond between the central pyridine and the lead(II)

(Pb(1)-N(4)). In the structure of Pb(Clterpy)[Au(CN)2]2, the axial bond lengths

are not symmetric. Relative to Pb(terpy)[Au(CN)2]2, the lead(II)-nitrogen equa-

torial bond lengths are longer for the Clterpy unit and shorter for the equatorial

cyanide units. Examining the orientation of the short and long bond lengths in

Pb(Clterpy)[Au(CN)2]2 reveals that three of the cyanides have long distances (2.85(2),

2.81(2), and 2.90 (2) Å), while the remaining cyanide and Clterpy units have shorter

lead(II)-nitrogen bond lengths (2.461(18), 2.495(13), 2.539(8), and 2.592(16) Å). Fur-

thermore, the geometry of these two sets of bond lengths each form a triangle, similar

to a fac-geometry for an octahedral cis-MX3Y3 complex. Thus, the lone pair is likely

situated roughly perpendicular to either of the fac-faces formed by the long and short

bond lengths. Neither direction is parallel to one of the crystallographic axes.

The activity of the stereochemical lone pair on lead(II) has been related to the

Lewis-base strength of the ligands around the lead(II); thus, the span of the bond

lengths is a guide to the activity of the lone pair and hence the relative base strength

of the ligands (Chapter 3). With that in mind, the bond lengths around the lead(II) in

Pb(terpy)[Au(CN)2]2 span 0.521 Å while the bond lengths in Pb(Clterpy)[Au(CN)2]2

span 0.439 Å, indicating that Clterpy is not as strong of a Lewis-base as terpy. This

is expected since Cl is an electron-withdrawing group, making the central pyridine

more electron deficient and less likely to donate its lone pair, decreasing its strength

as a Lewis-base.
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Figure 4.21: Crystal structure of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2
(a) local geometry showing thermal ellipsoids. (b) 1-D column of
Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2. Colour scheme: Gold, yellow; lead, pur-
ple; nitrogen, blue; carbon, green; bromine, brown.

4.5.2 Structure of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2

The lead(II) centre in Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 is at least six-coordinate,

bound to a Brterpy unit, at least two Au(CN) –
2 units, and a water molecule (Fig-

ure 4.21). The geometry is best described as a distorted octahedron. Two additional

cyanide units could be considered to bind to the lead(II). One of the units is ap-

proximately 3.3 Å away, longer than any other reported Pb-N bond length. The

second cyanide is significantly closer, however it is crystallographically disordered. In

one conformation the bond length is 2.659(5) Å and in the second conformation it

is 3.15 Å away, the latter being longer than in any of the other structures reported.

Thus, depending on the conformation, the lead(II) may either be octahedral or a

distorted pentagonal bipyramidal.

The Brterpy ligand is twisted from planarity, with the two outer pyridine frag-

ments in Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 bent toward each other nearly 20 ◦,

like butterfly wings. In comparison, the same angle in Pb(Clterpy)[Au(CN)2]2 is

less than 10 ◦. In comparison with the bond lengths in Pb(terpy)[Au(CN)2]2 and
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Table 4.7: Selected bond lengths (Å) and angles (◦) for
Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2

a,b

Bond Lengths
Pb(1) – N(12∗) 2.659(5) Pb(1) – O(11) 2.817(6)
Pb(1) – N(3) 2.566(6) Pb(1) – N(4) 2.589(5)
Pb(1) – N(5) 2.529(5) Pb(1) – N(11) 2.581(5)
Au(1) – Au(2) 3.5635(4) Au(1) – Au(31) 3.3821(6)

Bond Angles
N(12∗) – Pb(1) – O(11) 148.2(3)
N(12∗) – Pb(1) – N(3) 86.8(2) N(12∗) – Pb(1) – N(4) 66.93(17)
N(12∗) – Pb(1) – N(5) 83.09(18) N(12∗) – Pb(1) – N(11) 142.05(18)
O(11) – Pb(1) – N(3) 114.6(5) O(11) – Pb(1) – N(4) 143.00(18)
O(11) – Pb(1) – N(5) 100.9(4) O(11) – Pb(1) – N(11) 68.7(2)
N(3) – Pb(1) – N(4) 62.92(17) N(3) – Pb(1) – N(5) 125.16(18)
N(3) – Pb(1) – N(11) 77.3(2) N(4) – Pb(1) – N(5) 63.55(16)
N(4) – Pb(1) – N(11) 75.16(16) N(5) – Pb(1) – N(11) 78.60(18)
Pb(1) – O(11) – Pb(1’) 99.1(3) Pb(1) – N(11) – C(11) 156.0(5)
Pb(1) – N(12∗) – C(12∗) 154.2(5)

a Some of the cyanide molecules, the water molecules, and a whole Au(CN) –
2 unit

were found to be disordered. The bond lengths and angles for only one conformation
are presented.
b Symmetry Operations: ∗: x, y, z − 1

Pb(Clterpy)[Au(CN)2]2, the lead(II)-N(pyridine) bond lengths are the shortest, al-

though they are not the shortest reported lead(II)-terpy bond lengths. (226,278–281) Note

that the short bond lengths in Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 are not the source

of the ligand bending. The structures with shorter lead(II)-terpy bond lengths have

planar terpy ligands. (226,278–281)

Although there is significant disorder among some of the cyanides as well as a whole

Au(CN) –
2 unit, the overall topology is not altered. The bond lengths and angles in

Table 4.7 represent only one of the cyanide and Au(CN) –
2 conformations (the higher %

conformation). As with Pb(terpy)[Au(CN)2]2 and Pb(Clterpy)[Au(CN)2]2 the struc-

ture of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 contains 1-D chains of

Pb(Brterpy)[Au(CN)2] + formed via the Au(1) Au(CN) –
2 unit. These chains link via
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a bridging water molecule having bond lengths of 2.817(6) Å, slightly shorter than the

long Pb-O bond in Pb(H2O)[Au(CN)2]2. The water bridge in

Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 does not continue to form a 1-D chain as in

Pb(H2O)[Au(CN)2]2; it merely bridges two lead(II) centres. The overall structure

can be considered to be a 1-D column (Figure 4.21b). Additional Au(CN) –
2 units

(Au(2) and Au(31)), which depending on the conformation may or may not bind via

µ2-cyanides to the two lead(II) centres, form gold-gold interactions of 3.3821(6) Å and

a long 3.5635(4) Å to the bridging Au(CN) –
2 units of Au(1). The shortest interaction

between neighbouring columns is a 3.36 Å π-π interaction. (266)

As with the structure of Pb(terpy)[Au(CN)2]2 and Pb(Clterpy)[Au(CN)2]2, the

likely orientation of the lone pair can be determined. Examining the bond lengths

and angles, it can be seen that all of the Pb-N bonds are either relatively short, or

too long to be considered real bonds. The Pb-O bond is much longer than the short

2.57 Å bond in Pb(H2O)[Au(CN)2]2 (Figure 3.5, Table 3.1), indicating that the water

molecule is on the half of the hemisphere where the lone pair is located. The lone

pair is likely pointing toward the long Pb−N−−−C distances. Clearly, the lone pair is

more activated here than in Pb(Clterpy)[Au(CN)2]2.

Although the Lewis-base strength of Clterpy relative to terpy was deduced from

the bonding in Pb(Clterpy)[Au(CN)2]2, the same comparison with the structure of

Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 is more difficult. The presence of the water

molecule, which is a σ-donor with no π-acceptor capabilities in

Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 stereochemically activates the lone pair (recall

the structure of Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2), and hence separating the

effect of the water molecule from that of the Brterpy ligand is not easily done.

4.5.3 Structure of Mn(Clterpy)[Au(CN)2]2

The reaction of MnCl2 with Clterpy and Au(CN) –
2 in methanol produces plate shaped

crystals of Mn(Clterpy)[Au(CN)2]2. Unlike Pb(Clterpy)[Au(CN)2]2, the elemental

analysis of this product does not indicate the presence of significant impurities. Fur-

thermore, the manganese(II) centre has a more symmetric coordination sphere than
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Figure 4.22: Crystal structure of Mn(Clterpy)[Au(CN)2]2 showing 1-D chain of
the face-to-face aligned terpy molecules. Colour scheme: Gold, yellow; manganese,
purple; nitrogen, blue; carbon, green; chlorine, pink.

the lead(II) analogue. The structure of Mn(Clterpy)[Au(CN)2]2 is similar to that of

Mn(terpy)[Au(CN)2]2. An octahedral manganese(II) is coordinated by one Clterpy

ligand and three Au(CN) –
2 units, two bridging and one terminal (Figure 4.22), forming

a 1-D half-ladder chain. As with Mn(terpy)[Au(CN)2]2, an unbound water molecule

is present which likely hydrogen bonds to the nitrogen of the terminal Au(CN) –
2 unit.

The difference in the structures is in the packing of these chains. In

Mn(terpy)[Au(CN)2]2, the chains were held together via hydrogen bonding. In

Mn(Clterpy)[Au(CN)2]2, gold-gold interactions of 3.3018(10) Å link the rung of one

half-ladder to the post of another half-ladder, forming a full 1-D ladder (Figure 4.24a).

Recall that the equivalent interaction in Mn(terpy)[Au(CN)2]2 was 3.5926(13) Å.

The structure of Mn(Clterpy)[Au(CN)2]2 contains two crystallographically unique

Mn(Clterpy)[Au(CN)2]2 chains. The ladder formation does not occur between these

two unique chains. Chains containing Mn(1) link to symmetry-equivalent chains con-

taining Mn(1). The metrical parameters are similar between the two chains. The

gold-gold interactions between the chains containing Mn(2) are shorter (3.2470(11) Å)

than the gold-gold interactions between chains of Mn(1) (3.3018(10) Å).

As with Mn(terpy)[Au(CN)2]2, all the Clterpy units in Mn(Clterpy)[Au(CN)2]2
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Table 4.8: Selected bond lengths (Å) and angles (◦) for Mn(Clterpy)[Au(CN)2]2
a,b

Bond Lengths
Mn(1) – N(12∗) 2.232(11) Mn(1) – N(5) 2.257(11)
Mn(1) – N(6) 2.216(11) Mn(1) – N(7) 2.249(11)
Mn(1) – N(11) 2.221(11) Mn(1) – N(21) 2.137(14)
Au(1) – Au(2’) 3.3018(10)

Bond Angles
N(12∗) – Mn(1) – N(5) 86.5(4) N(12∗) – Mn(1) – N(6) 90.8(4)
N(5) – Mn(1) – N(6) 72.3(4) N(12∗) – Mn(1) – N(7) 95.6(4)
N(5) – Mn(1) – N(7) 144.0(4) N(6) – Mn(1) – N(7) 71.7(4)
N(12∗) – Mn(1) – N(11) 174.0(5) N(5) – Mn(1) – N(11) 89.2(4)
N(6) – Mn(1) – N(11) 91.8(4) N(7) – Mn(1) – N(11) 90.4(5)
N(12∗) – Mn(1) – N(21) 88.3(5) N(5) – Mn(1) – N(21) 116.8(5)
N(6) – Mn(1) – N(21) 170.7(5) N(7) – Mn(1) – N(21) 99.2(5)
N(11) – Mn(1) – N(21) 89.9(5) Mn(1) – N(11) – C(11) 165.7(14)
Mn(1) – N(12∗) – C(12∗) 172.9(13) Mn(1) – N(21) – C(21) 168.1(15)

a Two units of Mn(Clterpy)[Au(CN)2]2 are observed in the asymmetric unit. The
metrical parameters of the units are similar and thus only one is presented.
b Symmetry Operations: ∗: x, y − 1, z ; ’: -x, -y, -z+1

are aligned face-to-face.

4.5.4 Structure of Mn(Brterpy)[Au(CN)2]2

As with Mn(terpy)[Au(CN)2]2, and Mn(Clterpy)[Au(CN)2]2, the structure of

Mn(Brterpy)[Au(CN)2]2 contains a 1-D half-ladder chain of Mn(Brterpy)[Au(CN)2]2

(Figure 4.22, Table 4.9). Unlike the chains in the terpy- and Clterpy-containing

structures, which merely link to one additional half-ladder chain to form a 1-D lad-

der, the chains of Mn(Brterpy)[Au(CN)2]2 link via gold-gold interactions of 3.1253(5)

and 3.3098(6) Å to form a 2-D sheet (Figure 4.23). The shorter interaction forms the

ladder as in Mn(Clterpy)[Au(CN)2]2, while the longer interactions link neighbouring

ladders together (Figure 4.23). The array of gold atoms does not form an infinite

chain, but rather links four discrete Au(CN) –
2 units (i.e., two ladders). The full 2-D

sheet is formed as different gold units along the ladder link to either the ladder above
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b

a

c

Figure 4.23: Crystal structure of Mn(Brterpy)[Au(CN)2]2 showing how 1-D half-
ladder chains link to form full ladder chains via gold-gold interactions. Additional
gold-gold interactions link ladders to one another. Brterpy units removed for clarity.
Colour scheme: Gold, yellow; manganese, purple; nitrogen, blue; carbon, green.

Table 4.9: Selected bond lengths (Å) and angles (◦) for Mn(Brterpy)[Au(CN)2]2
a

Bond Lengths
Mn(1) – N(12∗) 2.230(4) Mn(1) – N(3) 2.294(5)
Mn(1) – N(4) 2.228(4) Mn(1) – N(5) 2.261(4)
Mn(1) – N(11) 2.241(5) Mn(1) – N(21) 2.150(5)
Au(1) – Au(2’) 3.1253(5) Au(2) – Au(2”) 3.3098(6)

Bond Angles
N(12∗) – Mn(1) – N(3) 97.71(17) N(12∗) – Mn(1) – N(4) 93.50(17)
N(3) – Mn(1) – N(4) 71.18(16) N(12∗) – Mn(1) – N(5) 87.68(17)
N(3) – Mn(1) – N(5) 142.86(17) N(4) – Mn(1) – N(5) 71.83(16)
N(12∗) – Mn(1) – N(11) 168.99(18) N(3) – Mn(1) – N(11) 92.00(16)
N(4) – Mn(1) – N(11) 94.53(17) N(5) – Mn(1) – N(11) 87.68(16)
N(12∗) – Mn(1) – N(21) 85.99(19) N(3) – Mn(1) – N(21) 95.82(19)
N(4) – Mn(1) – N(21) 166.83(18) N(5) – Mn(1) – N(21) 121.26(18)
N(11) – Mn(1) – N(21) 87.90(19) Mn(1) – N(11) – C(11) 159.3(5)
Mn(1) – N(12∗) – C(12∗) 165.7(5)

aSymmetry Operations: ∗: x− 1, y, z − 1 ; ’: −x,−y + 1,−z; ”: −x− 1,−y + 1,−z
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or the ladders below (Figure 4.23): Only four gold units are linked at one time. An-

other difference between the terpy and Clterpy structures is the lack of an interstitial

water molecule in the structure of Mn(Brterpy)[Au(CN)2]2. The Brterpy ligands are

all still aligned face-to-face.

4.5.5 Structural comparisons

The four haloterpy-containing coordination polymers presented in this section demon-

strate one difficulty in coordination polymer research, namely, controllability. Substi-

tution of terpy for Clterpy and Brterpy has surprisingly large effects on the crystal

structure of the polymer. In the case of the three manganese(II) structures, the

basic motif is the same, i.e., a 1-D half-ladder chain. However, how these rungs in-

teract is different depending on the terpy-based ligand used. Gold-gold interactions

become more prevalent as the terpy ligand is substituted for Clterpy and Brterpy.

In Mn(terpy)[Au(CN)2]2, the shortest distance between neighbouring gold atoms is

nearly 3.6 Å, the sum of the van der Waals radii for gold. (134) In

Mn(Clterpy)[Au(CN)2]2, the gold-gold interactions of 3.3 Å link two half-ladders to

form a full ladder (Figure 4.24a). Substituting Clterpy for Brterpy, the gold-gold inter-

actions which hold the ladder together are even shorter (3.1 Å). Furthermore, unlike

the terpy- and Clterpy-containing structures, the ladders in Mn(Brterpy)[Au(CN)2]2

link to one another via 3.3 Å gold-gold interactions (Figure 4.23).

The rationale for this observation is due to the steric constraints of the ligand

on the crystal packing. If the 4’-hydrogen atom in Mn(terpy)[Au(CN)2]2 was substi-

tuted with a chlorine at the appropriate C-Cl distance, converting terpy to Clterpy,

the shortest intermolecular chlorine contact would be 2.5 Å from a cyanide π or-

bital (perpendicular to the C−−−N-axis). This distance is quite short. In the structure

of Mn(Clterpy)[Au(CN)2]2, the shortest interaction from the chlorine is still to the

cyanide of a neighbouring chain, however the distance is 3.5 Å (Figure 4.24). The

same rationale can be made for the differences between Mn(Brterpy)[Au(CN)2]2 and

Mn(Clterpy)[Au(CN)2]2: The Br-cyanide distance would be 0.2 Å shorter if the struc-

ture of Mn(Brterpy)[Au(CN)2]2 was identical to the structure of
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(a)

(b)     (c)    (d)

Figure 4.24: Structural differences between Mn(terpy)[Au(CN)2]2,
Mn(Clterpy)[Au(CN)2]2, and Mn(Brterpy)[Au(CN)2]2. (a) 1-D ladder of
Mn(Xterpy)[Au(CN)2]2 observed in all three structures viewed along the ladder.
Viewed down the 1-D ladder in (a): (b) Neighbouring chains of Mn(terpy)[Au(CN)2]2.
(c) Neighbouring chains of Mn(Clterpy)[Au(CN)2]2; the presence of the chlorine
atom pushes neighbouring ladder chains apart, leaving room for the two halves of
the ladder to get closer (shorter gold-gold interactions than Mn(terpy)[Au(CN)2]2.
(d) Neighbouring chains of Mn(Brterpy)[Au(CN)2]2; the bromine pushes the
neighbouring atoms further apart then in Mn(Clterpy)[Au(CN)2]2, allowing for closer
gold-gold interactions. Colour scheme: Gold, yellow; manganese, purple; nitrogen,
blue; carbon, green; bromine, brown; chlorine, pink.
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Mn(Clterpy)[Au(CN)2]2. As the ligands are substituted, neighbouring ladders along

the Mn-Cl/Br direction must be further separated to accommodate for the addi-

tion/substitution of the halogen atom. This effect allows neighbouring ladders (Fig-

ure 4.24a) to come closer together, forming shorter gold-gold interactions

(Figure 4.24b-d).

The lead(II) structures all contain similar 1-D chains of Pb(Xterpy)[Au(CN)2] +

(Figure 4.25a). However, it is in how these chains link to one another via an additional

Au(CN) –
2 that the structure changes.

Similar to Pb(terpy)[Au(CN)2]2, the structure of Pb(Clterpy)[Au(CN)2]2 produces

a 1-D chain via the bridging axial Au(CN) –
2 units (Au(1), Figure 4.20). However,

while the two equatorial Au(CN) –
2 units in Pb(terpy)[Au(CN)2]2 form a 2-D sheet,

connecting each chain to different chains (Figure 4.10, Figure 4.25b), the two equa-

torial Au(CN) –
2 units in Pb(Clterpy)[Au(CN)2]2 link to the same chain, forming a

1-D ladder motif (Figure 4.20, Figure 4.25c). Neighbouring ladders link to one an-

other via short gold-gold interactions of 3.1011(14) Å, connecting the rung of one

ladder to the post of a different ladder (Au(1) to Au(2)). Thus, the presence of

gold-gold interactions increases the coordinately bound 1-D structure to a 2-D sheet.

As with Pb(terpy)[Au(CN)2]2, all the Clterpy units in Pb(Clterpy)[Au(CN)2]2 align

face-to-face.

Comparing the structure of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 with the structure

of Pb(Clterpy)[Au(CN)2]2, there exists a simple relationship between the 1-D chains

of the two structures (Figure 4.25). In both structures, each Pb(Xterpy)[Au(CN)2] +

chain links to one additional chain. In Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2, the

Au(CN) –
2 units which bridge these chains are rotated 90 ◦, and slightly shifted down

the Pb(Xterpy)[Au(CN)2] + chain direction, relative to the bridging cyanide in

Pb(Clterpy)[Au(CN)2]2. In Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 the cyanide linking

the chains is µ2 while in Pb(Clterpy)[Au(CN)2]2 each cyanide is only µ1. A water

molecule is also µ2 bridging the Pb(Brterpy)[Au(CN)2] + chains.

In the end, although a series of M(Xterpy)[Au(CN)2]2 polymers were prepared,

they were not isostructural. Indeed, the slightly different spatial requirements of each

ligand is sufficient to alter the topology and packing.
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(a)

(b)                (c)    (d)

Figure 4.25: Structural differences between Pb(terpy)[Au(CN)2]2,
Pb(Clterpy)[Au(CN)2]2, and Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2. (a) 1-D chain of
Pb(Xterpy)[Au(CN)2] + observed in all three structures viewed along the 1-D chain.
Viewed down the 1-D chain in (a): (b) Each chain connects to two additional chains
to make 2-D sheets of Pb(terpy)[Au(CN)2]2. (c) Each chain connects to one other
chain via a bridging Au(CN) –

2 unit to make a 1-D ladder of Pb(Clterpy)[Au(CN)2]2.
(d) Chains connect to one other chain, this time via µ2 cyanides of an Au(CN) –

2

unit, and µ2-OH2. Colour scheme: Gold, yellow; lead, purple; nitrogen, blue; carbon,
green; bromine, brown; chlorine, pink; oxygen, red.

4.5.6 Birefringence of the M(Xterpy)[Au(CN)2]2 systems

In agreement with our design methodology, the four haloterpy-based structures re-

ported in this section all exhibit a face-to-face alignment of the terpy-based ligand.

All four structures crystallize in the monoclinic crystal class, and are therefore biaxial.

The indicatrix consists of three unique components. As described in the primer (Sec-

tion 4.1.1), one of these components must lie along the b-axis (nb), while the other two

are perpendicular to the b-axis, and to one another (nac1 and nac2). Unfortunately,

the birefringence value that we can measure is at the mercy of the primary crystal
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Figure 4.26: Due to the different crystal growth directions in the haloterpy
structures, and the fact that the birefringence of Pb(terpy)[Au(CN)2]2 and
Mn(terpy)[Au(CN)2]2 were primarily due to the terpy ligand this reference frame
will be used to discuss the birefringence results.

growth directions. Therefore, the measured birefringence may not represent the max-

imum birefringence of the sample. The birefringence of crystals which grow as thin

plates perpendicular to the b-axis represents the difference between two primary com-

ponents of the indicatrix (nac1 and nac2). However, if the primary growth direction

is perpendicular to the a- or c-axis, then the birefringence is the difference between

nb, one of the primary components of the indicatrix (oriented along the b-axis), and

a linear combination of the remaining two components, nac1 and nac2. In other words

the birefringence of monoclinic crystals which grow perpendicular to the a- or c-axis

is ∆n = |nb − (c1 · nac1 + c2 · nac2)| (similar to the tilted compensator in Figure 4.7).

In the worst case scenario the crystal does not grow perpendicular to a crystallo-

graphic axis. In this case the birefringence is merely a slice of the indicatrix with a

birefringence of ∆n = |(c1 · nb + c2 · nac1 + c3 · nac2)− (c4 · nb + c5 · nac1 + c6 · nac2)|.
One of the key results out of the terpy work above is that the ligand is a major

contributor to the birefringence, and the remaining polymer framework is used as a

scaffolding to support the ligand, with some counteracting effect from the Au(CN) –
2

arrangement. With that in mind, in addition to making reference to the crystal growth

direction and relating it back to the structure, a ligand-based frame of reference will

also be used (Figure 4.26). For example, an alternative to saying that crystals of

Pb(terpy)[Au(CN)2]2 grow primarily perpendicular to the b-axis, we could say that
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Table 4.10: Crystal growth direction, ligand orientation, and birefringence for all
the terpy, phenpy, Clterpy and Brterpy structures.

Growth Approximate ligand
direction orientation in crystal ∆n
(X-ray) growth direction

Pb(terpy)[Au(CN)2]2 ac-plane xy-plane 0.396(8)
Pb(terpy)[Ag(CN)2]2 ac-plane xy-plane 0.43(4)
Mn(terpy)[Au(CN)2]2 ac-plane xy-plane 0.388(8)
Mn(phenpy)(H2O)[Au(CN)2]2 ac-plane xy-plane N/A
Zn(phenpy)(H2O)[Au(CN)2]2 ac-plane xy-plane 0.59(6)
Cd(phenpy)(H2O)[Au(CN)2]2 ac-plane xy-plane 0.40(2)
Pb(Clterpy)[Au(CN)2]2 ⊥ c-axis xy-plane 0.38(2)
Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 ac-plane xy-plane 0.26(3)
Mn(Clterpy)[Au(CN)2]2 ⊥ a-axis xy-plane 0.378(19)

Mn(Brterpy)[Au(CN)2]2 ⊥ [111]
xy-plane

0.50(3)⊥ yz -direction

Pb(terpy)[Au(CN)2]2 crystals grow primarily perpendicular to the z -axis as defined

in Figure 4.26.

The crystal growth directions (crystallographic and relative to the terpy-based

ligand), and the birefringence of all the compounds are summarized in Table 4.10.

Immediately obvious is that the crystal growth direction is always roughly in the

xy-plane of the terpy (Figure 4.26, Table 4.10). The exact orientation can exhibit some

tilt (i.e., the xy-plane of terpy is not necessarily exactly parallel to the crystal growth

direction). Furthermore, some structures exhibit some twist between neighbouring

haloterpy units (i.e., the xz -plane of the terpy-based ligands is not necessarily exactly

parallel). Nevertheless, regardless of the exact orientation, it is clear that the kinetics

governing crystal growth are fastest in the xy-plane of the ligand.

Pb(Clterpy)[Au(CN)2]2

The birefringence of Pb(Clterpy)[Au(CN)2]2 is 0.38(2), not significantly different than

the value obtained for Pb(terpy)[Au(CN)2]2. Considering that Pb(Clterpy)[Au(CN)2]2

grows perpendicular to the c-axis, one difference between the birefringence observed
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(a)                                                                                 (b)

a

c
b

a

b

Figure 4.27: Crystal packing of Clterpy units in Pb(Clterpy)[Au(CN)2]2. (a)
viewed down the c-axis, perpendicular to the crystal growth direction. (b) viewed
rotated 10 ◦ around the b-axis, showing face-to-face alignment of Clterpy units. This
direction is proposed to be one of the primary components of the indicatrix due to
the parallel alignment of the Clterpy units. The pink arrows represent the projection
of the C-Cl bond on the plane of the paper. The length of the arrow is magnified for
clarity; the relative size is accurate. The lead(II) and Au(CN) –

2 have been removed
for clarity.

between these two compounds is that the birefringence of Pb(terpy)[Au(CN)2]2 is the

difference between two primary components of the indicatrix, while the birefringence

of Pb(Clterpy)[Au(CN)2]2 is not (as explained above). The measured birefringence

merely represents a slice of the indicatrix containing the b-axis

(∆ n = |nb − (c1 · nac1 + c2 · nac2)|). The measured birefringence is thus less than the

maximum (∆n = |nb − nac1|) and more than the minimum value (∆n = |nb − nac2|) of

the birefringence containing the nb-axis of the indicatrix. One of the extinction direc-

tions of the Pb(Clterpy)[Au(CN)2]2 crystals aligns along the b-axis. The remaining

component is perpendicular to the b-axis in the measurement plane. The extinc-

tion directions in Pb(Clterpy)[Au(CN)2]2 align with the Clterpy x and y direction

(Figure 4.26, Figure 4.27).

Unlike the structure of Pb(terpy)[Au(CN)2]2, which has perfectly aligned terpy

units (Figure 4.26), in the structure of Pb(Clterpy)[Au(CN)2]2 the z -axis of the
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Clterpy units are not perfectly aligned down the c-axis (Table 4.10, Figure 4.27). The

z -axis of the Clterpy units are rotated approximately 32 ◦ from the c-axis, mostly in

the xz -plane of the ligand (Figure 4.27a). This tilt adds a projection of the C-Cl bond

onto the primary crystal growth directions, more so toward the x direction of the

Clterpy unit (pink arrows, Figure 4.27). The x direction of terpy shows the highest

polarizability, while the y direction shows the lowest. (249) The addition of a highly

polarizable bond, along the highest polarizability direction of the ligand ultimately

increases the polarizability along the b-axis, slow axis, of the crystal (pink arrows,

Figure 4.27). There is less of a projection of this bond in the perpendicular direc-

tion. This is likely the rationale for why the birefringence of Pb(Clterpy)[Au(CN)2]2 is

maintained as large as in Pb(terpy)[Au(CN)2]2 despite the misalignment of the terpy

ligands.

Based purely on the Clterpy fragments (Figure 4.27), the orientation of the indi-

catrix can be surmised. Rotating around the b-axis reveals that all the Clterpy units

have better alignment when rotated approximately 10 ◦ (Figure 4.27b). Thus, if the

birefringence is indeed primarily due to the ligand, aligned by the polymer framework,

then this orientation is most likely to contain two primary components of the indi-

catrix in the plane of the microscope (nb and nac1) with the third component (nac2)

pointing along the light-propagating direction of the microscope (Figure 4.27b). In

this alignment, the pyridine units are better oriented with respect to the measure-

ment plane. As such, the polarizability anisotropy would be higher (Figure 4.27b),

increasing the birefringence. It should be noted that due to the errors inherent in the

method of determining the crystal faces on a diffractometer, it is possible that there

could be a small difference in the orientation such that the crystal growth direction

is actually the direction in Figure 4.27b rather than the direction in Figure 4.27a.

Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2

The birefringence of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 was found to be 0.26(3), the

lowest among the terpy-based polymers reported in this chapter. The extinction di-

rections are shown as red and green arrows in Figure 4.28a. The slow direction, higher
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Figure 4.28: Crystal packing of Brterpy units in
Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 (a) viewed down the b-axis. The red and
green arrows indicate the extinction directions when viewed down the b-axis. The red
arrow indicates the larger refractive index. (b) Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2
viewed perpendicular to the crystal growth direction, showing alignment of Brterpy
units. The lead(II), Au(CN) –

2 , and water molecules have been removed for clarity.

refractive index, is the red arrow. It appears as if one of the outer pyridine units is

aligned with this extinction direction. Because the Brterpy ligand is not planar, the

extinction direction does not align with the other two pyridine units. Furthermore,

the z -axis of the Brterpy unit is tilted away from the b-axis (Figure 4.28b). This

alignment decreases the anisotropy in the ac-plane. Furthermore, the structure of

Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 has all its Au(CN) –
2 units aligned parallel to one

another, but perpendicular to the Brterpy face. As shown in Figure 4.15 this arrange-

ment decreases the birefringence, more so in Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 due

to the parallel alignment of all of the Au(CN) –
2 units. Thus, the packing of the

Brterpy and Au(CN) –
2 units causes the relatively low birefringence of this polymer.

Mn(Clterpy)[Au(CN)2]2

The birefringence of Mn(Clterpy)[Au(CN)2]2 is 0.378(19), not significantly different

from the birefringence of Mn(terpy)[Au(CN)2]2, Pb(terpy)[Au(CN)2]2, or

Pb(Clterpy)[Au(CN)2]2. Crystals of Mn(Clterpy)[Au(CN)2]2 grow perpendicular to
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Figure 4.29: Crystal packing of Clterpy units in Mn(Clterpy)[Au(CN)2]2 viewed
down the a-axis, showing alignment of Clterpy units. The pink arrows represent the
projection of the C-Cl axis on the bc-plane. The length of the arrow is magnified
for clarity; the relative size is accurate. The manganese(II), Au(CN) –

2 , and water
molecules have been removed for clarity.

the a-axis. As such, one of the extinction directions is parallel with the b-axis, while

the other observed extinction direction is orthogonal to the b and a-axis (Figure 4.29).

The fast axis in this case (lower refractive index) is the b-axis. This is structurally

consistent with the other terpy-based compounds in this chapter, which had the fast

axis oriented close to the y-axis of the ligand, and the slow axis oriented close to

the x -axis of the ligand (Figure 4.26). As with Pb(Clterpy)[Au(CN)2]2, the measured

birefringence is not required to be the difference of two primary components of the

indicatrix (only the b-axis must contain a primary component of the indicatrix). How-

ever, based on the alignment of the Clterpy units (Figure 4.29) the birefringence in

this case is indeed likely the difference between two primary components.

Interestingly, the birefringence of Mn(Clterpy)[Au(CN)2]2 is approximately the

same as the birefringence in Mn(terpy)[Au(CN)2]2. The packing of the Clterpy units

in Mn(Clterpy)[Au(CN)2]2 is not perfectly parallel (Figure 4.29). Neighbouring chains

of Mn(Clterpy)[Au(CN)2]2 contain Clterpy units which have a 20 ◦ twist between one

another (Figure 4.29). Furthermore, the a-axis and the z -axis of the Clterpy units

are not parallel (8 ◦ tilt).

Due to the poorer alignment of the Clterpy units in Mn(Clterpy)[Au(CN)2]2 vs. the
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alignment of the terpy units in Mn(terpy)[Au(CN)2]2, it would be expected that all else

being equal, the birefringence of Mn(Clterpy)[Au(CN)2]2 would be lower than that

of Mn(terpy)[Au(CN)2]2. In order for the birefringence of Mn(Clterpy)[Au(CN)2]2

to remain as high as the birefringence of Mn(terpy)[Au(CN)2]2, the polarizability

anisotropy in Clterpy (perpendicular to the crystal growth direction) must be larger

than the polarizability anisotropy in terpy.

It is likely that this small 8 ◦ tilt is the reason the birefringence of

Mn(Clterpy)[Au(CN)2]2 remains as high as that of Mn(terpy)[Au(CN)2]2. The

C-Cl bond is tilted more toward the c-axis (the slow axis) as shown by the pro-

jection of the C-Cl bond on the bc-plane (pink arrows, Figure 4.29). The addition of

the polarizability anisotropy of this bond in this direction likely increases the bire-

fringence. Therefore, the combination of the poor Clterpy alignment and the added

polarizability anisotropy of the C-Cl bond cancel one another out such that the bire-

fringence of Mn(Clterpy)[Au(CN)2]2 is not significantly altered from the birefringence

of Mn(terpy)[Au(CN)2]2.

Mn(Brterpy)[Au(CN)2]2

The birefringence of Mn(Brterpy)[Au(CN)2]2 is 0.50(3), the second largest value bire-

fringence observed in this chapter. Crystals of Mn(Brterpy)[Au(CN)2]2 grow perpen-

dicular to the [111] direction. One of the extinction directions is along the projection

of the b-axis on the (111)-plane. The other extinction direction is perpendicular to

the aforementioned direction and the [111] direction. The slow axis is the projection

of the b-axis (Figure 4.30).

Interestingly, the crystal growth direction in Mn(Brterpy)[Au(CN)2]2 is not per-

pendicular to any unit cell axis. Thus, the observed birefringence is merely a slice

of the indicatrix, and does not indicate the maximum possible birefringence in this

sample. Amazingly, despite this fact, the birefringence is larger (∆n = 0.50(3)) than

that observed for the majority of the compounds in this chapter. The Brterpy units

(Figure 4.24) in Mn(Brterpy)[Au(CN)2]2 have two orientations relative to the [111] di-

rection. The z -axis of one Brterpy ligand is almost parallel (approx 10 ◦ tilt) with the
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Figure 4.30: Crystal packing of Brterpy units in Mn(Brterpy)[Au(CN)2]2 viewed
along the [111]-axis, showing alignment of some of the Brterpy units. The red arrows
represent the projection of the C-Br axis on the (111)-plane. The length of the arrow is
magnified for clarity; the relative size is accurate. The manganese(II), and Au(CN) –

2

have been removed for clarity.

[111] direction (Figure 4.30). The second Brterpy unit is significantly more twisted,

48 ◦ away from the [111] direction (Figure 4.30).

Considering that the polarizability anisotropy of a C-Br bond is similar to the

polarizability anisotropy of a pyridine unit, (249) the projection of the C-Br on the

(111)-plane (red arrow Figure 4.30) is the source of the large birefringence despite the

“poor” alignment of the Brterpy ligands (Figure 4.30).

Other factors

The interpretations for the birefringence values in this section have been argued pri-

marily from a polarizability standpoint. There are other factors which could have

affected the observed birefringence. For example, the density anisotropy of the sam-

ple along different directions does have an effect on the observed birefringence (Equa-

tion 4.2). However, the impact of these variations in density can be difficult to gauge.

Another factor which may have changed between structures is the presence of

gold-gold interactions. For example, as the Brterpy was substituted for Clterpy and

terpy, the gold-gold interactions increased in strength. The polarizability anisotropy
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may have also changed. This factor would have increased the polarizability anisotropy

along the slow axis, since the gold-gold interactions are perpendicular to the

N−−−C−Au−C−−−N-axis. The N−−−C−Au−C−−−N-axis is perpendicular to the face of the

terpy ligand, which most often was determined to be the slow axis. The increased

gold-gold interactions may increase the observed birefringence.

4.6 Conclusion

This chapter set out to answer two specific questions: (1) Can birefringent coordi-

nation polymers be rationally designed? (2) Is the presence/absence of the stereo-

chemical lone pair affecting the measured birefringence? Unfortunately, the latter

question could not be adequately addressed. When the lone pair was symmetrically

distributed along the crystal growth direction, such as in Pb(terpy)[Au(CN)2]2 and

Mn(terpy)[Au(CN)2]2, its role was purely structural. However, in the remaining com-

plexes, the lack of isostructural polymers with various degrees of lone pair activity

precluded this investigation. Despite this, highly birefringent coordination polymers

can clearly be made, and better yet can be rationally designed, with values ranging

from 0.07 – 0.59.

This chapter demonstrated that the rational design of birefringent coordination

polymers is possible. This is not to say that rational design produces isostructural

polymers. In fact, while at times the topology of the polymer was similar, the overall

packing of the polymers was different enough that the effect of the change in the

ligand on the birefringence could not always be uniquely identified. However, each

ligand modification gave insight into the ligand features necessary to synthesize more

birefringent coordination polymers. Ultimately, a more refined recipe was produced,

as outlined below.

Some important observations were made about these systems: In the measurement

plane, the slow axis (larger refractive index), was most often observed to be parallel

with the x -direction of the ligand. As such, the largest polarizability is in this direc-

tion. Some of the Au(CN) –
2 units are aligned such that their maximum polarizability

direction is orthogonal to the slow axis. This orientation decreases the anisotropy and
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ultimately the birefringence. However, the M[Au(CN)2]2 polymer framework acts as

a scaffolding for the terpy/terpy-based ligands and is thus extremely important; if

the Au(CN) –
2 units could be arranged in the same plane as the terpy-based ligand,

they would reinforce the polarizability anisotropy and an immense birefringence could

result.

As for the ligand, based on the results in Chapter 3, in order to rationally de-

sign birefringent coordination polymers with lead(II), a tridentate ligand is necessary

to sufficiently limit the number of free coordination sites on the metal cation (e.g.,

terpy). Increasing the number of aromatic groups fused to the ligand also increases

the birefringence. Furthermore, the addition of halogens on the ligand can further

increase the birefringence. However, the substitution position of the halogen is im-

portant. The haloterpy ligands used above were halogenated in the 4’ position: In

all but one example this substitution did not increase the birefringence. Ultimately,

this location does not maximize the anisotropy of the C−X bond with respect to the

crystal growth directions or the terpy ligand’s natural anisotropy. A large birefrin-

gence was observed for the one time a significant portion of the C−X bond was found

in the measurement plane (Mn(Brterpy)[Au(CN)2]2). Substituting halogens pointing

primarily along the x -direction of the ligand should have a more drastic effect on the

birefringence values (See Chapter 5).

Thus, the recipe for birefringent coordination polymers is: Highly anisotropically

polarizable ligands with judiciously substituted halogen atoms arranged face-to-face

on a metal-cyanometallate framework such as M[Au(CN)2] n.

4.7 Experimental

4.7.1 General procedures

CAUTION: Although we have experienced no difficulties, perchlorate salts are po-

tentially explosive and should only be used in small quantities and handled with care.

Unless otherwise stated, all manipulations were performed in air.

[nBu4N][Au(CN)2] · 1
2
H2O was synthesized as previously described. (87) Ether and THF
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were dried under sodium and distilled under N2. All other reagents were obtained

from commercial sources and used as received.

4.7.2 Synthesis of 2-(2-pyridyl)-1,10-phenanthroline (phenpy)

The synthesis of phenpy has previously been reported. (273) However, in our hands the

reported synthesis was not successful. We slightly modified the synthesis as follows:

A solution of nBuLi (21 mL, 0.034 mol, 1.6 M solution in hexane) was added to

a dry ether (30 mL) solution of 2-bromopyridine (3.2 mL, 0.033 mmol) at −78 ◦C

under N2. The dark red solution was stirred at −78 ◦C for 30 min after which it

was transferred to a cold (−78 ◦C), colourless, dry THF solution (60 mL) of phen

(5.0 g, 0.028 mol) under N2. The resulting dark red solution was stirred for 30 min

at −78 ◦C followed by another 2h at room temperature. Approximately 30 mL of

water was added dropwise to the dark red reaction mixture. The reaction mixture

turned dark green. The mixture was placed in the fridge overnight, after which a

pale orange solution remained. The organic solvent was removed in vacuo and the

organics extracted with CH2Cl2. The solution was dried with Na2SO4, filtered, and

concentrated in vacuo. The crude oil was purified by column chromatography on silica

with a 2:1 hexane:Et2O mixture as the eluent. The solvent was removed in vacuo to

yield an orange oil. The crude product was recrystallized by dissolving in minimal

methanol (ca. 10 mL), after which a large amount of water was added (ca. 100 mL).

A fine powder precipitated immediately. After 8 h the solution was filtered, yielding a

pale yellow powder of phenpy. Yield: 2.3 g (28%). Anal. Calcd. for C17H11N3 · 2 H2O:

C 69.60%; H 5.15%; N 14.33%. Found: C 69.23%; H 5.08%; N 13.89%. 1H NMR in

CDCl3 (ppm) 9.33 (dd, 1H), 9.14 (d, 1H), 8.86 (d, 1H), 8.75 (d, 1H), 8.41 (d, 1H), 8.37

(dd, 1H), 7.96 (dt, 1H), 7.90 (d, 1H), 7.84 (d, 1H), 7.73 (dd, 1H), 7.39 (dd, 1H). (273)

4.7.3 Synthesis of Pb(terpy)[Au(CN)2]2

A methanol solution (5 mL) of terpy (23 mg, 0.10 mmol) was added to a

methanol/water solution (15 mL, 1:2) containing Pb(ClO4)2 · xH2O (42 mg,

0.103 mmol). A methanol/water solution (20 mL, 1:1) of KAu(CN)2 (57 mg,



Chapter 4. Birefringent coordination polymers 190

0.20 mmol) was added to the resulting pale yellow solution. After 24h, single crystals

of Pb(terpy)[Au(CN)2]2 had formed. The solution was allowed to evaporate slowly

for one week, after which it was filtered, yielding pale yellow X-ray quality crystals.

Yield: 47 mg (55%). Anal. Calcd. for C19H11N7Au2Pb(H2O)0.16: C 24.21%; H 1.21%;

N 10.41%. Found: C 23.94%; H 1.28%; N 10.36%. IR (KBr, cm−1): 3110 (w),

3084 (w), 3017 (w), 2153 (s), 2137 (s), 2113 (w), 2097 (w), 1592 (m, br), 1579 (m),

1572 (m), 1565 (w), 1563 (m), 1479 (m), 1454 (w), 1449 (m), 1446 (m), 1433 (m),

1429 (w), 1396 (w), 1372 (w), 1363 (w), 1309 (m), 1295 (w), 1269 (w), 1242 (m),

1193 (w), 1168 (m), 1156 (m), 1113 (w), 1092 (w), 1074 (w), 1054 (w), 1040 (w),

1012 (m), 1007 (m), 978 (w), 899 (w), 825 (w), 802 (w) 777 (s), 737 (w), 723 (w),

667 (w), 655 (m), 649 (m), 635 (m), 522 (w), 501 (w), 427 (w).

Large single-crystal plates (8 x 2 x 0.5 mm3) were also synthesized hydrothermally

by heating the reactants, or preformed Pb(terpy)[Au(CN)2]2 to 125 ◦C, followed by

slow cooling to room temperature over a three-day period.

4.7.4 Synthesis of Pb(terpy)[Ag(CN)2]2

A methanol solution (5 mL) of terpy (23 mg, 0.10 mmol) was added to a

methanol/water solution (15 mL, 1:2) containing Pb(ClO4)2 · xH2O (42 mg,

0.103 mmol). A methanol/water solution (20 mL, 1:1) of KAg(CN)2 (43 mg,

0.22 mmol) was added to the resulting pale yellow solution. After 24h, single crystals

of Pb(terpy)[Ag(CN)2]2 had formed. The solution was allowed to slowly evaporate

for one week, after which it was filtered, yielding pale yellow X-ray quality crystals.

Yield: 49 mg (71%). Anal. Calcd. for C19H11N7Ag2Pb: C 30.02%; H 1.46%; N 12.90%.

Found: C 30.21%; H 1.55%; N 12.65%. IR (KBr, cm−1): 3105 (w), 3082 (w), 3073 (w),

3015 (w), 2140 (s), 2131 (m), 1593 (m, br) 1579 (m), 1573 (m), 1566 (w), 1562 (m),

1482 (m), 1480 (m), 1464 (w), 1454 (w), 1449 (m), 1447 (m), 1430 (m), 1428 (w),

1394 (w), 1307 (m), 1293 (w), 1270 (w), 1260 (w), 1242 (m), 1192 (m), 1166 (m),

1155 (w), 1113 (w), 1091 (m), 1074 (w), 1053 (w), 1047 (w), 1006 (m), 978 (w),

902 (w), 833 (w), 825 (w), 802 (m), 776 (s), 737 (w), 727 (w), 722 (w), 667 (w),

655 (m), 650 (m), 635 (m), 523 (w), 501 (w).
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4.7.5 Synthesis of Hg(terpy)2[Au(CN)2]2

Thin pale yellow needle shaped crystals of Hg(terpy)[Au(CN)2]2 were synthesized

hydrothermally by heating HgCl2 (27 mg, 0.10 mmol) terpy (23 mg, 0.10 mmol)

and KAu(CN)2 (57 mg, 0.20 mmol) to 125 ◦C, followed by slow cooling to room

temperature over a three-day period. Yield: 44 mg (75%) Attempts to grow crys-

tals non-hydrothermally produced only a yellow fibre-like material. Anal. Calcd.

for C34H22N10Au2Hg: C 35.05%; H 1.90%; N 12.02%. Found: C 35.09%; H 1.80%;

N 11.93%. IR (ATR, cm−1) 3103 (w), 3069 (w), 3017 (w), 2235 (w), 2137 (s), 1581 (s),

1573 (m), 1475 (m), 1449 (s), 1437 (m), 1419 (w), 1315 (m), 1296 (w), 1260 (m),

1251 (s), 1199 (m), 1168 (m), 1159 (s), 1100 (w), 1091 (w), 1070 (w), 1054 (w),

1014 (s), 893 (w), 828 (m), 794 (m), 770 (s), 735 (m), 724 (m).

4.7.6 Synthesis of Mn(terpy)[Au(CN)2]2

A methanol/water solution (5 mL, 1:1) of terpy (23 mg, 0.10 mmol) was added to a

methanol/water solution (5 mL, 1:1) containing MnCl2 · 4 H2O (20 mg, 0.10 mmol).

A methanol/water solution (10 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added

to the resulting yellow solution. After 3h, thin needles of Mn(terpy)[Au(CN)2]2 had

formed. The solution was filtered, yielding yellow X-ray quality crystals. Yield: 38 mg

(48%). Anal. Calcd. for C19H11N7Au2Mn(H2O)0.5: C 28.68%; H 1.52%; N 12.33%.

Found: C 29.05%; H 1.51%; N 12.29%. IR (KBr, cm−1): 3520 (s, br), 3437 (s, br),

3112 (w), 3105 (w), 3087 (w), 3074 (w), 3064 (w), 2170 (s), 2158 (m), 2151 (m),

1630 (w), 1593 (m, br), 1578 (m), 1571 (m), 1477 (m), 1475 (m), 1460 (w), 1450 (m),

1447 (m), 1438 (w), 1434 (m), 1338 (w), 1315 (m), 1297 (w), 1254 (w), 1247 (m),

1232 (w), 1186 (m), 1165 (m), 1158 (m), 1099 (w), 1093 (w), 1073 (w), 1051 (w),

1043 (w), 1020 (m), 1014 (m), 890 (m), 830 (w), 797 (w), 768 (w), 741 (w), 731 (w),

661 (m), 651 (m), 639 (m), 472 (m).

Larger X-ray quality single crystals of Mn(terpy)[Au(CN)2]2were produced hy-

drothermally by heating the reactants or preformed Mn(terpy)[Au(CN)2]2 to 125 ◦C,

followed by slow cooling to room temperature over a three-day period.
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4.7.7 Synthesis of Pb(phenpy)[Au(CN)2]2

A pale yellow methanol solution (10 mL) of phenpy (29 mg, 0.10 mmol) was added to

an aqueous solution (10 mL) containing Pb(ClO4)2 · xH2O (42 mg, 0.103 mmol). A

methanol/water solution (10 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added to

the resulting yellow solution. After 3h, balls of Pb(phenpy)[Au(CN)2]2 had formed.

The solution was allowed to slowly evaporate for 3 days, after which it was filtered

Yield: 68 mg (78%). Anal. Calcd. for C21H11N7Au2Pb: C 26.21%; H 1.15%; N 10.18%.

Found: C 25.94%; H 1.21%; N 9.83%. IR (KBr, cm−1): 3436 (m, br) 3084 (w),

3064 (w), 2151 (s), 2145 (sh, s), 2135 (s), 1597 (w), 1587 (m), 1574 (w), 1563 (w),

1515(m), 1494 (m), 1477 (m), 1430 (m), 1422 (m), 1393 (m), 1315 (m), 1256 (m),

1231 (m), 1201 (m), 1174 (m), 1149 (m), 1126 (m), 1105 (m), 1048 (m), 1036 (m),

1012 (m), 1005 (m), 885 (m), 855 (s), 837 (m), 822 (m), 798 (m), 781 (m), 766 (m),

741 (m), 730 (s), 647 (s), 582 (m), 479 (m), 423 (s).

Attempts to grow single crystals of Pb(phenpy)[Au(CN)2]2 by changing solvent

(methanol, ethanol, acetonitrile) or by solvatothermal (methanol, water) recrystal-

lization were unsuccessful.

4.7.8 Synthesis of Zn(phenpy)(H2O)[Au(CN)2]2

A pale yellow methanol solution (10 mL) of phenpy (29 mg, 0.10 mmol) was added

to an aqueous solution (10 mL) containing Zn(NO3)2 · 6 H2O (30 mg, 0.10 mmol). A

methanol/water solution (20 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added

to the resulting yellow solution. After 12h, plates of Zn(phenpy)(H2O)[Au(CN)2]2

had formed. The solution was allowed to slowly evaporate for 14 days after which

it was filtered. Yield: 68 mg (82%). Anal. Calcd. for C21H13N7Au2OZn: C 30.07%;

H 1.56%; N 11.69%. Found: C 30.01%; H 1.64%; N 11.43%. IR (KBr, cm−1): 3429 (s),

3067 (w), 2192 (s), 2180 (sh, s), 2153 (s), 1581 (s), 1505 (m), 1500 (m), 1470 (w),

1427 (m), 1326 (m), 1254 (w), 1233 (w), 1202 (w), 1166 (w), 1147 (m), 1130 (w),

1035 (w) 1011 (m), 911 (w), 893 (w), 852 (s), 830 (m), 823 (w), 776 (s), 732 (s),

651 (s).
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4.7.9 Synthesis of Mn(phenpy)(H2O)[Au(CN)2]2

A pale yellow methanol solution (10 mL) of phenpy (29 mg, 0.10 mmol) was added

to an aqueous solution (10 mL) containing MnCl2 · 4 H2O (20 mg, 0.10 mmol). A

methanol/water solution (20 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added

to the resulting yellow solution. After 12h, plates of Mn(phenpy)(H2O)[Au(CN)2]2

had formed. The solution was allowed to slowly evaporate for 14 days after which

it was filtered. Yield: 74 mg (85%). Anal. Calcd. for C21H13N7Au2MnO · 2 H2O:

C 29.18%; H 1.98%; N 11.34%. Found: C 30.21%; H 1.81%; N 11.37%. IR (ATR,

cm−1) 3227 (br, m), 3072 (w), 2961 (w), 2172 (m), 2156 (s), 2148 (s), 1601 (m),

1589 (m), 1578 (s), 1565 (w), 1518 (m), 1497 (m), 1478 (m), 1456 (w), 1429 (m),

1420 (w), 1400 (m), 1339 (w), 1326 (m), 1287 (w), 1255 (m), 1234 (m), 1220 (w),

1201 (m), 1168 (w), 1146 (s), 1128 (w), 1107 (w), 1091 (w), 1070 (w), 1049 (w),

1009 (s), 905 (w), 889 (m), 852 (s), 831 (m), 823 (w), 793 (w), 775 (w), 771 (w),

745 (w), 731 (s).

4.7.10 Synthesis of Cd(phenpy)(H2O)[Au(CN)2]2

A pale yellow methanol solution (10 mL) of phenpy (29 mg, 0.10 mmol) was added

to an aqueous solution (10 mL) containing Cd(NO3)2 · 4 H2O (30 mg, 0.10 mmol). A

methanol/water solution (20 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added

to the resulting yellow solution. After 12h, plates of Cd(phenpy)(H2O)[Au(CN)2]2

had formed. The solution was allowed to slowly evaporate for 14 days after which

the product was collected by filtration. Yield: 74 mg (84%). Anal. Calcd. for

C21H13N7Au2CdO ·H2O: C 27.91%; H 1.67%; N 10.85%. Found: C 27.71%; H 1.62%;

N 10.80%. IR (KBr, cm−1): 3429 (m), 3088 (w), 3062 (w), 3048 (w), 3014 (w),

2991 (w), 2178 (w), 2143 (s), 2098 (w), 1587 (m), 1516 (m), 1494 (m), 1470 (m),

1435 (w), 1425 (m), 1396 (m), 1337 (w), 1322 (m), 1255 (w), 1230 (w), 1218 (m),

1199 (m), 1144 (m), 1126 (m), 1104 (w), 1092 (w), 1068 (w), 1045 (w), 1038 (w),

1009 (m),903 (w), 888 (m), 857 (s), 834 (m), 821 (m), 795 (w), 778 (s), 768 (s),

743 (w), 732 (s), 648 (s), 582 (m), 418 (s).
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4.7.11 Synthesis of Pb(Clterpy)[Au(CN)2]2

To a yellow methanol (10 mL) suspension of Clterpy (27 mg, 0.10 mmol) was added

a methanol solution (10 mL) containing Pb(ClO4)2 · xH2O (42 mg, 0.103 mmol). The

solution was heated to ca. 50 ◦C until all the Clterpy dissolved. The resulting 20 mL

solution was cooled to room temperature after which a 20 mL methanol solution

of [nBu4N][Au(CN)2] · 1
2
H2O (100 mg 0.20 mmol) was added dropwise. The solu-

tion was allowed to evaporate for several days, after which yellow crystals began

to form. The solution was filtered. Although the crystals were determined to be

Pb(Clterpy)[Au(CN)2]2, the elemental analysis indicated that the sample was not

pure, and likely contained a complex with at least two Clterpy units per lead(II). A

pure sample of Pb(Clterpy)[Au(CN)2]2 can be prepared and crystallized hydrother-

mally by heating Pb(NO3)2 (33 mg), Clterpy (27 mg), and KAu(CN)2 (57 mg) to

125 ◦C with a three-day cooling period. Yield: 46 mg (49%). Anal. Calcd. for

C19H10N5Au2ClPb: C 23.45%; H 1.04%; N 10.08%. Found: C 23.42%; H 1.16%;

N 10.04%. IR (ATR, cm−1) 3111 (w), 3095 (w), 3081 (w), 3076 (w), 3073 (w),

3061 (w), 3041 (w), 2158 (m), 2143 (s), 2139 (s), 1617 (w), 1584 (s), 1571 (m),

1550 (w), 1482 (w), 1455 (w), 1411 (s), 1337 (w), 1304 (w), 1240 (m), 1165 (w),

1130 (w), 1092 (w), 1074 (w), 1057 (w), 1048 (w), 1005 (m) 865 (m), 830 (m), 790 (s),

739 (w), 725 (m), 685 (m), 668 (w), 655 (m), 631 (w), 572 (w).

4.7.12 Synthesis of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2

To a yellow methanol suspension (10 mL) of Brterpy (31 mg, 0.10 mmol) was added

a methanol solution (10 mL) containing Pb(ClO4)2 · xH2O (42 mg, 0.103 mmol). The

solution was heated to ca. 50 ◦C until all the Brterpy dissolved. The resulting 20 mL

solution was cooled to room temperature after which a 20 mL methanol solution

of [nBu4N][Au(CN)2] · 1
2
H2O (100 mg, 0.20 mmol) was added dropwise. The solu-

tion was allowed to evaporate for several days, after which pale yellow crystals be-

gan to form. The solution was filtered. Yield: 39 mg (38%). Anal. Calcd. for

C19H11N7Au2BrO0.5Pb · 0.24H2O: C 22.14%; H 1.12%; N 9.51%. Found: C 22.35%;

H 1.19%; N 9.45%. IR (ATR, cm−1) 3097 (w), 3052 (w), 3030 (w), 3022 (w), 2927 (w),
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2965 (w), 2151 (s), 2132 (s), 1592 (m), 1571 (m), 1567 (m), 1547 (m), 1479 (m),

1453 (w), 1403 (s), 1406 (s), 1298 (m), 1240 (m), 1158 (m), 1055 (w), 1009 (s),

867 (m), 789 (s), 738 (m), 727 (m), 678 (m), 655 (m), 634 (m), 558 (m), 436 (w).

Hydrothermal synthesis and crystallization of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2

was performed by heating Pb(NO3)2 (33 mg), Brterpy (31 mg), and

KAu(CN)2 (57 mg) to 125 ◦C, followed by slow cooling to room temperature over

a three-day period. This resulted in large (at times 1 cm long) single crystals.

4.7.13 Synthesis of Mn(Clterpy)[Au(CN)2]2

To a yellow methanol (10 mL) suspension of Clterpy (27 mg, 0.10 mmol) was added

a methanol solution (10 mL) containing MnCl2 · 4 H2O (20 mg, 0.10 mmol). The

solution was heated to ca. 50 ◦C until all the Clterpy dissolved. The resulting

20 mL solution was cooled to room temperature, after which a 20 mL methanol

solution of [nBu4N][Au(CN)2] · 1
2
H2O (100 mg 0.20 mmol) was added dropwise. The

solution was allowed to evaporate for several days, after which yellow crystals be-

gan to form. The solution was filtered. Yield: 46 mg (57%). Anal. Calcd. for

C19H10N5Au2ClMn · 0.5H2O: C 27.51%; H 1.34%; N 11.81%. Found: C 27.65%;

H 1.38%; N 11.44%. IR (ATR, cm−1) 3488 (m, br) 3104 (w), 3085 (w), 3063 (w),

2932 (w), 2892 (w), 2819 (w), 2179 (s), 2169 (s), 2151 (s), 2144 (s), 1586 (s), 1477 (s),

1436 (w), 1415 (s), 1332 (m), 1303 (m), 1256 (s), 1243 (s), 1160 (s), 1123 (s), 1094 (m),

1045 (m), 1032 (m), 1015 (s), 910 (w), 899 (w), 877 (m), 871 (m), 825 (s), 789 (s),

751 (w), 740 (m), 727 (s), 687 (s), 656 (s).

Hydrothermal synthesis and crystallization of Mn(Clterpy)[Au(CN)2]2 was per-

formed by heating MnCl2 · 4 H2O (20 mg), Clterpy (27 mg), and KAu(CN)2 (57 mg)

to 125 ◦C, followed by slow cooling to room temperature over a three-day period.

4.7.14 Synthesis of Mn(Brterpy)[Au(CN)2]2

To a yellow methanol suspension (10 mL) of Brterpy (32 mg, 0.10 mmol) was added

a methanol solution (10 mL) containing MnCl2 · 4 H2O (20 mg, 0.10 mmol). The

solution was heated to ca. 50 ◦C until all the Brterpy dissolved. The resulting 20 mL
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solution was cooled to room temperature, after which a 20 mL methanol solution of

[nBu4N][Au(CN)2] · 1
2
H2O (100 mg, 0.20 mmol) was added dropwise. The solution was

allowed to evaporate for several days, after which pale yellow crystals began to form.

The solution was filtered. Yield: 44 mg (51%). Anal. Calcd. for C19H10N7Au2BrMn:

C 26.38%; H 1.17%; N 11.33%. Found: C 26.52%; H 1.33%; N 11.13%. IR (ATR,

cm−1) 3081 (w), 3068 (w), 2177 (s), 2147 (s), 1600 (m), 1584 (s), 1568 (s), 1552 (s),

1477 (s), 1467 (m), 1459 (w), 1410 (m), 1327 (w), 1302 (w), 1257 (w), 1244 (s),

1160 (s), 1130 (w), 1108 (w), 1096 (w), 1048 (w), 1015 (s), 862 (w), 787 (s), 741 (m),

727 (s), 682 (s), 655 (s).

Hydrothermal synthesis and crystallization of Mn(Brterpy)[Au(CN)2]2 was per-

formed by heating MnCl2 · 4 H2O (20 mg), Brterpy (32 mg), and KAu(CN)2 (57 mg)

to 125 ◦C, followed by slow cooling to room temperature over a three-day period.

4.7.15 Single crystal structural determinations

Crystals of M(phenpy)(H2O)[Au(CN)2]2 · 2 H2O (M = Mn, Zn, Cd), and

Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 were mounted on MiTeGen sample holders us-

ing Paratone R© oil. The samples were cooled to 150 K with an Oxford cryostream.

The data was subsequently collected at 150 K. All other samples were mounted on

glass fibers using epoxy adhesive and collected at room temperature.

The crystallographic data for the compounds in this chapter were collected as

described in Chapter 2. Further details can be found in Tables 4.11, 4.12 4.13, 4.14,

4.15, 4.16.

The chosen crystals of Pb(Clterpy)[Au(CN)2]2 and Mn(Clterpy)[Au(CN)2]2were

found to be non-merohedral twins by an approximately 180 ◦ rotation about the [100]

direction in real space. The unit cells were determined using Cell Now. Integration

was carried out using the Apex II software suite and subsequent absorption correction

was applied using the TWINABS software package. The spacegroup was determined

in APEX II using the intensity data output from TWINABS. Note that this does not

affect the birefringence measurement since the 180 ◦ rotation would not change the

orientation of the axes, just their direction.
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All data was processed and all structures were solved as described in Chapter 2.

The data for Mn(phenpy)(H2O)[Au(CN)2]2, Zn(phenpy)(H2O)[Au(CN)2]2, and

Cd(phenpy)(H2O)[Au(CN)2]2 were of poor quality. Hence, only the metal atoms were

refined anisotropically. Additional restraints on the phenpy molecule were required in

Mn(phenpy)(H2O)[Au(CN)2]2. Although the elemental analysis of

Mn(phenpy)(H2O)[Au(CN)2]2, Zn(phenpy)(H2O)[Au(CN)2]2, and

Cd(phenpy)(H2O)[Au(CN)2]2 indicate varying amounts of water molecules, the oc-

cupancy of the unbound water molecules was not modelled due to the poor quality

data.

The carbon and nitrogen molecules in Pb(Clterpy)[Au(CN)2]2 were only refined

isotropically. The structure of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 exhibited signifi-

cant disorder. All gold, lead, and bromine atoms were refined anisotropically. The

remaining carbon, oxygen and nitrogen molecules were only refined anisotropically

if they were not found to be disordered. The remaining atoms were modelled as

disordered isotropic.

Diagrams were made using ORTEP-3, (171) POV-RAY (172) and Cameron. (173)

4.7.16 Birefringence

Birefringences were measured on plate-shaped single crystals by means of polarized-

light microscopy utilizing an Olympus BX60 microscope. The optical retardation was

measured using a tilting Berek compensator at λ = 546.1 nm at room temperature.

The birefringence was calculated by dividing the measured retardation by the crystal

thickness (Equation 4.4, Appendix A). Crystal thicknesses were measured on an FEI

235 dual-beam SEM instrument, with the exception of the phenpy-containing crystals

which appear to fracture in the SEM, likely from desolvation; their thicknesses were

determined by optical microscopy.
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Å
N

on
iu

s/
0.

71
07

3
(M

o)
co

ll
ec

te
d

D
at

a
R

an
ge

4◦
≤

2θ
≤

55
◦

4◦
≤

2θ
≤

55
◦

tr
an

sm
is

si
on

ra
n
ge

0.
04

0
–

0.
38

2
0.

24
0

–
0.

82
8

fi
n
al

ce
ll

d
et

er
m

in
at

io
n

32
rfl

x
,

20
◦
≤

2θ
≤

21
.5
◦

30
rfl

x
,

14
.5
◦
≤

2θ
≤

16
◦

re
fl
ec

ti
on

s
(I
o
≥

2.
50
σ

(I
o
))

16
57

15
64

p
ar

am
et

er
s,

re
st

ra
in

ts
14

3,
0

13
8,

0

a
F

u
n
ct

io
n

M
in

im
iz

ed
:
∑ w

(|F
o
|−
|F
c
|)2

,
w

h
er

e
w
−

1
=

[σ
2
(F

o
)

+
(n
F
o
)2

],
n

=
0.

02
0

fo
r

P
b
(t

er
p
y
)[

A
u
(C

N
) 2

] 2
,

0.
01

fo
r

P
b
(t

er
p
y
)[

A
g(

C
N

) 2
] 2

.
R

=
∑ ||F

o
|−
|F
c
||/
∑ |F

o
|,
R
w

=
[∑ w

(|F
o
|−
|F
c
|)2
/
∑ w

|F
o
|2 ]1

/
2
.



Chapter 4. Birefringent coordination polymers 199

T
a
b

le
4
.1

2
:

C
ry

st
al

lo
gr

ap
h
ic

d
at

a
fo

r
H

g(
te

rp
y
) 2

[A
u
(C

N
) 2

] 2
an

d
M

n
(t

er
p
y
)[

A
u
(C

N
) 2

] 2
H

g(
te

rp
y
) 2

[A
u
(C

N
) 2

] 2
M

n
(t

er
p
y
)[

A
u
(C

N
) 2

] 2
em

p
ir

ic
al

fo
rm

u
la

/M
W

C
3
4
H

2
2
N

1
0
A

u
2
H

g
C

1
9
H

1
2
N

7
A

u
2
M

n
O

0
.5

/7
95

.2
2

cr
y
st

al
sy

st
em

,
sp

ac
e

gr
ou

p
T

ri
cl

in
ic

P
1

M
on

o
cl

in
ic

,
P

2 1
/n

cr
y
st

al
co

lo
u
r

&
h
ab

it
p
al

e
ye

ll
ow

p
la

te
p
al

e
ye

ll
ow

n
ee

d
le

cr
y
st

al
si

ze
,

m
m

3
0.

60
x

0.
15

x
0.

08
0.

28
x

0.
14

x
0.

06
a,

Å
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Å
B

ru
ke

r
S
m

ar
t

A
p

ex
II

/0
.7

10
73

(M
o)

co
ll
ec

te
d

D
at

a
R

an
ge

2◦
≤

2θ
≤

38
◦

2◦
≤

2θ
≤

56
.5
◦

tr
an

sm
is

si
on

ra
n
ge

0.
43

0
–

0.
74

6
0.

24
2

–
0.

74
6

fi
n
al

ce
ll

d
et

er
m

in
at

io
n

31
02

re
fl
x

(a
ll

d
at

a)
99

66
re

fl
x

(a
ll

d
at

a)
re

fl
ec

ti
on

s
(I
o
≥

2.
50
σ

(I
o
))

86
1

32
72

p
ar

am
et

er
s,

re
st

ra
in

ts
12

8,
66

14
7,

12

a
F

u
n
ct

io
n

M
in

im
iz

ed
:
∑ w

(|F
o
|−
|F
c
|)2

,
w

h
er

e
w
−

1
=

[σ
2
(F

o
)

+
(n
F
o
)2

],
n

=
0.

01
0

fo
r

M
n
(p

h
en

p
y
)(

H
2
O

)[
A

u
(C

N
) 2

] 2
,

an
d

0.
01

0
fo

r
Z

n
(p

h
en

p
y
)(

H
2
O

)[
A

u
(C

N
) 2

] 2
.
R

=
∑ ||F

o
|−
|F
c
||/
∑ |F

o
|,

R
w

=
[∑ w

(|F
o
|−
|F
c
|)2
/
∑ w

|F
o
|2 ]1

/
2
.



Chapter 4. Birefringent coordination polymers 201

Table 4.14: Crystallographic data for Cd(phenpy)(H2O)[Au(CN)2]2
Cd(phenpy)(H2O)[Au(CN)2]2

empirical formula/MW C21H17N7Au2O3Cd/921.75
crystal system, space group Monoclinic, C 2/c
crystal colour & habit pale yellow plate
crystal size, mm3 0.16 x 0.14 x 0.08
a, Å 16.259(6)
b, Å 22.327(8)
c, Å 14.784(5)
α, ◦ 90
β, ◦ 113.348(4)
γ, ◦ 90
V, Å3 4928(3)
Z 8
T, K 150(2)
ρcalcd, g · cm−3 2.485
µ, mm−1 12.772
R/Rw (Io ≥ 2.50σ(Io))

a 0.0664/0.0646
goodness of fit 1.2947
instrument/wavelength, Å Bruker Smart Apex II/0.71073 (Mo)
collected Data Range 2◦ ≤ 2θ ≤ 56.5◦

transmission range 0.383 – 0.746
final cell determination 6650 reflx (all data)
reflections (Io ≥ 2.50σ(Io)) 1766
parameters, restraints 154, 0

a Function Minimized:
∑
w(|Fo| − |Fc|)2, where

w−1 = [σ2(Fo) + (0.010 · Fo)2].R =
∑
||Fo| − |Fc||/

∑
|Fo|,

Rw = [
∑
w(|Fo| − |Fc|)2/

∑
w |Fo|2]1/2.
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Å
10

.6
12

(2
)

25
.4

48
(4

)
c,

Å
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Chapter 5

Future Work

5.1 Introduction

This thesis set out to survey diamagnetic d10 metal cations in Au(CN) –
2 based coor-

dination polymers and also to examine some very specific questions therein. As in

any research program, the results obtained in the previous chapters have generated

new hypotheses, thoughts, and interesting preliminary results. While in Chapter 2

the future work was laid out within the chapter, the research results in Chapter 3

and Chapter 4 are strongly related. As such, exciting future directions pertaining to

lead(II) coordination polymers, solid-state NMR and its implications regarding the

stereochemical lone pair, and the synthesis of new, and hopefully improved, birefrin-

gent coordination polymers are presented below.

5.2 Solid-state NMR: Can we learn more?

Five lead(II)-containing structures were examined in Chapter 3, probing the effect of

the ligand on the resulting polymer structure, and on the activity of the stereochemical

lone pair. This latter investigation was carried out by X-ray crystallography and solid-

state NMR. It was determined by NMR that as the lone pair’s stereochemistry became

more pronounced in the crystal structure, the isotropic chemical shift became more

deshielded. However, the lead(II)-containing polymers reported in Chapter 4 were

204
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Figure 5.1: Plot of isotropic chemical shift (δiso) vs. the average Pb-X
(X = N, O) bond distance in Pb(H2O)[Au(CN)2]2, Pb[Au(CN)2]2,
Pb(phen)2[Au(CN)2]2, Pb(bipy)2[Au(CN)2]2, and Pb(en)[Au(CN)2]2.

not investigated by solid-state NMR. It would be interesting to further investigate the

effect of the lone pair on the 207Pb NMR with this series of complexes as well as some

other lead(II)/Au(CN) –
2 coordination polymers. Would these additional compounds

observe the same trend or would they disprove the trend?

The addition of NMR data for the other lead(II) compounds in this thesis may

yield more insight into the lead(II) and the stereochemical lone pair. For example, an

in depth analysis of the 207Pb NMR of lead-oxides has demonstrated that correlations

between the solid-state 207Pb NMR parameters to the average Pb-O bond length

and coordination number are possible. (218) It was observed that as the average bond

length decreases the isotropic chemical shift becomes more deshielded. A similar plot

for the five polymers in Chapter 3 is shown in Figure 5.1. With the limited number

of data points, the presence of both nitrogen and oxygen donors, and structures that

are either five or eight coordinate, it is not surprising that there is no obvious trend

in this graph.

What about: A more detailed examination of the NMR data in Chapter 3 reveals

some potential trends, absent in Figure 5.1. The min., max., average, and min/max

Pb-X (X = N, O) bond lengths of the five polymers were compared to δ11, δ22, δ33, δiso,

κ, and Ω NMR parameters. The rationale for a comparison of NMR parameters to the



Chapter 5. Future Work 206

4000

2000

0

-2000

-4000

Bond Length (Å)
 2.0          2.2           2.4          2.6           2.8          3.0 2.0        2.2        2.4       2.6        2.8        3.0        3.2

1000

-2000

-1000

0

-3000

-4000

Bond Length (Å)

pp
m

Figure 5.2: Plot of NMR parameters as a function of bond lengths (min or max) in
Pb(phen)2[Au(CN)2]2, Pb(bipy)2[Au(CN)2]2, and Pb(en)[Au(CN)2]2. The data points
for Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2 are also included (two toned points) for
comparison. (Left) Plot of Ω (9) and δ11 (#) as a function of the minimum bond
length, and a plot of δ33 (3) as a function of the maximum distance. (Right) Plot of
δ22 (2) and δiso (4) as a function of minimum bond length.

ratio of min/max bond lengths is such: If the lone pair is stereochemically inactive, and

all ligand types are similar (e.g., all N-donors), then the ratio of bond lengths should

be approximately 1 (recall Pb(phen)2[Au(CN)2]2, Table 3.3). When the ligand types

are all similar, any deviations from a spherical coordination sphere would result in a

ratio less than 1. The ratio may be useful in determining the degree to which the lone

pair is active. Only the structures of Pb(phen)2[Au(CN)2]2, Pb(bipy)2[Au(CN)2]2, and

Pb(en)[Au(CN)2]2 were considered in the fits. The structure of Pb(H2O)[Au(CN)2]2

was not taken into consideration because the water molecule is a comparatively differ-

ent ligand than nitrogen-donors. The structure of Pb[Au(CN)2]2 was not taken into

consideration because the atomic positions of the carbon and nitrogen atoms were

determined based on idealized conditions, not on the diffraction pattern.

The plots mentioned above, which do show a trend, are shown in Figure 5.2. It is

interesting to note that with the exception of δ33 all of the parameters in Figure 5.2

correlate well with the minimum bond length. The most shielded component, δ33,

tracks best with the largest bond length. Also noteworthy is the placement of the

relevant parameters of Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2. The trends observed
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N NH2

Figure 5.3: Molecular structure of 2-(aminomethylpyridine).

for Pb(phen)2[Au(CN)2]2, Pb(bipy)2[Au(CN)2]2, and Pb(en)[Au(CN)2]2 estimate that

the bond lengths in Pb[Au(CN)2]2 should be 2.79(2) Å, quite close to the value ob-

tained from X-ray analysis (2.8 Å). With the exception of the trend-line observed

for the δ33 data, the other 207Pb NMR trend-lines overestimate the bond lengths in

Pb(H2O)[Au(CN)2]2. Recall that the shortest bond length in Pb(H2O)[Au(CN)2]2 is a

Pb-O bond; the remaining structures in Chapter 3 contain only Pb-N bonds. This re-

sult indicate that the fits in Figure 5.2 depend on the substituents around the lead(II)

centre. The most shielded component in Pb(H2O)[Au(CN)2]2, δ33, tracks quite well

with the longest bond length. In Pb(H2O)[Au(CN)2]2 the longest bond length is to a

cyanide nitrogen on a Au(CN) –
2 unit, as in the other systems on the graph.

Although a good fit between δiso and minimum Pb-X bond distance was observed,

a better fit was observed between δiso and the min/max bond length ratio (not shown,

R2 = 0.99 vs. 0.94). However, due to the small number of data points, differentiating

between these two fits is premature.

No trends were observed between κ and any bond length or ratio. This isn’t

surprising since κ represents the deviation from axial symmetry, which would be

dependent on geometry and crystal system rather than distances.

In collaboration with Prof. S. Kroeker at the University of Manitoba, future work

should further investigate these trends. Solid-state 207Pb NMR spectra of all of the

lead(II) compounds in Chapter 4 as well as Pb(terpy)[DCA]2 (see below) should be

investigated.

One ligand type that could bridge the gap between the strong Lewis-base en lig-

and and the relatively weaker Lewis-bases phen and bipy is 2-(aminomethyl)pyridine,

and its derivatives (Figure 5.3). This type of ligand contains both a pyridine donor
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group and an amine donor group. As a Lewis-base these ligands would be an in-

termediate between bipy and en. Would lead(II) chelate two of these ligands, as

in Pb(bipy)2[Au(CN)2]2, or merely one ligand, as with Pb(en)[Au(CN)2]2? What

would this ligand’s effect on the stereochemical activity of the lone pair? Recall

from Chapter 3 (Figure 3.1b) that 2-(aminomethyl)pyridine has been utilized as a

chelating ligand in simple lead(II) coordination chemistry, forming a dimer of Pb(2-

(aminomethyl)pyridine)2(SCN)2. (187) The seven-coordinate geometry around the

lead(II) was irregular. A large portion (one-third) of the coordination sphere con-

tained no near contacts to any atom. Would a lead(II)/Au(CN) –
2 polymer have a

similar hemidirectional lead(II) coordination sphere? The 207Pb NMR spectral data

for this system would also help define the data trends described above.

5.3 Bi(III) and Tl(I), the road less travelled

Up to this point in the thesis, only the stereochemical lone pair of lead(II) was ex-

amined. It would be worthwhile to investigate the stereochemical lone pair of other

related main-group metals, probing some of the same questions asked in this thesis.

Namely, can metal cations with potentially stereochemically active lone pairs be used

as design elements in coordination polymer synthesis. Two cations that come to mind

are bismuth(III) and thallium(I): Both are isoelectronic with lead(II). Thallium has

two naturally occurring isotopes, both with I = 1
2
. (282,283) Bismuth has one naturally

occurring isotope with I = 9
2
. (284) Thus, as with the lead(II) polymers in this thesis,

solid-state NMR can be used to probe the stereochemical lone pair. The coordination

chemistry of bismuth(III) with nitrogen-donor molecules, such as those used in this

thesis, has previously been reported. (285–288)

Although the coordination chemistry of bismuth(III) has been investigated in great

deal, bismuth(III) coordination polymers are not as well known; there are approxi-

mately 50 journal articles that describe bismuth(III) coordination polymers. (289–291)

No cyanometallate coordination polymers have been reported. The majority of the

coordination polymers are halide-bridged systems. The ligands used in conjunction

with the bismuth(III) halides include a range of oxygen, nitrogen, sulfur, and selenium
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donors. Unfortunately, these publications report only on the structure; to the best

of our knowledge, no material properties of bismuth(III) coordination polymers have

been reported.

Studies of thallium(I) coordination polymers are even scarcer: A search reveals

approximately 20 such publications. (292–294) As mentioned in Chapter 2, thallium(I)-

gold(I) interactions have been observed, and used as vapochromic sensors for various

donor molecules such as THF and acetone. (98,99) The simple Tl[Au(CN)2] coordina-

tion polymer is also known; its photophysical properties have been extensively inves-

tigated. (61) With the exception of the luminescence properties of these materials, no

other physical or optical properties have been reported.

Some preliminary work on incorporating bismuth(III) and thallium(I) into coor-

dination polymers was briefly pursued. Early attempts at synthesizing bismuth(III)-

and thallium(I)-based polymers demonstrated that the synthesis of these polymers is

not as straightforward as the lead(II)-based polymers in this thesis.

5.3.1 Bismuth(III)

While Pb(NO3)2 is extremely soluble in water, the same cannot be said for

Bi(NO3)3 · 5 H2O, one of the few available bismuth(III) starting materials. As

Bi(NO3)3 begins to dissolve in water/methanol, a white precipitate begins to form

rapidly (after a few seconds). The pH of the resulting solution is very acidic, indi-

cating that the precipitate is likely Bi(OH)x(NO3) 3-x(H2O)y. To avoid this problem,

non-aqueous, non-protic solvents were used. For example, one solvent, which has been

used routinely in bismuth(III) coordination chemistry, is DMSO. (285–287,295) The dis-

solution of Bi(NO3)3 in DMSO did not produce an immediate precipitate. However,

this solvent was by no means ideal. With a boiling point of 189 ◦C, crystal growth

from a 3 mL DMSO solution took months. Nevertheless, crystalline products were

obtained. For example, the reaction of Bi(NO3)3, two equivalents of phen, and three

equivalents of Au(CN) –
2 produced crystals of [Bi(phen)2(µ−OH)]2[Au(CN)2]4. The

bismuth(III) centre in [Bi(phen)2(µ−OH)]2[Au(CN)2]4 is best described as a distorted
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Figure 5.4: Crystal structure of [Bi(phen)2(µ−OH)]2[Au(CN)2]4 (a) 1-D chain of
[Bi(phen)2(µ−OH)]2[Au(CN)2]4. (b) Local geometry around the bismuth(III) showing
the asymmetry in the bismuth(III) coordination sphere. Colour scheme: Gold, yellow;
bismuth, purple; nitrogen, blue; carbon, green.
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square prism. The structure contains a hydroxide-bridged dimer of Bi(phen) 3+
2 (Fig-

ure 5.4). A similar dimer was observed for [Bi(phen)(µ−OH)(NO3)2]2. (296) The Bi-O

bonds are 2.269(12) and 2.202(12) Å, shorter than the lead(II)-aqua bonds observed in

Pb(H2O)[Au(CN)2]2 and Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 (Section 3.5, 4.5.2), but

similar in length to the Bi-O distances in [Bi(phen)(µ−OH)(NO3)2]2 (2.214(3) and

2.232(3) Å). (296) The two phen units bind to the bismuth(III) centre with Bi-N bond

lengths ranging from 2.568(15) – 2.706(16) Å, shorter than the 2.72 Å bond lengths

in Pb(phen)2[Au(CN)2]2, but longer than in [Bi(phen)(µ−OH)(NO3)2]2 (2.426(4) and

2.539(4) Å). (296) Dimers link to one another via two parallel Au(CN) –
2 units, Au(1),

having Bi-N bond lengths of 2.64(2) and 2.95(2) Å. These parallel gold units show

a long gold-gold interaction of 3.4408(15) Å. Via coordinate bonds, a 1-D chain of

[Bi(phen)2(µ−OH)]2[Au(CN)2] 2+
2 (Figure 5.4) is formed. An additional Au(CN) –

2

unit, Au(2), forms a gold-gold interaction of 3.0785(12) Å to the Au(1) units in the

1-D chain (Figure 5.4). Gold-gold interactions do not increase the dimensionality

of this polymer. An unbound water and DMSO molecule are also present in the

structure. This represents the first bismuth(III)-cyanometallate polymer.

Since the electronic configuration of bismuth(III) and lead(II) are the same, bis-

muth(III) compounds could also contain a stereochemically active lone pair. In the

structure of [Bi(phen)2(µ−OH)]2[Au(CN)2]4 the bonding around the bismuth(III) cen-

tre is not symmetric; similar ligands have different bond lengths. For example, the

Bi-N(cyano) bonds are 2.64(2) and 2.95(2) Å. Thus, as with some of the lead(II)

complexes in the previous chapters, the lone pair in [Bi(phen)2(µ−OH)]2[Au(CN)2]4

is stereochemically active.

Substituting terpy for phen under similar reaction conditions produced a bis-

muth(III) compound with similar structural features as

[Bi(phen)2(µ−OH)]2[Au(CN)2]4. The structure of [Bi(terpy)(DMSO)2(µ−OH)]2-

[Au(CN)2]4, contains an eight-coordinate bismuth(III) centre. As with

[Bi(phen)2(µ−OH)]2[Au(CN)2]4, the structure of [Bi(terpy)(DMSO)2(µ−OH)]2-

[Au(CN)2]4 contains a hydroxide-bridged dimer (Bi-O = 2.166(17) and 2.368(19) Å,

Figure 5.5), more asymmetric than in [Bi(phen)2(µ−OH)]2[Au(CN)2]4, and a pre-

viously reported [Bi(terpy)(µ−OH)(NO3)2]2 compound. (297) The remaining six sites
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Table 5.1: Selected bond lengths (Å) and angles (◦) for
[Bi(phen)2(µ−OH)]2[Au(CN)2]4

a

Bond Lengths
Bi(1) – O(1) 2.202(12) Bi(1) – O(1∗) 2.269(12)
Bi(1) – N(1) 2.64(2) Bi(1) – N(2”) 2.95(2)
Bi(1) – N(5) 2.706(16) Bi(1) – N(6) 2.646(15)
Bi(1) – N(7) 2.660(16) Bi(1) – N(8) 2.568(15)
Au(1) – Au(1”) 3.4408(15) Au(1) – Au(2) 3.0785(12)

Bond Angles
O(1∗) – Bi(1) – N(1) 85.1(5) O(1∗) – Bi(1) – N(5) 115.3(4)
O(1∗) – Bi(1) – N(6) 74.7(4) O(1∗) – Bi(1) – N(7) 125.7(4)
O(1∗) – Bi(1) – N(8) 76.6(4) O(1∗) – Bi(1) – O(1) 67.6(5)
O(1∗) – Bi(1) – N(2”) 162.4(5) O(1) – Bi(1) – N(1) 150.9(5)
O(1) – Bi(1) – N(5) 81.2(4) O(1) – Bi(1) – N(6) 105.6(4)
O(1) – Bi(1) – N(7) 77.4(4) O(1) – Bi(1) – N(2”) 129.6(5)
O(1) – Bi(1) – N(8) 88.3(4) N(1) – Bi(1) – N(5) 121.5(5)
N(1) – Bi(1) – N(6) 75.2(5) N(1) – Bi(1) – N(7) 113.4(5)
N(1) – Bi(1) – N(8) 75.1(5) N(1) – Bi(1) – N(2”) 78.4(6)
N(5) – Bi(1) – N(6) 60.9(5) N(5) – Bi(1) – N(7) 98.0(5)
N(5) – Bi(1) – N(8) 158.9(5) N(5) – Bi(1) – N(2”) 69.7(5)
N(6) – Bi(1) – N(7) 157.2(5) N(6) – Bi(1) – N(8) 140.0(5)
N(6) – Bi(1) – N(2”) 95.1(5) N(7) – Bi(1) – N(8) 61.6(5)
N(7) – Bi(1) – N(2”) 67.6(5) N(8) – Bi(1) – N(2”) 104.5(5)
Bi(1) – N(1) – C(1) 144.4(17) Bi(1) – N(2”) – C(2”) 132.8(16)

aSymmetry Operations: ∗: −x+ 1,−y − 1,−z ; ”: −x+ 1,−y,−z

around the bismuth(III) contain a terpy, two DMSO units, and a single Au(CN) –
2 unit

(Au(1)). This Au(CN) –
2 unit links to another Au(CN) –

2 unit (Au(2)) via 3.098(2) Å

gold-gold interaction. Unlike [Bi(phen)2(µ−OH)]2[Au(CN)2]4 the structure of

[Bi(terpy)(DMSO)2(µ−OH)]2[Au(CN)2]4 is molecular (Figure 5.5). The Bi-terpy

bonds are nearly identical to those observed in [Bi(terpy)(µ−OH)(NO3)2]2. (297)

As with the structure of [Bi(phen)2(µ−OH)]2[Au(CN)2]4 the bismuth(III) centre in

[Bi(terpy)(DMSO)2(µ−OH)]2[Au(CN)2]4 has a stereochemically active lone pair. As

expected, the lone pair appears more active in

[Bi(terpy)(DMSO)2(µ−OH)]2[Au(CN)2]4, which is best exemplified by the
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Table 5.2: Selected bond lengths (Å) and angles (◦) for
[Bi(terpy)(DMSO)2(µ−OH)]2[Au(CN)2]4

a

Bond Lengths
Bi(1) – O(3) 2.166(17) Bi(1) – O(3∗) 2.368(19)
Bi(1) – O(1) 2.57(2) Bi(1) – O(2) 2.69(2)
Bi(1) – N(1) 2.93(2) Bi(1) – N(5) 2.55(2)
Bi(1) – N(6) 2.48(2) Bi(1) – N(7) 2.47(2)
Au(1) – Au(2) 3.098(2)

Bond Angles
O(3∗) – Bi(1) – O(1) 78.8(7) O(3∗) – Bi(1) – O(2) 146.4(6)
O(1) – Bi(1) – O(2) 96.0(7) O(3∗) – Bi(1) – O(3) 67.2(7)
O(1) – Bi(1) – O(3) 96.1(7) O(2) – Bi(1) – O(3) 146.2(6)
O(3∗) – Bi(1) – N(5) 132.9(6) O(1) – Bi(1) – N(5) 74.4(7)
O(2) – Bi(1) – N(5) 75.2(7) O(3) – Bi(1) – N(5) 77.9(7)
O(3∗) – Bi(1) – N(6) 135.3(7) O(1) – Bi(1) – N(6) 139.2(7)
O(2) – Bi(1) – N(6) 67.4(7) O(3) – Bi(1) – N(6) 83.0(7)
N(5) – Bi(1) – N(6) 65.5(7) O(3∗) – Bi(1) – N(7) 80.5(7)
O(1) – Bi(1) – N(7) 154.7(7) O(2) – Bi(1) – N(7) 93.2(7)
O(3) – Bi(1) – N(7) 89.0(7) N(5) – Bi(1) – N(7) 130.8(7)
O(3∗) – Bi(1) – N(1) 74.3(7) O(1) – Bi(1) – N(1) 88.8(7)
O(2) – Bi(1) – N(1) 72.3(7) O(3) – Bi(1) – N(1) 139.3(8)
N(5) – Bi(1) – N(1) 141.5(8) N(6) – Bi(1) – N(7) 66.0(7)
N(6) – Bi(1) – N(1) 118.1(7) N(7) – Bi(1) – N(1) 71.6(7)
Bi(1) – O(1) – S(1) 144.1(14) Bi(1) – O(2) – S(2) 127.8(13)
Bi(1) – O(3) – Bi(1∗) 112.8(7) Bi(1) – N(1) – C(1) 152.0(19)

aSymmetry Operations: ∗: −x+ 1,−y + 1,−z
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Figure 5.5: (a) Crystal structure of molecular
[Bi(terpy)(DMSO)2(µ−OH)]2[Au(CN)2]4. (b) Local geometry around the bis-
muth(III) showing the asymmetry in the bismuth(III) coordination sphere. Colour
scheme: Gold, yellow; bismuth, purple; sulfur, yellow; nitrogen, blue; carbon, green.

bismuth(III)-OH bonds of 2.166(17) and 2.368(19) Å in [Bi(terpy)(DMSO)2(µ−OH)]2-

[Au(CN)2]4 vs. 2.202(12) and 2.269(12) Å in [Bi(phen)2(µ−OH)]2[Au(CN)2]4.

Although reactions of bismuth(III) in DMSO successfully formed

bismuth(III):Au(CN) –
2 complexes and prevented the precipitation of

Bi(OH)x(NO3) 3-x(H2O)y, the extremely slow crystal growth (months) is disadvan-

tageous. Another way to circumvent the precipitation of Bi(OH)x(NO3) 3-x(H2O)y

is via the addition of nitric acid to Bi(NO3)3, thereby reversing the reaction of bis-

muth(III) and water. Thus, in water, under extremely acidic conditions (pH < 1),

Bi(NO3)3 remains soluble.

Repeated syntheses in aqueous HNO3-acidified reaction conditions of Bi(NO3)3,

two equivalents of phen, and three equivalents of Au(CN) –
2 produces a range of differ-

ent compounds. One particularly interesting compound that was formed in low yield

is Bi(phen)2[Au(CN)2](NO3)2 (Figure 5.6, Table 5.3). The structure is molecular, con-

taining a bismuth(III) centre, with two phen ligands

(Bi-N = 2.397(4) – 2.461(3) Å), two η2-nitrate ions (Bi-O = 2.574(3) – 2.698(3) Å),
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Figure 5.6: (a) Crystal structure of Bi(phen)2[Au(CN)2](NO3)2. (b) Local geometry
around the bismuth(III) in showing the asymmetry in the bismuth(III) coordination
sphere. Colour scheme: Gold, yellow; bismuth, purple; nitrogen, blue; carbon, green.

and an Au(CN) –
2 unit bound to the bismuth(III) not via a cyanide but through a

3.3075(2) Å bismuth(III)-gold(I) interaction (Figure 5.6). This interaction is shorter

than the lead(II)-gold(I) interactions in Pb(en)[Au(CN)2]2. This interaction is not un-

precedented: One other bismuth(III)-gold(I) bond has been reported. In the complex,

[Bi(C6H4CH2NMe2)2][Au(C6F5)2], (298) the counterions are connected by a 3.7284(5) Å

bismuth(III)-gold(I) interaction. This interaction is significantly longer than the

3.3075(12) Å bismuth(III)-gold(I) bond observed in Bi(phen)2[Au(CN)2](NO3)2. A

rational, higher yield route to this product is yet to be found, precluding a detailed

photophysical investigation.

The bismuth(III) centre in Bi(phen)2[Au(CN)2](NO3)2 contains significantly

shorter Bi-N(phen) bonds (2.397(4) – 2.461(3) Å) than in

[Bi(phen)2(µ−OH)]2[Au(CN)2]4 (2.568(15) – 2.706(16) Å). Based on the results in

Chapter 3, which demonstrated that the hemisphere containing the majority of the

lone pair orbital on lead(II) is opposite to the hemisphere containing the ligand(s), the

bismuth(III) lone pair orbital is located primarily along the nitrate/Au(CN) –
2 hemi-

sphere. This is also validated by the shorter Bi-N(phen) bond lengths in
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Table 5.3: Selected bond lengths (Å) and angles (◦) for Bi(phen)2[Au(CN)2](NO3)2

Bond Lengths
Bi(1) – O(11) 2.616(3) Bi(1) – O(12) 2.698(3)
Bi(1) – O(21) 2.647(3) Bi(1) – O(22) 2.574(3)
Bi(1) – N(3) 2.405(4) Bi(1) – N(4) 2.450(3)
Bi(1) – N(5) 2.461(3) Bi(1) – N(6) 2.397(4)
Bi(1) – Au(1) 3.3075(2)

Bond Angles
O(11) – Bi(1) – O(12) 48.20(10) O(11) – Bi(1) – O(21) 119.06(10)
O(12) – Bi(1) – O(21) 140.66(10) O(11) – Bi(1) – O(22) 149.79(10)
O(12) – Bi(1) – O(22) 119.01(10) O(21) – Bi(1) – O(22) 49.09(9)
O(11) – Bi(1) – N(3) 72.58(11) O(12) – Bi(1) – N(3) 71.48(11)
O(21) – Bi(1) – N(3) 146.75(11) O(22) – Bi(1) – N(3) 134.32(11)
O(11) – Bi(1) – N(4) 114.73(11) O(12) – Bi(1) – N(4) 70.47(11)
O(21) – Bi(1) – N(4) 122.47(11) O(22) – Bi(1) – N(4) 74.12(11)
N(3) – Bi(1) – N(4) 68.41(12) O(11) – Bi(1) – N(5) 73.96(11)
O(12) – Bi(1) – N(5) 121.30(11) O(21) – Bi(1) – N(5) 71.31(11)
O(22) – Bi(1) – N(5) 116.26(11) N(3) – Bi(1) – N(5) 84.05(12)
O(11) – Bi(1) – N(6) 134.21(11) O(12) – Bi(1) – N(6) 146.56(11)
O(21) – Bi(1) – N(6) 71.92(11) O(22) – Bi(1) – N(6) 73.18(11)
N(3) – Bi(1) – N(6) 78.49(11) O(11) – Bi(1) – Au(1) 75.17(8)
O(12) – Bi(1) – Au(1) 70.51(8) O(21) – Bi(1) – Au(1) 70.15(8)
O(22) – Bi(1) – Au(1) 74.62(8) N(3) – Bi(1) – Au(1) 140.78(9)
N(4) – Bi(1) – N(5) 145.26(12) N(4) – Bi(1) – N(6) 85.21(12)
N(5) – Bi(1) – N(6) 68.33(12) N(4) – Bi(1) – Au(1) 106.89(9)
N(5) – Bi(1) – Au(1) 107.84(9) N(6) – Bi(1) – Au(1) 140.73(8)
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Figure 5.7: Crystal structure of (phenH){Bi(phen)(NO3)3[Au(CN)2]}. Colour
scheme: Gold, yellow; bismuth, purple; nitrogen, blue; carbon, green.

Bi(phen)2[Au(CN)2](NO3)2 vs. [Bi(phen)2(µ−OH)]2[Au(CN)2]4.

Unfortunately, attempts to improve the yield of this product under similar reac-

tion conditions (i.e., slightly changing the ratio of HNO3 to the other reagents) did

not generate the desired Bi(phen)2[Au(CN)2](NO3)2 complex, but instead produced

several other compounds including Bi(phen)2(NO3)3, (phenH)[Bi(phen)2(NO3)4], and

a 1-D chain of (phenH){Bi(phen)(NO3)3[Au(CN)2]} in which Bi(phen)(NO3)3 units

link to one another via a bridging Au(CN) –
2 unit (Figure 5.7).

Attempts to use bipy instead of phen in acidic aqueous conditions yielded crystals

of (bipyH)[Au(CN)2] ·H2O, but no bismuth(III)-containing compounds. The reaction

of terpy, Bi(NO3)3 and Au(CN) –
2 in acidic aqueous conditions produced a molecular

species Bi(terpy)(H2O)(NO3)2[Au(CN)2], which dimerizes via long 3.5518(7) Å gold-

gold interactions.

These results demonstrate that the addition of nitric acid to Bi(NO3)3 can be used

to make hydroxide-free bismuth(III) complexes and coordination polymers. How-

ever, all the bismuth(III) complexes produced contained additional NO –
3 units due

to the large excess of nitric acid. Furthermore, the products are extremely sensi-

tive to reaction conditions. Although interesting complexes, such as 1-D chain of

Bi(phen)2[Au(CN)2](NO3)2, have been made, an alternate synthetic route was needed

to avoid all the pitfalls observed.

Due to the modular nature of coordination polymer research, when a building

block does not produce the desired results, it can be replaced with a more complacent
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unit. For example, the majority of the lead(II)-containing polymers in this thesis

were synthesized with Pb(ClO4)2. Pb(NO3)2 was used to a lesser extent because this

starting material often produced insoluble Pb(ligand)x(NO3)2 salts before Au(CN) –
2

could be incorporated. A similar problem was encountered above for Bi(NO3)3. Fu-

ture work should focus on bismuth(III) salts other than the continuously aggravating

Bi(NO3)3.

One alternative bismuth(III) starting material is Bi(triflate)3. The addition of

Bi(triflate)3 to water does not produce an immediate precipitate. Nevertheless, the

pH of the resulting solution is still strongly acidic, indicating that Bi(OH)
(+3 – x)
x is

still forming. Two reactions were attempted with Bi(triflate)3 as the starting ma-

terial. The aqueous reaction of bipy, Au(CN) –
2 and Bi(triflate)3 formed crystals of

(bipyH)[Au(CN)2] ·H2O and a yellow powder, likely AuCN. In methanol, large crys-

tals of (bipyH)[Au(CN)2] ·H2O were formed exclusively, (i.e., no yellow powder was

formed). Unfortunately, no bismuth(III)-Au(CN) –
2 complexes were isolated.

The second reaction, with Bi(triflate)3, terpy, and Au(CN) –
2 , was more interest-

ing, yielding a polymeric product. As with the DMSO reactions above, the structure

of [Bi(terpy)(H2O)(µ−OH)]2[Au(CN)2]4 contains a hydroxide-bridged dimer (Fig-

ure 5.8a, Table 5.4). In addition to the two hydroxide ions, both bismuth(III) centres

contain a terpy, a water molecule, a bridging Au(CN) –
2 unit (Au(1)), and a terminal

cyanide bound Au(CN) –
2 unit (Au(2) and Au(3)). A 1-D chain of

[Bi(terpy)(H2O)(µ−OH)]2[Au(CN)2]4 is formed via the bridging Au(CN) –
2

(Figure 5.8b). Gold-gold interactions link the bridging gold unit of one chain to

the two terminal gold units of different chains, forming a trimer of chains, similar to

the chains of Mn(Brterpy)[Au(CN)2]2. These trimers link to one another via addi-

tional gold-gold interactions of 3.1374(9) and 3.2119(9) Å through a free Au(CN) –
2

unit (Au(4)). The structure is therefore a complex 2-D sheet (Figure 5.8b).

In summary, although several bismuth(III) structures have been presented, the

controllable synthesis of bismuth(III) polymers has remained elusive. When the sol-

vent is not acidified, hydroxide-bridged dimers are formed. Often, the remaining

protons protonated the ligand. Alternatively, a yellow precipitate of AuCN was oc-

casionally observed, generated from the acid decomposition of Au(CN) –
2 . When the
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green.
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Table 5.4: Selected bond lengths (Å) and angles (◦) for
[Bi(terpy)(H2O)(µ−OH)]2[Au(CN)2]4

a

Bond Lengths
Bi(1) – O(1) 2.155(7) Bi(1) – O(2) 2.386(7)
Bi(2) – O(1) 2.381(7) Bi(2) – O(2) 2.144(7)
Bi(1) – N(5) 2.455(10) Bi(1) – N(6) 2.455(10)
Bi(1) – N(7) 2.523(10) Bi(2) – N(8) 2.492(11)
Bi(2) – N(9) 2.543(10) Bi(2) – N(10) 2.535(10)
Bi(1) – N(11) 2.826(11) Bi(1) – N(21∗) 2.715(13)
Bi(2) – N(12”) 2.871(11) Bi(2) – N(31∗) 2.680(12)
Au(1) – Au(2) 3.3564(9) Au(1) – Au(3) 3.1340(9)
Au(2) – Au(4’) 3.1374(9) Au(3) – Au(4) 3.2119(9)

Bond Angles
O(1) – Bi(1) – O(2) 66.9(3) O(1) – Bi(1) – N(5) 85.5(3)
O(1) – Bi(2) – O(2) 67.2(3) O(1) – Bi(2) – N(8) 80.5(3)
O(1) – Bi(1) – N(6) 77.9(3) O(1) – Bi(1) – N(7) 83.5(3)
O(1) – Bi(2) – N(9) 131.7(3) O(1) – Bi(2) – N(10) 135.5(3)
O(1) – Bi(1) – N(11) 144.1(3) O(1) – Bi(2) – N(12”) 147.5(3)
O(1) – Bi(1) – N(21∗) 101.5(3) O(2) – Bi(1) – N(21∗) 74.9(3)
O(1) – Bi(2) – N(31∗) 73.7(3) O(2) – Bi(2) – N(31∗) 98.2(3)
O(2) – Bi(1) – N(5) 80.3(3) O(2) – Bi(1) – N(6) 133.0(3)
O(2) – Bi(2) – N(8) 87.6(3) O(2) – Bi(2) – N(9) 77.4(3)
O(2) – Bi(1) – N(7) 135.0(3) O(2) – Bi(1) – N(11) 144.4(3)
O(2) – Bi(2) – N(10) 81.2(3) O(2) – Bi(2) – N(12”) 144.1(3)
N(21∗) – Bi(1) – N(5) 148.9(4) N(21∗) – Bi(1) – N(6) 144.7(3)
N(31∗) – Bi(2) – N(8) 148.7(4) N(31∗) – Bi(2) – N(9) 145.4(3)
N(21∗) – Bi(1) – N(7) 79.0(3) N(21∗) – Bi(1) – N(11) 104.3(4)
N(31∗) – Bi(2) – N(10) 81.1(3) N(31∗) – Bi(2) – N(12”) 101.6(3)
N(5) – Bi(1) – N(11) 85.2(3) N(6) – Bi(1) – N(11) 66.6(3)
N(8) – Bi(2) – N(12”) 90.6(4) N(9) – Bi(2) – N(12”) 69.3(3)
N(7) – Bi(1) – N(11) 77.4(3) N(10) – Bi(2) – N(12”) 72.8(3)
Bi(1) – N(11) – C(11) 167.1(10) Bi(1) – N(21∗) – C(21∗) 156.2(11)
Bi(2) – N(12”) – C(12”) 163.1(12) Bi(2) – N(31∗) – C(31∗) 166.9(11)

aSymmetry Operations: ∗: x− 1/2,−y + 3/2, z − 1/2 ; ”: x− 1, y, z − 1 ;
’: x− 1/2,−y + 3/2, z + 1/2
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solvent was acidified with nitric acid, nitrate ions were incorporated into the final

complexes, and occasionally AuCN precipitated.

Future work should focus on improving the controllability. As a first step it has

been demonstrated that Bi(triflate)3 is a better starting material than Bi(NO3)3.

Acidifying the solution with an acid which contains a non- or poorly-coordinating

anion such as triflate, or BArF may help. Adding a buffer to the solution to prevent

decomposition of the Au(CN) –
2 , or protonation of the ligand may also be beneficial.

5.3.2 Thallium(I)

From an applications point of view thallium(I) is not be the best metal cation to

explore. Trading the toxic lead(II) metal cation for a more toxic thallium(I) (299)

may not win over shareholders. However, from a fundamental chemistry perspective

this d10s2 metal cation is a perfect comparison to the isoelectronic d10s2 lead(II) and

bismuth(III) structures reported thus far. As with bismuth(III), thallium(I) brings

with it its own challenges.

Several reactions were attempted with Tl(NO3), ligands, and Au(CN) –
2 in methanol

and/or water. Most of the reactions were unsuccessful, crystallizing starting materi-

als or generating intractable material. The only exception was when phen was used

as a ligand. A thallium(I) polymer, Tl(phen)[Au(CN)2] was synthesized under sev-

eral reaction conditions. The polymer could be synthesized in water or methanol,

using either one or two equivalents of phen. Large crystals could also be formed

methanolothermally.

The structure of Tl(phen)[Au(CN)2] consists of a four, or possibly five-coordinate

thallium(I) centre (Figure 5.9, Table 5.5). The thallium(I) geometry depends on

whether the long thallium(I)-cyanide of 3.193(11) Å (Tl(1)-N(2∗)) should be consid-

ered a bond (Table 5.5). Based on the sum of the van der Waals radii for thallium and

nitrogen (3.50 Å), (134) this distance is at least an interaction. Nevertheless, neglect-

ing this long bond, the geometry of the thallium(I) centre is four-coordinate, with a

geometry that (Figure 5.9c) resembles a trigonal bipyramidal thallium(I) centre with

one of the axial ligands removed. Two of the four sites are occupied by a phen unit
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Figure 5.9: Crystal structure of Tl(phen)[Au(CN)2] showing (a) Local geome-
try showing thermal ellipsoids, and (b) 2-D sheet of Tl(phen)[Au(CN)2]. (c) The
thallium(I) centre showing the four-coordinate geometry (d) The thallium(I) centre
showing the five-coordinate geometry. Colour scheme: Gold, yellow; thallium, purple;
nitrogen, blue; carbon, green.

(Tl-N = 2.682(7) and 2.706(7) Å). These bond lengths are comparable with the Tl-

phen bonds in Tl(phen)[Au(C6F5)2]; (300) these are the only two structurally charac-

terized Tl(phen) + units reported. The remaining sites are N-bound Au(CN) –
2 (Tl-

N = 2.896(11) and 2.964(11) Å). If the longer Tl(1)-N(2∗) distance is considered a

bond, then the thallium(I) centre would be five-coordinate, resembling a distorted

trigonal prism with one of the prism corners removed (Figure 5.9d). Both of the

proposed geometries appear to have an “invisible” ligand occupying one of the co-

ordination sites used to describe the geometry, this is likely the stereochemical lone

pair, which is directed toward these coordination sites. Interestingly, the structure of



Chapter 5. Future Work 223

Table 5.5: Selected bond lengths (Å) and angles (◦) for Tl(phen)[Au(CN)2]a

Bond Lengths
Tl(1) – N(1) 2.896(11) Tl(1) – N(2) 2.964(11)
Tl(1) – N(2∗) 3.193(11) Tl(1) – N(3) 2.682(7)
Tl(1) – N(4) 2.706(7)

Bond Angles
N(1) – Tl(1) – N(3) 79.8(3) N(1) – Tl(1) – N(4) 124.2(2)
N(3) – Tl(1) – N(4) 60.9(2) N(1) – Tl(1) – N(2) 77.6(3)
N(3) – Tl(1) – N(2) 78.5(3) N(4) – Tl(1) – N(2) 125.1(3)
N(1) – Tl(1) – N(2∗) 149.5(3) N(3) – Tl(1) – N(2∗) 124.1(3)
N(4) – Tl(1) – N(2∗) 86.0(3) N(2) – Tl(1) – N(2∗) 88.2(3)
Tl(1) – N(1) – C(1) 132.7(9) Tl(1) – N(2) – C(2) 134.6(9)
Tl(1∗) – N(2) – C(2) 118.6(9) Tl(1) – N(2) – Tl(1∗) 91.8(3)

aSymmetry Operations: ∗: −x,−y + 1,−z + 1 ; ”: −x+ 1,−y + 1,−z + 2

Tl(phen)[Au(CN)2] has a stereochemically active lone pair while the lead(II) analogue

does not.

Temporarily neglecting the long Tl-N interaction, each Tl(phen) + unit links to

two other Tl(phen) + via two different Au(CN) –
2 units, forming a zig-zag chain along

the a-axis (ignore Tl-N(2∗) and N(2)-Tl(1∗) in Figure 5.9b). The long interaction

links neighbouring chains to one another to form the overall 2-D sheet (Figure 5.9b).

Viewed down the b-axis it can be seen that the phen and Au(CN) –
2 units are

almost parallel to one another, an ideal orientation for birefringence. In fact, this

orientation has an advantage to the terpy systems in Chapter 4. In Chapter 4 the

face of the terpy was perpendicular to the N−−−C−Au−C−−−N-axis. Since polarizability

is larger along a bond than perpendicular, the orientations of the Au(CN) –
2 and ligand

in Chapter 4 counteract each other. In Tl(phen)[Au(CN)2] the face of the phen ligand

and the N−−−C−Au−C−−−N-axis are roughly parallel, a better orientation. Birefringence

measurements are pending.

This one structure demonstrates that investigating thallium(I):Au(CN) –
2 polymers

could be worthwhile. Future work should focus on finding a route to make other

thallium(I):Au(CN) –
2 polymers by investigating the effect of solvent, ligand choice,
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and counterions.

5.4 Birefringence 3.0: Taking what we learned to

the next level

In Chapter 4 we examined the design of birefringent coordination polymers. The

key components were identified, utilized, and improved upon, yielding a more refined

recipe for birefringent coordination polymers. Future work should focus on modifica-

tion of the bridging ligand, the chelating ligand, and/or the metal centre, taking the

recipe to the next stage of development.

Relative to the lead(II) and manganese(II) systems in Chapter 4, thallium(I) shows

some potential, demonstrating an alternate arrangement of the Au(CN) –
2 units rel-

ative to the chelating ligand. Other metal cations should also be investigated. Ex-

amples include copper(I), zinc(II), indium(III), tin(II), and mercury(I). These are all

colourless cations, which makes them attractive for measuring birefringence by opti-

cal microscopy. Furthermore, they have different charges, so the effect of charge on

the polymer topology and ultimately the birefringence can be explored in much more

detail.

5.4.1 The bridging ligand

The Au(CN) –
2 building block is predictable in the sense that it is linear and can only

bind via two trans-cyanides. Tetra- and Hexacyanometallates are less predictable,

i.e., not every cyanide will bind and not every cation will bridge trans to the cyan-

ometallate. Thus as a starting point, Au(CN) –
2 was ideal. However, as has already

been stated, its polarizability anisotropy was often oriented in opposition to the po-

larizability anisotropy of the chelating ligand. Considering that this orientation was

prevalent in all of the birefringent terpy-based coordination polymers in Chapter 4, a

useful improvement of the cyanometallate bridging ligand would involve modification

such that a component of the polarizability anisotropy is added perpendicular to the
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M−N−−−C−Au−C−−−N−M-axis, without significantly decreasing the predictability of

the bridging unit.

One cyanometallate bridging ligand which fits this requirement is the square pla-

nar trans-Au(CN)2X –
2 (X = Cl, Br, I) building block. As with Au(CN) –

2 , this

bridging unit is still a linear bridging ligand. However, it adds two highly polar-

izable groups perpendicular to the N−−−C−Au−C−−−N-axis. Assuming substitution of

the Au(CN) –
2 for Au(CN)2X –

2 would produce a structurally similar polymer, then the

X−Au−X-axis would be parallel to the face of the terpy-based ligand; at the very least

this orientation could counteract the polarizability of the perpendicular

N−−−C−Au−C−−−N-axis. However, there are no reported coordination polymers made

with this gold(III) building block. (301–303) The related Au(CN) –
4 building block has

received some limited attention in coordination polymer research. (304,305) One unfor-

tunate result obtained in the process of synthesizing Au(CN) –
4 containing compounds

is that this gold(III) cyanometallate bridging ligand is a relatively poor Lewis-base

making it more difficult to form stable coordination polymers. (306)

The trans-Au(CN)2X –
2 ligands can be synthesized via oxidative addition of X2 to

Au(CN) –
2 . (302,303) If the trans-Au(CN)2X –

2 ligand does not readily form coordination

polymers, X2 can be directly added to a solution of a dissolved polymer, converting

Au(CN) –
2 to Au(CN)2X –

2 . Assuming no side reactions, no additional counterions are

produced, and the only complex that could form is an Au(CN)2X –
2 analogue of an

Au(CN) –
2 polymer.

Another target building block, related to Au(CN)2X –
2 , is Pt(CN)2X 2 –

2 . (307) The

analogous Pt(CN) 2 –
4 building block is a strong Lewis-base, circumventing some of

the potential problems with Au(CN)2X –
2 . Furthermore, the use of the platinum(II)

building block would change the lead(II):bridging ligand ratio.

Along the same line of thought, DCA− should also be targeted as a substitute

for Au(CN) –
2 . (308) DCA− contains two cyanide units that can bind, and a central

amide which can also bind. Due to the presence of three Lewis-base donor atoms in

DCA−, there have been several different binding modes observed (Figure 5.10). (206,309)

Unlike Au(CN) –
2 , DCA− is not linear and its bent geometry may permit alignment

of one of the cyanamide axes parallel to the face of the terpy-based ligand (Mode V,
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Figure 5.10: The various binding modes of DCA−.

Figure 5.10).

With this in mind, the reaction between terpy, Pb(ClO4)2, and DCA− in water was

targeted. Initially, a small amount of thin needle-shaped crystals of Pb(terpy)(ClO4)2

formed. After two weeks, large (2 cm long) crystals of Pb(terpy)[DCA]2 were formed.

The crystals grow off of seed points such as crystals of Pb(terpy)(ClO4)2, dust, or

even dead insects. In the absence of a seed, no crystals formed.

The crystals grow in the monoclinic crystal class, reminiscent of

Pb(terpy)[Au(CN)2]2 and the other terpy-based polymers. The lead(II) centre is nine-

coordinate, resembling a capped square antiprism (Figure 5.11, Table 5.6). One half of

the antiprism is formed by the two outer pyridine units of terpy

(Pb-N = 2.6135(17) Å), a cyanide from a DCA− unit and an amide from another

DCA− unit (Pb(1)-N(11) = 2.680(2) Å and Pb(1)-N(1) = 2.822(2) Å). The other half

of the antiprism is formed by four cyanide units (Pb(1)-N(21) = 2.9282(18) Å). The
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Figure 5.11: Crystal structure of Pb(terpy)[DCA]2 showing (a) local geome-
try and thermal ellipsoids and (b) 1-D column of Pb(terpy)[DCA]2. Crystals of
Pb(terpy)[DCA]2 grow perpendicular to the b-axis. Colour scheme: Lead, purple;
nitrogen, blue; carbon, green.

central pyridine in terpy is the capping molecule (Pb(1)-N(4) = 2.605(2) Å). There are

two crystallographically independent DCA− units. One DCA− unit bridges through

both cyanides (Mode I, Figure 5.10), and one DCA− unit bridges through a single

cyanide and the amide (Mode V, Figure 5.10). Not surprisingly, the coordination

sphere around the lead(II) is asymmetric. The bonds toward the terpy containing

half of the antiprism are shorter than the bonds toward the other half. As with all

the lead(II) complexes in this thesis, this is proposed to be due to the stereochem-

ical lone pair, likely oriented along the capping site of the four N(21) ligand prism

face (i.e., away from the central pyridine in terpy). The bond lengths are typical

for lead(II):DCA− complexes. (206,207,310,311) The terpy bond lengths are longer than
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Table 5.6: Selected bond lengths (Å) and angles (◦) for Pb(terpy)[DCA]2
a

Bond Lengths
Pb(1) – N(1∗) 2.822(2) Pb(1) – N(11) 2.680(2)
Pb(1) – N(21) 2.9282(18) Pb(1) – N(21”) 2.9282(18)
Pb(1) – N(21’) 2.9282(18) Pb(1) – N(21†) 2.9282(18)
Pb(1) – N(4) 2.605(2) Pb(1) – N(3) 2.6135(17)
Pb(1) – N(3”) 2.6135(17)

Bond Angles
N(3”) – Pb(1) – N(1∗) 81.16(4) N(3”) – Pb(1) – N(3) 126.60(8)
N(3) – Pb(1) – N(4) 63.32(4) N(3) – Pb(1) – N(11) 81.75(4)
N(3”) – Pb(1) – N(21†) 140.00(5) N(3) – Pb(1) – N(21†) 77.89(5)
N(3) – Pb(1) – N(21”) 79.37(5) N(3) – Pb(1) – N(21) 142.64(5)
N(1∗) – Pb(1) – N(3) 81.16(4) N(1∗) – Pb(1) – N(4) 72.23(6)
N(1∗) – Pb(1) – N(21†) 71.43(5) N(1∗) – Pb(1) – N(11) 141.36(7)
N(1∗) – Pb(1) – N(21) 133.71(4) N(4) – Pb(1) – N(11) 69.12(7)
N(4) – Pb(1) – N(21†) 129.84(5) N(4) – Pb(1) – N(21) 131.28(5)
N(11) – Pb(1) – N(21†) 137.11(5) N(11) – Pb(1) – N(21) 75.80(5)
N(21†) – Pb(1) – N(21’) 66.21(7) N(21†) – Pb(1) – N(21) 98.87(5)
N(21’) – Pb(1) – N(21) 63.62(6) N(21”) – Pb(1) – N(21) 66.47(7)
Pb(1) N(1∗) – C(11∗) 124.04(15) Pb(1) N(1∗) – C(12∗) 119.33(16)
Pb(1) – N(11) – C(11) 159.2(2) Pb(1) – N(21) – C(21) 114.74(14)
Pb(1) – N(21†) – C(21†) 155.53(15) Pb(1) – N(21) – Pb(1†) 81.13(5)

aSymmetry Operations: ∗: x, y, z + 1 ; ”: x,−y + 1, z ; ’: −x+ 1, y,−z + 1 ;
†: −x+ 1,−y + 1,−z + 1

those of Pb(terpy)[Au(CN)2]2, while the span of lead-cyanide bonds are shorter, in-

dicating that the stereochemical lone pair is not as active in Pb(terpy)[DCA]2 as it

is in Pb(terpy)[Au(CN)2]2. This latter point indicates that DCA− is either a weaker

Lewis-base than Au(CN) –
2 , a better π-acceptor than Au(CN) –

2 , or both.

The topology and connectivity of Pb(terpy)[DCA]2 resembles the structure and

connectivity of Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 (Chapter 4, Figure 4.21).

Pb(terpy) 2+ units link to one another via DCA− bridges (N(1) and N(11)) form-

ing a 1-D chain. The connectivity is not via both cyanides, but rather via one cyanide

and an amide (i.e., Pb−N−C−−−N−Pb bonds). The remaining cyanide does not in-

teract with the lead(II). This cyanide, C−−−N(12) is roughly parallel with the terpy
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z -axis (Chapter 4 Figure 4.26). Pairs of chains link to one another through the long

Pb(1)-N(21) bridging cyanides of another DCA− unit (N(2)), forming a column of

Pb(terpy)[DCA]2. Each of these CN(21) cyanides bridge two lead(II) centres. Thus,

this DCA− unit bridges four lead(II) centres. These columns of Pb(terpy)[DCA]2

link to one another via hydrogen bonding from an interstitial water molecule to the

aforementioned terminal cyanide (CN(11)) of two different DCA− units N(1) (not

shown).

Crystals of Pb(terpy)[DCA]2 grow perpendicular to the b-axis, the x -axis of the

terpy (Figure 4.26). Unfortunately, crystals of Pb(terpy)[DCA]2 were too thick to

measure their birefringence, but polishing of the crystal faces should be attempted.

This structure offers an orientation that was previously not available in any of the

compounds in Chapter 4. For the first time, the crystal growth is not perpendicular

to the z -axis of the terpy, but rather to the x -axis of the terpy. While for terpy,

the birefringence is predicted to be lower than the birefringence perpendicular to the

z -axis, for the haloterpy ligands the birefringence should be larger perpendicular to

the x -axis. Future work should focus on synthesizing other lead(II):DCA− compounds

with the various terpy-based ligands from Chapter 4 and below. The birefringence

of these polymers should be measured and compared with one another as well as the

lead:Au(CN) –
2 polymers in Chapter 4. If necessary, crystals should be polished, so

that they are thin enough for birefringence measurements by optical microscopy. Man-

ganese analogues should also be explored; the Mn(terpy)[DCA]2 polymer is known,

but no optical properties have been reported. (312)

5.4.2 The chelating ligand

In the previous section it was proposed and demonstrated how new bridging ligands

could be utilized to form new birefringent materials. Based on the observations in

Chapter 4, other chelating ligands should also be examined. The birefringence of

Zn(phenpy)(H2O)[Au(CN)2]2 is larger than the birefringence of Pb(terpy)[Au(CN)2]2.

Further conjugation may increase the birefringence, and hopefully produce better

crystals than the three phenpy structures reported in Chapter 4. One such target
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Figure 5.12: Molecular structure of Dipyrido[4,3-b;5,6-b]acridine.
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Figure 5.13: Molecular structure of 5,5”-terpy.

ligand is Dipyrido[4,3-b;5,6-b]acridine, shown in Figure 5.12. (313,314)

The haloterpy ligands demonstrated that the C-X bond (X = Cl, Br) is highly

polarizable. However, the position of the halogen is not ideal. Due to the alignment

of the halogen-terpy bond, primarily perpendicular to the crystal growth direction in

the majority of the haloterpy-based compounds, the halogen only slightly enhanced

the birefringence, if at all. If the halogen were placed such that the arrangement

of the halogen-terpy bond(s) aligned more with the crystal growth directions than

perpendicular, the birefringence could be enhanced. One such potential haloterpy

ligand is shown in Figure 5.13. (315,316) The halogen units, substituted in the 5 and

5” vs. the 4’ position in the haloterpy-based compounds in Chapter 4, stick out to

the side, increasing the polarizability of the ligand in the x -direction (Chapter 4,

Figure 4.26). (249)
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Figure 5.14: Molecular structures of two thiophene-containing ligands.

Including different, more polarizable, heterocycles could also be beneficial. Het-

erocylces such as thiophene (with its polarizable sulfur-atom) should be explored.

Since thiophene is a poor Lewis-base, it would have to be tethered, or sandwiched

between other pyridine moieties. Some examples of known pyridine-thiophene ligands

are shown in Figure 5.14. Halogen atoms can be substituted onto the thiophene to

further increase the polarizability anisotropy of the ligand. (317,318)

For all of the above examples, (ligand)metal cyanoaurate and related coordina-

tion polymers should be prepared, structurally characterized and their birefringence

measured, with the goal of rationally forming more highly birefringent coordination

polymer materials.

5.5 Other properties

The role of lead(II) and its stereochemical lone pair as a component in birefringent

coordination polymers has been one of the primary questions in this thesis. Although

the structural impact of the lone pair is indisputable, it was difficult to ascertain the

degree to which the lone pair contributed to the observed birefringence. Investigating

the role of the lead(II) and its stereochemical lone pair with regards to other properties

may yield a more definitive answers to this issue.
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Figure 5.15: Molecular structures of three proposed ligands to be incorporated
with lead(II) and Au(CN) –

2 .

5.5.1 Vapochromism, porosity, and proton conductivity

With the exception of the Au(CN) –
2 unit, all of the ligands bound to lead(II) have

been chelating ligands. Despite the utility of bridging ligands for porosity applica-

tions, (133,319,320) this class of ligands, with the exception of Au(CN) –
2 , has received

no attention in this thesis. Lead(II) coordination polymers have been made with

bridging ligands such as halogens and 4,4’-bipyridine. However, no characterization

of materials properties have been reported. (192,193) It would be interesting to incor-

porate neutral bridging ligands such as 4-4’-bipyridine (34), 2,2’-bipyrimidine, (321) 3-

and 4-aminopyridine, (322,323) and 4-dimethylaminopyridine should be examined (Fig-

ure 5.15) with lead(II) and Au(CN) –
2 in order to examine the topology and associated

properties of these coordination polymers. Although N,N-dimethyl-substituted het-

erocycles tend to be redox-active, the use of lead(II) rather than a transition metal

greatly reduces the risk of unwanted redox behaviour. Due to the stereochemical

lone pair, and the range of coordination numbers possible for lead(II), (178,182,183) this

class of polymers would probably not resemble their transition metal-cation counter-

parts. (202)

If coordination polymers with these bridging ligands are successfully synthesized,
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the porosity and vapochromism of the resulting compounds should be investigated.

Considering that a stereochemically active lone pair on lead(II) is essentially a Lewis-

base, it would be interesting to investigate the vapochromism of these systems with

respect to Lewis-acids. This type of vapochromic material has not been previously ex-

plored to our knowledge. Indeed, in addition to synthesizing new polymers, the vapoc-

hromic properties of Pb(H2O)[Au(CN)2]2 and Pb[Au(CN)2]2 to Lewis-acids should

also be investigated. Lewis acids such as BX3, AlX3, and PCl5 could be tested. Sim-

ilarly, these polymers could also have applications in proton-conducting membranes,

using the stereochemically active lone pair as a binding site for protons. (324)

5.5.2 Ferroelectric coordination polymers

The initial rationale for investigating lead(II) coordination polymers was based on the

interesting piezoelectric and ferroelectric properties of lead(II)-containing compounds

such as PZT. Ferroelectric materials have a permanent dipole in the absence of an

electric field. The polarization of ferroelectric materials exhibits a hysteresis as a

function of electric field. Ferroelectric materials are often used to make tunable ca-

pacitors. (188) In order to be ferroelectric, the crystal structure of the resulting material

must be polar-non-centrosymmetric, and the spontaneous polarization of the crystal

must be switchable under application of an electric field. With the exception of α

and γ, all of the compounds in this thesis are centrosymmetric. Centrosymmetric

crystals can exhibit antiferroelectricity, which do not show a permanent dipole in the

absence of an applied electric field, but the polarization still exhibits a hysteresis as

a function of electric field. It would be interesting to measure the polarization of all

of the compounds in this thesis as a function of electric field. In particular, how do

the lead(II) systems, whose lone pair may be aligned with an external electric field,

compare with the manganese(II) systems which do not contain a lone pair? Further-

more, the lead(II) systems in this thesis have various degrees of lone pair activity.

These compounds could offer an interesting look at the role of the lone pair on the

polarization of a complex.
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5.6 Conclusion

A research project is ever evolving. While results tend to address the initial questions,

they can inadvertently yield new questions and ideas. This chapter demonstrates that

the latter can often be the case. The lead(II) results in Chapters 3 and 4 prompted

us to replace the lead(II) with thallium(I) and bismuth(III), not only to investigate

the structure and the birefringence, but also the role of the lone pair on the structure

and, in future, the solid-state NMR. Potential NMR trends were also demonstrated;

would other lead(II) compounds obey this trend? Will the proposed chelating ligands,

metal cations, and bridging ligands improve the birefringence? What will the role of

the lone pair be in materials properties which were not investigated in this thesis? All

these questions, and some that have yet to be asked, are the future of this research

project.

5.7 Experimental

5.7.1 General procedures

All manipulations were performed in air. All reagents were obtained from commercial

sources and used as received.

CAUTION: Although we have experienced no difficulties, perchlorate salts are

potentially explosive and should only be used in small quantities and handled with

care.

5.7.2 Synthesis of [Bi(phen)2(µ−OH)]2[Au(CN)2]4

To a 0.5 mL DMSO solution containing Bi(NO3)3 · 5 H2O (25 mg, 0.052 mmol) was

added a 1 mL DMSO solution of phen (20 mg, 0.10 mmol). To the resulting solution

was added a 1.5 mL solution of KAu(CN)2 (43 mg, 0.149 mmol). Slow evaporation

(months) resulted in the formation of white crystals of [Bi(phen)2(µ−OH)]2[Au(CN)2]4.

Yield: 22 mg (38%). Anal. Calcd. for C58H42N16Au4Bi2O4S1: C, 30.73%; H, 2.15%;

N, 9.56%. Found: C, 30.66%; H, 2.06%; N, 9.37%. IR (KBr, cm-1): 3432 (m, br),
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3064 (w), 3019 (w), 3031 (w), 3005 (w), 2990 (w), 2155 (w), 2148 (m), 2140 (m),

1621 (w), 1591 (w), 1511 (m), 1422 (s), 1346 (w), 1342 (w), 1222 (w), 1143 (m),

1098 (m), 1017 (w), 953 (w), 852 (m), 837 (s), 780 (m), 731 (s), 726 (m), 710 (m),

641 (w), 623 (m).

5.7.3 Synthesis of [Bi(terpy)(DMSO)2(µ−OH)]2[Au(CN)2]4

To a 0.5 mL DMSO solution containing Bi(NO3)3 · 5 H2O (24 mg, 0.049 mmol) was

added a 1 mL DMSO solution of terpy (11 mg, 0.047 mmol). To the resulting solution

was added a 1.5 mL solution of KAu(CN)2 (44 mg, 0.153 mmol). Slow evaporation

(months) resulted in the formation of yellow crystals of [Bi(terpy)(DMSO)2(µ−OH)]2-

[Au(CN)2]4. Yield: 12 mg (23%). Anal. Calcd. for C46H48N14Au4Bi2O6S4: C, 24.81%;

H, 2.17%; N, 8.81%. Found: C, 23.68%; H, 1.89%; N, 9.33%. IR (KBr,

cm-1): 3429 (m), 3111 (m), 3077 (m), 3013 (w), 2919 (m), 2161 (m), 2144 (w),

2135 (s), 2130 (m), 1595 (m), 1578 (m), 1571 (m), 1478 (m), 1445 (m), 1305 (m),

1289 (w), 1264 (w), 1242 (w), 1189 (w), 1160 (w), 1010 (s), 988 (s), 951 (m), 944 (m),

770 (s), 653 (w), 634 (m), 420 (m).

The elemental analysis indicates that the formula obtained from the crystal struc-

ture does not represent the formula of the bulk product obtained. This data further

emphasizes the difficulties associated with the synthesis of bismuth(III) coordination

polymers, especially in DMSO where slow evaporation (months) doesn’t produce a

pure bulk product.

5.7.4 Synthesis of Bi(phen)2[Au(CN)2](NO3)2

Bi(NO3)3 · 5 H2O (49 mg, 0.101 mmol) was dissolved in a 10 mL solution of water and

0.1 mL HNO3. To this colourless solution was added a 10 mL methanol solution of

phen (40 mg, 0.222 mmol). To the resulting colourless solution was added a 15 mL

solution (1:100 HNO3:water) of KAu(CN)2 (85 mg, 0.295 mmol). After 1 h the

solution became cloudy. Slow evaporation over several days produced a few mg of

large block shaped crystals of Bi(phen)2[Au(CN)2](NO3)2 and crystals of an unknown

M(II) complex, M(phen)2(H2O)[Au(CN)2]2. The unit cell of the M(II) complex is
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similar to a manganese(II)/zinc(II) crystal with the same formula. (89,325) The source

of the impurity is unknown.

The reaction is extremely sensitive to the ratio of the building blocks, concen-

trations, and pH. If these are varied slightly compounds such as Bi(phen)2(NO3)3,

(phenH)[Bi(phen)2(NO3)4], and a 1-D chain of (phenH){Bi(phen)(NO3)3[Au(CN)2]}
have been observed.

5.7.5 Synthesis of [Bi(terpy)(H2O)(µ−OH)]2[Au(CN)2]4

To a 10 mL aqueous solution of Bi(triflate)3 (65 mg, 0.099 mmol) was added a

10 mL methanol solution of terpy (23 mg, 0.099 mmol). To the resulting pale

yellow solution was added a 20 mL solution (50:50 water:methanol) of KAu(CN)2

(85 mg, 0.295 mmol). Crystals of [Bi(terpy)(H2O)(µ−OH)]2[Au(CN)2]4 began to

form after 1 h and were filtered after 2 h. Yield 78 mg (80%). Anal. Calcd. for

C38H28N14Au4Bi2O4 · (H2O)1.64: C, 23.05%; H, 1.59%; N, 9.90%. Found: C, 22.92%;

H, 1.72%; N, 9.59%. IR (KBr, cm−1): 3394 (m, br), 3113 (w), 3081 (w), 3042 (w),

2144 (s), 1593 (m), 1579 (m), 1573 (m), 1480 (m), 1449 (m), 1434 (m), 1310 (m),

1270 (w), 1258 (m), 1238 (w), 1198 (m), 1171 (w), 1160 (w), 1135 (w), 1012 (s),

831 (w), 772 (w), 730 (w), 650 (m), 640 (m).

5.7.6 Synthesis of Tl(phen)[Au(CN)2]

To a 10 mL aqueous solution of Tl(NO3) (27 mg, 0.101 mmol) was added a 10 mL

methanol solution of phen (19 mg, 0.095 mmol). To the resulting colourless so-

lution was added a 20 mL solution (50:50 water:methanol) of KAu(CN)2 (28 mg,

0.097 mmol). Long needle shaped crystals of Tl(phen)[Au(CN)2] formed in 1 h and

were filtered after 2 h. Yield 28 mg (47%). Anal. Calcd. for C14H8N4AuTl: C, 26.54%;

H, 1.27%; N, 8.84%. Found: C, 26.89%; H, 1.48%; N, 8.52%. IR (KBr, cm−1):

3081 (w), 3064 (w), 3053 (w), 2995 (w), 2142 (s), 2135 (s), 1511 (s), 1504 (s), 1492 (m),

1425 (s), 1407 (m), 1340 (m), 1221 (m), 1140 (m), 1094 (m), 1087 (M), 988 (w),

977 (w), 969 (w), 947 (w), 857 (w), 844 (s), 763 (m), 727 (s), 716 (s), 631 (m),

432 (m), 413 (s).
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5.7.7 Synthesis of Pb(terpy)[DCA]2

To a 10 mL aqueous solution of Pb(ClO4)2 · xH2O (42 mg, 0.091 mmol) was added

a 10 mL methanol solution of terpy (23 mg, 0.099 mmol). To the resulting so-

lution was added a 10 mL solution (50:50 water:methanol) of Na[DCA] (18 mg,

0.202 mmol). Slow evaporation yielded small needles of Pb(terpy)(ClO4)2 over sev-

eral days. The solution was decanted. Further slow evaporation yielded extremely

large crystals of Pb(terpy)[DCA]2 over 3 weeks Yield 32 mg (60%) Anal. Calcd. for

C19H11N9Pb ·H2O1.03: C, 38.60%; H, 2.22%; N, 21.32%. Found: C, 38.48%; H, 2.19%;

N, 21.25%. IR (KBr, cm−1): 3464 (m, br), 3100 (w), 3077 (w), 3060 (w), 3037(w),

2260 (m), 2233 (w), 2220 (w), 2206 (m), 2138 (s), 1578 (m), 1452 (m), 1431 (w),

1324 (m), 1276 (m), 1241 (m), 1193 (w), 1166 (w), 1005 (m), 922 (m), 829 (w),

768 (m), 736 (w), 650 (m), 629 (m), 532 (m).

5.7.8 Single crystal structure determinations

Structural information for all the crystals in this chapter are summarized in Ta-

ble 5.7, 5.8, and 5.9. More details about data collection, data processing, and struc-

tural refinement can be found in Chapter 2.
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Chapter 6

Global thoughts and conclusions

As stated in Chapter 1, one of the great features of coordination polymer research

is that the imagination is the only limit to the design of new chelating and bridg-

ing ligands. This point likely accounts for the majority of the coordination polymer

research published. Often, new ligands are utilized under the guise of rational de-

sign, when in fact the ligand is chosen simply because it generates new structures

for publication. These publications tend to probe limited or unrelated properties,

e.g., measuring the magnetism with limited interpretation, or worse, measuring the

solution-state luminescence with no regard to the nature of the polymer in solution

(i.e., monomers, dimers, and/or oligomers). This is not to say that good, novel, inter-

esting coordination polymer research is not done - the best papers (Science, Nature,

J. Am. Chem. Soc., Angew. Chemie, Chem. Commun.) generally attempt to target

particular properties in a rational way. Along these lines, the basis of this thesis

was rational design. With the knowledge governing the properties of previous com-

pounds, namely Cu(µ−OH2)2[Au(CN)2]2 and Cu(tmeda)[Hg(CN)2][HgCl4] in hand,

the rational design of new coordination polymers was laid out where the property of

interest, be it vapochromism or birefringence, was targeted for improvement. Several

detours were encountered along this journey each of which spawned new ideas for

future students to explore the rational design of coordination polymers.

The primary focus of this thesis was to incorporate closed shell zinc(II) and lead(II)

metal cations into Au(CN) –
2 containing coordination polymers. Relatively speaking,

241
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these colourless cations with flexible coordination spheres are neglected in coordina-

tion polymer research. While these cations brought with them their own challenges,

this thesis clearly demonstrated that they should not be counted out as a design ele-

ment for coordination polymer research. For example, zinc(II) was chosen to replace

copper(II) in the vapochromic system Cu(µ−OH2)2[Au(CN)2]2. This copper(II) poly-

mer was shown to be vapochromic, substituting the water molecule with various donor

solvents. One criterion for this type of vapochromic material was a metal cation which

could adopt several geometries such that it would easily structurally adapt to a poly-

mer with and without the analyte. Unfortunately, this polymer had some drawbacks:

Competitive binding with water, broad absorption bands, and non-reversibility for

strong donors such as ammonia.

To address some of these issues the geometrically flexible copper(II) was replaced

with the more geometrically flexible zinc(II). The polymer Zn[Au(CN)2]2 was previ-

ously reported, it does not crystallize with any water molecules, and it contains short

gold-gold interactions. Our rational design focused on utilizing gold-gold interaction

based emission as a sensory output, instead of broad d − d transitions. Thus, the

rational design of an improved Au(CN) –
2 containing vapochromic sensor was laid out.

Despite the formation of four polymorphs of Zn[Au(CN)2]2, an example of a (frus-

trating) hiccup of rational design, this system clearly out-performed its predecessor

as a reversible vapochromic sensor for ammonia. This is not to suggest that the cop-

per(II) system does not have its niche as a sensor. One interesting observation about

the zinc(II) system is the stability of the building blocks in a methanol solution; note

that the other first row transition metal/Au(CN) –
2 polymers precipitated immediately.

The solubility of the zinc(II) and Au(CN) –
2 salts in the low-boiling solvent methanol

implied that films of Zn[Au(CN)2]2 could be developed, as shown in Chapter 2. This

observation is one of the detours discovered in this project. Thus, one of the futures

for the rational design of vapochromic polymers is not necessarily in the synthesis

of new polymers but in the rational design of well-characterized films of materials

such as Zn[Au(CN)2]2. Considering that one of the rationales for studying coordina-

tion polymers is for their potential applications, and the fact that well-characterized

films are often key for the industrial utilization of these polymers, the investigation
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of Au(CN) –
2 coordination polymer thin films is crucial for their development.

As with zinc(II), lead(II) was not chosen at random. The key role of lead(II)

in many materials properties has been well established. Although the current re-

search focus of such materials is often to remove the lead(II) for less toxic metals,

our focus was to incorporate the lead(II) in order to examine its role as a metal node

in coordination polymers as well as its role as a highly polarizable cation in mate-

rials chemistry. The property being examined was birefringence, primarily due to

the birefringence observed for Cu(tmeda)[Hg(CN)2][HgCl4], which was attributed to

the anisotropic layered structure and the presence of the highly polarizable HgCl4

unit. The birefringence of the HgBr4 was significantly higher, indicating the im-

portance of highly polarizable units, such as lead(II). The first synthesized polymer,

Pb(H2O)[Au(CN)2]2, demonstrated that a polymer with a birefringence equivalent

to Cu(tmeda)[Hg(CN)2][HgCl4] could be made with lead(II). The orientation of the

stereochemical lone pair in this compound was such that the polarizability of the

lead(II) lone pair direction was increasing the birefringence (i.e., it pointed along the

slow axis). Based on the success of this polymer, the rational design of new coor-

dination polymers with larger birefringence values was targeted. However, in order

to achieve this task the type of lead(II)/Au(CN) –
2 polymers made with chelating lig-

ands needed to be understood. The first lesson about increasing the birefringence was

here: Bidentate chelating ligands do not seem to align well with a lead(II)/Au(CN) –
2

framework. This is due to the presence of two ligands/lead(II) and their relative ori-

entation (not face-to-face as desired for birefringence). With this knowledge in hand

the bidentate ligand was substituted with a tridentate terpy/terpy-based ligand. This

was clearly successful, in some cases increasing the birefringence by almost an order

of magnitude in comparison with Cu(tmeda)[Hg(CN)2][HgCl4]. This research once

again illustrated the importance of rational design in coordination polymer research.

Coordination polymers with targeted properties can be synthesized by forming a hy-

pothesis and testing the hypothesis governing the property of interest.

Although some remarkable lead(II)/Au(CN) –
2 polymers were made above, the

importance of the stereochemical lone pair could not be directly determined. The

observed birefringence was determined to be primarily due to the ligand. While in
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Pb(H2O)[Au(CN)2]2 the orientation of the lone pair was good, in the terpy-containing

systems it was isotropically distributed in the plane of the faster crystal growth di-

rections and thus did not increase or decrease the birefringence. When other ligands

were incorporated, too many factors changed at once to uniquely identify the effect

of the lone pair. As such, other materials properties (e.g., ferroelectricity) should be

investigated in order to determine the role of the stereochemical activity of the lone

pair. On a related note, the direct impact of the lead(II) on the birefringence was

negligible. While clearly influencing the structures, no obvious trend was observed

for the birefringence when manganese(II) replaced the lead(II) centre. The lead(II)

did have one additional physical impact. Of all the crystals grown in this thesis, the

lead(II) crystals were almost always larger than the other compounds reported, mak-

ing it easier to measure the birefringence of a sample. Thus, the lead(II) did play an

important kinetic role in crystal growth.

Interesting compounds containing a bismuth(III)-gold(I) interaction, and a poten-

tially highly birefringent thallium(I) coordination polymer were made on the route

to rationally designing birefringent coordination polymers. This thallium(I) poly-

mer demonstrated an alignment of the chelating ligand and Au(CN) –
2 which would

increase the measured birefringence, not decrease it as is likely the case in the terpy-

based systems (i.e., parallel ligand-Au(CN) –
2 , not perpendicular alignment). Another

interesting detour was 207Pb NMR spectroscopy, which demonstrated its ability to be

used as a tool for structural elucidation, and its ability to determine (at least in the

systems in Chapter 3) the activity of the stereochemical lone pair. The latter observa-

tion has most often been done by single crystal X-ray diffraction experiments, where

the activity was determined by the asymmetry in bond lengths. This NMR trend

has lead to a potential trend regarding the individual chemical shifts as a function of

bond length. The rational design of coordination polymers could be further utilized

to investigate the trend laid out in Chapter 5.

By delineating a hypothesis governing the properties being investigated and prob-

ing the design rules, new coordination polymers were synthesized and useful materials

were discovered. The reversibly ammonia-binding Zn[Au(CN)2]2 sensor material and
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the highly birefringent solids are a direct result of this targeted approach. Both sys-

tems have provided a wealth of new academic directions for fundamental research

as well as sparked industrial commercial interest. (94,95) It should therefore be clear

that rational design of coordination polymers is a powerful tool for the coordination

chemist’s skill set, and for the materials scientist as well.



Appendix A

A worked example: Determining

the birefringence of

Pb(H2O)[Au(CN)2]2

The theoretical and some of the practical details of measuring birefringence was pre-

sented in the introduction section of Chapter 4 (Page 126). However, the information

presented was insufficient for a scientist to easily measure the birefringence of a sam-

ple. Thus, a worked example of determining the birefringence of Pb(H2O)[Au(CN)2]2

is presented here.

The first, and likely most important step, is sample selection. An optically trans-

parent single crystal which shows extinction across the whole crystal evenly every

90 ◦ must be chosen. The crystal should be thin enough such that the retardation is

not larger than the capable retardation of the compensator. Determining if a crystal

is thin enough comes with experience. Obviously, if the crystal is very birefringent

the sample should be much thinner than a crystal that has a low birefringence. As a

guide, if a colourless crystal appears coloured between crossed polarizers (see below),

when not in an extinction position, then it is thin enough to be measured. Crystal

selection can be done on any microscope which has sufficient working room to easily

manipulate the crystals; in practise this usually means using a stereomicroscope with

polarizer filters. In this thesis a ausJENA microscope was used for sample selection.

246
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Figure A.1: A Berek Compensator.

With suitable crystals chosen and transferred to a glass slide (a statically charged

thin glass fibre is a good method of transferring a crystal) the process of determin-

ing the birefringence can begin. For Pb(H2O)[Au(CN)2]2 this was performed on an

Olympus BX60 microscope using a Berek compensator (Figure A.1). With the com-

pensator removed from the microscope housing (ensure that the compensator is not

tilted when removing it), the crystal should be centred on the specimen stage, and

the extinction position determined by rotating the specimen stage until the crystal

appears dark under crossed polarizers. Once the extinction position is determined the

position of the specimen stage can be set such that the stage will lock every n · 45 ◦

rotation. After setting the stage lock, the stage should be rotated 45 ◦ from the ex-

tinction position (without knowing the orientation of the indicatrix in advance, it is

not possible to determine the correct rotation direction).

Thus, at this point the crystal is centred and rotated 45 ◦ with respect to the

polarizer/analyzer. The compensator is now inserted into the microscope. Again,

ensure that the compensator is not tilted so that it is not damaged upon insertion.

The compensator can be tilted from 0 – 60 ◦. When it is untilted the compensator

is at 30 ◦ (Figure A.1). Thus, the compensator has a maximum 30 ◦ tilt in either

direction. A Berek (MgF2, ∆n = 0.006) and a thick Berek (calcite, ∆ = 0.172)

compensator are available at Simon Fraser University. The latter is used for crystals

that show large retardation (e.g., thin with a large birefringence, or thick crystals).

The Berek compensator is capable of compensating for a lag/retardation of 4λ while
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Figure A.2: Michel-Lévy interference chart showing the relationship between bire-
fringence, crystal thickness, and apparent colour between crossed polarizers.†

the thick Berek compensator is capable of compensating for a lag/retardation of 20λ.

The Berek compensator is more precise than the thick Berek compensator due to the

smaller change in retardation as a function of angle (Table A.1).

With the compensator inserted, a black cross on a white background, with a crystal

at the centre of the cross, will be observed. The compensator can now be tilted using

a dial on the side of the compensator housing (Figure A.1). Two observations can

be made upon tilting: (1) A rainbow will begin to wash over the crystal, with the

intensity of the colours becoming more vivid (Figure A.2, right to left), or (2) A

rainbow will begin to wash over the crystal, with the intensity of the colours getting

less vivid (rainbow colours disappear upon rotation, (Figure A.2, lef to right)). If the

latter happens, then the crystal needs to be rotated 90 ◦ (i.e., the slow axis of the

crystal is parallel with the slow axis of the compensator, see compensator orientation

Figure A.1). At some critical tilting angle the colour of the crystal through the centre

of the microscope will appear black, or dark blue for yellow crystals (Figure A.2 far

left). Further rotation will produce paler and paler rainbows (i.e., overcompensation

†Michel-Lévy interference chart downloaded April 30, 2009 from
http://www.olympusmicro.com/primer/techniques/polarized/michel.html
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of the birefringence, Figure A.2 left to right). This critical angle is the point at which

the birefringence is compensated.

In the paragraphs above, the apparent colour of the crystal was mentioned. The

colour can be used as a guide for adequate crystal thickness, and is crucial for deter-

mining the birefringence of a sample. The apparent colour of the crystal originates

from the different wavelengths recombining at the analyzer. Figure A.2 illustrates the

colour of a sample viewed between crossed polarizers as a function of retardation. The

larger the retardation the paler the colour. If the thickness of the sample is known,

then the birefringence can be determined by the intersection of the thickness lines

(ordinate), and the birefringence lines which originate at the lower left corner of the

figure. Obviously, this method is less accurate than measurement of the birefringence.

As the compensator is tilted, the retardation is changed. If the sample is oriented

correctly with respect to the compensator, then the observed retardation will decrease

and the observed colour of the crystal will shift toward lower retardation values (Fig-

ure A.2, right to left). The colour will become more vivid until the crystal is fully

compensated and the crystal becomes black. Further tilting will start to increase the

retardation (i.e., the colours will become less vivid).

With the compensator angle crudely determined, a green (546.1 nm) filter is used

to filter out all the other wavelengths. The critical angle of the compensator is fine

tuned, ensuring the intensity of light transmitted through the crystal is evenly ex-

tinguished. The critical angle can now be recorded by reading the major axis (10 ◦

increments, crude readout indicator in Figure A.1) and the minor axis (a Vernier scale

that ranges 10 ◦ in .05 ◦ increments, Figure A.1). For Pb(H2O)[Au(CN)2]2 the critical

angle was found to be 58.70 ◦ using a Berek compensator. The compensator is now

untilted (30 ◦) and the colour filter removed, and the process repeated a few times

to ensure reproducibility. For Pb(H2O)[Au(CN)2]2 two additional measurements of

58.50 and 58.70 ◦ were made to give an average of 58.63 ◦(θ1 Equation A.1). Now the

compensator is tilted in the other direction (< 30 ◦) until the crystal appears black

once more, in order to determine the critical angle when the compensator is tilted in

the opposite direction (θ2, Figure A.1). Ideally, theta1 and theta2 should be equally

tilted on either side of 30 ◦. For Pb(H2O)[Au(CN)2]2 three measurements with a
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Table A.1: Selected retardation values (nm) at 546.1 nm as a function of compen-
sator angle θ for SFU’s Berek compensator (left), and thick Berek compensator (right).
The highlighted values represent the retardation region for Pb(H2O)[Au(CN)2]2.

0.60 0.65 0.70 0.75 0.65 0.70 0.75

20 942.36 946.89 951.43 955.99 7140.37 7174.36 7208.42
21 1034.99 1039.73 1044.48 1049.24 7834.49 7869.98 7905.55
22 1131.79 1136.74 1141.69 1146.66 8558.58 8595.57 8692.62
23 1232.72 1237.87 1243.04 1248.21 9312.21 9350.69 9389.21
24 1337.75 1343.10 1348.47 1353.85 10095.00 10134.90 10174.86
25 1446.83 1452.39 1457.96 1463.54 10906.41 10947.72 10989.11
26 1559.92 1565.68 1571.45 1577.23 11745.96 11788.67 11831.44
27 1676.99 1682.95 1688.91 1694.89 12613.13 12657.20 12701.34
28 1797.97 1804.13 1810.29 1816.46 13507.35 13552.76 13598.24
29 1922.83 1929.17 1935.52 1941.88 14428.05 14474.77 14521.56
30 2051.49 2058.02 2064.56 2071.12 15374.61 15422.61 15470.67

green filter were made: 1.30, 1.30, and 1.25 ◦, to give an average of 1.28 ◦ (θ2). Using

Equation A.1 the critical angle (θ) required for Equation 4.5 can be determined. For

Pb(H2O)[Au(CN)2]2 the angle θ was determined to be 28.675 ◦.

θ =
|θ1 − θ2|

2
(A.1)

With the critical angle determined, the retardation can also be determined. Al-

though Equation 4.5 (Page 140) can be used, tables of retardation values as a func-

tion of colour filter and rotation angle are supplied by the manufacturer. See Ta-

ble A.1 for an excerpt from the table associated with our Berek compensator. For

Pb(H2O)[Au(CN)2]2 measured at 546.1 nm the critical angle of 28.675 ◦ corresponds

to a retardation of approximately 1807.21 nm (at 28.65 ◦ the retardation would be

1804.13 nm, at 28.70 ◦ the retardation would be 1810.29 nm, Table A.1).

As stated in the introduction section of Chapter 4, the relative magnitude of the

two in-plane refractive indices can be determined. The compensator housing has

a white double headed arrow labelled γ (Figure A.1). The γ axis direction is the

vibration direction in which the speed of light is slowest (higher refractive index).

As such, the orthogonal direction to γ must be the crystal’s slow axis. The in-plane

orientation of the indicatrix is now known.
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The only remaining unknown value is the crystal thickness. This can be deter-

mined by SEM or optical microscopy. In order to measure the thickness by SEM

the crystal must be attached to an SEM sample holder such that the thin direction

is parallel to the SEM sample holder. This can be accomplished by transferring the

crystal with a glass fibre onto a SEM sample holder covered with silver paste or carbon

adhesive tabs. Alternatively, the thickness can be determined by optical microscopy:

The crystal can be glued to a glass pin, and then easily rotated such that the thin

edge is perpendicular to the optical axis of the microscope. This measurement can

also accomplished using a calibrated microscope mounted on an X-ray diffractometer.

The advantage to doing the measurement on an X-ray diffractometer is that the crys-

tallographic axes that define the shape of the crystal can be determined at the same

time. The thickness of Pb(H2O)[Au(CN)2]2, and the crystallographic axes that define

the shape of the crystal in Figure 4.8 were determined by use of a calibrated optical

microscope mounted on an X-ray diffractometer. The thickness was determined to be

0.026 mm. The birefringence is thus:

∆n =
Retardation

thickness
=

1807.21 nm

0.026 mm
· 1 mm

106 nm
= 0.0695 ≈ 0.070

The major source of error is in the thickness of the crystal. The percent error in

the thickness for the Pb(H2O)[Au(CN)2]2 crystal is 7.7 % (0.002 mm), while the error

in the retardation is approximately 0.5 % (10 nm).
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Fractional atomic coordinates and

isotropic thermal parameters

B.1 Fractional atomic coordinates and isotropic

thermal parameters for Zn(NH3) x[Au(CN)2]2

coordination polymers

Table B.1: Fractional atomic coordinates and isotropic

thermal parameters (U(iso) in Å2) for β – Zn[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 1.2500 0.7500 0.0000 0.0665 1.0000 Uani

Au(2) 0.82236(6) 0.32630(4) 0.21272(4) 0.0500 1.0000 Uani

Au(3) 0.5000 0.61116(7) −0.2500 0.0615 1.0000 Uani

Zn(1) 0.79606(18) 0.60455(10) 0.08296(11) 0.0445 1.0000 Uani

N(11) 0.9847(15) 0.6531(10) 0.0584(10) 0.0689 1.0000 Uani

N(21) 0.8296(14) 0.4953(9) 0.1261(10) 0.0566 1.0000 Uani

Continued on Next Page . . .
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Table B.1 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

N(22) 0.7230(15) 0.6727(8) 0.1754(10) 0.0609 1.0000 Uani

N(31) 0.6518(16) 0.6051(9) −0.0381(10) 0.0644 1.0000 Uani

C(11) 1.0790(18) 0.6895(11) 0.0342(11) 0.0633 1.0000 Uani

C(21) 0.8335(16) 0.4331(9) 0.1561(11) 0.0484 1.0000 Uani

C(22) 0.7027(19) 0.7260(12) 0.2209(12) 0.0628 1.0000 Uani

C(31) 0.5949(16) 0.6078(11) −0.1133(11) 0.0616 1.0000 Uani

Table B.2: Fractional atomic coordinates and isotropic

thermal parameters (U(iso) in Å2) for γ – Zn[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.1704 0.3296 0.5000 0.0500 1.0000 Uisoa

Zn(1) 0.0000 0.0000 0.0000 0.0500 1.0000 Uisoa

N(11) 0.0582b 0.2164b 0.1499b 0.0500 1.0000 Uisoa

C(11) 0.1034b 0.2625b 0.2771b 0.0500 1.0000 Uisoa

a Atomic temperature factors not refined
b Atomic positions were refined based on idealized positions from α, β, and δ
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Table B.3: Fractional atomic coordinates and isotropic

thermal parameters (U(iso) in Å2) for δ – Zn[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.0000 1.0000 0.5000 0.0318 1.0000 Uani

Au(2) 0.2500 1.2500 0.0000 0.0302 1.0000 Uani

Au(3) 0.58054(4) 0.80884(4) 0.50885(3) 0.0330 1.0000 Uani

Zn(1) 0.26908(12) 0.96395(12) 0.25569(7) 0.0281 1.0000 Uani

N(11) 0.1386(10) 1.0023(10) 0.3351(7) 0.0375 1.0000 Uani

N(21) 0.2841(11) 1.0988(10) 0.1721(6) 0.0366 1.0000 Uani

N(31) 0.4306(10) 0.9180(11) 0.3372(6) 0.0391 1.0000 Uani

N(32) 0.2022(11) 0.8199(10) 0.1795(6) 0.0381 1.0000 Uani

C(11) 0.0858(12) 1.0033(11) 0.3944(7) 0.0331 1.0000 Uani

C(21) 0.2740(11) 1.1568(11) 0.1104(7) 0.0312 1.0000 Uani

C(31) 0.4922(11) 0.8808(12) 0.3975(7) 0.0338 1.0000 Uani

C(32) 0.1619(11) 0.7670(11) 0.1191(7) 0.0307 1.0000 Uani
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Table B.4: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

{Zn(NH3)2[Au(CN)2]2}

Atom x y z
U(iso)

Occ Type
(Å2)

Zn(1) 0.000 0.000 0.000 0.0500 1.0000 Uisoa

Au(1) 0.36110 0.13771 0.250 0.0500 1.0000 Uisoa

N(1)b,c −0.00437 0.27366 0.000 0.0500 1.0000 Uisoa

N(11)b −0.19966 −0.00134 0.09660 0.0500 1.0000 Uisoa

C(11)b −0.25542 0.03905 0.15240 0.0500 1.0000 Uisoa

a Atomic temperature factors not refined
bAtomic positions of the cyanides were refined based on idealized positions from α,

β, and δ. Fractional atomic coordinates of the ammonia were not refined from

{Cd(NH3)2[Ag(CN)2]2} (158)

c No hydrogen atoms were placed on the ammonia nitrogen

Table B.5: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Zn(DMSO)2[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 2.10663(5) 0.78728(3) 0.66625(2) 0.0405 1.0000 Uani

Au(2) 1.97927(5) 0.98541(3) 0.23055(2) 0.0444 1.0000 Uani

Zn(1) 1.63548(13) 0.74399(8) 0.40261(5) 0.0276 1.0000 Uani

S(1) 1.3400(3) 0.92497(19) 0.38442(14) 0.0392 1.0000 Uani

S(2) 1.4014(3) 0.66469(19) 0.53399(14) 0.0386 1.0000 Uani

O(1) 1.4898(9) 0.8707(5) 0.4379(4) 0.0390 1.0000 Uani

Continued on Next Page . . .
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Table B.5 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

O(2) 1.5259(9) 0.6386(5) 0.4749(4) 0.0429 1.0000 Uani

N(1) 1.8198(10) 0.7738(6) 0.5121(4) 0.0391 1.0000 Uani

N(2) 2.4262(11) 0.7892(6) 0.8037(4) 0.0416 1.0000 Uani

N(3) 1.7592(12) 0.8520(7) 0.3316(5) 0.0488 1.0000 Uani

N(4) 2.2114(10) 1.1261(6) 0.1381(5) 0.0403 1.0000 Uani

C(1) 1.9216(12) 0.7785(7) 0.5701(5) 0.0391 1.0000 Uani

C(2) 2.3077(13) 0.7924(7) 0.7558(5) 0.0384 1.0000 Uani

C(3) 1.8354(13) 0.9002(9) 0.2938(6) 0.0475 1.0000 Uani

C(4) 2.1243(12) 1.0752(8) 0.1712(5) 0.0404 1.0000 Uani

C(5) 1.1953(14) 0.9591(9) 0.4545(7) 0.0587 1.0000 Uani

C(6) 1.4161(15) 1.0523(8) 0.3670(6) 0.0513 1.0000 Uani

C(7) 1.2193(14) 0.5867(10) 0.5006(7) 0.0599 1.0000 Uani

C(8) 1.4842(16) 0.5976(9) 0.6255(6) 0.0555 1.0000 Uani

H(51) 1.1416 0.8978 0.4706 0.08(2) 1.0000 Uiso

H(52) 1.2577 0.9920 0.5016 0.08(2) 1.0000 Uiso

H(53) 1.1095 1.0054 0.4282 0.08(2) 1.0000 Uiso

H(61) 1.4974 1.0485 0.3299 0.06(2) 1.0000 Uiso

H(62) 1.4699 1.0814 0.4176 0.06(2) 1.0000 Uiso

H(63) 1.3217 1.0949 0.3441 0.06(2) 1.0000 Uiso

H(71) 1.1597 0.6138 0.4504 0.10(3) 1.0000 Uiso

H(72) 1.1448 0.5873 0.5410 0.10(3) 1.0000 Uiso

H(73) 1.2548 0.5173 0.4923 0.10(3) 1.0000 Uiso

H(81) 1.5860 0.6317 0.6511 0.09(3) 1.0000 Uiso

H(82) 1.4007 0.5978 0.6616 0.09(3) 1.0000 Uiso

H(83) 1.5107 0.5278 0.6129 0.09(3) 1.0000 Uiso
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B.2 Fractional atomic coordinates and isotropic

thermal parameters for Pb(Lig)x[Au(CN)2]2

coordination polymers

Table B.6: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(H2O)[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.22317(18) 0.5000 0.32906(9) 0.0215 0.964(3) Uani

Au(1) 0.4205(3) 1.0000 0.22252(13) 0.0336 0.964(3) Uani

Au(2) 0.2486(4) 1.0000 0.47576(13) 0.0333 0.964(3) Uani

Pb(11) 0.277(5) 0.5000 0.169(2) 0.0215 0.036(3) Uani

Au(11) 0.535(8) 1.0000 0.233(3) 0.0336 0.036(3) Uani

Au(12) 0.252(13) 1.0000 0.509(4) 0.0333 0.036(3) Uani

N(1) 0.417(4) 0.6825(17) 0.2290(17) 0.0408 1.0000 Uani

N(2) 0.251(3) 0.6801(17) 0.4784(17) 0.0337 1.0000 Uani

C(1) 0.423(4) 0.798(2) 0.2223(19) 0.0370 1.0000 Uani

C(2) 0.254(4) 0.799(2) 0.4789(18) 0.0387 1.0000 Uani

O(1) 0.586(3) 0.500000(10) 0.3735(18) 0.0328 1.0000 Uani

H(11) 0.6376 0.4426 0.4194 0.0400 0.5000 Uiso

H(12) 0.6108 0.5843 0.3972 0.0400 0.5000 Uiso
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Table B.7: Fractional atomic coordinates and isotropic

thermal parameters (U(iso) in Å2) for Pb[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.00 0.00 0.25 0.0500 1.0000 Uisoa

Au(1) 0.80 0.30 0.00 0.0500 1.0000 Uisoa

N(1)b 0.80 0.30 0.105 0.0500 1.0000 Uisoa

C(1)b 0.80 0.30 0.165 0.0500 1.0000 Uisoa

a Atomic temperature factors not refined
b Atomic positions were refined based on idealized positions from Pb(H2O)[Au(CN)2]2

Table B.8: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(phen)2[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.6250 0.1250 0.1250 0.0306 1.0000 Uani

Au(1) 0.8750 0.3750 0.143078(16) 0.0439 1.0000 Uani

N(1) 0.8460(19) 0.2266(6) 0.1458(3) 0.0553 1.0000 Uani

N(2) 0.4558(15) 0.0915(5) 0.0604(3) 0.0360 1.0000 Uani

C(1) 0.864(2) 0.2812(9) 0.1436(3) 0.0541 1.0000 Uani

C(2) 0.288(2) 0.0593(8) 0.0599(4) 0.0566 1.0000 Uani

C(3) 0.201(2) 0.0387(10) 0.0274(4) 0.0736 1.0000 Uani

C(4) 0.282(2) 0.0540(10) −0.0045(4) 0.0622 1.0000 Uani

C(5) 0.450(2) 0.0917(9) −0.0057(3) 0.0487 1.0000 Uani

C(6) 0.5340(17) 0.1081(6) 0.0282(3) 0.0368 1.0000 Uani

C(7) 0.542(2) 0.1089(8) −0.0392(3) 0.0567 1.0000 Uani

Continued on Next Page . . .
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Table B.8 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(21) 0.2300 0.0495 0.0822 0.06(2) 1.0000 Uiso

H(31) 0.0859 0.0160 0.0280 0.06(2) 1.0000 Uiso

H(41) 0.2211 0.0427 −0.0264 0.06(2) 1.0000 Uiso

H(71) 0.4903 0.0948 −0.0613 0.06(2) 1.0000 Uiso

Table B.9: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(bipy)2[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.2500 1.62299(8) 1.2500 0.0385 1.0000 Uani

Au(1) 0.65276(5) 1.91388(6) 1.02719(4) 0.0517 1.0000 Uani

N(1) 0.8194(11) 2.1201(14) 0.8992(10) 0.0680 1.0000 Uani

N(2) 0.4837(12) 1.7133(15) 1.1569(9) 0.0698 1.0000 Uani

N(3) 0.0986(9) 1.3922(11) 1.2334(7) 0.0474 1.0000 Uani

N(4) 0.2117(9) 1.5007(11) 1.0713(7) 0.0416 1.0000 Uani

C(1) 0.7584(13) 2.0438(16) 0.9456(10) 0.0551 1.0000 Uani

C(2) 0.5464(14) 1.7861(17) 1.1103(10) 0.0543 1.0000 Uani

C(3) 0.0429(12) 1.3392(16) 1.3163(10) 0.0523 1.0000 Uani

C(4) −0.0285(13) 1.2104(16) 1.3132(11) 0.0613 1.0000 Uani

C(5) −0.0499(15) 1.1289(16) 1.2252(12) 0.0724 1.0000 Uani

C(6) 0.0015(12) 1.1866(15) 1.1400(11) 0.0584 1.0000 Uani

C(7) 0.0749(10) 1.3182(14) 1.1448(9) 0.0422 1.0000 Uani

C(8) 0.1303(11) 1.3863(15) 1.0561(8) 0.0449 1.0000 Uani

C(9) 0.0965(11) 1.3339(15) 0.9595(9) 0.0496 1.0000 Uani

Continued on Next Page . . .
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Table B.9 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(10) 0.1478(13) 1.4007(15) 0.8797(11) 0.0600 1.0000 Uani

C(11) 0.2343(12) 1.5151(17) 0.8935(9) 0.0567 1.0000 Uani

C(12) 0.2605(12) 1.5619(16) 0.9910(9) 0.0535 1.0000 Uani

H(31) 0.0554 1.3924 1.3778 0.076(17) 1.0000 Uiso

H(41) −0.0671 1.1808 1.3732 0.084(17) 1.0000 Uiso

H(51) −0.0957 1.0368 1.2260 0.107(17) 1.0000 Uiso

H(61) −0.0118 1.1360 1.0776 0.080(17) 1.0000 Uiso

H(91) 0.0390 1.2519 0.9503 0.075(17) 1.0000 Uiso

H(101) 0.1223 1.3681 0.8139 0.089(17) 1.0000 Uiso

H(111) 0.2756 1.5592 0.8388 0.083(17) 1.0000 Uiso

H(121) 0.3151 1.6461 1.0022 0.077(17) 1.0000 Uiso

Table B.10: Fractional atomic coordinates and isotropic

thermal parameters (U(iso) in Å2) for Pb(en)[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.32998(3) 0.66553(3) 0.19326(3) 0.0229 1.0000 Uani

Au(1) −0.01193(4) 0.85162(3) −0.29377(3) 0.0276 1.0000 Uani

Au(2) 0.94989(4) 0.58144(3) 0.59541(3) 0.0287 1.0000 Uani

N(1) 0.1723(9) 0.7572(8) −0.0188(8) 0.0362 1.0000 Uani

N(2) −0.2125(9) 0.9535(8) −0.5651(8) 0.0357 1.0000 Uani

N(3) 0.5989(11) 0.5883(8) 0.3877(8) 0.0417 1.0000 Uani

N(4) 1.3030(10) 0.5833(7) 0.8008(8) 0.0383 1.0000 Uani

N(5) 0.4609(8) 0.6116(7) 0.0904(7) 0.0300 1.0000 Uani

N(6) 0.5072(10) 0.8201(7) 0.2187(8) 0.0394 1.0000 Uani

Continued on Next Page . . .
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Table B.10 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(1) 0.1039(10) 0.7900(8) −0.1192(9) 0.0290 1.0000 Uani

C(2) −0.1333(11) 0.9152(8) −0.4667(10) 0.0308 1.0000 Uani

C(3) 0.7269(12) 0.5840(9) 0.4649(9) 0.0373 1.0000 Uani

C(4) 1.1743(11) 0.5803(7) 0.7249(9) 0.0289 1.0000 Uani

C(50) 0.5380(15) 0.7049(12) 0.0680(13) 0.027(3) 0.6910 Uiso

C(51) 0.595(3) 0.700(3) 0.125(3) 0.026(6) 0.3090 Uiso

C(60) 0.6240(14) 0.7799(12) 0.1872(12) 0.028(3) 0.6910 Uiso

C(61) 0.544(4) 0.818(3) 0.122(3) 0.031(6) 0.3090 Uiso

H(51) 0.5231 0.5563 0.1369 0.019(16) 0.6910 Uiso

H(52) 0.4069 0.5790 0.0145 0.019(16) 0.6910 Uiso

H(53) 0.4118 0.6135 0.0046 0.019(16) 0.3090 Uiso

H(54) 0.4914 0.5362 0.1139 0.019(16) 0.3090 Uiso

H(61) 0.5365 0.8453 0.3020 0.032(16) 0.6910 Uiso

H(62) 0.4676 0.8820 0.1659 0.032(16) 0.6910 Uiso

H(63) 0.4685 0.8924 0.2239 0.032(16) 0.3090 Uiso

H(64) 0.5818 0.8071 0.2914 0.032(16) 0.3090 Uiso

H(501) 0.4734 0.7567 0.0136 0.024(16) 0.6910 Uiso

H(502) 0.5995 0.6766 0.0268 0.024(16) 0.6910 Uiso

H(511) 0.6369 0.6924 0.0612 0.019(16) 0.3090 Uiso

H(512) 0.6603 0.6802 0.2044 0.019(16) 0.3090 Uiso

H(601) 0.6764 0.8408 0.1677 0.024(16) 0.6910 Uiso

H(602) 0.6832 0.7318 0.2510 0.024(16) 0.6910 Uiso

H(611) 0.6173 0.8719 0.1306 0.024(16) 0.3090 Uiso

H(612) 0.4695 0.8357 0.0480 0.024(16) 0.3090 Uiso
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B.3 Fractional atomic coordinates and isotropic

thermal parameters for M(terpy)[M ’(CN)2]2

coordination polymers

Table B.11: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(terpy)[Au(CN)2]2 · (H2O)0.078

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.5000 0.19353(4) −0.2500 0.0326 1.0000 Uani

Au(1) 0.0000 0.13885(4) −0.2500 0.0434 1.0000 Uani

Au(2) 0.5000 0.5000 0.0000 0.0722 1.0000 Uani

O(1) −0.232(13) 0.266(8) −0.497(15) 0.0654 0.078(13) Uiso

N(1) 0.2767(9) 0.1506(7) −0.2462(10) 0.0598 1.0000 Uani

N(2) 0.4471(12) 0.3235(10) −0.0929(11) 0.0890 1.0000 Uani

N(3) 0.3995(8) 0.1298(6) −0.4479(8) 0.0416 1.0000 Uani

N(4) 0.5000 0.0405(8) −0.2500 0.0375 1.0000 Uani

C(1) 0.1730(10) 0.1450(8) −0.2488(11) 0.0475 1.0000 Uani

C(2) 0.4686(14) 0.3906(11) −0.0583(13) 0.0711 1.0000 Uani

C(3) 0.3461(9) 0.1762(7) −0.5388(10) 0.0460 1.0000 Uani

C(4) 0.2691(11) 0.1462(9) −0.6387(11) 0.0558 1.0000 Uani

C(5) 0.2401(12) 0.0639(9) −0.6421(12) 0.0627 1.0000 Uani

C(6) 0.2940(11) 0.0146(8) −0.5513(11) 0.0549 1.0000 Uani

C(7) 0.3748(9) 0.0492(8) −0.4506(9) 0.0394 1.0000 Uani

C(8) 0.4375(9) −0.0018(8) −0.3466(10) 0.0422 1.0000 Uani

C(9) 0.4371(11) −0.0863(8) −0.3460(13) 0.0552 1.0000 Uani

C(10) 0.500000(7) −0.1286(10) −0.250000(7) 0.0547 1.0000 Uani

H(11) −0.3082 0.2544 −0.4740 0.0700 0.078(13) Uiso

Continued on Next Page . . .
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Table B.11 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(12) −0.2016 0.2143 −0.5244 0.0700 0.078(13) Uiso

H(31) 0.3633 0.2320 −0.5335 0.040(14) 1.0000 Uiso

H(41) 0.2359 0.1802 −0.7023 0.050(14) 1.0000 Uiso

H(51) 0.1853 0.0415 −0.7088 0.061(14) 1.0000 Uiso

H(61) 0.2759 −0.0411 −0.5540 0.052(14) 1.0000 Uiso

H(91) 0.3932 −0.1148 −0.4123 0.053(14) 1.0000 Uiso

H(101) 0.5000 −0.1856 −0.2500 0.059(14) 1.0000 Uiso

Table B.12: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(terpy)[Ag(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 1.0000 0.19348(4) 0.2500 0.0384 1.0000 Uani

Ag(1) 0.5000 0.13899(8) 0.2500 0.0675 1.0000 Uani

Ag(2) 1.0000 0.5000 0.5000 0.0924 1.0000 Uani

N(1) 0.7806(7) 0.1521(5) 0.2585(8) 0.0614 1.0000 Uani

N(2) 0.9433(11) 0.3204(8) 0.4110(10) 0.0967 1.0000 Uani

N(3) 0.8993(7) 0.1291(5) 0.0535(7) 0.0468 1.0000 Uani

N(4) 1.0000 0.0401(6) 0.2500 0.0412 1.0000 Uani

C(1) 0.6818(9) 0.1448(6) 0.2545(10) 0.0558 1.0000 Uani

C(2) 0.9608(13) 0.3859(10) 0.4418(13) 0.0946 1.0000 Uani

C(3) 0.8464(9) 0.1744(7) −0.0385(9) 0.0560 1.0000 Uani

C(4) 0.7647(10) 0.1430(8) −0.1397(10) 0.0674 1.0000 Uani

C(5) 0.7402(10) 0.0627(9) −0.1434(11) 0.0723 1.0000 Uani

Continued on Next Page . . .
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Table B.12 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(6) 0.7924(10) 0.0144(7) −0.0506(11) 0.0656 1.0000 Uani

C(7) 0.8732(8) 0.0487(7) 0.0506(9) 0.0492 1.0000 Uani

C(8) 0.9390(8) 0.0000(6) 0.1533(9) 0.0480 1.0000 Uani

C(9) 0.9371(9) −0.0834(7) 0.1529(10) 0.0622 1.0000 Uani

C(10) 1.000000(7) −0.1256(10) 0.250000(7) 0.0694 1.0000 Uani

H(31) 0.8649 0.2297 −0.0346 0.071(16) 1.0000 Uiso

H(41) 0.7281 0.1766 −0.2029 0.077(16) 1.0000 Uiso

H(51) 0.6868 0.0400 −0.2101 0.081(16) 1.0000 Uiso

H(61) 0.7765 −0.0413 −0.0533 0.069(16) 1.0000 Uiso

H(91) 0.8931 −0.1115 0.0863 0.079(16) 1.0000 Uiso

H(101) 1.0000 −0.1823 0.2500 0.078(16) 1.0000 Uiso

Table B.13: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Hg(terpy)2[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Hg(1) 0.00592(17) 0.69492(9) 0.78203(7) 0.0653 1.0000 Uani

Au(1) 0.3894(2) 0.12104(11) 0.75067(9) 0.0865 1.0000 Uani

Au(2) 0.4061(2) 0.37074(12) 0.68619(9) 0.0867 1.0000 Uani

N(1) 0.155(6) 0.090(4) 0.894(3) 0.163(16) 1.0000 Uiso

N(2) 0.630(4) 0.120(2) 0.6087(19) 0.101(9) 1.0000 Uiso

N(3) 0.192(4) 0.263(3) 0.539(2) 0.107(10) 1.0000 Uiso

N(4) 0.628(5) 0.496(3) 0.833(2) 0.126(12) 1.0000 Uiso

N(5) −0.082(3) 0.5511(17) 0.6792(13) 0.059(6) 1.0000 Uiso
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Table B.13 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

N(6) 0.064(3) 0.5443(17) 0.8362(12) 0.054(6) 1.0000 Uiso

N(7) 0.117(3) 0.7328(19) 0.9261(14) 0.070(7) 1.0000 Uiso

N(8) −0.193(3) 0.7854(19) 0.8179(14) 0.066(6) 1.0000 Uiso

N(9) 0.024(3) 0.8467(16) 0.7037(11) 0.048(5) 1.0000 Uiso

N(10) 0.254(3) 0.729(2) 0.7028(14) 0.070(7) 1.0000 Uiso

C(1) 0.235(6) 0.106(4) 0.835(3) 0.127(15) 1.0000 Uiso

C(2) 0.549(4) 0.124(3) 0.663(2) 0.079(9) 1.0000 Uiso

C(3) 0.272(5) 0.303(3) 0.593(2) 0.083(10) 1.0000 Uiso

C(4) 0.544(5) 0.447(3) 0.779(2) 0.105(12) 1.0000 Uiso

C(5) −0.140(4) 0.556(3) 0.605(2) 0.088(10) 1.0000 Uiso

C(6) −0.206(5) 0.465(3) 0.548(2) 0.101(12) 1.0000 Uiso

C(7) −0.177(5) 0.371(3) 0.575(2) 0.103(12) 1.0000 Uiso

C(8) −0.108(4) 0.362(3) 0.647(2) 0.087(10) 1.0000 Uiso

C(9) −0.052(4) 0.456(2) 0.7023(17) 0.064(8) 1.0000 Uiso

C(10) 0.036(4) 0.452(2) 0.7892(16) 0.061(8) 1.0000 Uiso

C(11) 0.073(4) 0.358(3) 0.814(2) 0.086(10) 1.0000 Uiso

C(12) 0.157(5) 0.367(3) 0.894(2) 0.117(13) 1.0000 Uiso

C(13) 0.194(5) 0.462(3) 0.942(2) 0.092(11) 1.0000 Uiso

C(14) 0.145(4) 0.553(2) 0.9135(17) 0.063(8) 1.0000 Uiso

C(15) 0.174(4) 0.655(2) 0.9609(16) 0.058(7) 1.0000 Uiso

C(16) 0.246(5) 0.678(3) 1.042(2) 0.105(12) 1.0000 Uiso

C(17) 0.254(5) 0.779(3) 1.082(3) 0.117(14) 1.0000 Uiso

C(18) 0.207(5) 0.854(3) 1.047(2) 0.097(11) 1.0000 Uiso

C(19) 0.137(5) 0.833(3) 0.967(2) 0.098(11) 1.0000 Uiso

C(20) −0.301(4) 0.753(3) 0.878(2) 0.088(10) 1.0000 Uiso

C(21) −0.424(5) 0.808(3) 0.899(2) 0.096(11) 1.0000 Uiso

Continued on Next Page . . .



Appendix B. Fractional atomic coordinates and isotropic thermal parameters 266

Table B.13 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(22) −0.434(4) 0.891(3) 0.852(2) 0.083(10) 1.0000 Uiso

C(23) −0.326(4) 0.926(3) 0.791(2) 0.082(10) 1.0000 Uiso

C(24) −0.208(4) 0.870(2) 0.7759(17) 0.062(7) 1.0000 Uiso

C(25) −0.085(4) 0.903(2) 0.7133(16) 0.061(7) 1.0000 Uiso

C(26) −0.087(5) 0.992(3) 0.661(2) 0.103(12) 1.0000 Uiso

C(27) 0.038(4) 1.014(3) 0.607(2) 0.086(10) 1.0000 Uiso

C(28) 0.156(5) 0.957(3) 0.601(2) 0.087(10) 1.0000 Uiso

C(29) 0.152(4) 0.872(2) 0.6515(17) 0.060(7) 1.0000 Uiso

C(30) 0.278(4) 0.806(2) 0.6502(17) 0.063(8) 1.0000 Uiso

C(31) 0.409(4) 0.823(3) 0.598(2) 0.084(10) 1.0000 Uiso

C(32) 0.511(5) 0.756(3) 0.603(2) 0.088(10) 1.0000 Uiso

C(33) 0.490(5) 0.677(3) 0.655(2) 0.093(11) 1.0000 Uiso

C(34) 0.365(4) 0.667(3) 0.7065(19) 0.075(9) 1.0000 Uiso

H(51) −0.1446 0.6234 0.5882 0.13(3) 1.0000 Uiso

H(61) −0.2626 0.4686 0.4968 0.14(3) 1.0000 Uiso

H(71) −0.2022 0.3112 0.5369 0.15(3) 1.0000 Uiso

H(81) −0.1026 0.2946 0.6652 0.13(3) 1.0000 Uiso

H(111) 0.0482 0.2940 0.7799 0.12(3) 1.0000 Uiso

H(121) 0.1837 0.3061 0.9144 0.16(3) 1.0000 Uiso

H(131) 0.2546 0.4679 0.9931 0.14(3) 1.0000 Uiso

H(161) 0.2873 0.6256 1.0684 0.15(3) 1.0000 Uiso

H(171) 0.3009 0.7929 1.1372 0.17(3) 1.0000 Uiso

H(181) 0.2169 0.9204 1.0761 0.15(3) 1.0000 Uiso

H(191) 0.1020 0.8857 0.9392 0.14(3) 1.0000 Uiso

H(201) −0.2915 0.6933 0.9070 0.13(3) 1.0000 Uiso

H(211) −0.4948 0.7871 0.9414 0.14(3) 1.0000 Uiso
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Table B.13 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(221) −0.5166 0.9267 0.8623 0.12(3) 1.0000 Uiso

H(231) −0.3344 0.9840 0.7603 0.12(3) 1.0000 Uiso

H(261) −0.1674 1.0308 0.6625 0.15(3) 1.0000 Uiso

H(271) 0.0447 1.0726 0.5744 0.13(3) 1.0000 Uiso

H(281) 0.2365 0.9740 0.5619 0.13(3) 1.0000 Uiso

H(311) 0.4244 0.8787 0.5612 0.12(3) 1.0000 Uiso

H(321) 0.5998 0.7664 0.5691 0.13(3) 1.0000 Uiso

H(331) 0.5586 0.6297 0.6542 0.14(3) 1.0000 Uiso

H(341) 0.3544 0.6159 0.7473 0.12(3) 1.0000 Uiso

Table B.14: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Mn(terpy)[Au(CN)2]2 · (H2O)0.5

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.34439(8) 0.40711(5) 0.68695(7) 0.0559 1.0000 Uani

Au(2) 0.86641(8) 0.68912(5) 0.56936(7) 0.0586 1.0000 Uani

Mn(1) 0.8428(3) 0.40133(15) 0.6824(2) 0.0456 1.0000 Uani

O(1) 0.395(3) 0.488(2) 0.956(3) 0.138(14) 0.5000 Uiso

N(1) 0.6299(17) 0.4078(9) 0.6621(13) 0.068(5) 1.0000 Uiso

N(2) 0.0623(17) 0.4086(9) 0.7143(14) 0.075(5) 1.0000 Uiso

N(3) 0.8407(15) 0.5235(9) 0.6458(12) 0.058(4) 1.0000 Uiso

N(4) 0.9052(18) 0.8575(10) 0.5134(15) 0.085(6) 1.0000 Uiso

N(5) 0.8880(15) 0.3667(9) 0.8699(13) 0.055(4) 1.0000 Uiso

N(6) 0.8585(15) 0.2744(8) 0.6946(13) 0.055(4) 1.0000 Uiso
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Table B.14 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

N(7) 0.8027(14) 0.3537(8) 0.5045(12) 0.048(4) 1.0000 Uiso

C(1) 0.523(2) 0.4072(11) 0.6699(16) 0.064(6) 1.0000 Uiso

C(2) 0.166(2) 0.4096(11) 0.7005(16) 0.057(5) 1.0000 Uiso

C(3) 0.8476(19) 0.5830(11) 0.6144(16) 0.061(6) 1.0000 Uiso

C(4) 0.890(2) 0.7936(12) 0.5339(17) 0.071(6) 1.0000 Uiso

C(5) 0.895(2) 0.4167(13) 0.9531(19) 0.083(7) 1.0000 Uiso

C(6) 0.941(2) 0.3957(14) 1.072(2) 0.103(8) 1.0000 Uiso

C(7) 0.980(2) 0.3236(15) 1.095(2) 0.105(8) 1.0000 Uiso

C(8) 0.965(2) 0.2686(14) 1.014(2) 0.094(8) 1.0000 Uiso

C(9) 0.9177(19) 0.2938(11) 0.8950(16) 0.059(6) 1.0000 Uiso

C(10) 0.8973(18) 0.2430(11) 0.8007(17) 0.057(5) 1.0000 Uiso

C(11) 0.906(2) 0.1611(11) 0.8050(19) 0.077(7) 1.0000 Uiso

C(12) 0.882(2) 0.1217(14) 0.708(2) 0.088(7) 1.0000 Uiso

C(13) 0.845(2) 0.1553(12) 0.6056(19) 0.077(7) 1.0000 Uiso

C(14) 0.8351(18) 0.2351(10) 0.5999(15) 0.051(5) 1.0000 Uiso

C(15) 0.8018(17) 0.2781(10) 0.4922(14) 0.045(5) 1.0000 Uiso

C(16) 0.7709(18) 0.2452(11) 0.3822(17) 0.066(6) 1.0000 Uiso

C(17) 0.741(2) 0.2915(11) 0.2884(17) 0.071(6) 1.0000 Uiso

C(18) 0.7427(19) 0.3684(11) 0.2985(17) 0.063(6) 1.0000 Uiso

C(19) 0.7789(19) 0.3972(11) 0.4108(16) 0.063(6) 1.0000 Uiso

H(11) 0.4193 0.5355 0.9817 0.11(3) 0.5000 Uiso

H(12) 0.4685 0.4579 0.9748 0.11(3) 0.5000 Uiso

H(51) 0.8714 0.4673 0.9333 0.14(3) 1.0000 Uiso

H(61) 0.9431 0.4301 1.1305 0.16(3) 1.0000 Uiso

H(71) 1.0201 0.3098 1.1725 0.16(3) 1.0000 Uiso

H(81) 0.9822 0.2176 1.0328 0.15(3) 1.0000 Uiso
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Table B.14 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(111) 0.9301 0.1366 0.8760 0.13(3) 1.0000 Uiso

H(121) 0.8900 0.0688 0.7130 0.15(3) 1.0000 Uiso

H(131) 0.8273 0.1267 0.5384 0.12(3) 1.0000 Uiso

H(161) 0.7670 0.1923 0.3748 0.11(3) 1.0000 Uiso

H(171) 0.7244 0.2696 0.2159 0.12(3) 1.0000 Uiso

H(181) 0.7190 0.3998 0.2338 0.10(3) 1.0000 Uiso

H(191) 0.7862 0.4499 0.4204 0.11(3) 1.0000 Uiso
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B.4 Fractional atomic coordinates and isotropic

thermal parameters for M(phenpy)[Au(CN)2]2

coordination polymers

Table B.15: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Mn(phenpy)(H2O)[Au(CN)2]2 · 2 ( H2O)

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.18235(18) 0.64188(12) 0.64318(19) 0.0591 1.0000 Uani

Au(2) 0.10420(18) 0.80573(12) 0.2614(2) 0.0673 1.0000 Uani

Mn(1) 0.1979(6) 0.8746(4) 0.6329(7) 0.0520 1.0000 Uani

O(1) 0.259(2) 0.8837(16) 0.793(2) 0.060(12) 1.0000 Uiso

O(2) 0.245(3) 0.795(2) 0.918(3) 0.119(17) 1.0000 Uiso

O(3) 0.067(4) 0.740(3) 0.850(4) 0.15(2) 1.0000 Uiso

N(3) 0.335(2) 0.8906(15) 0.6228(7) 0.054(8) 1.0000 Uiso

N(4) 0.2115(19) 0.9722(15) 0.6224(7) 0.045(8) 1.0000 Uiso

N(5) 0.074(2) 0.9219(19) 0.6283(7) 0.056(8) 1.0000 Uiso

N(11) 0.170(3) 0.7793(4) 0.656(3) 0.064(7) 1.0000 Uiso

N(12) 0.205(3) 0.5052(5) 0.634(3) 0.048(7) 1.0000 Uiso

N(21) 0.143(3) 0.8548(18) 0.4698(15) 0.062(7) 1.0000 Uiso

N(22) 0.079(4) 0.758(3) 0.0554(19) 0.115(7) 1.0000 Uiso

C(11) 0.171(4) 0.7267(4) 0.654(5) 0.064(10) 1.0000 Uiso

C(12) 0.192(3) 0.5570(5) 0.633(4) 0.049(10) 1.0000 Uiso

C(21) 0.130(4) 0.831(2) 0.3936(18) 0.086(10) 1.0000 Uiso

C(22) 0.085(4) 0.772(2) 0.135(2) 0.085(10) 1.0000 Uiso

C(31) 0.403(2) 0.8519(15) 0.6230(7) 0.061(5) 1.0000 Uiso

C(32) 0.483(2) 0.8739(17) 0.6202(7) 0.060(5) 1.0000 Uiso
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Table B.15 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(33) 0.4937(18) 0.9362(17) 0.6178(7) 0.069(5) 1.0000 Uiso

C(34) 0.427(2) 0.9763(14) 0.6177(7) 0.069(5) 1.0000 Uiso

C(35) 0.348(2) 0.9526(14) 0.6199(7) 0.046(5) 1.0000 Uiso

C(36) 0.4512(17) 1.0365(16) 0.6146(7) 0.066(5) 1.0000 Uiso

C(41) 0.1429(17) 1.0107(17) 0.6220(7) 0.048(5) 1.0000 Uiso

C(42) 0.148(2) 1.0734(16) 0.6191(7) 0.082(5) 1.0000 Uiso

C(43) 0.228(2) 1.0971(14) 0.6166(7) 0.076(5) 1.0000 Uiso

C(44) 0.2993(16) 1.0615(15) 0.6167(7) 0.085(5) 1.0000 Uiso

C(45) 0.2880(15) 0.9992(15) 0.6194(7) 0.047(5) 1.0000 Uiso

C(46) 0.3829(17) 1.0754(15) 0.6146(7) 0.079(5) 1.0000 Uiso

C(51) −0.002(3) 0.8920(18) 0.6303(7) 0.085(5) 1.0000 Uiso

C(52) −0.080(2) 0.919(2) 0.6300(7) 0.078(5) 1.0000 Uiso

C(53) −0.079(2) 0.981(2) 0.6266(7) 0.072(5) 1.0000 Uiso

C(54) −0.009(3) 1.0176(17) 0.6242(7) 0.078(5) 1.0000 Uiso

C(55) 0.065(2) 0.9846(18) 0.6250(7) 0.063(5) 1.0000 Uiso

H(11) 0.2754 0.9204 0.8222 0.0696 1.0000 Uiso

H(12) 0.2602 0.8565 0.8400 0.0696 1.0000 Uiso

H(21) 0.2986 0.7835 0.9299 0.2902 1.0000 Uiso

H(22) 0.2006 0.7841 0.8971 0.2902 1.0000 Uiso

H(31) 0.0583 0.7488 0.8894 0.3054 1.0000 Uiso

H(32) 0.0774 0.7029 0.8292 0.3054 1.0000 Uiso

H(311) 0.3977 0.8095 0.6251 0.0724 1.0000 Uiso

H(321) 0.5315 0.8479 0.6206 0.0708 1.0000 Uiso

H(331) 0.5506 0.9526 0.6166 0.0812 1.0000 Uiso

H(361) 0.5067 1.0500 0.6131 0.0775 1.0000 Uiso

H(421) 0.1032 1.0996 0.6175 0.0971 1.0000 Uiso
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Table B.15 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(431) 0.2365 1.1399 0.6141 0.0899 1.0000 Uiso

H(461) 0.3947 1.1174 0.6128 0.0931 1.0000 Uiso

H(511) 0.0014 0.8479 0.6311 0.1010 1.0000 Uiso

H(521) −0.1283 0.8956 0.6313 0.0927 1.0000 Uiso

H(531) −0.1347 1.0011 0.6262 0.0848 1.0000 Uiso

H(541) −0.0146 1.0591 0.6225 0.0919 1.0000 Uiso

Table B.16: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Zn(phenpy)(H2O)[Au(CN)2]2 · 2 ( H2O)

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.18364(8) 0.64511(6) 0.64225(10) 0.0406 1.0000 Uani

Au(2) 0.10326(9) 0.81018(6) 0.26106(10) 0.0470 1.0000 Uani

Zn(1) 0.1965(2) 0.87632(16) 0.6296(3) 0.0350 1.0000 Uani

O(1) 0.2611(12) 0.8841(10) 0.7916(15) 0.050(6) 1.0000 Uiso

O(2) 0.247(2) 0.7983(17) 0.913(2) 0.142(13) 1.0000 Uiso

O(3) 0.058(2) 0.7301(16) 0.841(3) 0.141(13) 1.0000 Uiso

N(3) 0.3295(16) 0.8916(12) 0.6208(17) 0.039(6) 1.0000 Uiso

N(4) 0.2105(14) 0.9708(10) 0.6208(15) 0.027(5) 1.0000 Uiso

N(5) 0.0707(14) 0.9118(12) 0.6300(16) 0.033(6) 1.0000 Uiso

N(11) 0.1803(18) 0.7857(4) 0.648(2) 0.058(4) 1.0000 Uiso

N(12) 0.1984(17) 0.5052(4) 0.633(2) 0.058(4) 1.0000 Uiso

N(21) 0.1402(18) 0.8612(12) 0.4713(10) 0.058(4) 1.0000 Uiso

N(22) 0.0763(18) 0.7608(12) 0.0528(10) 0.058(4) 1.0000 Uiso

Continued on Next Page . . .



Appendix B. Fractional atomic coordinates and isotropic thermal parameters 273

Table B.16 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(11) 0.1740(17) 0.7351(4) 0.647(2) 0.032(4) 1.0000 Uiso

C(12) 0.1925(18) 0.5552(4) 0.636(2) 0.032(4) 1.0000 Uiso

C(21) 0.1229(17) 0.8441(13) 0.3941(10) 0.032(4) 1.0000 Uiso

C(22) 0.0837(17) 0.7712(12) 0.1310(10) 0.032(4) 1.0000 Uiso

C(31) 0.391(2) 0.848(2) 0.622(3) 0.075(12) 1.0000 Uiso

C(32) 0.477(2) 0.8678(15) 0.615(2) 0.044(8) 1.0000 Uiso

C(33) 0.495(2) 0.9283(16) 0.620(2) 0.049(9) 1.0000 Uiso

C(34) 0.434(2) 0.9682(16) 0.616(2) 0.046(9) 1.0000 Uiso

C(35) 0.3487(17) 0.9494(13) 0.6211(19) 0.026(6) 1.0000 Uiso

C(36) 0.446(2) 1.0289(18) 0.613(2) 0.067(11) 1.0000 Uiso

C(41) 0.140(2) 1.0020(17) 0.622(2) 0.053(9) 1.0000 Uiso

C(42) 0.146(2) 1.0651(17) 0.617(2) 0.055(9) 1.0000 Uiso

C(43) 0.225(2) 1.0915(17) 0.611(2) 0.052(9) 1.0000 Uiso

C(44) 0.304(2) 1.0587(17) 0.614(3) 0.060(10) 1.0000 Uiso

C(45) 0.285(2) 0.9914(16) 0.619(2) 0.046(9) 1.0000 Uiso

C(46) 0.381(2) 1.0752(18) 0.615(2) 0.058(10) 1.0000 Uiso

C(51) −0.001(2) 0.8813(17) 0.630(2) 0.051(9) 1.0000 Uiso

C(52) −0.078(3) 0.918(2) 0.632(3) 0.068(11) 1.0000 Uiso

C(53) −0.084(2) 0.9709(18) 0.625(2) 0.059(10) 1.0000 Uiso

C(54) −0.020(2) 1.0065(19) 0.625(2) 0.066(11) 1.0000 Uiso

C(55) 0.0656(19) 0.9758(15) 0.626(2) 0.038(8) 1.0000 Uiso

H(11) 0.2706 0.9214 0.8168 0.026(19) 1.0000 Uiso

H(12) 0.2561 0.8585 0.8362 0.026(19) 1.0000 Uiso

H(21) 0.2951 0.7753 0.9211 0.126(19) 1.0000 Uiso

H(22) 0.1971 0.7759 0.8883 0.126(19) 1.0000 Uiso

H(31) 0.0610 0.7390 0.9019 0.126(19) 1.0000 Uiso
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Table B.16 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(32) 0.0801 0.6931 0.8417 0.126(19) 1.0000 Uiso

H(311) 0.3809 0.8064 0.6261 0.026(19) 1.0000 Uiso

H(321) 0.5205 0.8402 0.6128 0.026(19) 1.0000 Uiso

H(331) 0.5507 0.9405 0.6188 0.026(19) 1.0000 Uiso

H(361) 0.5022 1.0429 0.6155 0.026(19) 1.0000 Uiso

H(421) 0.0982 1.0915 0.6082 0.026(19) 1.0000 Uiso

H(431) 0.2328 1.1337 0.6110 0.026(19) 1.0000 Uiso

H(461) 0.3926 1.1165 0.6106 0.026(19) 1.0000 Uiso

H(511) −0.0024 0.8389 0.6254 0.026(19) 1.0000 Uiso

H(521) −0.1297 0.8996 0.6343 0.026(19) 1.0000 Uiso

H(531) −0.1334 0.9926 0.6263 0.026(19) 1.0000 Uiso

H(541) −0.0209 1.0491 0.6248 0.026(19) 1.0000 Uiso

Table B.17: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Cd(phenpy)(H2O)[Au(CN)2]2 · 2 ( H2O)

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.18273(9) 0.63990(7) 0.64159(10) 0.0473 1.0000 Uani

Au(2) 0.10234(10) 0.80292(7) 0.25452(11) 0.0560 1.0000 Uani

Cd(1) 0.19624(15) 0.87465(11) 0.63060(17) 0.0427 1.0000 Uani

O(1) 0.2672(13) 0.8829(10) 0.8045(16) 0.060(7) 1.0000 Uiso

O(2) 0.251(3) 0.806(2) 0.922(3) 0.23(2) 1.0000 Uiso

O(3) 0.055(3) 0.740(2) 0.829(3) 0.24(2) 1.0000 Uiso

N(3) 0.3370(16) 0.8952(12) 0.6218(17) 0.040(7) 1.0000 Uiso
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Table B.17 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

N(4) 0.2146(15) 0.9796(10) 0.6253(16) 0.031(6) 1.0000 Uiso

N(5) 0.0682(16) 0.9261(12) 0.6287(17) 0.042(7) 1.0000 Uiso

N(11) 0.1708(18) 0.7794(14) 0.654(2) 0.061(9) 1.0000 Uiso

N(12) 0.2031(16) 0.4999(12) 0.6312(18) 0.044(7) 1.0000 Uiso

N(21) 0.1399(17) 0.8519(12) 0.464(2) 0.058(8) 1.0000 Uiso

N(22) 0.074(2) 0.7604(17) 0.042(3) 0.112(13) 1.0000 Uiso

C(11) 0.172(2) 0.7303(16) 0.649(2) 0.047(10) 1.0000 Uiso

C(12) 0.1945(19) 0.5517(13) 0.633(2) 0.033(8) 1.0000 Uiso

C(21) 0.123(2) 0.8304(17) 0.387(3) 0.069(12) 1.0000 Uiso

C(22) 0.087(2) 0.7722(17) 0.127(3) 0.069(12) 1.0000 Uiso

C(31) 0.399(2) 0.8546(16) 0.624(2) 0.051(9) 1.0000 Uiso

C(32) 0.480(2) 0.8761(15) 0.619(2) 0.050(9) 1.0000 Uiso

C(33) 0.494(2) 0.9324(16) 0.618(2) 0.059(10) 1.0000 Uiso

C(34) 0.435(2) 0.9771(17) 0.618(2) 0.059(10) 1.0000 Uiso

C(35) 0.3507(19) 0.9535(14) 0.619(2) 0.036(8) 1.0000 Uiso

C(36) 0.447(2) 1.0376(16) 0.617(2) 0.056(10) 1.0000 Uiso

C(41) 0.145(2) 1.0142(14) 0.622(2) 0.038(8) 1.0000 Uiso

C(42) 0.152(2) 1.0770(17) 0.610(2) 0.072(12) 1.0000 Uiso

C(43) 0.229(2) 1.0968(18) 0.613(2) 0.066(11) 1.0000 Uiso

C(44) 0.303(3) 1.0614(18) 0.614(3) 0.075(12) 1.0000 Uiso

C(45) 0.2880(19) 0.9982(14) 0.622(2) 0.037(8) 1.0000 Uiso

C(46) 0.384(2) 1.0794(18) 0.612(2) 0.069(12) 1.0000 Uiso

C(51) −0.005(2) 0.8915(18) 0.624(3) 0.075(12) 1.0000 Uiso

C(52) −0.084(2) 0.9275(17) 0.627(2) 0.068(11) 1.0000 Uiso

C(53) −0.076(2) 0.9849(17) 0.627(2) 0.062(11) 1.0000 Uiso

C(54) −0.008(2) 1.0186(17) 0.626(2) 0.068(11) 1.0000 Uiso
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Table B.17 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(55) 0.067(2) 0.9841(16) 0.624(2) 0.053(10) 1.0000 Uiso

H(11) 0.2768 0.9202 0.8297 0.10(9) 1.0000 Uiso

H(12) 0.2622 0.8573 0.8491 0.10(9) 1.0000 Uiso

H(21) 0.2986 0.7835 0.9299 0.29(9) 1.0000 Uiso

H(22) 0.2006 0.7841 0.8971 0.29(9) 1.0000 Uiso

H(31) 0.0583 0.7488 0.8894 0.31(9) 1.0000 Uiso

H(32) 0.0774 0.7029 0.8292 0.31(9) 1.0000 Uiso

H(311) 0.3893 0.8130 0.6279 0.04(3) 1.0000 Uiso

H(321) 0.5241 0.8485 0.6168 0.04(3) 1.0000 Uiso

H(331) 0.5493 0.9446 0.6169 0.05(3) 1.0000 Uiso

H(361) 0.5031 1.0516 0.6197 0.04(3) 1.0000 Uiso

H(421) 0.1042 1.1035 0.6018 0.06(3) 1.0000 Uiso

H(431) 0.2368 1.1390 0.6129 0.06(3) 1.0000 Uiso

H(461) 0.3954 1.1207 0.6071 0.06(3) 1.0000 Uiso

H(511) −0.0066 0.8490 0.6194 0.07(3) 1.0000 Uiso

H(521) −0.1356 0.9089 0.6292 0.06(3) 1.0000 Uiso

H(531) −0.1254 1.0066 0.6290 0.05(3) 1.0000 Uiso

H(541) −0.0087 1.0612 0.6258 0.06(3) 1.0000 Uiso
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B.5 Fractional atomic coordinates and isotropic

thermal parameters for M(Xterpy)[Au(CN)2]2

coordination polymers

Table B.18: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(Clterpy)[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.88183(9) 0.39667(3) 0.38547(9) 0.0336 1.0000 Uani

Au(1) 0.37044(11) 0.37633(3) −0.08330(10) 0.0434 1.0000 Uani

Au(2) 0.09140(11) 0.45026(3) −0.04358(10) 0.0410 1.0000 Uani

Cl(1) 0.7270(11) 0.2682(3) 0.9089(8) 0.0809 1.0000 Uani

N(3) 0.769(2) 0.4504(6) 0.5451(18) 0.035(4) 1.0000 Uiso

N(4) 0.7740(19) 0.3496(6) 0.5570(18) 0.033(4) 1.0000 Uiso

N(5) 0.852(2) 0.3020(6) 0.3593(18) 0.035(4) 1.0000 Uiso

N(11) 0.576(2) 0.3857(7) 0.222(2) 0.046(5) 1.0000 Uiso

N(12) 0.188(3) 0.3697(8) −0.391(2) 0.061(6) 1.0000 Uiso

N(21) 0.203(2) 0.5138(7) −0.242(2) 0.053(5) 1.0000 Uiso

N(22) −0.007(3) 0.3823(8) 0.155(2) 0.065(6) 1.0000 Uiso

C(11) 0.503(3) 0.3808(8) 0.110(2) 0.038(5) 1.0000 Uiso

C(12) 0.255(3) 0.3712(8) −0.280(3) 0.044(5) 1.0000 Uiso

C(21) 0.156(2) 0.4910(7) −0.175(2) 0.037(5) 1.0000 Uiso

C(22) 0.032(3) 0.4074(8) 0.088(2) 0.041(5) 1.0000 Uiso

C(31) 0.756(3) 0.4994(8) 0.533(2) 0.046(5) 1.0000 Uiso

C(32) 0.692(3) 0.5294(9) 0.613(3) 0.049(6) 1.0000 Uiso

C(33) 0.645(3) 0.5069(8) 0.713(2) 0.043(5) 1.0000 Uiso

C(34) 0.658(3) 0.4575(9) 0.726(3) 0.052(6) 1.0000 Uiso
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Table B.18 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(35) 0.726(2) 0.4288(7) 0.647(2) 0.037(5) 1.0000 Uiso

C(41) 0.744(2) 0.3747(7) 0.660(2) 0.030(4) 1.0000 Uiso

C(42) 0.730(3) 0.3506(8) 0.765(3) 0.047(6) 1.0000 Uiso

C(43) 0.744(3) 0.3002(9) 0.774(3) 0.048(6) 1.0000 Uiso

C(44) 0.777(3) 0.2744(8) 0.672(2) 0.048(6) 1.0000 Uiso

C(45) 0.790(2) 0.3001(7) 0.563(2) 0.034(5) 1.0000 Uiso

C(51) 0.819(2) 0.2738(7) 0.449(2) 0.034(5) 1.0000 Uiso

C(52) 0.818(2) 0.2224(7) 0.445(2) 0.036(5) 1.0000 Uiso

C(53) 0.843(3) 0.2002(9) 0.334(2) 0.049(6) 1.0000 Uiso

C(54) 0.869(3) 0.2297(8) 0.240(3) 0.048(6) 1.0000 Uiso

C(55) 0.867(3) 0.2807(9) 0.246(3) 0.053(6) 1.0000 Uiso

H(311) 0.8097 0.5147 0.4777 0.08(3) 1.0000 Uiso

H(321) 0.6708 0.5628 0.5919 0.09(3) 1.0000 Uiso

H(331) 0.6059 0.5260 0.7702 0.07(3) 1.0000 Uiso

H(341) 0.6259 0.4416 0.7920 0.09(3) 1.0000 Uiso

H(421) 0.7080 0.3686 0.8325 0.07(3) 1.0000 Uiso

H(441) 0.7960 0.2404 0.6779 0.10(3) 1.0000 Uiso

H(521) 0.8047 0.2036 0.5146 0.07(3) 1.0000 Uiso

H(531) 0.8400 0.1659 0.3241 0.08(3) 1.0000 Uiso

H(541) 0.8952 0.2140 0.1705 0.09(3) 1.0000 Uiso

H(551) 0.8665 0.2987 0.1713 0.11(3) 1.0000 Uiso
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Table B.19: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(Brterpy)(µ−OH2) 0.5[Au(CN)2]2 · (H2O)0.24

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.75125(3) 0.659397(9) −0.20403(2) 0.0170 1.0000 Uani

Br(1) 0.74800(10) 0.36499(3) −0.35291(8) 0.0337 1.0000 Uani

Au(1) 0.74850(3) 0.632498(9) 0.29287(2) 0.0189 1.0000 Uani

Au(2) 0.51023(6) 0.7500 0.32177(5) 0.0388 1.0000 Uani

Au(31) 0.96448(10) 0.7500 0.42404(8) 0.0305 0.5202(12) Uani

Au(32) 0.96544(11) 0.7500 0.29025(8) 0.0268 0.4798(12) Uani

O(1) 1.011(2) 0.750000(6) 0.8238(17) 0.0431 0.4798(12) Uani

O(11) 0.697(3) 0.750000(6) −0.0615(15) 0.066(4) 0.5202(12) Uiso

O(12) 0.599(2) 0.750000(6) −0.118(2) 0.066(4) 0.4798(12) Uiso

N(3) 1.0247(7) 0.6077(3) −0.0953(6) 0.0308 1.0000 Uani

N(4) 0.7471(6) 0.5503(2) −0.2204(4) 0.0164 1.0000 Uani

N(5) 0.4720(7) 0.6130(2) −0.2842(5) 0.0208 1.0000 Uani

N(11) 0.7303(7) 0.6247(2) 0.0079(5) 0.0250 1.0000 Uani

N(12) 0.7598(8) 0.6222(3) 0.5745(5) 0.0284 1.0000 Uani

N(211) 0.577(2) 0.7500 0.6151(8) 0.0361(15) 0.4798(12) Uiso

N(212) 0.528(2) 0.7500 0.6053(9) 0.0361(15) 0.5202(12) Uiso

N(221) 0.383(2) 0.7500 0.0225(7) 0.0361(15) 0.4798(12) Uiso

N(222) 0.464(2) 0.7500 0.0318(8) 0.0361(15) 0.5202(12) Uiso

N(311) 0.9634(19) 0.7500 0.7036(9) 0.0339(16) 0.5202(12) Uiso

N(312) 0.983(2) 0.7500 0.1490(9) 0.0339(16) 0.5202(12) Uiso

N(321) 0.918(2) 0.7500 −0.0014(8) 0.0339(16) 0.4798(12) Uiso

N(322) 1.030(2) 0.7500 0.5848(8) 0.0339(16) 0.4798(12) Uiso

C(11) 0.7360(9) 0.6286(3) 0.1120(7) 0.0271 1.0000 Uani
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Table B.19 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(12) 0.7545(8) 0.6275(3) 0.4704(5) 0.0190 1.0000 Uani

C(31) 0.3394(9) 0.6443(3) −0.2994(7) 0.0280 1.0000 Uani

C(32) 0.1836(9) 0.6217(3) −0.3432(7) 0.0267 1.0000 Uani

C(33) 0.1628(8) 0.5649(3) −0.3730(7) 0.0292 1.0000 Uani

C(34) 0.3002(8) 0.5323(3) −0.3584(7) 0.0271 1.0000 Uani

C(35) 0.4536(8) 0.5576(3) −0.3116(5) 0.0179 1.0000 Uani

C(41) 0.6065(7) 0.5249(2) −0.2882(5) 0.0168 1.0000 Uani

C(42) 0.6007(8) 0.4692(3) −0.3332(6) 0.0207 1.0000 Uani

C(43) 0.7483(9) 0.4406(2) −0.3015(6) 0.0211 1.0000 Uani

C(44) 0.8945(8) 0.4664(3) −0.2301(6) 0.0231 1.0000 Uani

C(45) 0.8894(7) 0.5221(3) −0.1913(5) 0.0181 1.0000 Uani

C(51) 1.0410(8) 0.5523(3) −0.1141(6) 0.0186 1.0000 Uani

C(52) 1.1926(8) 0.5255(3) −0.0617(6) 0.0239 1.0000 Uani

C(53) 1.3278(9) 0.5574(3) 0.0082(7) 0.0292 1.0000 Uani

C(54) 1.3118(9) 0.6142(4) 0.0267(8) 0.0424 1.0000 Uani

C(55) 1.1582(10) 0.6368(4) −0.0259(9) 0.0518 1.0000 Uani

C(211) 0.5585(17) 0.7500 0.5092(8) 0.0361(15) 0.4798(12) Uiso

C(212) 0.5262(17) 0.7500 0.5036(8) 0.0361(15) 0.5202(12) Uiso

C(221) 0.4380(16) 0.7500 0.1319(7) 0.0361(15) 0.4798(12) Uiso

C(222) 0.4892(16) 0.7500 0.1394(8) 0.0361(15) 0.5202(12) Uiso

C(311) 0.9605(16) 0.7500 0.6009(8) 0.0339(16) 0.5202(12) Uiso

C(312) 0.9737(17) 0.7500 0.2480(9) 0.0339(16) 0.5202(12) Uiso

C(321) 0.9372(16) 0.7500 0.1052(8) 0.0339(16) 0.4798(12) Uiso

C(322) 1.0044(17) 0.7500 0.4779(8) 0.0339(16) 0.4798(12) Uiso

H(11) 1.1154 0.7500 0.8796 0.056(7) 0.4798(12) Uiso

H(12) 1.0095 0.7500 0.7430 0.056(7) 0.4798(12) Uiso
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Table B.19 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(111) 0.6136 0.7500 −0.0325 0.078(7) 0.5202(12) Uiso

H(112) 0.7928 0.7500 0.0056 0.076(7) 0.5202(12) Uiso

H(121) 0.5318 0.7500 −0.0743 0.085(7) 0.4798(12) Uiso

H(122) 0.7041 0.7500 −0.0632 0.085(7) 0.4798(12) Uiso

H(311) 0.3543 0.6825 −0.2791 0.036(7) 1.0000 Uiso

H(321) 0.0952 0.6447 −0.3539 0.035(7) 1.0000 Uiso

H(331) 0.0581 0.5482 −0.4025 0.037(7) 1.0000 Uiso

H(341) 0.2887 0.4942 −0.3792 0.033(7) 1.0000 Uiso

H(421) 0.5026 0.4519 −0.3831 0.028(7) 1.0000 Uiso

H(441) 0.9933 0.4475 −0.2088 0.031(7) 1.0000 Uiso

H(521) 1.2009 0.4866 −0.0739 0.031(7) 1.0000 Uiso

H(531) 1.4305 0.5401 0.0425 0.038(7) 1.0000 Uiso

H(541) 1.4017 0.6368 0.0736 0.048(7) 1.0000 Uiso

H(551) 1.1453 0.6749 −0.0112 0.056(7) 1.0000 Uiso

Table B.20: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Mn(Clterpy)[Au(CN)2]2 · (H2O)0.5

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.13614(5) 0.31168(5) 0.575279(19) 0.0436 1.0000 Uani

Au(2) −0.23673(5) −0.21716(7) 0.50547(2) 0.0551 1.0000 Uani

Au(3) 0.14934(5) −0.00270(5) 0.324283(19) 0.0438 1.0000 Uani

Au(4) −0.21683(5) −0.42237(6) 0.26339(2) 0.0532 1.0000 Uani

Mn(1) 0.13536(15) −0.18588(17) 0.57278(6) 0.0321 1.0000 Uani
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Table B.20 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

Mn(2) 0.15343(16) −0.50685(17) 0.32518(7) 0.0353 1.0000 Uani

Cl(1) 0.6308(3) −0.1844(5) 0.59933(15) 0.0710 1.0000 Uani

Cl(2) 0.6457(3) −0.4563(6) 0.35807(19) 0.0923 1.0000 Uani

O(11) −0.476(4) −0.136(4) 0.3644(14) 0.140(10) 0.43(3) Uiso

O(12) −0.561(3) −0.149(3) 0.3464(11) 0.140(10) 0.57(3) Uiso

N(5) 0.1901(8) −0.2122(10) 0.6410(3) 0.0372 1.0000 Uani

N(6) 0.2999(8) −0.1806(9) 0.5816(4) 0.0366 1.0000 Uani

N(7) 0.1839(9) −0.1508(10) 0.5109(3) 0.0405 1.0000 Uani

N(8) 0.2017(9) −0.4842(11) 0.3930(4) 0.0434 1.0000 Uani

N(9) 0.3177(10) −0.5107(10) 0.3373(4) 0.0453 1.0000 Uani

N(10) 0.2103(10) −0.5497(10) 0.2647(4) 0.0449 1.0000 Uani

N(11) 0.1266(10) 0.0203(11) 0.5834(4) 0.0566 1.0000 Uani

N(12) 0.1369(9) 0.6043(11) 0.5682(4) 0.0435 1.0000 Uani

N(21) −0.0218(10) −0.1916(12) 0.5538(5) 0.0609 1.0000 Uani

N(22) −0.4480(13) −0.242(3) 0.4559(7) 0.1438 1.0000 Uani

N(31) 0.1655(10) −0.2949(11) 0.3190(4) 0.0525 1.0000 Uani

N(32) 0.1345(10) 0.2869(12) 0.3332(5) 0.0561 1.0000 Uani

N(41) −0.0016(11) −0.4790(12) 0.3052(5) 0.0668 1.0000 Uani

N(42) −0.4330(12) −0.3657(17) 0.2234(5) 0.0839 1.0000 Uani

C(11) 0.1312(11) 0.1266(12) 0.5815(5) 0.0430 1.0000 Uani

C(12) 0.1338(11) 0.4950(13) 0.5696(5) 0.0440 1.0000 Uani

C(21) −0.1006(11) −0.2026(15) 0.5376(6) 0.0571 1.0000 Uani

C(22) −0.3737(14) −0.233(2) 0.4736(6) 0.0793 1.0000 Uani

C(31) 0.1588(12) −0.1880(13) 0.3194(5) 0.0490 1.0000 Uani

C(32) 0.1394(11) 0.1819(15) 0.3298(5) 0.0490 1.0000 Uani

C(41) −0.0811(13) −0.4570(16) 0.2889(6) 0.0676 1.0000 Uani
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Table B.20 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(42) −0.3521(13) −0.3896(19) 0.2381(6) 0.0663 1.0000 Uani

C(51) 0.1330(11) −0.2289(14) 0.6698(5) 0.0471 1.0000 Uani

C(52) 0.1674(12) −0.2425(14) 0.7107(5) 0.0494 1.0000 Uani

C(53) 0.2654(13) −0.2431(14) 0.7233(5) 0.0539 1.0000 Uani

C(54) 0.3267(11) −0.2295(13) 0.6944(4) 0.0439 1.0000 Uani

C(55) 0.2890(10) −0.2113(11) 0.6527(4) 0.0347 1.0000 Uani

C(61) 0.3496(10) −0.1956(11) 0.6202(4) 0.0370 1.0000 Uani

C(62) 0.4528(11) −0.1942(14) 0.6274(5) 0.0498 1.0000 Uani

C(63) 0.5014(11) −0.1805(14) 0.5931(5) 0.0485 1.0000 Uani

C(64) 0.4522(12) −0.1647(15) 0.5537(6) 0.0588 1.0000 Uani

C(65) 0.3483(11) −0.1632(12) 0.5486(4) 0.0374 1.0000 Uani

C(71) 0.2817(11) −0.1447(13) 0.5081(5) 0.0467 1.0000 Uani

C(72) 0.3186(14) −0.1263(15) 0.4713(5) 0.0607 1.0000 Uani

C(73) 0.2509(13) −0.1108(17) 0.4350(5) 0.0644 1.0000 Uani

C(74) 0.1503(13) −0.1152(17) 0.4369(5) 0.0598 1.0000 Uani

C(75) 0.1206(11) −0.1355(14) 0.4750(5) 0.0479 1.0000 Uani

C(81) 0.1361(15) −0.4775(14) 0.4200(6) 0.0665 1.0000 Uani

C(82) 0.1683(17) −0.4621(15) 0.4633(6) 0.0657 1.0000 Uani

C(83) 0.2662(18) −0.4549(17) 0.4772(6) 0.0742 1.0000 Uani

C(84) 0.3357(14) −0.4616(16) 0.4482(6) 0.0662 1.0000 Uani

C(85) 0.2981(12) −0.4765(12) 0.4068(4) 0.0415 1.0000 Uani

C(91) 0.3639(10) −0.4849(12) 0.3746(4) 0.0333 1.0000 Uani

C(92) 0.4653(14) −0.4651(15) 0.3829(6) 0.0628 1.0000 Uani

C(93) 0.5190(12) −0.4786(14) 0.3491(6) 0.0540 1.0000 Uani

C(94) 0.4710(12) −0.5069(14) 0.3102(6) 0.0569 1.0000 Uani

C(95) 0.3699(11) −0.5212(13) 0.3050(4) 0.0389 1.0000 Uani
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Table B.20 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(101) 0.3071(12) −0.5498(12) 0.2643(5) 0.0416 1.0000 Uani

C(102) 0.3490(14) −0.5782(15) 0.2286(5) 0.0596 1.0000 Uani

C(103) 0.286(2) −0.6020(18) 0.1919(6) 0.0873 1.0000 Uani

C(104) 0.1865(17) −0.6046(17) 0.1936(5) 0.0716 1.0000 Uani

C(105) 0.1499(15) −0.5779(14) 0.2298(5) 0.0629 1.0000 Uani

H(111) −0.4781 −0.1382 0.3918 0.09(5) 0.43(3) Uiso

H(112) −0.5016 −0.0629 0.3538 0.09(5) 0.43(3) Uiso

H(121) −0.5290 −0.1515 0.3725 0.09(5) 0.57(3) Uiso

H(122) −0.5536 −0.0732 0.3352 0.09(5) 0.57(3) Uiso

H(511) 0.0635 −0.2317 0.6603 0.067(14) 1.0000 Uiso

H(521) 0.1242 −0.2484 0.7310 0.071(14) 1.0000 Uiso

H(531) 0.2945 −0.2564 0.7512 0.093(14) 1.0000 Uiso

H(541) 0.3966 −0.2307 0.7030 0.062(14) 1.0000 Uiso

H(621) 0.4890 −0.2051 0.6544 0.063(14) 1.0000 Uiso

H(641) 0.4872 −0.1556 0.5308 0.072(14) 1.0000 Uiso

H(721) 0.3879 −0.1267 0.4701 0.080(14) 1.0000 Uiso

H(731) 0.2752 −0.0935 0.4097 0.088(14) 1.0000 Uiso

H(741) 0.1026 −0.1089 0.4126 0.089(14) 1.0000 Uiso

H(751) 0.0517 −0.1359 0.4771 0.061(14) 1.0000 Uiso

H(811) 0.0674 −0.4823 0.4092 0.081(14) 1.0000 Uiso

H(821) 0.1230 −0.4590 0.4828 0.084(14) 1.0000 Uiso

H(831) 0.2903 −0.4431 0.5058 0.106(14) 1.0000 Uiso

H(841) 0.4047 −0.4559 0.4583 0.077(14) 1.0000 Uiso

H(921) 0.4977 −0.4451 0.4099 0.079(14) 1.0000 Uiso

H(941) 0.5076 −0.5173 0.2878 0.079(14) 1.0000 Uiso

H(1021) 0.4189 −0.5766 0.2289 0.090(14) 1.0000 Uiso
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Table B.20 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(1031) 0.3134 −0.6238 0.1678 0.120(14) 1.0000 Uiso

H(1041) 0.1439 −0.6219 0.1685 0.118(14) 1.0000 Uiso

H(1051) 0.0803 −0.5793 0.2302 0.072(14) 1.0000 Uiso

Table B.21: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Mn(Brterpy)[Au(CN)2]2

Atom x y z
U(iso)

Occ Type
(Å2)

Au(1) 0.32852(2) 0.612664(9) 0.28006(2) 0.0418 1.0000 Uani

Au(2) −0.40486(3) 0.457317(9) −0.05856(3) 0.0447 1.0000 Uani

Br(1) 0.31169(8) 0.75198(3) −0.48947(8) 0.0683 1.0000 Uani

Mn(1) −0.15104(8) 0.61263(3) −0.23107(8) 0.0347 1.0000 Uani

N(3) 0.0092(5) 0.55436(18) −0.2781(5) 0.0433 1.0000 Uani

N(4) 0.0008(5) 0.65693(17) −0.3150(5) 0.0356 1.0000 Uani

N(5) −0.2015(5) 0.69929(17) −0.2257(4) 0.0379 1.0000 Uani

N(11) 0.0127(5) 0.61963(19) 0.0070(5) 0.0497 1.0000 Uani

N(12) 0.6510(6) 0.60934(19) 0.5478(5) 0.0522 1.0000 Uani

N(21) −0.2757(6) 0.5544(2) −0.1650(6) 0.0568 1.0000 Uani

N(22) −0.4849(8) 0.3520(3) 0.0554(8) 0.0848 1.0000 Uani

C(11) 0.1248(6) 0.6171(2) 0.1103(6) 0.0397 1.0000 Uani

C(12) 0.5317(6) 0.6102(2) 0.4508(6) 0.0436 1.0000 Uani

C(21) −0.3287(7) 0.5201(2) −0.1283(7) 0.0492 1.0000 Uani

C(22) −0.4620(7) 0.3913(3) 0.0119(7) 0.0547 1.0000 Uani

C(31) 0.0118(7) 0.5030(2) −0.2501(7) 0.0563 1.0000 Uani
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Table B.21 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(32) 0.1104(8) 0.4680(3) −0.2782(7) 0.0621 1.0000 Uani

C(33) 0.2097(8) 0.4875(3) −0.3341(7) 0.0648 1.0000 Uani

C(34) 0.2120(7) 0.5408(3) −0.3592(7) 0.0583 1.0000 Uani

C(35) 0.1105(6) 0.5736(2) −0.3305(6) 0.0415 1.0000 Uani

C(41) 0.1051(6) 0.6316(2) −0.3526(6) 0.0421 1.0000 Uani

C(42) 0.2008(7) 0.6585(3) −0.4055(6) 0.0506 1.0000 Uani

C(43) 0.1847(7) 0.7121(3) −0.4206(6) 0.0504 1.0000 Uani

C(44) 0.0792(6) 0.7384(2) −0.3822(6) 0.0438 1.0000 Uani

C(45) −0.0098(6) 0.7093(2) −0.3269(5) 0.0370 1.0000 Uani

C(51) −0.1246(6) 0.7338(2) −0.2764(6) 0.0377 1.0000 Uani

C(52) −0.1483(7) 0.7873(2) −0.2760(7) 0.0524 1.0000 Uani

C(53) −0.2524(8) 0.8067(2) −0.2219(7) 0.0562 1.0000 Uani

C(54) −0.3290(7) 0.7724(2) −0.1693(7) 0.0548 1.0000 Uani

C(55) −0.3012(7) 0.7193(2) −0.1746(6) 0.0471 1.0000 Uani

H(311) −0.0557 0.4899 −0.2082 0.055(6) 1.0000 Uiso

H(321) 0.1085 0.4317 −0.2583 0.062(6) 1.0000 Uiso

H(331) 0.2772 0.4650 −0.3554 0.064(6) 1.0000 Uiso

H(341) 0.2814 0.5553 −0.3964 0.061(6) 1.0000 Uiso

H(421) 0.2752 0.6406 −0.4305 0.051(6) 1.0000 Uiso

H(441) 0.0681 0.7754 −0.3932 0.044(6) 1.0000 Uiso

H(521) −0.0943 0.8110 −0.3116 0.053(6) 1.0000 Uiso

H(531) −0.2713 0.8429 −0.2226 0.058(6) 1.0000 Uiso

H(541) −0.3997 0.7844 −0.1308 0.057(6) 1.0000 Uiso

H(551) −0.3534 0.6951 −0.1403 0.048(6) 1.0000 Uiso
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B.6 Fractional atomic coordinates and isotropic

thermal parameters for the structures in Chap-

ter 5

Table B.22: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

[Bi(phen)2(µ−OH)]2[Au(CN)2]4 · 2 ( DMSO) ·H2O1.53

Atom x y z
U(iso)

Occ Type
(Å2)

Bi(1) 0.53059(4) −0.37400(5) −0.01611(4) 0.0260 1.0000 Uani

Au(1) 0.42666(5) −0.01698(6) 0.06021(5) 0.0358 1.0000 Uani

Au(2) 0.30168(8) −0.09023(9) 0.16282(7) 0.0673 1.0000 Uani

S(1) 0.1799(7) 0.0660(7) 0.2726(7) 0.0628 0.65(2) Uani

S(2) 0.161(2) 0.158(2) 0.2967(18) 0.1067 0.35(2) Uani

O(1) 0.5373(8) −0.5247(8) −0.0550(7) 0.030(3) 1.0000 Uiso

O(2) 0.1301(13) 0.0811(14) 0.3333(13) 0.079(5) 1.0000 Uiso

O(3) 0.063(2) −0.301(2) 0.001(2) 0.123(15) 0.76(5) Uiso

N(1) 0.4555(12) −0.2366(15) 0.0509(12) 0.060(5) 1.0000 Uiso

N(2) 0.3904(12) 0.2010(14) 0.0692(12) 0.056(5) 1.0000 Uiso

N(3) 0.128(2) −0.089(2) 0.001(2) 0.101(9) 1.0000 Uiso

N(4) 0.4650(19) −0.1019(18) 0.3304(19) 0.094(8) 1.0000 Uiso

N(5) 0.7134(11) −0.3919(11) 0.0261(11) 0.040(4) 1.0000 Uiso

N(6) 0.6305(10) −0.3649(11) 0.1504(10) 0.035(4) 1.0000 Uiso

N(7) 0.4932(11) −0.3612(11) −0.1888(10) 0.040(4) 1.0000 Uiso

N(8) 0.3630(10) −0.3717(10) −0.1113(10) 0.0350 1.0000 Uiso

C(1) 0.4454(12) −0.1547(13) 0.0534(11) 0.031(4) 1.0000 Uiso

C(2) 0.4051(12) 0.1226(13) 0.0665(12) 0.032(4) 1.0000 Uiso

C(3) 0.194(2) −0.090(2) 0.0576(19) 0.073(8) 1.0000 Uiso
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Table B.22 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(4) 0.4053(19) −0.0975(19) 0.2680(18) 0.067(7) 1.0000 Uiso

C(5) 0.7538(16) −0.4079(17) −0.0357(16) 0.055(6) 1.0000 Uiso

C(6) 0.8482(18) −0.4103(19) −0.0122(18) 0.070(7) 1.0000 Uiso

C(7) 0.9020(19) −0.3986(18) 0.0714(17) 0.065(7) 1.0000 Uiso

C(8) 0.8599(14) −0.3852(15) 0.1358(14) 0.046(5) 1.0000 Uiso

C(9) 0.9115(17) −0.3768(16) 0.2278(17) 0.058(6) 1.0000 Uiso

C(10) 0.8689(16) −0.3698(16) 0.2882(17) 0.057(6) 1.0000 Uiso

C(11) 0.7741(15) −0.3667(15) 0.2645(15) 0.050(5) 1.0000 Uiso

C(12) 0.7278(15) −0.3609(16) 0.3266(15) 0.053(6) 1.0000 Uiso

C(13) 0.6358(16) −0.3581(16) 0.3001(15) 0.055(6) 1.0000 Uiso

C(14) 0.5864(14) −0.3543(14) 0.2104(13) 0.043(5) 1.0000 Uiso

C(15) 0.7180(13) −0.3706(13) 0.1775(12) 0.036(4) 1.0000 Uiso

C(16) 0.7659(14) −0.3838(14) 0.1110(13) 0.041(5) 1.0000 Uiso

C(17) 0.5552(15) −0.3483(16) −0.2287(15) 0.050(5) 1.0000 Uiso

C(18) 0.5369(16) −0.3510(16) −0.3221(15) 0.055(6) 1.0000 Uiso

C(19) 0.4507(17) −0.3673(17) −0.3716(18) 0.062(6) 1.0000 Uiso

C(20) 0.3800(13) −0.3774(14) −0.3309(13) 0.040(4) 1.0000 Uiso

C(21) 0.2871(17) −0.3866(17) −0.3817(18) 0.063(7) 1.0000 Uiso

C(22) 0.2225(17) −0.3905(16) −0.3423(16) 0.056(6) 1.0000 Uiso

C(23) 0.2445(13) −0.3848(13) −0.2501(13) 0.040(5) 1.0000 Uiso

C(24) 0.1797(15) −0.3846(16) −0.2057(15) 0.049(5) 1.0000 Uiso

C(25) 0.2040(16) −0.3772(16) −0.1179(17) 0.058(6) 1.0000 Uiso

C(26) 0.2967(13) −0.3702(13) −0.0703(13) 0.038(4) 1.0000 Uiso

C(27) 0.3357(13) −0.3785(13) −0.1995(13) 0.038(4) 1.0000 Uiso

C(28) 0.4052(12) −0.3723(12) −0.2401(11) 0.030(4) 1.0000 Uiso

C(29) 0.278(2) 0.150(3) 0.298(3) 0.113(12) 1.0000 Uiso
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Table B.22 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(30) 0.117(3) 0.122(3) 0.174(3) 0.125(14) 1.0000 Uiso

H(1) 0.5700 −0.5440 −0.0933 0.12(3) 1.0000 Uiso

H(3) 0.0327 −0.3254 −0.0553 0.21(3) 0.76(5) Uiso

H(4) 0.0811 −0.2364 −0.0034 0.21(3) 0.76(5) Uiso

H(51) 0.7181 −0.4207 −0.0930 0.15(3) 1.0000 Uiso

H(61) 0.8748 −0.4183 −0.0563 0.16(3) 1.0000 Uiso

H(71) 0.9652 −0.3968 0.0854 0.16(3) 1.0000 Uiso

H(91) 0.9747 −0.3759 0.2436 0.15(3) 1.0000 Uiso

H(101) 0.9038 −0.3645 0.3468 0.14(3) 1.0000 Uiso

H(121) 0.7604 −0.3583 0.3860 0.13(3) 1.0000 Uiso

H(131) 0.6046 −0.3587 0.3411 0.14(3) 1.0000 Uiso

H(141) 0.5237 −0.3451 0.1925 0.13(3) 1.0000 Uiso

H(171) 0.6148 −0.3359 −0.1947 0.14(3) 1.0000 Uiso

H(181) 0.5836 −0.3446 −0.3468 0.14(3) 1.0000 Uiso

H(191) 0.4362 −0.3707 −0.4321 0.15(3) 1.0000 Uiso

H(211) 0.2716 −0.3898 −0.4424 0.15(3) 1.0000 Uiso

H(221) 0.1621 −0.4011 −0.3754 0.14(3) 1.0000 Uiso

H(241) 0.1182 −0.3869 −0.2378 0.14(3) 1.0000 Uiso

H(251) 0.1604 −0.3786 −0.0893 0.14(3) 1.0000 Uiso

H(261) 0.3150 −0.3649 −0.0096 0.12(3) 1.0000 Uiso

H(291) 0.3158 0.1664 0.3550 0.19(3) 0.35(2) Uiso

H(292) 0.2892 0.1918 0.2563 0.19(3) 0.35(2) Uiso

H(293) 0.2898 0.0855 0.2854 0.19(3) 0.35(2) Uiso

H(294) 0.3203 0.1315 0.3524 0.19(3) 0.65(2) Uiso

H(295) 0.2579 0.2136 0.3023 0.19(3) 0.65(2) Uiso

H(296) 0.3055 0.1462 0.2533 0.19(3) 0.65(2) Uiso

Continued on Next Page . . .



Appendix B. Fractional atomic coordinates and isotropic thermal parameters 290

Table B.22 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(301) 0.0528 0.1213 0.1549 0.22(3) 0.35(2) Uiso

H(302) 0.1387 0.1652 0.1393 0.22(3) 0.35(2) Uiso

H(303) 0.1392 0.0589 0.1683 0.22(3) 0.35(2) Uiso

H(304) 0.0622 0.0873 0.1502 0.22(3) 0.65(2) Uiso

H(305) 0.1044 0.1866 0.1834 0.22(3) 0.65(2) Uiso

H(306) 0.1520 0.1191 0.1344 0.22(3) 0.65(2) Uiso

Table B.23: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

[Bi(terpy)(DMSO)2(µ−OH)]2[Au(CN)2]4

Atom x y z
U(iso)

Occ Type
(Å2)

Bi(1) 0.48653(10) 0.51107(9) 0.14529(9) 0.0326 1.0000 Uani

Au(1) −0.01167(12) 0.10122(11) 0.13079(11) 0.0449 1.0000 Uani

Au(2) 0.03924(13) 0.13812(12) 0.37436(11) 0.0519 1.0000 Uani

S(1) 0.5132(9) 0.1898(8) 0.0813(8) 0.062(2) 1.0000 Uiso

S(2) 0.3565(8) 0.5852(8) 0.4055(8) 0.058(2) 1.0000 Uiso

O(1) 0.555(2) 0.320(2) 0.133(2) 0.069(7) 1.0000 Uiso

O(2) 0.453(2) 0.5299(18) 0.3498(18) 0.054(6) 1.0000 Uiso

O(3) 0.6111(17) 0.5869(15) 0.0300(15) 0.036(5) 1.0000 Uiso

N(1) 0.200(3) 0.365(2) 0.156(2) 0.057(7) 1.0000 Uiso

N(2) −0.200(3) −0.162(3) 0.093(3) 0.071(8) 1.0000 Uiso

N(3) −0.169(3) 0.276(3) 0.399(3) 0.092(10) 1.0000 Uiso

N(4) 0.254(3) 0.006(3) 0.363(3) 0.088(10) 1.0000 Uiso

N(5) 0.733(2) 0.5786(19) 0.2453(19) 0.038(6) 1.0000 Uiso
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Table B.23 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

N(6) 0.572(2) 0.7225(18) 0.2408(19) 0.034(6) 1.0000 Uiso

N(7) 0.331(2) 0.6279(19) 0.107(2) 0.039(6) 1.0000 Uiso

C(1) 0.115(3) 0.274(3) 0.149(3) 0.056(9) 1.0000 Uiso

C(2) −0.134(3) −0.065(3) 0.108(3) 0.060(10) 1.0000 Uiso

C(3) −0.091(4) 0.225(3) 0.389(3) 0.066(10) 1.0000 Uiso

C(4) 0.170(3) 0.053(3) 0.363(3) 0.062(10) 1.0000 Uiso

C(5) 0.813(3) 0.510(3) 0.245(3) 0.053(9) 1.0000 Uiso

C(6) 0.953(3) 0.553(3) 0.288(3) 0.063(10) 1.0000 Uiso

C(7) 1.010(3) 0.670(3) 0.334(3) 0.055(9) 1.0000 Uiso

C(8) 0.930(3) 0.742(3) 0.340(3) 0.053(9) 1.0000 Uiso

C(9) 0.790(3) 0.694(3) 0.296(3) 0.043(8) 1.0000 Uiso

C(10) 0.696(3) 0.766(2) 0.299(2) 0.032(7) 1.0000 Uiso

C(11) 0.733(3) 0.880(3) 0.368(3) 0.055(9) 1.0000 Uiso

C(12) 0.643(3) 0.938(3) 0.368(3) 0.063(10) 1.0000 Uiso

C(13) 0.515(3) 0.894(3) 0.308(3) 0.053(9) 1.0000 Uiso

C(14) 0.485(3) 0.785(2) 0.242(2) 0.035(7) 1.0000 Uiso

C(15) 0.355(3) 0.734(2) 0.172(2) 0.034(7) 1.0000 Uiso

C(16) 0.254(3) 0.794(3) 0.166(3) 0.058(9) 1.0000 Uiso

C(17) 0.138(3) 0.745(3) 0.081(3) 0.055(9) 1.0000 Uiso

C(18) 0.118(3) 0.636(3) 0.018(3) 0.047(8) 1.0000 Uiso

C(19) 0.215(3) 0.578(3) 0.030(3) 0.046(8) 1.0000 Uiso

C(20) 0.373(4) 0.114(4) 0.141(4) 0.099(14) 1.0000 Uiso

C(21) 0.640(4) 0.140(4) 0.149(4) 0.090(13) 1.0000 Uiso

C(22) 0.243(3) 0.474(3) 0.461(3) 0.072(11) 1.0000 Uiso

C(23) 0.452(3) 0.681(3) 0.526(3) 0.074(11) 1.0000 Uiso

H(3) 0.6695 0.6643 0.0492 0.07(3) 1.0000 Uiso
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Table B.23 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(51) 0.7720 0.4287 0.2155 0.10(3) 1.0000 Uiso

H(61) 1.0069 0.5026 0.2857 0.11(3) 1.0000 Uiso

H(71) 1.1042 0.7017 0.3613 0.10(3) 1.0000 Uiso

H(81) 0.9675 0.8227 0.3729 0.09(3) 1.0000 Uiso

H(111) 0.8192 0.9122 0.4104 0.09(3) 1.0000 Uiso

H(121) 0.6678 1.0126 0.4119 0.10(3) 1.0000 Uiso

H(131) 0.4518 0.9354 0.3109 0.09(3) 1.0000 Uiso

H(161) 0.2620 0.8617 0.2157 0.10(3) 1.0000 Uiso

H(171) 0.0775 0.7877 0.0687 0.09(3) 1.0000 Uiso

H(181) 0.0393 0.6014 −0.0330 0.09(3) 1.0000 Uiso

H(191) 0.2028 0.5050 −0.0133 0.09(3) 1.0000 Uiso

H(201) 0.2913 0.1299 0.1151 0.14(3) 1.0000 Uiso

H(202) 0.3933 0.1414 0.2152 0.14(3) 1.0000 Uiso

H(203) 0.3578 0.0303 0.1252 0.14(3) 1.0000 Uiso

H(211) 0.7276 0.1735 0.1267 0.13(3) 1.0000 Uiso

H(212) 0.6474 0.1659 0.2230 0.13(3) 1.0000 Uiso

H(213) 0.6120 0.0548 0.1329 0.13(3) 1.0000 Uiso

H(221) 0.1815 0.4133 0.4059 0.11(3) 1.0000 Uiso

H(222) 0.1902 0.5082 0.5047 0.11(3) 1.0000 Uiso

H(223) 0.2967 0.4392 0.5011 0.11(3) 1.0000 Uiso

H(231) 0.5200 0.7492 0.5108 0.11(3) 1.0000 Uiso

H(232) 0.3909 0.7064 0.5676 0.11(3) 1.0000 Uiso

H(233) 0.4974 0.6374 0.5640 0.11(3) 1.0000 Uiso
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Table B.24: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Bi(phen)2[Au(CN)2](NO3)2 ·H2O0.47

Atom x y z
U(iso)

Occ Type
(Å2)

Bi(1) 0.250883(15) 0.286813(9) 0.214058(14) 0.0146 1.0000 Uani

Au(1) 0.25183(2) 0.483818(10) 0.21364(2) 0.0266 1.0000 Uani

O(1) 0.7512(6) 0.4475(5) 0.2462(6) 0.0406 0.467(10) Uani

O(11) 0.4308(3) 0.3265(2) 0.3574(3) 0.0240 1.0000 Uani

O(12) 0.4535(3) 0.3398(2) 0.1981(3) 0.0251 1.0000 Uani

O(13) 0.5884(3) 0.3711(2) 0.3336(3) 0.0383 1.0000 Uani

O(21) 0.0538(3) 0.3409(2) 0.2314(2) 0.0248 1.0000 Uani

O(22) 0.0757(3) 0.3277(2) 0.0720(2) 0.0230 1.0000 Uani

O(23) −0.0774(3) 0.3800(3) 0.0971(3) 0.0425 1.0000 Uani

N(1) 0.4932(3) 0.3466(2) 0.2961(3) 0.0203 1.0000 Uani

N(2) 0.0140(3) 0.3508(2) 0.1333(3) 0.0218 1.0000 Uani

N(3) 0.3776(3) 0.1755(2) 0.2359(3) 0.0170 1.0000 Uani

N(4) 0.2854(3) 0.2440(2) 0.0449(3) 0.0177 1.0000 Uani

N(5) 0.2188(3) 0.2423(2) 0.3843(3) 0.0179 1.0000 Uani

N(6) 0.1234(3) 0.1766(2) 0.1924(3) 0.0163 1.0000 Uani

N(11) 0.2446(4) 0.4885(3) 0.4519(4) 0.0394 1.0000 Uani

N(12) 0.2617(4) 0.4816(3) −0.0249(4) 0.0448 1.0000 Uani

C(11) 0.2464(5) 0.4863(3) 0.3656(5) 0.0315 1.0000 Uani

C(12) 0.2573(4) 0.4818(3) 0.0630(5) 0.0301 1.0000 Uani

C(31) 0.4198(4) 0.1398(3) 0.3289(4) 0.0222 1.0000 Uani

C(32) 0.5037(4) 0.0820(3) 0.3417(4) 0.0255 1.0000 Uani

C(33) 0.5480(4) 0.0623(3) 0.2583(4) 0.0266 1.0000 Uani

C(34) 0.5051(4) 0.0991(3) 0.1596(4) 0.0214 1.0000 Uani
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Table B.24 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(35) 0.4180(4) 0.1545(3) 0.1512(3) 0.0192 1.0000 Uani

C(36) 0.5479(4) 0.0821(3) 0.0688(4) 0.0268 1.0000 Uani

C(41) 0.2412(4) 0.2795(3) −0.0468(3) 0.0211 1.0000 Uani

C(42) 0.2772(4) 0.2617(3) −0.1377(4) 0.0264 1.0000 Uani

C(43) 0.3602(4) 0.2083(3) −0.1338(4) 0.0266 1.0000 Uani

C(44) 0.4112(4) 0.1711(3) −0.0378(4) 0.0226 1.0000 Uani

C(45) 0.3698(4) 0.1907(3) 0.0513(4) 0.0176 1.0000 Uani

C(46) 0.5018(4) 0.1159(3) −0.0261(4) 0.0257 1.0000 Uani

C(51) 0.2657(4) 0.2769(3) 0.4769(3) 0.0227 1.0000 Uani

C(52) 0.2345(4) 0.2563(3) 0.5700(4) 0.0281 1.0000 Uani

C(53) 0.1519(4) 0.2012(3) 0.5664(4) 0.0287 1.0000 Uani

C(54) 0.0995(4) 0.1650(3) 0.4689(4) 0.0213 1.0000 Uani

C(55) 0.1362(4) 0.1880(3) 0.3800(3) 0.0175 1.0000 Uani

C(56) 0.0105(4) 0.1082(3) 0.4579(4) 0.0293 1.0000 Uani

C(61) 0.0771(4) 0.1447(3) 0.0992(3) 0.0195 1.0000 Uani

C(62) −0.0089(4) 0.0886(3) 0.0856(4) 0.0234 1.0000 Uani

C(63) −0.0485(4) 0.0655(3) 0.1702(4) 0.0233 1.0000 Uani

C(64) −0.0002(3) 0.0977(3) 0.2707(4) 0.0212 1.0000 Uani

C(65) 0.0864(3) 0.1534(3) 0.2795(3) 0.0161 1.0000 Uani

C(66) −0.0372(4) 0.0766(3) 0.3635(4) 0.0273 1.0000 Uani

H(11) 0.6906 0.4249 0.2614 0.10(5) 0.467(10) Uiso

H(12) 0.7335 0.4650 0.1789 0.10(5) 0.467(10) Uiso

H(311) 0.3917 0.1539 0.3874 0.024(3) 1.0000 Uiso

H(321) 0.5293 0.0568 0.4076 0.027(3) 1.0000 Uiso

H(331) 0.6065 0.0254 0.2664 0.029(3) 1.0000 Uiso

H(361) 0.6089 0.0475 0.0763 0.032(3) 1.0000 Uiso
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Table B.24 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(411) 0.1850 0.3175 −0.0501 0.024(3) 1.0000 Uiso

H(421) 0.2440 0.2874 −0.2009 0.031(3) 1.0000 Uiso

H(431) 0.3832 0.1957 −0.1950 0.030(3) 1.0000 Uiso

H(461) 0.5294 0.1030 −0.0849 0.030(3) 1.0000 Uiso

H(511) 0.3201 0.3161 0.4792 0.026(3) 1.0000 Uiso

H(521) 0.2710 0.2805 0.6339 0.033(3) 1.0000 Uiso

H(531) 0.1301 0.1872 0.6280 0.034(3) 1.0000 Uiso

H(561) −0.0141 0.0932 0.5170 0.035(3) 1.0000 Uiso

H(611) 0.1035 0.1605 0.0401 0.021(3) 1.0000 Uiso

H(621) −0.0394 0.0672 0.0190 0.026(3) 1.0000 Uiso

H(631) −0.1069 0.0286 0.1614 0.025(3) 1.0000 Uiso

H(661) −0.0962 0.0398 0.3565 0.032(3) 1.0000 Uiso

Table B.25: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

[Bi(terpy)(H2O)(µ−OH)]2[Au(CN)2]4 ·H2O1.64

Atom x y z
U(iso)

Occ Type
(Å2)

Bi(1) 0.97731(4) 0.646408(17) 0.84110(3) 0.0308 1.0000 Uani

Bi(2) 0.75039(4) 0.632702(18) 0.59182(3) 0.0336 1.0000 Uani

Au(1) 1.35991(4) 0.63426(2) 1.21593(4) 0.0416 1.0000 Uani

Au(2) 1.17733(5) 0.69453(2) 1.29961(4) 0.0469 1.0000 Uani

Au(3) 1.47533(5) 0.68629(2) 1.07894(4) 0.0479 1.0000 Uani

Au(4) 1.60184(4) 0.75212(2) 0.96220(4) 0.0493 1.0000 Uani

O(1) 0.9459(6) 0.6314(3) 0.6853(5) 0.0350 1.0000 Uani

Continued on Next Page . . .
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Table B.25 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

O(2) 0.7831(6) 0.6336(3) 0.7499(5) 0.0343 1.0000 Uani

O(3) 0.8618(8) 0.6153(4) 0.4597(7) 0.0749 1.0000 Uani

O(4) 0.8566(9) 0.6328(4) 0.9989(8) 0.0861 1.0000 Uani

O(5) 0.3703(17) 0.4490(8) 0.0994(17) 0.1504 0.6747 Uani

O(6) 0.7873(11) 0.5703(5) 0.2813(9) 0.1196 0.97(2) Uani

N(5) 0.9672(9) 0.5578(4) 0.8595(7) 0.0383 1.0000 Uani

N(6) 1.1495(8) 0.6035(4) 0.8448(7) 0.0361 1.0000 Uani

N(7) 1.1293(7) 0.7011(4) 0.8213(7) 0.0386 1.0000 Uani

N(8) 0.7814(10) 0.5430(4) 0.6056(8) 0.059(3) 1.0000 Uiso

N(9) 0.5856(8) 0.5848(4) 0.6097(7) 0.043(3) 1.0000 Uiso

N(10) 0.5829(8) 0.6829(3) 0.5950(7) 0.037(3) 1.0000 Uiso

N(11) 1.1422(9) 0.6434(4) 1.0328(8) 0.0469 1.0000 Uani

N(12) 1.5782(10) 0.6207(4) 1.4014(8) 0.0648 1.0000 Uani

N(21) 1.3798(11) 0.7648(4) 1.3325(10) 0.0641 1.0000 Uani

N(22) 0.9600(13) 0.6325(5) 1.2414(12) 0.0904 1.0000 Uani

N(31) 1.3293(9) 0.7785(4) 1.0734(8) 0.0527 1.0000 Uani

N(32) 1.6187(15) 0.5926(6) 1.0915(12) 0.1150 1.0000 Uani

N(41) 1.6062(10) 0.8475(5) 1.0817(10) 0.0658 1.0000 Uani

N(42) 1.6135(10) 0.6581(5) 0.8418(10) 0.0615 1.0000 Uani

C(11) 1.2222(11) 0.6396(5) 1.1009(10) 0.0413 1.0000 Uani

C(12) 1.4986(10) 0.6252(4) 1.3347(10) 0.0405 1.0000 Uani

C(21) 1.3082(11) 0.7382(5) 1.3234(10) 0.0426 1.0000 Uani

C(22) 1.0407(12) 0.6531(5) 1.2638(11) 0.0551 1.0000 Uani

C(31) 1.3825(11) 0.7449(5) 1.0727(10) 0.0486 1.0000 Uani

C(32) 1.5666(15) 0.6270(6) 1.0862(12) 0.0686 1.0000 Uani

C(41) 1.6030(11) 0.8125(6) 1.0399(10) 0.0526 1.0000 Uani
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Table B.25 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(42) 1.6087(11) 0.6928(6) 0.8866(11) 0.0512 1.0000 Uani

C(51) 0.8745(12) 0.5385(5) 0.8630(9) 0.0517 1.0000 Uani

C(52) 0.8589(13) 0.4893(6) 0.8690(11) 0.0660 1.0000 Uani

C(53) 0.9490(15) 0.4589(6) 0.8729(11) 0.0706 1.0000 Uani

C(54) 1.0457(13) 0.4795(5) 0.8688(10) 0.0596 1.0000 Uani

C(55) 1.0554(10) 0.5301(4) 0.8645(9) 0.0372 1.0000 Uani

C(61) 1.1574(10) 0.5556(5) 0.8622(9) 0.0348 1.0000 Uani

C(62) 1.2579(13) 0.5302(5) 0.8813(11) 0.0671 1.0000 Uani

C(63) 1.3509(11) 0.5561(6) 0.8777(12) 0.0707 1.0000 Uani

C(64) 1.3440(11) 0.6047(6) 0.8588(10) 0.0559 1.0000 Uani

C(65) 1.2414(10) 0.6276(5) 0.8436(9) 0.0384 1.0000 Uani

C(71) 1.2290(10) 0.6809(5) 0.8242(9) 0.0403 1.0000 Uani

C(72) 1.3118(11) 0.7091(5) 0.8109(10) 0.0501 1.0000 Uani

C(73) 1.2976(13) 0.7591(6) 0.7993(11) 0.0674 1.0000 Uani

C(74) 1.1996(13) 0.7785(6) 0.7976(10) 0.0548 1.0000 Uani

C(75) 1.1169(12) 0.7497(5) 0.8096(10) 0.0537 1.0000 Uani

C(81) 0.8753(14) 0.5239(6) 0.5967(12) 0.080(5) 1.0000 Uiso

C(82) 0.8933(15) 0.4724(6) 0.5963(12) 0.081(5) 1.0000 Uiso

C(83) 0.8039(15) 0.4451(7) 0.5974(12) 0.084(5) 1.0000 Uiso

C(84) 0.7131(14) 0.4625(6) 0.6063(11) 0.073(5) 1.0000 Uiso

C(85) 0.7004(12) 0.5125(6) 0.6123(11) 0.060(4) 1.0000 Uiso

C(91) 0.5983(11) 0.5354(5) 0.6195(10) 0.051(4) 1.0000 Uiso

C(92) 0.5122(14) 0.5078(6) 0.6431(12) 0.079(5) 1.0000 Uiso

C(93) 0.4225(14) 0.5332(6) 0.6489(12) 0.081(5) 1.0000 Uiso

C(94) 0.4124(14) 0.5808(6) 0.6356(11) 0.073(5) 1.0000 Uiso

C(95) 0.4966(11) 0.6084(5) 0.6155(9) 0.045(4) 1.0000 Uiso
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Table B.25 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(101) 0.4911(11) 0.6594(5) 0.6036(9) 0.044(3) 1.0000 Uiso

C(102) 0.3974(12) 0.6875(5) 0.5948(10) 0.057(4) 1.0000 Uiso

C(103) 0.3993(14) 0.7351(6) 0.5876(12) 0.078(5) 1.0000 Uiso

C(104) 0.4923(12) 0.7598(5) 0.5814(10) 0.057(4) 1.0000 Uiso

C(105) 0.5841(11) 0.7310(5) 0.5844(9) 0.047(4) 1.0000 Uiso

H(1) 0.9971 0.6382 0.6527 0.13(4) 1.0000 Uiso

H(2) 0.7292 0.6413 0.7790 0.13(4) 1.0000 Uiso

H(31) 0.9369 0.6243 0.4866 0.18(4) 1.0000 Uiso

H(32) 0.8496 0.6004 0.3982 0.18(4) 1.0000 Uiso

H(41) 0.8708 0.6344 1.0674 0.19(4) 1.0000 Uiso

H(42) 0.7821 0.6411 0.9655 0.19(4) 1.0000 Uiso

H(51) 0.3722 0.4440 0.0352 0.24(4) 0.6747 Uiso

H(52) 0.3748 0.4192 0.1316 0.24(4) 0.6747 Uiso

H(61) 0.8477 0.5886 0.2773 0.25(4) 0.97(2) Uiso

H(62) 0.7263 0.5744 0.2232 0.25(4) 0.97(2) Uiso

H(511) 0.8156 0.5593 0.8615 0.070(11) 1.0000 Uiso

H(521) 0.7910 0.4766 0.8708 0.081(11) 1.0000 Uiso

H(531) 0.9432 0.4254 0.8788 0.082(11) 1.0000 Uiso

H(541) 1.1058 0.4598 0.8691 0.086(11) 1.0000 Uiso

H(621) 1.2608 0.4970 0.8960 0.086(11) 1.0000 Uiso

H(631) 1.4184 0.5397 0.8879 0.088(11) 1.0000 Uiso

H(641) 1.4064 0.6223 0.8568 0.072(11) 1.0000 Uiso

H(721) 1.3788 0.6948 0.8116 0.072(11) 1.0000 Uiso

H(731) 1.3534 0.7787 0.7897 0.096(11) 1.0000 Uiso

H(741) 1.1882 0.8120 0.7904 0.072(11) 1.0000 Uiso

H(751) 1.0496 0.7634 0.8106 0.065(11) 1.0000 Uiso
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Table B.25 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(811) 0.9310 0.5450 0.5920 0.100(11) 1.0000 Uiso

H(821) 0.9608 0.4596 0.5948 0.111(11) 1.0000 Uiso

H(831) 0.8095 0.4117 0.5901 0.104(11) 1.0000 Uiso

H(841) 0.6560 0.4421 0.6107 0.094(11) 1.0000 Uiso

H(921) 0.5187 0.4744 0.6534 0.110(11) 1.0000 Uiso

H(931) 0.3648 0.5162 0.6617 0.100(11) 1.0000 Uiso

H(941) 0.3495 0.5972 0.6399 0.090(11) 1.0000 Uiso

H(1021) 0.3335 0.6718 0.5983 0.082(11) 1.0000 Uiso

H(1031) 0.3359 0.7527 0.5862 0.102(11) 1.0000 Uiso

H(1041) 0.4933 0.7933 0.5727 0.083(11) 1.0000 Uiso

H(1051) 0.6489 0.7460 0.5821 0.074(11) 1.0000 Uiso

Table B.26: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Tl(phen)[Au(CN)2]

Atom x y z
U(iso)

Occ Type
(Å2)

Tl(1) 0.27962(6) 0.62641(4) 0.53002(4) 0.0577 1.0000 Uani

Au(1) 0.5000 0.5000 1.0000 0.0462 1.0000 Uani

Au(2) 0.0000 0.5000 1.0000 0.0538 1.0000 Uani

N(1) 0.5025(15) 0.6671(12) 0.7843(12) 0.0866 1.0000 Uani

N(2) −0.0082(15) 0.5761(12) 0.7202(12) 0.0860 1.0000 Uani

N(3) 0.2253(10) 0.8902(7) 0.6662(7) 0.0439 1.0000 Uani

N(4) 0.2812(10) 0.8198(7) 0.3903(7) 0.0410 1.0000 Uani

C(1) 0.4998(13) 0.6073(11) 0.8635(10) 0.0545 1.0000 Uani
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Table B.26 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

C(2) −0.0049(14) 0.5505(11) 0.8234(13) 0.0617 1.0000 Uani

C(31) 0.1989(13) 0.9259(11) 0.7992(9) 0.0533 1.0000 Uani

C(32) 0.1779(13) 1.0632(12) 0.8752(10) 0.0583 1.0000 Uani

C(33) 0.1847(13) 1.1642(11) 0.8139(10) 0.0533 1.0000 Uani

C(34) 0.2089(11) 1.1328(9) 0.6715(8) 0.0396 1.0000 Uani

C(35) 0.2308(10) 0.9920(8) 0.6017(8) 0.0363 1.0000 Uani

C(41) 0.3129(13) 0.7892(11) 0.2562(9) 0.0518 1.0000 Uani

C(42) 0.3241(13) 0.8850(11) 0.1813(9) 0.0527 1.0000 Uani

C(43) 0.3021(13) 1.0209(11) 0.2478(10) 0.0523 1.0000 Uani

C(44) 0.2674(11) 1.0601(9) 0.3888(9) 0.0422 1.0000 Uani

C(45) 0.2617(10) 0.9555(8) 0.4564(8) 0.0350 1.0000 Uani

C(341) 0.2159(13) 1.2353(9) 0.5979(10) 0.0521 1.0000 Uani

C(441) 0.2423(12) 1.2012(9) 0.4635(9) 0.0472 1.0000 Uani

H(311) 0.1968 0.8559 0.8438 0.052(9) 1.0000 Uiso

H(321) 0.1602 1.0846 0.9697 0.054(9) 1.0000 Uiso

H(331) 0.1725 1.2568 0.8640 0.042(9) 1.0000 Uiso

H(411) 0.3297 0.6966 0.2106 0.046(9) 1.0000 Uiso

H(421) 0.3457 0.8576 0.0873 0.050(9) 1.0000 Uiso

H(431) 0.3074 1.0882 0.1997 0.048(9) 1.0000 Uiso

H(3411) 0.1971 1.3273 0.6451 0.048(9) 1.0000 Uiso

H(4411) 0.2501 1.2676 0.4165 0.044(9) 1.0000 Uiso
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Table B.27: Fractional atomic coordinates and

isotropic thermal parameters (U(iso) in Å2) for

Pb(terpy)[DCA]2 ·H2O1.03

Atom x y z
U(iso)

Occ Type
(Å2)

Pb(1) 0.382389(5) 0.5000 0.354258(11) 0.0104 1.0000 Uani

N(1) 0.28952(13) 0.5000 −0.3778(3) 0.0170 1.0000 Uani

N(2) 0.5000 0.66738(15) 0.0000 0.0194 1.0000 Uani

N(3) 0.30898(10) 0.35830(11) 0.2733(2) 0.0179 1.0000 Uani

N(4) 0.22092(13) 0.5000 0.1619(3) 0.0151 1.0000 Uani

N(11) 0.36000(15) 0.5000 −0.0252(3) 0.0189 1.0000 Uani

N(12) 0.13272(18) 0.5000 −0.5086(4) 0.0348 1.0000 Uani

N(21) 0.52425(11) 0.59740(12) 0.3111(2) 0.0198 1.0000 Uani

C(11) 0.32484(15) 0.5000 −0.1897(3) 0.0134 1.0000 Uani

C(12) 0.20609(17) 0.5000 −0.4402(4) 0.0192 1.0000 Uani

C(21) 0.51237(11) 0.62693(11) 0.1605(2) 0.0146 1.0000 Uani

C(31) 0.35064(14) 0.29069(13) 0.3475(3) 0.0222 1.0000 Uani

C(32) 0.31125(18) 0.21527(14) 0.3331(4) 0.0295 1.0000 Uani

C(33) 0.22459(19) 0.21119(16) 0.2368(5) 0.0356 1.0000 Uani

C(34) 0.18135(15) 0.28064(16) 0.1597(4) 0.0291 1.0000 Uani

C(35) 0.22530(12) 0.35375(13) 0.1779(3) 0.0184 1.0000 Uani

C(41) 0.18196(11) 0.42966(13) 0.0937(3) 0.0181 1.0000 Uani

C(42) 0.10416(13) 0.42803(18) −0.0517(3) 0.0274 1.0000 Uani

C(43) 0.06566(19) 0.500000(7) −0.1255(5) 0.0323 1.0000 Uani

O(1) 0.000000(10) 0.3738(4) −0.500000(10) 0.0383 0.516(13) Uani

H(11) 0.0447 0.4057 −0.5028 0.053(5) 0.516(13) Uiso

H(311) 0.4088 0.2951 0.4147 0.036(5) 1.0000 Uiso

H(321) 0.3423 0.1694 0.3869 0.046(5) 1.0000 Uiso

Continued on Next Page . . .



Appendix B. Fractional atomic coordinates and isotropic thermal parameters 302

Table B.27 – Continued

Atom x y z
U(iso)

Occ Type
(Å2)

H(331) 0.1956 0.1619 0.2247 0.053(5) 1.0000 Uiso

H(341) 0.1231 0.2783 0.0961 0.045(5) 1.0000 Uiso

H(421) 0.0786 0.3787 −0.0980 0.041(5) 1.0000 Uiso

H(431) 0.0144 0.5000 −0.2243 0.045(5) 1.0000 Uiso



References

[1] C. Janiak, “Engineering coordination polymers towards applications,” Dalton
Trans., p. 2781, 2003.

[2] T. W. Hamann, R. A. Jensen, A. B. F. Martinson, H. V. Ryswyk, and J. T.
Hupp, “Advancing beyond current generation dye-sensitized solar cells,” Energy
Environ. Sci., vol. 1, p. 66, 2008.

[3] T. Bessho, E. C. Constable, M. Graetzel, A. H. Redondo, C. E. Housecroft,
W. Kylberg, M. K. Nazeeruddin, M. Neuburgerb, and S. Schaffner, “An element
of surprise - efficient copper-functionalized dye-sensitized solar cells,” Chem
Commun., p. 3717, 2008.

[4] M. K. Nazeeruddin and M. Grätzel, “Transition metal complexes for photo-
voltaic and light emitting applications,” Struct. Bond., vol. 123, p. 113, 2007.

[5] S. Kitagawa and R. Matsuda, “Chemistry of coordination space of porous co-
ordination polymers,” Coord. Chem. Rev., vol. 251, p. 2490, 2007.

[6] J. L. C. Rowsell and O. M. Yaghi, “Metal-organic frameworks: A new class of
porous materials,” Microporous Mesoporous Mater., vol. 73, p. 3, 2004.

[7] A. J. Fletcher, K. M. Thomas, and M. J. Rosseinsky, “Flexibility in metal-
organic framework materials: Impact on sorption properties,” J. Solid State
Chem., vol. 178, p. 2491, 2005.

[8] W. Lin, “Metal-organic frameworks for asymmetric catalysis and chiral separa-
tions,” MRS Bull., vol. 32, p. 544, 2007.

[9] S. Kitagawa, R. Kitaura, and S.-I. Noro, “Functional porous coordination po-
lymers,” Angew. Chem. Int. Ed., vol. 43, p. 2334, 2004.

[10] O. M. Yaghi, H. Li, C. Davis, D. Richardson, and T. L. Groy, “Synthetic strate-
gies, structure patterns, and emerging properties in the chemistry of modular
porous solids,” Acc. Chem. Res., vol. 31, p. 474, 1998.

303



References 304

[11] J. S. Miller, “Organometallic- and organic-based magnets: New chemistry and
new materials for the new millennium,” Inorg. Chem., vol. 39, p. 4392, 2000.

[12] R. H. Savage, “Graphite lubrication,” J. Appl. Phys., vol. 19, p. 1, 1948.

[13] A. Thirumurugana and S. Natarajan, “Hydrothermal synthesis, structure and
luminescent properties of one-dimensional lanthanide benzenedicarboxylates,
[M(NO3)M2(C12H8N2)2][(C8H4O4)4] ·H2O, (M = La, Pr), possessing infinite M-
O-M linkages,” J. Mater. Chem., vol. 15, p. 4588, 2005.

[14] L. Carlucci, G. Ciani, F. Porta, D. M. Proserpio, and L. Santagostini, “Crystal
engineering of mixed-metal Ru-Ag coordination networks by using the trans-
[RuCl2(pyz)4] (pyz=pyrazine) building block,” Angew. Chem. Int. Ed., vol. 41,
p. 1907, 2002.

[15] S. R. Batten and R. Robson, “Interpenetrating nets: Ordered, periodic entan-
glement,” Angew. Chem. Int. Ed., vol. 37, p. 1460, 1998.

[16] P. J. Steel, “Ligand design in multimetallic architectures: Six lessons learned,”
Acc. Chem. Res., vol. 38, p. 243, 2005.

[17] T. K. Maji and S. Kitagawa, “Chemistry of porous coordination polymers,”
Pure. Appl. Chem., vol. 79, p. 2155, 2007.

[18] R. A. Young, ed., The Reitveld Method. New York: Oxford University Press,
1993.

[19] G. Demazeau, “Solvothermal processes: A route to the stabilization of new
materials,” J. Mater. Chem., vol. 9, p. 15, 1999.
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[40] J. Černák and J. Chomič, “Preparation, structure and properties of dicyano
silver complexes of the M(en)3Ag2(CN)4 and M(en)2Ag2(CN)4 type,” Inorganica
Chimica Acta, vol. 147, p. 189, 1988.

[41] C. J. Shorrock, B.-Y. Xue, P. B. Kim, R. J. Batchelor, B. O. Patrick, and D. B.
Leznoff, “Heterobimetallic coordination polymers incorporating [M(CN)2] – (M
= Cu, Ag) and [Ag2(CN)3] – units: Increasing structural dimensionality via
M-M’ and M· · ·NC interactions,” Inorg. Chem., vol. 41, p. 6743, 2002.

[42] M. B. Duriska, S. R. Batten, and D. J. Price, “An interpenetrating coordination
polymer containing weak hydrogen bonds and argentophilic interactions,” Aust.
J. Chem., vol. 59, p. 26, 2006.

[43] H. Schmidbaur, “The aurophilicity phenomenon: A decade of experimental find-
ings, theoretical concepts and emerging applications,” Gold Bull., vol. 33, p. 3,
2000.

[44] H. Schmidbaur and A. Schier, “A briefing on aurophilicity,” Chem. Soc. Rev.,
vol. 37, p. 1931, 2008.

[45] M. Bardaj́ı and A. Laguna, “Gold chemistry: The aurophilic attraction,” J.
Chem. Educ., vol. 76, p. 201, 1999.



References 307

[46] S. R. Hettiarachchi, M. A. Rawashdeh-Omary, S. M. Kanan, M. A. Omary,
H. H. Patterson, and C. P. Tripp, “Spectroscopic studies of “exciplex tunning”
for dicyanoaurate(I) ions doped in potassium chloride crystals,” J. Phys. Chem.
B, vol. 106, p. 10058, 2002.

[47] V. W.-W. Yam and E. C.-C. Cheng, “Photochemistry and photophysics of co-
ordination compounds: Gold,” Top. Curr. Chem., vol. 281, p. 269, 2007.

[48] N. Nagasundaram, G. Roper, J. Biscoe, J. W. Chai, H. H. Patterson, N. Blom,
and A. Ludi, “Single-crystal luminescence study of the layered compound
KAu(CN)2,” Inorg. Chem., vol. 25, p. 2947, 1986.

[49] M. Stender, M. M. Olmstead, A. L. Balch, D. Rios, and S. Attar, “Cation
and hydrogen bonding effects on the self-association and luminescence of the
dicyanoaurate ion, [Au(CN)2] – ,” Dalton Trans., p. 4282, 2003.

[50] R. K. Arvapally, P. Sinha, S. R. Hettiarachchi, N. L. Coker, C. E. Bedel, H. H.
Patterson, R. C. Elder, A. K. Wilson, and M. A. Omary, “Photophysics of
bis(thiocyanato)gold(I) complexes: Intriguing structure-luminescence relation-
ships,” J. Phys. Chem. C, vol. 111, p. 10689, 2007.

[51] M. A. Rawashdeh-Omary, M. A. Omary, H. H. Patterson, and J. P. Fackler,
Jr., “Excited-state interactions for [Au(CN)2] n and [Ag(CN)2] n oligomers in
solution. formation of luminescent gold-gold bonded excimers and exciplexes,”
J. Am. Chem. Soc., vol. 123, p. 11237, 2001.

[52] P. G. Jones and B. Ahrens, “Gold(I) complexes with amine ligands, II.
methylpyridine complexes of gold(I),” Z. Naturforsch. B, vol. 53, p. 653, 1998.

[53] H. Schmidbaur, G. Weidenhiller, O. Steigelmann, and G. Müller, “[(2-
methylphenyl)phosphine]gold(I) bromide - a new type of structure for Au-Au
contacts in (phosphine)gold(I) halides,” Z. Naturforsch. B, vol. 45, p. 747, 1990.

[54] S. Ahrland, B. Noren, and A. Oskarsson, “Crystal structure of
iodo(tetrahydrothiophene)gold(I) at 200 K: A compound with an infinite
array of gold-gold bonds,” Inorg. Chem., vol. 24, p. 1330, 1985.

[55] H. Ecken, M. M. Olmstead, B. C. Noll, S. Attar, B. Schlyer, and A. L. Balch,
“Effects of anions on the solid state structures of linear gold(I) complexes of the
type (o-xylyl isocyanide)gold(I) (monoanion),” J. Chem. Soc., Dalton Trans.,
p. 3715, 1998.

[56] R. J. Puddephatt, “Macrocycles, catenanes, oligomers and polymers in gold
chemistry,” Chem. Soc. Rev., vol. 37, p. 2012, 2008.



References 308

[57] P. M. van Calcar, M. M. Olmstead, and A. L. Balch, “Architecture of crystalline
polymers formed from the binuclear complexes XAuPh2P(CH2) nPPh2AuX
through weak Au(I)· · ·Au(I) interactions,” Inorg. Chem., vol. 36, p. 5231, 1997.

[58] D. B. Leznoff, B.-Y. Xue, B. O. Patrick, V. Sanchez, and R. C. Thomp-
son, “An aurophilicity-determined 3-D bimetallic coordination polymer: Using
[Au(CN)2] – to increase structural dimensionality through gold· · · gold bonds in
(tmeda)Cu[Au(CN)2]2,” Chem. Commun., p. 259, 2001.
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