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Abstract

This thesis describes the synthesis and characterization of a number of polyborate
compounds containing transition metal complex cations; most of these compounds contain 6-

membered B3Os boroxole rings within their structures.

A total of twenty-six transition metal complex polyborate salts are reported: one
contains the triborate monoanion, [B3O3(OH)4]", three contain the tetraborate dianion
[B4Os(OH)4]%, twelve contain the pentaborate anion, [BsOs(OH)4],, three contain the
hexaborate dianion, [BsO7(OH)s]> and five contain heptaborate anions (three of which are
[B70g(OH)s]%, and two are [B7Og(OH)s]*). Additionally, two compounds contain two isolated
polyborate anion species (octaborate dianion [BsO10(OH)s]> with pentaborate anion
[BsOs(OH)4]", and triborate anion [B3O3(OH)4]" with [BsOs(OH)4]). The crystal structures of
fifteen salts containing these polyborate anions are reported:
[Co(en)s][BsOs(OH)4][BsO10(OH)6]-5H20 (6), [Co(NH3)s]2[B4Os(OH)4]3-11H20 (9), s-fac-
[Co(dien)2][B709(OH)6]:9H20  (11),  [Co(diNOsar)]2[B3O3(OH)4]Cls-4.75H0  (12),
[Cu(en)2][BsOs(OH)4]2:2H20  (20),  [Cu(pn)2{Bs0s(OH)4}][Bs0s(OH)4]-4H20  (22),
[Cu(TMEDA){BsO7(OH)s}]-6H20 (23), [Cu(dac)2(H20)2][Cu(dac)z][B70s(OH)s]2-4H20 (24),
[Cu(N,N-dmen)2(H20)][BsOs(OH)s]2-:3H20 (27), [Cu(N,N-dmen){BsO7(OH)s}]-4H20 (28),
[Ni(en){BsO7(OH)e}(H20)2]'H20 (37), [Ni(AEN)][BsOs(OH)4]‘H20 (38), [Ni(dac)2(H20-
)2][Ni(dac)2][B70s(OH)s]2-4H20  (39),  [Ni(hn)2][BsOs(OH)s]2  (40), and  s-fac-
[Ni(dien)2][BsOs(OH)4]2 (41). All the synthesized compounds reported were characterized
using spectroscopic (IR, multi-element NMR) and analytical (melting point, elemental analysis,
magnetic susceptibility, thermal analysis, powder X-ray diffraction) techniques.

The solid-state structures of transition metal complex polyborate salts all display
multiple cation-anion H-bond interactions and these undoubtedly play a major role in the
energetics of engineering these  structures. For example, in  compound
[Co(NH3)6]2[B4Os(OH)4]3-11H20 (9), fourteen of the 18 amino hydrogen atoms of the

[Co(NHs3)6]** cation are involved in secondary coordination to anions via H-bonds.

Two unique polyborate anions, [BsO10(OH)s)]* and [B70s(OH)s]> have been prepared
and characterized in  [Co(en)s][BsOs(OH)4][BsO10(OH)s]-:5H20  (6) and s-fac-
[Co(dien)2][B7O9(OH)6]-9H20 (11), respectively.

Vi



The reaction of transition metal complex cations with boric acid in different ratios
produced polyborate compounds with different polyborate anions e.g. reaction of [Cu(en)z2]**
with boric acid in 1:10 and 1:5 ratios produce polyborate compounds with pentaborate(1-) and

tetraborate(2-) anions, respectively.

New polyborate anion structural architectures are identified in this thesis: (i) the
pentaborate(1-) anion in [Cu(pn)2{Bs0s(OH)4}][B50s(OH)4]-4H20 (22) acts as a monodentate
ligand coordinated to the Cu(ll) cation, (ii) the hexaborate(2-) anion in
[Cu(TMEDA){BsO7(OH)6}]-:6H20 (23) and [Cu(N,N-dmen){BsO7(OH)s}]-4H0 (28)
coordinates as a tridentate ligand with the Cu(ll) cations, and (iii) the hexaborate(2-) anion in
[Ni(en){BsO7(OH)s}(H20)2]-H20 (37) coordinates as a bidentate ligand with the Ni(lIl) cation.
This is the first time that such coordination mode (i) and (iii) have been observed.
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Chapter One

Introduction



1.1 Introduction

This introductory chapter reviews aspects of inorganic chemistry pertinent to this thesis.
The introduction has been divided in to three main parts. Firstly, there is a review of the basic
concepts of coordination compounds (i.e. complexes, coordination numbers and isomerism).
Secondly, there is a review focused on boron oxygen compounds. Here, polyborate anion
structures are discussed in more detail and a brief description of the anions present in known
polyborate salts are included. Finally, there is a review of the experimental techniques used in
this thesis to characterize the polyborate compounds and this includes a more detailed

discussion of NMR spectroscopy.

1.2 Aim of study

Borates with alkali metals, alkaline earth metals, main group metals, rare earths,
transition metals and non-metal cations have been widely studied and explored.! It is well
known that certain polyborate anions e.g. [BsO12(OH)s]*, [B15020(0OH)s]*" have only been
observed partnered by specific cations.?3 B(OH)sz in basic aqueous solution exists as a dynamic
combinatorial library of a variety of polyborate anions and cations can self-assemble (crystal
engineer) solid-state polyborate structures by crystallization from this aqueous solution.
However, many of these polyborates contain the isolated pentaborate(1-) anion and this is

believed to be for the reasons set out in the following two paragraphs.

Each pentaborate(1-) anion has four H-bond donor sites and ten H-bond acceptor sites
and all 4 H-bond sites are always used as H-bond donor to other pentaborate anions and form
supramolecular 3D frameworks.* Structurally, pentaborates are best described as
supramolecular networks of H-bonded anions, with cations occupying the ‘cavities’ within the
network. However, with pentaborate(1-) anions, these lattice can expand (within limits) with
cation size. A common structure motif in all pentaborate compounds is reciprocal R2%(8) H-
bonds at o sites and this interaction is particulary strong.®> When ‘innocent’ cations are present
these anion-anion H-bond interactions dominate the self-assembly energetics of the pentaborate

salts.

Cation-anion H-bond interactions in the solid state can play a very important role in
engineering structures of the polyborate compounds and may break up the dominance of anion-
anion interactions found in pentaborates, e.g. [H2en]2[B4Os(OH)4][B7O9(OH)s]-3H20, isolated
heptaborate(2-) and tetraborate(2-) anions (rather than pentaborate(1-) anion) are observed with
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non-metal cation [Hzen]?*. Here all twelve amino H-atoms of the two [Hzen]?* cations are

involved in H-bonds.®

The first main aim of the research covered within this thesis is to synthesize and
structurally characterize new polyborate anions with sterically demanding and / or highly
charged cations, i.e. transition metal coordination complex cations. Polyborate salts are formed
by self-assembly reactions from boric acid templated by the cations. We have investigated
whether the transition metal complex cation structure directly affects the structure of the
polyborate anions and if so, how the transition metal complex influences that structure. This is

to be achieved by examination of solid-state structures as determined by XRD studies.

The second aim is to investigate the physical properties of the new synthesized transition
metal complex polyborate compounds. Magnetic properties and thermal properties are to be

reported, along with spectroscopic (IR, NMR, and UV) data.

1.3 Coordination compounds

1.3.1 Coordination number and coordination geometry

The principle feature of the geometrical structures of complex compounds (coordination
number) were first determined by the Swiss chemist Alfred Werner in 1893.” The coordination
number of the central metal atom is defined as the total number of atoms, ions, or molecules
that are bonded to the central element or ion. The coordination number can vary from two to as

many as fifteen,® but four and six are by far the most commonly observed coordination numbers.

Two common structures are possible for 4-coordinate metal complexes, tetrahedral (Ta)
and square-planar (Dan). The tetrahedral structure is mainly observed for most 4-coordinate
non-transition metal complexes, also it is commonly found for 4-coordinate transition metal
complexes. Square-planar geometry is commonly found for complexes of 2" and 3" transition
metal series with d® electronic configuration: Rh*, Pd?*, Ir*, Pt?*, and Au®*. The octahedral
geometry is the most commonly observed shape for the 6-coordinate transition metal complexes
(Figure 1.1).
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Figure 1.1 The common shapes of 4-coordinate metal complexes (A and B) and 6-coordinate
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metal complexes (C), M = metal, L = ligand.

In some octahedral cases distortions are observed due to unequal occupancy of
degenerate orbitals in the idealized undistorted geometry. This distortion will lead to a system
of lower energy and lower symmetry where the two axial bonds can be longer or shorter than
those of the equatorial bonds. This geometry change is called the Jahn-Teller distortion (Figure
1.2). It is usually important when an odd number of electrons occupy the Eq level, and mostly
arises in complexes with the electronic configurations high spin d*, low spin d’, and d°. Jahn-
Teller distortion also occurs when there is a degeneracy due to electrons in the Tzg level, such

as configuration d! and d2. In this case the effect is usually much less pronounced since the

L/lllll: n\\\\\L

L/|\L
L

octahedral (C)

electrons occupies Tzg orbitals, which do not point directly at the ligands.®2
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dyzo dy; —— .
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Figure 1.2 Jahn-Teller distortion due to unequal occupancy of the degenerate orbitals.



1.3.2 Isomerism in transition metal complexes

The isomerism in coordination chemistry is classified into two main categories:
structural isomers and stereoisomers. Stereoisomers are compounds which have the same
chemical formula and the atoms are joined together in the same arrangement, but there is a
different spatial arrangement of these atoms. Stereoisomers can be subdivided into geometric

isomers and optical isomers.

Geometrical isomers are possible for both octahedral and square-planar geometries. For
square-planar MA2X2 complexes (A and X are monodentate ligands) there are two possible
isomers: cis- and trans-. In the trans-isomer, the identical ligands are opposite to each other
(180°), while in the cis- isomer these ligands are adjacent to each other (90°) (Figure 1.3). A
similar situation applies to octahedral MA2X4 complexes.

\ \\\\ X

M
N,

A //// , \\\\\ X A /, //
. . ’,

cis-isomer trans-isomer

Figure 1.3 cis- and trans-isomers of square-planar geometry.

For octahedral MA3Xs complexes two isomers are possible: facial (fac) and meridional
(mer). The facial isomers have each set of three identical groups occupying one face of the eight
octahedral faces, while the meridional isomer has each set of the three identical groups

occupying a plane passing through the central metal atom (Figure 1.4).

A A
A///,,I ‘\\\\\X A//// \\\\X
M /,M\\
A/ | \X X/ | \A
X X

facial isomer meridional isomer

Figure 1.4 Facial and meridional isomers of octahedral MA3Xs complexes.
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Complexes of [MA:2] formula (where A is a tridentate ligand) also can show geometrical
isomerism, for example [Co(dien)2]**,** where is diethylentriamine (dien) shows three
geometric isomers. These geometries can be designated as facial when three amino groups of
the same diethylenetriamine ligands occupy one face or meridional when the three amino
groups of the same diethylenetriamine occupy a plane passing through cobalt atom. In addition,
there are two facial isomers which are conveniently labelled s (symmetric) and u (un-
symmetric); these labels arise from whether or not the complex has a centre of symmetry, i
(Figure 1.5).1315

S-jac u-rac mer

Figure 1.5 The three geometrical isomers of [Co(dien)2]*".

Optical isomers are isomers that are non-superimposable mirror image of one another.
The optical isomers are optically active compounds and they rotate plane-polarized light in

opposite directions.

The absolute configuration of optical isomers has been denoted by various methods such
as S or R, and A or A. Complexes with three bidentate ligands be designated by a symbol A,
which is used as a prefix to describe a left-handed propeller twist, and A is used for a right-

handed twist of the three bidentate ligands (Figure 1.6).



A (lambda) mirror A (delta)

Figure 1.6 Left handed A isomer and right handed A isomer.

In 1959 Corey and Bailar first applied the principle of conformation analysis to the
stereochemistry of coordination complexes.'® They recognized that the chelation of
ethylenediamine with a transition metal ion formed a ring with many possible stereochemical
forms. In tris(ethylenediamine)cobalt(l11) complex the coordination of three bidentate ligands
to a cobalt(I11) ion forms three twisting five membered chelate rings. The hydrogen atoms on
adjacent atoms of the twisting rings are in a staggered conformation and these hydrogen atoms
will be approximately equatorial or axial to the plane of the central transition metal ion and the
two nitrogen atoms of the bidentate ligand. The conformation of the five-membered rings can

be designated as 6 or A (Figure 1.7).

H2 H2
C C
A /
HzN\ NH2 ‘——‘ H2N NH2
C C/
H

2 H,
A 5

Figure 1.7 The A and 6 configurations in tris(ethylenediamine)cobalt(III).



1.4 Boron and boron-oxygen compounds

1.4.1 General backaground of boron'’

The element boron can be defined as the chemical element with atomic number 5 and
symbol B. Boron compounds have been known for thousands of years, while the element boron
was believed to have been discovered independently in 1808 by Sir Humphry Davy (1778-1829
an English chemist), Louis Jaques Thenard (1777-1857 a French chemist) and Joseph Louis
Gay Lussac (1778-1850 a French chemist and physicist). The isolation of boron was
accomplished by the reaction of boric acid with potassium. Sir Humphrey Davy originally
named this element boracium due to it being derived from boracic acid. The origin of the name
boron is derived from a combination of the names boracium and carbon. Boron is a dark brown
powder which is extremely hard but brittle. At room temperature, it is a poor electrical
conductor, but at high temperature it is a good conductor. It is classified as a "metalloid"
element because it has the properties of metallic and non-metallic elements. Boron occurs as
boric acid B(OH)3 and in polyboric acid salts, and is never found free in nature.!’

Boron is one of the most extensively studied elements. This is due to its diverse
industrial applications, and its chemically unique behavior.?® Growing evidence from many
experiments indicate that boron is an essential trace element for the human body. The many
beneficial actions of boron include bone growth and maintenance,*® reduction of the risk for
some cancers, inflammation and oxidative stress modulation,?® improved brain function,
hormone facilitation, immune response,?* and a decrease in the risk of arthritis. Boron’s
bioactivity is primarily due to formation of borate esters with a ribose sugar moiety, such as
oxidized nicotinamide adenine dinucleotide and S-adenosylmethionine. This has led to a

proposal that 1 mg/day human boron intake may help peoples to live better and longer.°

Boron is in the oxidation state of +3 in its most familiar compounds such as halides,
nitrides, oxides, and sulphides. The main classes of boron compounds are boranes, borides,
organoboron compounds and borates. The simplest borane has the chemical formula B2Hs.
Borides are compounds produced from a combination of boron with a more electropositive
element such as titanium, e.qg. titanium boride (TiBz). Organoboron compounds are a large class
of organic derivatives of borane BHs e.g. trialkyl boranes.?? Borates represent a major division
of boron compounds where boron is bonded to oxygen and is part of a borate ester or an

oxyanion group.



1.4.2 Boron-Oxygen compounds

Boron-oxygen compounds (borates) represent a major class of boron compounds and
these have attracted a great deal of attention. Many papers relating to borate minerals have been
published and recently many synthetic novel borate compounds have greatly contributed to the
diverse literature of solid-state borate chemistry. This steady interest is due to their intriguing
variety of crystal architectures and their potential applications in many different fields e.g. in
mineralogy,?" nonlinear optical behavior,?! photoluminescence,®*® and industry

applications such as agricultural micronutrients.3*3

A specially developed process in glass manufacture has led to the production of a glass
(e.g. Pyrex) with very high heat and chemical attack resistances.*®*” Borate compounds are
essential components in modern life with applications?®>=" such as biocidal materials (wood
preservatives), glass (display panels and insulation as fibre glass), cross linking (oil recovery
chemical and adhesive), fire retardants (for wood and plastic), anticorrosion (water treatment
and automotive fluids), cleaning agents (industrial detergent and consumer), metal processors
(fluxes of steel and other metals), chemical source of boron (borohydride fuels), and nuclear
and spectroscopic application (cooling water and control rods). The great variety of application
of borate compounds result from the flexible coordination modes of the boron atom: four-fold
coordination (BOa4", tetrahedral) or three-fold coordination (BOs, triangular). The BOs and
BO4 ™ sub units can further link together via sharing common oxygen atoms to produce isolated
rings and cages, or polymerize to produce infinite chains, sheets, and network leading to a rich

structural chemistry.383°

The most important species in aqueous solution of boric acid are B(OH)3 and B(OH)4~

units:

B(OH)s + 2H20 = B(OH)s™ + H3O* Ka = 1.86x10°10 (Eq. 1.1)

According to the equilibrium constant, the main species in solution at low pH are
B(OH)s units and the dominant species at high pH are B(OH)4™ units. However, in practice the
speciation of borate ions in aqueous solution is more complex, particularly in the pH range 5-
12 (Figure 1.8). The population of polyborate anion species in solution varying according to:
pH, concentration, and temperature. The known isolated (as opposed polymeric) polyborate
anions, prior to writing the thesis, are described in Table 1.1.
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Figure 1.8 Variation in the distribution of boron species with solution pH at 25 °C. Total boron
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Table 1.1 Known isolated polyborate anion species.

Triangular borate

unit

B(OH)s3 OH

N

HO OH
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Tetrahedral borate

unit

Triborate(1-) anion

Triborate(2-) anion

Tetraborate(2-)

anion

[B3O3(OH)4]

[B303(OH)s]*

[B4Os(OH)4]*
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Pentaborate(1-)

anion

Hexaborate(2-)

anion

Heptaborate(2-)

anion

Heptaborate(2-)

anion

[BsOs(OH)4]

[BsO7(OH)s]*

[B709(OH)s]*

[B70g(OH)s]*
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The structural units in Table 1.1 are referred to as hydrated borates due to the presence
of B-OH groups and the absence of B-O™ groups. Many hydrated borates also contain interstitial
water molecules and these compounds are referred to as hydroxy hydrated. The hydrated borate
units can condense together into larger isolated clusters or infinite polyborate chains or
networks. Boroxyl rings are common in polyborate structures and there are two primary modes
connecting them. One mode involves the sharing of tetrahedral boron (Figure 1.9 A), such as
in Naz[B4Os(OH)2]-3H20. The other mode of connection involves sharing exocyclic oxygen
(Figure 1.9 B), such as Ca[B304(OH)s]-H=20.

_ __2n-
HO
e o — - 2™
o/ ) B/ HO\ (0]
AN ™~ /B/ ~pl—
o B o —1-o0 | l
\\ / \ O\ /O
B O B
// \O B/ HO OH
\ L Ja
L OH __J
(A) " (B)

Figure 1.9 Two common modes of polymerization for boroxyl rings in infinite chain borates.

The polyborate anions are partnered by cations to form salts. These different cations can

be classified into three main kinds: metal, non-metal, and transition metal complexes.

Over recent decades, many hydrated borate compounds have been prepared with a

variety of main group metals, alkali metals, alkaline earth metals.383941-68

The metal cations are spherical and mostly accept electron density from oxygen atoms
of hydrated borate units, with the metal cation acting as a Lewis acid. The acidity of the cationic
metal unit should be very close to the basicity of the anionic hydrated borate unit to promote
the formation of a stable metal borate compound.®® The polyborate anions with a higher fraction
of B units are associated with higher average oxygen coordination numbers and higher
average basicity (Table 1.2).
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Table 1.2 The average O-CN with fraction of B units of polyborate anions.”

Isolated borate anion Fraction Formula Average
B O-CN
[B(OH)a] 100 | Ca[B(OH)l2 4.0
[B4Os(OH)4]* 0.50 Naz[B4Os(OH)4](H20)s 3.8
[BsOs(OH)4] 0.20 K(H20)2[B506(OH)4] 3.2
[BsOs(OH)4] 0.20 Na[Bs0s(OH)4](H20)3 3.0
[B15030(OH)g]* 0.20 (NH4)3[B15030(OH)s](H20)4 2.8

In general, hydrated borate structural units with high Lewis basicity are commonly
found in compounds partnered with metal cations of high Lewis acidity, while hydrated borate
units with low Lewis basicity are often found with less Lewis acidic metal cation units or non-

metal cations.

The second kind of cation is a non-metal cation derived from an organic base. The non-
metal cation borate compounds have been studied far less than metal borate compounds.
[NH4][Bs0s(OH)4]-2H20, a mineral which is also synthetically available, was the first non-
metal pentaborate compound to be prepared. Related non-metal cation containing quaternary
ammonium cations were first prepared in 1959 with a resurgence of interest in the 1990's. In
recent years these compounds of non-metal cations have attracted a great deal of attention®
528,69.71-109 que to their potential uses as non-linear optical (NLO) materials and their ability to

act as a thermal precursors to new porous materials with many other applications.**°

Non-metal cations may interact with the borate structural units through hydrogen bonds
rather than by direct coordination with borate oxygen units as in metal borates. Non-metal
cations are mainly found as protonated Bronsted bases (mostly nitrogen containing bases). Non-
metal cations exhibit a degree of Bronsted acidity and may be present as cations only over a
given solution pH range. The variety of borate units with which a stable product can be
produced are also dependent on the Bronsted acidity of non-metal cations. Hydrogen bonding
is one of the most important factors that plays an important role in the stability and physical

properties of non-metal borate materials.

More recently a new research area has been rapidly developing with the inclusion of
transition metal complex cations in polyborate compounds.! Due to their interesting
coordination chemistry and attractive physical properties, a great variety of structural chemistry
is possible. However, these transition metal complex cation polyborate compounds have been

less explored than metal and non-metal borate compounds. Compounds templated by
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cobalt(l11), cobalt(ll), zinc(I1), nickel(11), manganese(ll), cadmium(ll), silver(l) and copper(1l)
transition metal complexes have been reported.! At the time of writing this thesis the following
list is exhaustive for isolated hydrated species: [Coz(trien)s][BsOs(OH)a]a,

[Co(dien)2][BsOs(OH)4]z2, [B5O7Co(OH)3(TREN)], 1t [Zn(dien)2][BsOs(OH)4]2,
[BsO7(OH)3Zn(TREN)], 2 [Ni(CaH10N2)(en)2][BsOs(OH)4]2,"*
[Zn(OAC)trien][BsOs(OH)4],112 [Mn(C10H28N6)][BsOs(OH)4]2,1**

[Ni(en)s][BsOs(OH)4]2-:2H20,  [Co(en)s][B40s(OH)4]C1-:3H20,15  [Cu(en)2][B7O13H3],
[Co(en)s][BsOs(OH)4]2-2H20,17 Na[V12B160s50(OH)7(en)]2(enHz2)s(enH)2(OH)(H20)10, 8

[Zn(B4OsH2)(pn)]-H20, [Zn(Bs010H3)(C10H24N4)]-H20, [Zn(B4OsH2)(pn)],
[Zn2(BsO1sH2) (pn)2],*° [Co(en)3][B2P3011(0OH)2],*?° [Co(pn)s3][B50s(OH)4]2-H20,
[Ni(pn)s][BsOs(OH)a]2-H20,% [Cu(PHEN)2(OAC)][B50s(OH)4]-C4aHaNO, 22
[Cu(en)2(CsHaNO)][BsOs(OH)4]2-CsHaNO, 2 [Cd(trien)(OAC)][B50s(OH)4],*2*
[Ag(py)2]2[B10014(OH)4],1% Co[BsO7(OH)3{O(CH2)2NH2}3],
Ni[BsO7(OH)3{O(CH2)2NH2}s],*? [Cd(Dien)2][Bs0s(OH)a]2,
[Cd(en)s][BsOs(OH)a]2-2H20,% [Zn(pn)0.5(pn")0.5 {B40s(OH)2}]-H20,128
K7{(BO3)Zn(B12018(OH)s}-H20,?° [Zn(dien)2][{AI(OH)}{Bs0gF}],'*
[Cu(en)2B(OH)z][B50s(OH)7], ! Li2Pb2CuB4010,'% Zng[(BO3)302(0OH)3]**
K7[(BO3)Mn{B12018(OH)s} ]-H20,*** (CsH11N3)[Co{BsO7(OH)s}2]-4H20,
[Ni(en)3][BsOs(OH)4][OAC],**® [Cu(en)2][B4Os(OH)4]-2B(OH)s,
2{Cu(en)2B(0OH)sH20[B40s(OH)4]}-H20, and {Cu(H20)2[B405(0OH)a]2} (u-H20)

{Ag(en)z2} '(H'H20){N&(H20)2}.137

Hydrated borates templated by transition metal complex cations are also favourable
candidates for the preparation of open network materials. A few transition metal complex cation
pentaborate salts have previously been isolated with interstitial moieties such as H20,'Y
CH3COz2, 1% H3BO03,'%" and chloride,'*® and a few transition metal complex cations with
polyborate anion such as tetraborate,*>119128132  hexaborate,'?® heptaborate,!3116

octaborate,**® decaborate!? and dodecaborate!?®3* have been previously prepared.

Transition metal complex cations can possess a range of chemical sizes and structural
shapes, they also possess unique spatial configurations, different charges and flexibilities, and
the possibility of many hydrogen bonding interactions. These properties may stabilize and
develop unusual polyborate system, producing good opportunities to explore polyborate

structural units and determine structure stability relationship.
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1.5 Experimental techniques used to study borate chemistry

The new polyborate species presented in this thesis have been characterized by several
techniques. X-ray crystallography (EPSPC National Crystallography Service at the University
of Southampton) is essential to this study but new compounds have also been characterized by
a range of other techniques. These include p-XRD, spectroscopic analysis (FT-IR, NMR,
UV/Vis), magnetic susceptibility and thermal analysis (TGA/DSC). NMR is a useful technique

for the study of polyborate anions and this is discussed fully in Section 1.6.

Polyborate anions usually contain both tetrahedral and trigonal planar boron centres,
with B-O stretches particularly strong in IR spectra. IR stretching frequencies have been
assigned by Li and coworkers'*° as follows: 1450-1300 cm™ -asymmetrical Bz)-O, 1150-1000
cmt asymmetrical B)-O, 960-890 cm™ symmetrical Bz)-O, and 890-740 cm™ symmetrical
B@)-O.

Another useful technique for the study of transition metal borate complexes is by
thermogravimetric analysis/differential scanning calorimetry (TGA/DSC). This is a thermal
analysis method that is used to detect changing physical and chemical properties of material as
measured by weight loss and heat exchange as the sample is heated at a uniform rate. The
thermogravimetric analysis of hydrated transition metal borate complexes generally shows
three mass loss steps.*?* The first mass loss step is observed between 50 and 190 °C, which
belongs to the loss of interstitial water molecules. The second mass loss step is observed
between 200 and 290°C and this is attributed to the condensation of polyborate ions with
removal of water from borate ions. The third mass loss step is observed between 300 and 800°C,

and they are related to oxygenolysis of ligands in the coordination sphere.

Elemental analysis also provides useful information on the stoichiometric composition
of the transition metal complex borate compound. p-XRD can used to confirm the crystallinity
and homogeneity of a solid sample. Transition metal complexes are amenable to further study
by UV/Vis spectroscopy and by magnetic susceptibility measurements.

Generally, transition metal complexes show absorption bands in the ultraviolet-visible
spectral region. These absorption bands are related to charge transfer transitions (CT), and d-d
transitions. Charge transfer transitions may be attributed to MLCT or LMCT transitions and
they are intense absorptions. The d-d transitions appear as weak absorptions in the ultraviolet
region or visible region (Figure 1.10). UV/Vis spectra are characterized by absorption max

(Amax) and extinction coefficient (g).24
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Figure 1.10 Possible electronic transition of the octahedral d® transition metal complexes

Magnetic susceptibility measurements of transition metal complexes can be used to

characterize their magnetic properties. Magnetic susceptibility measurements offer a source of

information about the number of unpaired electrons. All transition metal complexes can be

classified in to one of three classes: those repelled by magnetic field (diamagnetic), those

attracted to a magnetic field (paramagnetic), and the last class is ferromagnetic. The magnetic

properties of paramagnetic and diamagnetic materials may only be observed in the presence of

applied external magnetic field, while magnetic properties of ferromagnetic materials can be

measured even after the external field is removed. The magnetic susceptibility can be defined

as the ratio of the intensity of induced magnetism in a material to intensity of applied field

The mass susceptibility, yg(observed), aS Obtained using Johnson-Matthey balance, is

calculated using Eq. 1.2. Where C = calibration constant of the balance, £ = length of the sample
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the sample is paramagnetic R is a large positive value, if the sample is diamagnetic R is a small
negative value, and R. = value for tube and is generally small and negative. Mass susceptibility
(Ya(observed)) 1S converted to molar susceptibility (ym(observed)) by multiplying by formula mass (Eqg.
1.3).

C¢(R —R,
Xg(observed) = ¢ ) (Eq.1.2)

10°m

Xm(observed) = Yg(observed) X MW1 (Eq. 1.3)

In general, if ymebserved) Value is positive and with a value of ca. 10 cgs units the
compound is paramagnetic and if the ymebserved) IS Negative the complex is diamagnetic.
xm(observed) Needs to be corrected for diamagnetism since this is observed in all matter and the
molar susceptibility ymepara) is the sum of paramagnetic (caused by unpaired electrons) and
diamagnetic terms (Eq. 1.4) (MWt is the molecular weight of the substance). From ym(para) we
can calculate the effective magnetic moment (petf) (EQ. 1.6). We can then compare experimental
value of pert with the value obtained from 'spin-only' formula (Eq. 1.7) where n is the number

of unpaired electrons.!#

Xm(para) = ym(observed) - yYm(dia) (Eq. 1.4)
Xmaia) ¥ — 107 (Eq. 1.5)
Leff =2.828 X (ym(para) X T)2 (Eq. 1.6)
Lert = [ (n + 2)]¥2 (Eq. 1.7)
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1.6 Nuclear magnetic resonance spectroscopy (NMR)

1.6.1 Introduction

The rapid progress in chemical analysis during the second half of the twentieth century
has been mainly related to the development of nuclear magnetic resonance spectroscopy. NMR
spectroscopy is one of the most powerful and theoretically complex analytical techniques. It is
one of the few analytical techniques that does not require chemical processing and the chemical
sample is neither destroyed nor consumed during the analysis. In 1946 Bloch et al.'*® and
Purcell et al.'** independently discovered NMR spectroscopy using liquid and solid samples,
respectively. A brief overview of the some of the key concepts of nuclear magnetic resonance
spectroscopy is now given with particular references to *H, *C, and !B nuclei since these are

the NMR spectra most commonly encountered in this thesis.

1.6.2 Nuclear spin (1)14°

Nuclei that have either an odd number of neutrons or protons (or both) possess a nuclear
spin. | is the nuclear spin quantum number, and its values can be %, 3/2...etc. Nuclei with
nuclear spin quantum number values greater than zero are termed nuclear magnetic resonance
active. Nuclei with an even number of both protons and neutrons have | = 0, and they are termed
as NMR silent.

The NMR spectroscopy active nucleus with a spin of | possess (21 + 1) possible
orientations in a magnetic field (B). For example, a hydrogen nucleus of spin | = 1/2 will have

two possible orientations, Ms = +% (Figure 1.11).

A

Figure 1.11 Energy levels for a nucleus with spin quantum number, S = 1/2.
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In the absence of a magnetic field, all the spin states are of equal energy, however when
an external magnetic field is applied then the spins states are no longer of equal energy. The
lower energy level will contain slightly more nuclei than the higher energy level as described

in the Boltzmann distribution law.

The NMR phenomenon occurs when nuclei aligned with the applied external magnetic
field (Bo) are induced to absorb an identified amount of energy equal to the energy difference
between the spin states involved and change their spin orientation (Ami = +1). The energy
difference is a function of the applied magnetic field Bo (Figure 1.11), and it also depends on
the particular nucleus involved. Each nucleus has a specific gyromagnetic ratio (y) which is
constant for a particular nucleus and determines the energy dependence on the applied magnetic
field (Eq. 1.8 and Eg. 1.9).

AE « yBo (Eq. 1.8)

AE = h/21 yBo (Eq. 1.9)

1.6.3 Natural abundance

The vast majority of the elements have at least one nucleus that is NMR active. Taking
carbon as an example, it has an average atomic mass of 12.01 and atomic number of six. With
six neutrons and six protons the nucleus of carbon-12 would have | = 0 and hence be NMR
inactive. Carbon however also has the isotope carbon-13. The spin of carbon-13 is 1/2 and
hence is NMR active. The amount of carbon-13 in existence is referred to as its natural
abundance. The natural abundance of an NMR active nuclei is a significant factor in the
receptivity of the nucleus. The magnetic resonance properties of selected atomic nuclei are
listed in Table 1.3.
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Table 1.3 Magnetic resonance properties of selected atomic nuclei.'#®

Nucleus Spin Natural Magnetogyric | Nucleus | Spin Natural Magnetogyric
abundance | ratioy x10® (rad abundance | ratioy x108
(%) S1ThH (%) (rad S* T
13C Y 1.108 0.6728 1N 1 99.63 0.1933
H Y 99.99 2.6752 BN Y 0.365 -0.2711
’H 1 0.015 0.4107 1F $Z) 100 2.516
1B 3/2 81.17 0.8583 295 Y 4.70 -0.531
o 3 18.83 0.2875 s1p Y 100 1.082

198 and B are both NMR active with natural abundance 19.9 and 80.1% respectively.
Both nuclei have overall spins of more than 1/2 and they are termed quadrupolar.'*® In general,
1B js preferred to °B nuclei in NMR spectroscopy due to its higher natural abundance,
sensitivity, and lower quadrupole moment. However, the rapid relaxation times and higher
sensitivity of B nuclei generally leads to well defined, but broad, signals in NMR spectra.

1.6.4 The NMR experiment*®

A short pulse of radiofrequency (ca. 20 ps) irradiates the chemical sample which causes
an excitation and promotion of nuclei from a ground state to an excited state (Ami = +1). Some
of the energy gain is re-emitted when the excited nuclei fall back down into the original energy
level. This process is called the free induction decay (FID), which is recorded at times ranging
from milliseconds to seconds, depending on the nuclei used and is called the acquisition time
(tag). The whole process of taq is repeated many times, so as to improve the signal to noise ratio
in the spectrum and the resulting free induction decays are added together. When the FID

undergoes Fourier transformation (FT), a spectrum is obtained.

1.6.5 Relaxation*’

The excited nuclei in a NMR sample experiment may relax back to the thermal equilibrium
by dispersion of their gained excited energy. There are two pathways to describe the mechanism

of the nuclei relaxation in the NMR experiment.

(1) Spin-lattice relaxation mechanism: the spin lattice relaxation time, T1, corresponds to an
exchange energy between nuclear spin system and neighbouring molecules (the lattice).
(2) Spin-spin relaxation mechanism: the spin-spin relaxation time, Tz, which results from an

exchange of energy between the individual spins in the system.
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1.6.6 The chemical shift (5)
The chemical shift of a nucleus is the resonant frequency of a nucleus relative to a

chemical standard in a magnetic field, therefore according to the local chemical environment,
different nuclei in a molecule resonate at different frequencies. Tetramethylsilane (TMS) is
used as an external standard reference for *H, 3C, and 2°Si NMR spectroscopy, while boron
trifluoride diethyl etherate, BF3'OEty, is used as an external reference for 1'B-NMR.148

The chemical shift for a particular signal is given in part per million (ppm). The
chemical shift of most *H NMR signals are observed between +0 and +10 ppm (normally
between -20 and +30 ppm), the chemical shift of **C NMR signals are observed between -20
and +200 ppm, while the total chemical shift range of !B NMR also covers about +200 ppm.

There are many factors that affect the chemical shift of boron such as quadrupolar
effects and the coordination number of boron.*® The coordination number of boron is an
important factor that affects the chemical shift, so the chemical shift of a tetrahedral boron sp?
species are shifted more up field (+20 to -128 ppm) than a trigonal boron sp? species (+92 to -
8 ppm), this shifted can be attributed to increase the electron density around the tetrahedral
boron centre, which causes an increase in the nuclear shielding, so there is an associated upfield

shift compered to three-coordinate species.

1.7 NMR applied to polyborate species

One method for analysing and studying borate compounds is NMR spectroscopy of the
1B nucleus. The individual borate species may possess diagnostic chemical shifts which are

easily identifiable.

The chemical shift regions of pure trigonal B(OH)s and tetrahedral [B(OH4)] units
appear at +19.48 ppm and +2.48 ppm, respectively.*® The structural information on borate
anions in solution is complicated due to the equilibria of borate anions in solutions.***% The
UB-NMR spectrum of a concentration solution of hydrated potassium pentaborate,
K[BsOs(OH)4]-2H20 shows three peaks at +18, +13, and +1 ppm which are attributed to
B(OH)s/[B(OH)4]", [B3O3(OH)4], and [BsOs(OH)4],, respectively. These signals are
concentration dependent. According to Salentine,'*° approximately 90% of a solid pentaborate
salt dissociates in solution by hydrolysis to give B(OH)s, [B(OH)4]", and [B3O3(OH)4]" species.
The resonance at +18 ppm is due to B(OH)3/[B(OH)4] ion. The signal at +13 ppm belongs to
the triborate ion [B3O3(OH)4]". The resonance at +1 ppm arises from the [BsOs(OH)4]" ion. This
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signal is assigned to the 4-coordinate B centre and the 3-coordinate B centres are not observed

due to exchange/relaxation effects.

In dilute NMR samples, where the polyborates are absent, only a single peak is observed
due to B(OH)s/[B(OH)4] exchange. The chemical shift of this peak can be predicted by using
Eq. 1.10, which can be derived from Salentine observations. Where dtt. is the chemical shift of
tetrahedral [B(OH)4]" (+2.48 ppm), while i is the chemical shift of trigonal B(OH)s (+19.48
ppm), and Jobs. IS the observed chemical shift of the borate sample. By rearrangement of Eq.
1.10, the boron:base ratio in dilute NMR sample can be calculated by using Eq. 1.11 and Eq.
1.12.

6ob5. _ 6tet, + (No.ofB atoms — Charge of anion) . (5tri_ _ 5tet,) (Eq 1.10)

No.of B atoms

1

B:base = ————— (Eq. 1.11)
)
17.00
B:base = m (Eq 112)
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Chapter Two

Polyborate salts
containing cationic

cobalt(l11) complexes

The work presented within this chapter has been published in the following journal articles:
M.A. Altahan, M.A. Beckett, S.J. Coles, P.N. Horton, Inorg. Chem., 2015, 52, 412-414.

M.A. Altahan, M.A. Beckett, S.J. Coles, P.N. Horton, Inorg. Chem. Commun., 2015, 59, 95-
98.

M.A. Altahan, M.A. Beckett, S.J. Coles, P.N. Horton, phosphorus, Sulfur, and Silicon, 2016,
191, 572-575.
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2.1 Introduction

The chemistry of polyborate anions partnered with cobalt complexes shows great
structural diversity. Salts containing isolated polyborate anions with cobalt complex cations are
known in the literature: [Co(dien)2][BsOs(OH)4]2, 111152  [Coxz(trien)s][BsOs(OH)a]s, 1M
[Co(en)s][B4Os(OH)4]C1-3H20,115 [Co(en)s][B50s(OH)4]2-2H20,7
[Co(en)3][B2P3011(0OH)2],*%° and [Co(pn)s3][Bs0s(OH)4]2-H20.12* Complexes of cobalt are also
known in which the polyborate anion is formally within the first coordination sphere of the
metal centre. These is illustrated with the anionic complexes Rb2[Co{BsO7(OH)s}-],*>3
(C4H12N2)[Co{Bs07(OH)s}2]-6H20%* and (CsH11N3)[Co{BsO7(OH)s}2]-4H20,'* all of which
a coordinated tridentate [BsO7(OH)s]? ligand. This coordination mode is also observed in the
neutral complex, [Co{BsO7(OH)3}{O(CH2)2NHs}3],'*® whilst the neutral complex
[{B507(OH)3}Co(TREN)], (TREN = tris(2-aminoethyl)amine)!'! has the [BsO7(OH)s]* ligand
coordinated in a mono dentate manner via an anionic (deprotonated) oxygen centre of a

pentaborate(2-) anion.

In this chapter, we report the synthesis and characterisation of nine new polyborate salts
of cobalt(l11) complex cations. These salts all contain isolated polyborate anions. Four of the
salts have been characterized by single-crystal XRD studies and s-fac-
[Co(dien)2][B709(OH)6]-9H20'*®  and [Co(en)s][BeO10(OH)6][Bs0s(OH)4]-5H20**°  show

previously unobserved heptaborate(3-) and octaborate(2-) anions, respectively.

2.2 Aims

The primary aim of this research area was to synthesize novel polyborate anions, using
a strategy of templating such species using sterically demanding and/or highly charged cations.
A set of cationic cobalt(I1l) coordination complexes of ethylenediamine (en), 1,8-dinitro-
3,6,10,13,16,19-hexaazabicyclo-(6.6.6)icosane (diNOsar), 1,2-diaminopropane (pn), NHs, and
diethylenetriamine (dien) ligands were prepared to template polyborate salt formation. The
cobalt(l1l) complex cations were chosen due to their high charge and their potential to form
many donor H-bond interactions in their coordination sphere. Since these interactions play an
important role in the formation of the three-dimensional supramolecular frameworks in

polyborate salts.
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The secondary aim is to evaluate the structure directing effects associated with the

cobalt(l11) complex cations seen in the solid-state supramolecular structures.

2.3 Result and discussion

2.3.1 Synthesis of cobalt(111) complex chlorides

The known cobalt(l1l) complexes [Co(en)s]Cls-2H20 (1),'%® [Co(NHa)s]Cl3 (2),®
[Co(dien)2]CI3-2H20  (3), [Co(diNOsar)]Clz  (4),**” and [Co(pn)3]Clz (5),**® of
ethylenediamine (en), NHs, diethylenetriamine (dien), 1,8-dinitro-3,6,10,13,16,19-
hexaazabicyclo-(6.6.6)icosane (diNOsar), and 1,2-diaminopropane (pn) ligands were all
prepared by standard literature methods. Physical properties of the prepared complexes were

all in accord with literature data.

Compounds 1-5 were all prepared as their chloride salts and it was therefore necessary
to convert these chloride salts to the corresponding hydroxide salts before reaction with boric
acid. The hydroxide salts were prepared by ion exchange using Dowex 550A (OH" form) from
the chloride salts in aqueous solution. It was assumed that the hydroxide complex salts were
formed in quantitative yields by the ion exchange reaction. The experiment details are explained

in Chapter 6.

2.3.2 Preparation of cobalt(l111) complex polyborate salts

A series of cobalt(l11) complex polyborate salts 6-14 have been prepared as crystalline
solids from cobalt(l11) complex hydroxides. Boric acid was added in the ratios of 1:5, 1:7, 1:10,
and 1:15 to the hydroxide solutions. The solutions were then stirred, concentrated using a rotary
evaporator and cooled to yield polyborate salts as solid crude products (6-14). The crude

products were isolated by filtration and dried.

Crystals suitable for single-crystal X-ray diffraction studies of the cobalt(I11) complex
polyborate salts were prepared by recrystallization of the crude products by dissolving them in
distilled water. The recrystallized products were isolated by slow evaporation from aqueous
solution or by vapour diffusion from aqueous solution using ethanol. The recrystallized yields

of the cobalt(l111) complex polyborate salts (6-14) and their formula are shown in Table 2.1.
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Table 2.1 Yields of cobalt(111) complex polyborate salts.

Compound Formula % Yield
6 [Co(en)s][B50s(OH)4][BsO10(OH)s]-5H20 41
7 [Co(en)s][BsOs(OH)4]2C1-3H20 57
8 [Co(en)s][B7O9(OH)s]-6H20 45
9 [Co(NH3)6]2[B4Os(OH)4]3-11H20 41
10 [Co(NH3)6][B7O9(OH)s]CI-5H20 36
11 s-fac-[Co(dien)2][B7Os(OH)s]-9H20 35
12 [Co(diNOsar)]2[B303(0OH)4]Cls-4.75H20 10
13 [Co(diNOsar)][Bs0s(OH)4]2C1-3H20 54
14 [Co(pn)s3][B5Os(OH)4]2C1-3H20 50

2.3.3 Characterisation of cobalt(l11) complex polyborate salts

The magnetic properties of the cobalt(I1l) complex starting materials and their
polyborate salts were measured at room temperature using a Johnson Matthey electronic
balance with mercury tetrathiocyanatocobaltate(ll) as a calibrant. The mass susceptibility and
molar susceptibility of compounds 1-14 are shown in Table 2.2. The cobalt(l11) complexes and
their polyborate salts are all diamagnetic and there is no diagnostic change in magnetic
properties between the starting cobalt(l11) complex chlorides and their polyborate salts. The
cobalt(111) complexes are all low-spin d®, and the magnetic susceptibility values are comparable
to literature data on typical cobalt(111) complexes.t*®

Table 2.2 Mass and molar susceptibility of cobalt(l111) complexes and their polyborate salts at
24 °C.

Comp. Mass Molar Comp. Mass Molar

susceptibility susceptibility susceptibility | susceptibility
vg (cm®.g?) ym (cm®.mol. ™) yg (cmig?Y) | ym (cmimol.?)

1 -0.40 x 10 -155 x 10° 8 -0.38 x 10°® -255 x 10°°

2 -0.46 x 10° -123 x 10°° 9 -0.30 x 10°® -330 x 10

3 -0.20 x 10 -83 x 10°F 10 -0.06 x 10°® -37 x 10°

4 -0.32 x 10°® -167 x 10 11 -0.16 x 10°® -120 x 10°°

5 -0.34 x 10 -133 x 10° 12 -0.02 x 10°® -25 x 10

6 -0.11 x 10° -101 x 10° 13 -0.05 x 10°® -50 x 10°°

7 -0.30 x 10® -230 x 10°° 14 -0.25 x 10°® -200 x 10°°

Elemental analysis of the new cobalt(I11) complex polyborate salts were consistent with
their formulation. The elemental analysis data of the new polyborate salts (6-14) are shown in

Table 2.3.
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Table 2.3 CHN analysis of cobalt(l11) complex polyborate salts.

Compound Calculated (%) Experimental (%)
C H N C H N
6 8.0 4.9 9.4 8.2 5.0 9.6
7 94 5.0 11.0 9.7 4.8 10.5
8 10.8 6.4 12.3 10.7 6.3 12.6
9 - 6.4 154 - 6.5 154
10 - 5.6 14.2 - 5.6 14.1
11 12.8 6.7 11.2 134 7.2 11.1
12 26.4 5.8 17.5 25.6 6.5 16.7
13 18.4 5.1 12.3 18.3 5.0 12.4
14 134 6.5 104 13.6 6.3 10.4

NMR (*H, C, 1'B) data for compounds 6-14 are shown in Table 2.4.1'B NMR of the
cobalt(l11) complex polyborate salts showed that all the pentaborate salts 7, 13, and 14 contained
the expected three signals associated with an equilibrium mixture at ~18 ppm (due to
B(OH)3s/B(OH)4"), ~13 ppm {due to [B3O3(OH)4] }, and at ~1.3 ppm {due to the 4-coordinate
B centre of the [BsOs(OH)4]} or a single signal at ~ +16.0.24%151 1B NMR spectra of the
triborate (12), tetraborate (9), heptaborate (8, 10, and 11) salts are noticeably different from the
spectra observed in the pentaborate salts with only one (averaged and exchanging) signal
observed. The octaborate salt (6) shows two peaks at +16.5 and +13.4 ppm.

'H NMR analysis of compounds 6-8 showed two signals at 2.7 ppm (due to protons of
the en ligands) and at 4.8 ppm (due to exchanging BOH/NH2/H20 protons). These spectra are
consistent with previously reported data.*®® Compound 11 displayed two broad multiplets at 3.0
and 3.2 ppm (due to the methylene groups of the dien ligands) and an additional signal at 4.8
ppm (due to exchanging BOH/NH2/H20 protons). The relative intensities of peaks in the CH2
region were 1:3. The s-fac arrangement of the diethylenetriamine ligands gives rise to prochiral
ethylene carbon centres and four inequivalent hydrogen atom sites and three of which overlap
in the high field signal. The data we have found for 11 is in agreement with that reported for s-
fac-[Co(dien)2]Cl2(Bz)-H20! and comparable with literature data.!33%! Compounds 12 and
13 showed two overlapping quartets, associated with the AB pattern of the en and cap
methylene groups. In addition, they show one signal assigned to exchanging BOH/NH2/H20
protons. 'H NMR data of 12 and 13 are all in accord with previously reported data of
[Co(diNOsar)]Cls.1%"162 The resonances assigned to protons Hi and H: of 14 occurring at 3.0
ppm and 2.9 ppm, respectively are distinguishable (Figure 2.1). The Hi resonance is a multiplet
due to spin-coupling with Hz, Hs and methyl group protons of each 1,2-diaminopropane ligand,
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while Hz appears as a doublet of doublets arising from coupling with Hi and Hs. The signal
associated with Hs occurs at 2.5 ppm and consist of a doublet of doublets due to coupling with
Hi1 and H2. Methyl group protons appear as a doublet at 1.3 ppm due to coupling with H1 and
an additional resonance at 4.8 ppm attributed to exchanging BOH/NH2/H20 protons. The H
NMR data of compound 14 is compatible with that previously reported for [Co(pn)s]Cls. 6

CH3

Figure 2.1 Diagram showing the protons of propylene diamine ligand and the adopted

numbering scheme in compound 14.

13C NMR spectra of compounds 6-8 show only one peak for each complex in a range
consistent with coordinated ethylenediamine ligand.*®® Compound 11 displayed two signals for
the dien ligand. These signals are consistent with literature data.'®316! Three signals are
observed in 12 and 13 at ~51 ppm (due to methylene groups of the ethylenediamine ring
residues), ~55 ppm (due to methylene groups of the capping units), and a signal at ~87 ppm
(due to the tertiary carbon of the caps). These signals are in agreement with literature data.>"16?
Compound 14 shows three signals at 16.5 ppm (due to carbon methyl —CHs group), 49.9 ppm
(belonging to the carbon methylene —CH: group), and a signal at 53.9 ppm (due to carbon CH
group). The 3C NMR spectrum of compound 14 is consistent with literature data.°
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Table 2.4 'H, 3C, and !B NMR data for compounds 6-14.

Comp. | B/ppm H/ppm BC{*H}ppm
6 16.5 (85%), | 2.7 (m, 12H, CH: of en), 4.8 (s, 32H, | 44.5 (CH2 groups of the
13.4 (15%) | exchanging BOH/NH2/H20 protons) en)
7 17.4 (59%), | 2.7 (m, 12H, CH2 of en), 4.8 (s, 26H, | 44.3 (CH2 groups of the
12.9 (33%), | exchanging BOH/NH2/H20 protons) en)
1.2 (8%)
8 13.0 2.7 (m, 12H, CH: of en), 4.8 (s, 30H, | 44.2 (CH2 groups of the
exchanging BOH/NH2/H20 protons) en)
9 10.4 4.8 (s, 70H, exchanging -
BOH/NH3/H20 protons)
10 134 4.8 (s, 33H, exchanging -
BOH/NH3/H20 protons)
11 12.3 3.0 (m, 12H, CHy), 3.2 (m, 4H, CH2), | 43.3 (CH2 groups of the
4.8 (s, 34H, exchanging | dien connect to NH2),
BOH/NH/NH2/H20 protons) 55.0 (CH2 groups of the
dien connect to NH)
12 16.2 3.3, 3.9 (AB doublet of doublet, 12H, J | 51.4 (CH2 groups of the
=12 Hz, CH2 Caps), 2.9, 3.5 (complex | en), 55.1 (CH: groups of
AA'BB' coupling pattern, 12H, CHz of | the capping units), 87.9
en), 4.8 (s, 25.5H, exchanging | (tertiary C-NO: of the
BOH/NH/H20 protons) caps)
13 15.9 3.4, 3.9 (AB doublet of doublet, 12H, J | 51.3 (CH2 groups of the
=12 Hz, CH2 Caps), 3.0, 3.6 (complex | en), 55 (CH2 groups of
AA'BB' coupling pattern, 12H, J = 8 | the capping units), 87.8
Hz, CHz of en), 4.8 (s, 16H, exchanging | (tertiary C-NO:2 of the
BOH/NH/H20 protons) caps)
14 16.6 (56%), | 1.3 (m, 9H, CHs of pn), 2.5 (t, 3H, J=| 16.5 (CHs of pn), 49.9
13.0 (33%), | 13.2 Hz, J = 26.4 Hz, Cy, of CHz of pn), | (CH of pn), 53.9 (CH: of
1.3 (11%) | 2.9 (m, 3H, Ha of CH2 of pn), 3.0 (m, pn)
3H, CH of pn), and 4.8 (s, 26H,
exchanging BOH/NH2/H20 protons)

The FT-IR spectra and their tentative assignment for the new polyborate salts 6-14 are
shown in Table 2.5. Infra-red spectroscopic investigation confirmed the formation of polyborate
anions with in the cobalt(l11) salts. The FT-IR data of compounds 6-14 have been assigned by

comparison with assignment (data of Jun et al.)!*° for related polyborate anions.
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Table 2.5 Selected frequencies of FT-IR spectra of the new polyborate salts 6-14.

Comp. | v(O-H), v Vas 1) Vas Vs Vs Y
V(N-H) | (C-H) | (Be0) | (B-O-H) | (BwO) | (BeO) | (ByO) | (Br-O)

6 3461(s), | 2960(w) | 1394(s), | 1170(s) | 1059(s), 939(s) 779(m) 710(w)
3265(s), 1324(s) 1033(m)

3149(s)

7 3267(s), | 2945(w) | 1409(s), | 1154(m) | 1057(m), | 916(m) | 895(m), | 709(m)
3167(s) 1302(s) 1007(m) 785(m)

8 3413(s), | 2926(w), | 1385(s), | 1162(m) | 1058(s), 930(m) 825(w), 702(w)
3253(s) | 2855(w) | 1322(s) 1005(s) 757(w)

9 3400(s), - 1421(s), | 1190(s) 1015(s) 995(s), 809(m) 704(w)
3308(s) 1384(s) 943(m)

10 3477(s), - 1440(s), | 1164(m) | 1114(s), | 954(m) | 852(m), 767(w)
3407(s), 1401(m) 1037(s) 800(m)
3320(s)

11 3432(s), | 2950(m) | 1415(s), | 1134(m) | 1084(s), 932(m) | 861(m), 656(w)
3201(s), 1385(s) 1047(s) 750(w)
3095(s)

12 3552(s), | 2866(m) | 1432(m), | 1134(w) | 1076(m), | 988(w), | 847(w), 620(m)
3475(s), 1343(m) 1018(w) | 952(w) | 812(w)
3413(s),

3236(m)

13 3437(s), | 2859(s) | 1447(s), | 1100(m) | 1078(m) | 925(m) | 810(m) 696(w)
3025(s) 1348(s)

14 3437(s), | 2925(m) | 1435(s), | 1238(w) | 1091(m), | 925(m) | 780(w) 692(w)
3249(m) 1352(s) 1023(m)

s = strong, m = middle, w = weak, B(s) = three coordinate boron, B = four coordinate boron, v = stretching frequency, vs =
symmetrical stretching frequency, vas = asymmetrical stretching frequency, d = bending frequency.

2.3.4 Thermal properties of cobalt(l111) complex polyborate salts

Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
analysis were used to investigate the thermal properties of the new cobalt(l11) complex
polyborate salts. Samples were heated in an alumina (Al203) crucible at a temperature ramp
rate of 10 "C / min between 25-800 °C under a flow air (100 mL / min.). The thermal
decomposition stages of compounds 6-14 are detailed in Table 2.6. Hydrated transition metal
complex polyborate salts undergo three mass-loss steps to form anhydrous transition metal
borates.*?* The first mass loss step is due to the loss of interstitial water molecules and the
temperature at which this happens varies from compound to compound but is generally
complete by 180 °C. The release of these water molecules is associated with an endothermic
peak in the DSC trace. The second mass loss step is due to dehydration of the isolated
polyborate anions, by the formation of B-O-B bonds and polymeric polyborate anions (Figure
2.2). The temperature at with this step happens again varies from compound to compound but

it is generally complete by 280 °C. The release of water molecules from polyborate anions is
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also associated with an endothermic peak in the DSC trace. The last mass-loss step again varies
from compound to compound and the reaction is generally complete by 800 °C. This reaction
relates to the oxidation of the organic ligands around the transition metal of the cation along
with elimination of any remaining water molecules. The oxidation of the cation is associated

with a corresponding exothermic peak in the DSC trace.
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Figure 2.2 An illustration of the second mass-loss process in thermal decomposition of
polyborate anions.

Table 2.6 The mass loss steps of the new polyborate salts 6-14.

The thermal reactions Temp.

range °C
[Co(en)s][BsOs(OH)4][BsO10(OH)6]-5H20 —  [Co(en)s][BsOs(OH)4] | 100-150
[BsO10(OH)s] + 5H20
[Co(en)s][BsOs(OH)4][BsO10(OH)s] — [Co(en)s][B13021] + 5H20 150-250
[Co(en)s][B13021] + excess O2 — CoB13021 + volatile oxidation products 250-800
Residue CoB13021
[Co(en)s][BsOs(OH)4]2Cl-3H20 — [Co(en)s][BsOs(OH)4]2Cl + 3H20 100-180
[Co(en)3][BsOs(OH)4]2Cl — [Co(en)3][B10016]Cl + 4H20 180-280
[Co(en)s][B10016]Cl + excess O2 — CoB1001sCl + volatile oxidation | 280-800
products

Residue CoB10016Cl

[Co(en)3][B709(OH)6]-6H20 — [Co(en)3][B7Os(OH)s] + 6H20 70-180
[Co(en)s][B7O9(OH)s] — [Co(en)s][B7012] + 3H20 180-280

[Co(en)s][B7012] + excess O2 — CoB7012 + volatile oxidation products 280-800
Residue CoB7012

[Co(NH3)6]2[B40s(OH)4]3:11H20 — [Co(NH3)s]2[B4Os(OH)4]z + 11H.0 70-170
[Co(NH3)6]2[B40s(OH)s]s + excess O2 — Co02B12021 + volatile oxidation | 170-350
products

Residue C02B12021

[Co(NH3)e][B70s(OH)s]C1-5H20 — [Co(NH3)s][B70s(OH)s]Cl + 5H20 70-180
[Co(NH3)s][B70s(OH)s]CI + excess O2 — CoB70115Cl + volatile oxidation | 180-370
products

Residue CoB7011.5Cl

[Co(dien)2][B709(OH)6]-9H20 — [Co(dien)2][B7Os(OH)s] + 9H20 70-200
[Co(dien)2][B709(OH)s] — [Co(dien)2][B7012] + 3H20 200-280
[Co(dien)2][B7012] + excess O2 — CoB7012 + volatile oxidation products 280-800
Residue CoB7012

1 | [Co(diNOsar)]2[BsOs(OH)4]Clz-4.75H20 [ 70150 | 78 | 67
[Co(diNOsar)]2[BsO3(OH)4]Cls + 4.75H20
12 2 [Co(diNOsar)]2[Bs03(0OH)4]Cls — [Co(diNOsar)]2[B30s]Cls + 2H20 150-250 [ 11.0 | 95
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3 [Co(diNOsar)]2[BsOs]Cls + excess Oz — Co02B30sCls + volatile oxidation | 250-800 | 68.8 | 68.1
products
Residue C02B30sCls 31.3 | 31.9

[Co(diNOsar)][BsOs(OH)4]2C1-:3H20 — [Co(diNOsar)][BsOs(OH)4]2CI + | 70-150
3H20
[Co(diNOsar)][Bs0s(OH)4]2Cl — [Co(diNOsar)][B10016]CI + 4H20 150-250
[Co(diNOsar)][B10016]Cl + excess Oz — CoB10016Cl + volatile oxidation | 250-800
products

Residue CoB10016ClI

[Co(pn)s][BsOs(OH)4]2C1-:3H20 — [Co(pn)3][Bs0s(OH)4]2Cl + 3H20 70-160
[Co(pn)s][BsOs(OH)4]2C1 — [Co(pn)3][B10016]CI + 4H.0 160-250
[Co(pn)z][B10016]Cl + excess O2 — CoB10016Cl + volatile oxidation 250-800
products

CoB10016CI

* Calculated values and experimental values are given as totals relative to 100%, and include the process
described and earlier mass loss process.

The new polyborate compounds 6-8, 11-14 followed the expected three step path of
decomposition, with observed mass losses in agreement with calculated values. Compound 9
and 10 showed two mass-loss steps rather than three associated with the dehydration of the
polyborate anions and the oxidation of the ammonia ligands occurring in one step rather than
two (Figure 2.3 and Figure 2.4). The thermal behaviour of the cobalt(l11) complex polyborate
salts were in accord with published data describing thermal decomposition of transition metal

complex cations containing polyborate anions. %1%/
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Figure 2.3 TGA diagram for the thermal decomposition of cobalt(I11) complex polyborate salts
6-9.
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Figure 2.4 TGA diagram for the thermal decomposition of cobalt(I11) complex polyborate salts
10-14.

2.3.5 Structural characterisation of cobalt(111) complex polyborate salts

2.3.5.1 Structural characterisation of [Co(en)z][BsOs(OH)41[BsO10(OH)s]:5H-0 (6)

Crystals of 6 are triclinic, P-1 and contain two [Co(en)s][BsOs(OH)4][BsO10(OH)s]:
5H20 formula units in the asymmetric unit cell. It is an ionic compound with one transition
metal complex cation [Co(en)s]** partnered with one [BsOs(OH)4]" and one [BsO10(OH)s]*
anion and five interstitial water molecules (Figure 2.5). Crystallographic data are shown in
Table 2.7. The ligands of tris(ethylenediamine)cobalt(l11) moiety are disordered over two
positions with s.o.f. in the ratio 0.87 and 0.13.
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Figure 2.5 Diagram showing the structure and numbering scheme for 6. Colour code (used
throughout this chapter): deep blue (Co), blue (N), red (O), pink (B), dark grey (C) and light

grey (H).

Table 2.7 Crystal data and structure refinement of 6.

042
2

Empirical formula CsHa4B13NsO3:Co
Formula weight 895.93
Temperature 100(2) K
Wavelength 0.71075 A
Crystal system Triclinic

Space group P-1

Unit cell dimensions

a=11.2993(8) A
b=11.5139(8) A
¢ =13.7574(10) A

a=88.272(4)°
B =176.220(4)°
7 = 88.984(4)°

Volume 1737.4(2) A3

Z 2

Density (calculated) 1.713mg/ m®

Absorption coefficient 0.612 mm™*

F(000) 924

Crystal Cut Blade; Orange

Crystal size 0.050 x 0.050 x 0.010 mm3

@range for data collection

3.050 — 27.483°

Index ranges

-14<h<12,-14<k<14,-17<1<17

Reflections collected

27217

Independent reflections

7900 [Rin: = 0.0491]

Completeness to 0= 25.242°

99.7%

Absorption correction

Semi—empirical from equivalents
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Max. and min. transmission 1.000 and 0.785

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7900/ 164 / 588
Goodness-of-fit on F2 1.043

Final R indices [F? > 26(F?)] R1=0.0463, wR2 = 0.1182

R indices (all data) R1 =0.0645, wR2 = 0.1280
Extinction coefficient n/a

Largest diff. peak and hole 1.281 and —0.781e A3
Radiation source (wavelength) Mo-Ka. (0.71073 A)

Special details: The Co(en)s moiety was modelled as disordered over two positions with the lesser
component left isotropic. Various geometrical restraints (SAME) were also employed.

The crystallographic data revealed that 6 was composed of two different isolated
polyborate species: [BsOs(OH)4]” and [BsO10(OH)s]*. The pentaborate(1-) anion is well known
but the [BsO10(OH)s]? anion present in this complex has never been previously observed. Their
structures and their associated numbering schemes are shown in Figure 2.5. The [BsOs(OH)4]
anion is frequently observed in polyborate chemistry with interstitial moieties such as H20,'%°
pyridine,!*” B(OH)3,'?> and chloride,®, but it has never been observed previously co-
crystallized with another polyborate anion. The observation of two different polyborates in one
compound is rare, with only one known example, [Hzen]2[B4Os(OH)4][B709(OH)s]-3H20,°
which contains both the [B4Os(OH)4]> and [B7Os(OH)s]>* anions. Cobalt(lIl) centred
coordination complexes as cations with polyborate anions are very rare, with only one known
compound: [Co(en)s][B40s(OH)4]C1-3H20.11°

The isolated octaborate [BsO10(OH)s]?> anion in 6 (Figure 2.6 (A)) is an isomer of
another isolated [BgO10(OH)s]* anion (Figure 2.6 (B)), which was reported in 2006.% In 2007
a related polymeric [BsO11(OH)4]? anion,® consisting of a chain of boroxole (B3O3) rings

connected by oxo bridges with pendant pentaborate moieties (Figure 2.6 (C)) was reported.
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Figure 2.6 Structure of the octaborate(2-) anion present in the crystals of 6 (A) and isomeric
[BsO10(OH)s]?* anion (B),% and polymeric [BsO11(OH)4]?* anion (C).*

The octaborate(2-) anion observed in 6 possesses several interesting structural features
including a 3-coordinate formally positively charged oxygen (O11) centre. This O11 is
connected to three 4-coordinate boron centres (B11, B12, B13) and is the main fused connection
point between three (six membered) boroxole rings. The octaborate(2-) anion in 6 consists of 4
rings. These four rings are non-planar. The octaborate(2-) anion offers many opportunities to
partake in H-bond interactions. The OH groups provide six potential H-bond donor sites which
are also capable of accepting H-bond interactions, and a further ten B-O-B units which are
potential H-bond acceptor sites. The octaborate(2-) anion is comprised of three 4-coordinate
sp? boron centres, five 3-coordinate sp? boron centres, 10 bridging oxygen atoms, and six exo-

OH groups.

The B-O distances to the 4-coordinate tetrahedral B11 centre range from 1.439(4) to
1.554(3) A [av. 1.477 A] with those to B12 and B13 ranging from 1.443(3) to 1.543(3) A [av.
1.481 A], and 1.423(3) to 1.565(3) A [av. 1.479 A], respectively. 011, with a formal positive
charge, is bound to all three 4-coordinate boron centres and has the three longest B—O bonds in
the anion [av. 1.554 A]. Coordination about O11 is pyramidal, and is situated 0.357 A above
the plane containing B11, B12, and B13 and with the sum of its B-O-B angles 344.54°. This
deviation from planarity is greater than that previously observed in
[HsN(CH2)7NHs][B7O9(OH)s]-H20,  [cyclo-CeH11NH3]2[B7O9(OH)s]-3H20-B(OH)3,  and
[cyclo-C7H13NHz3]2[B70s(OH)s)]-2H20-2B(0OH)3.7"%" As a consequence of the pyramidal O11,

the octaborate(2-) anion in 6 is chiral, but the solid-state structure is racemic because the
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octaborate(2-) anions are arranged as centrosymmetric (enantiomeric) pairs in the crystalline
lattice. B-O bonds involving trigonal boron atoms range from 1.344(4) to 1.398(4) A and
terminal OH groups are at the shorter end of the range [av. 1.375 A], whilst B-O bonds
involving ring oxygen atoms are longer [av. 1.418 A]. Bond angles at the B11 range from
107.0(2)° to 112.2(2)°, B12 range from 107.12(19)" to 111.3(2)", and B13 range from
105.34(19)" to 112.3(2)" consistent with sp® hybridization. Angles at the trigonal boron centres
range from 108.601(18)" to 124.1(2)" consistent with sp? hybridization. The bond lengths and
bond angles of 6 are listed in Appendix | (Table 1 and Table 2). The atomic numbering for the

oxygen atoms in the octaborate(2-) anion is shown in Figure 2.7.

HO22 OH
\ %
Y, RN
o<3 B:i 2019
e ®
B—O]1] O—8B
S 2
S \
0\16 Q OH
B_Olél'__o\\\ OZHI 26
/ \ 17
H024 B 015
HO»3

Figure 2.7 Diagram showing the H-bond acceptor sites and their numbers in the octaborate(2)

anions.

The bond distances and bond angles for the pentaborate(1-) anion in 6 are within the
ranges observed for previously reported structures involving isolated [BsOs(OH)4]
anions®*113, The B-O distances to the 4-coordinate B1 centre range from 1.459(4) - 1.4919(4)
A [av. 1.471 A] and are significantly longer than those involving the 3-coordinate B centres
which range from 1.354(4) - 1.391(4) A. B-O bonds involving 3-coordinate B centres and
terminal OH groups are at the shorter end of the range [av. 1.362 A] whilst B-O bonds involving
oxygen atoms distal (02, O5) to the 4-coordinate B1 centre are at the longer end of the range
[av. 1.382 A]. Bond angles at B1 range from 107.1(2)° - 112.4(2)’, and angles at the other ring
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atoms range from 116.1(2)" - 122.6(2)" for B centres consistent with sp® and sp? hybridization,
respectively, Appendix I (Table 1 and Table 2).

There are ten potential H-bond acceptor sites on the [BsOs(OH)4]™ anion, and all, with
the exception of O2 and O4, are acceptors. Each pentaborate(1-) anion has H-bonds to three

cations, three H20 and two octaborate(2-) anions. The H-bonds data are shown Table 2.8.

Table 2.8 H-bond interactions in 6.

D-H---A d(D--A) D-H---A d(D---A)
N1-H1C--017 2.939(3) 08-H8--015 2.686(3)
N1-H1D---019 3.330(3) 09-H9.--051" 2.670(4)
N1-H1D--042 2.999(3) 010-H10--041" 2.733(3)
N2—H2C.--0141 3.088(3) 021-H21.--020" 3.010(3)
N2-H2D---010il 2.945(3) 022-H22---01 2.813(3)
N6-H6D--017 2.96(2) 023-H23--03 2.830(3)
N11-H11C--08 3.040(3) 024-H24.--018"ii 2.738(3)
N11-H11D.--O43i 3.006(3) 025-H25.--016Vii 2.705(3)
N12-H12C---023 2.982(3) 026-H26.--011" 2.853(3)
N12-H12D---09" 2.882(3) 041-H41A.--025" 3.095(4)
N16-H16D---08 2.761(16) 041-H41B.--044i 2.745(4)
N21-H21C---08 3.082(3) 042-H42A.--022* 2.753(3)
N21-H21C--021 2.992(3) 042-H42B---019" 2.805(3)
N21-H21D---04" 3.259(3) 043-H43A.--06 2.959(3)
N22-H22C---0141 2.972(3) 043-H43B---024i 2.856(3)
N22-H22D.--042 2.956(3) 044-H44A.--06 3.149(3)
N26-H26C---019 3.304(17) 044-H44B---043 2.935(3)
N26-H26D---021 2.761(17) 051-H51A.--07 2.656(4)
O7-H7.-012" 2.672(3) 051-H51B---041 3.124(5)

(i) x,y,z-1 (ii) x+1,y,z (iii) —x+1,~y,—z+1 (iv) —x+1,—y+1,-z+1 (v) x,y,z+1 (vi) x-1,y,z
(vii) —x+1,~y+1,—z (viii) x+1,-y,—z  (xi) x+1)y,z+1

Christ and Clark!®® and Heller?” proposed a crystal chemical classification scheme.
According to it, the shorthand notification of [BsOs(OH)4] and [BeO10(OH)s]? are [5:4A + 1T]
and [8:5A + 3T], respectively. In 1990 a nomenclature system was devised by Etter!®* to
describe H-bond connections between sets of molecules according to the nature of the donors
and acceptors involved in the H-bond. This system indicates whether the motif is cyclic or
linear, and finite or infinite. The designators R (ring), C (chain), and D (dimer) are used to
denote intermolecular H-bonds, while S refers intramolecular H-bonds. These designators are

followed by two numbers e.g. R22(8) and a further number is parenthesis. The subscript number
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is the number of donor sites in the motif and the superscript is the number of acceptor sites in

the motif, whilst the number in parenthesis signifies the number of atoms in the repeating motif.

All six donor sites on octaborate(2-) anion are involved in R2%(8) interactions with
neighbouring polyborates: two to pentaborates and four to octaborates. Details of the H-
bonding interactions are given in Table 2.8. These interactions are illustrated in Figure 2.8 and
2.9.

Figure 2.8 Pentaborate(1-) anion R2%(8) H-bond motif connections in 6. Dashed blue lines

represent H-bonds.

A ’\.’
7 /A\ HB6 ™, y -
)\4 w”ﬁ | V4 |
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_ _ H21 _
' H gy &

021 =

020

Figure 2.9 Four octaborate(2-) anion - octaborate(2-) anion R2%(8) H-bond motif connections in
6.
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011, the 3-coordinate O atom in the octaborate(2-) anions, effectively becomes 4-
coordinate in 6 because it accepts a H-bond from O26-H26. This interaction is approximately
linear (173.2°), with d(D---A) and d(H---A) distances of 2.853(3) and 2.02 A, respectively. The
R22(8) interaction involving O11 is unusual in that the heavy (BO) R2%(8) atoms are nonplanar
(half-chair) with the 3-coordinate O centre (O11) out of the plane by 0.98 A. As a further
consequence of these H-bonding interactions, there is an intramolecular O20---021 distance of
2.823 A. These structural aspects have not been observed in polyborates before.

o
,{\l AN A\(
oy \&A’?V

N

Figure 2.10 Diagram showing a 'plane’ of polyborate anions (viewed along the b direction of

the unit cell) and water molecule with [Co(en)s]®* cations in 6.

The [Co(en)s]*" cations, [BsOs(OH)4]" anions, [BsO10(OH)s]*> anions, and H20
molecules of crystallization of 6 are connected through a complex series of H-bond interactions,
with the anion network templated by the cations. According to Figure 2.10 the supramolecular
layered structure of 6 shows that the [Co(en)s]**cations connect the octaborate(2-) and
pentaborate(1-) anion ribbons by H-bond interactions, forming a three dimensional network.
The [Co(en)s]**cations are situated in the cavities arising within the supramolecular
[BeO10(OH)6]? / [BsOs(OH)a]” framework.
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Ten of the twelve amino hydrogen atoms of the [Co(en)s]** cations are involved as H-
bond donors to their neighbouring polyborate anions and water molecules. Each [Co(en)s]**
cation is H-bonded to three [BsOs(OH)4] anions, two [BsO10(OH)s]* anions and two water
molecules in the secondary coordination shell. Details of H-bond interactions are given in Table
2.8. The connections of [Co(en)s]®* cation to [BsOs(OH)4]™ anions are N2-H2D---010", N11-
H11D---08%, and N12-H12D---09" (where * represents a neighbouring molecule). The
connections of cation to octaborate(2-) anions are N1-H1C---017", N21-H21---021", N12-
H12C---023", and N22-H22C---014". The connections of cation to water molecules are N11-
H11D---043%, N1-H1D---042", and N22-H22---042". Nine of the ten H-bond interactions are
illustrated in Figure 2.11.

~ A H23
__.lo:za
\ 014 , H1zc /J
AL
l 4 ha3A 043 «
. ! oe H11D‘ H1§/x’f Ogﬁ/\f

G _
R

HiD

Figure 2.11 The connection of [Co(en)s]** cation with pentaborate(1-) anions, water
molecules, and octaborate(2-) anions in 6.

2.3.5.2 Structural characterisation of [Co(NH3)s12[B4Os5(OH)4]3:11H20 (9)

Crystallographic data of 9 are shown in Table 2.9. The crystals of 9 are monoclinic,
P21/c and 9 is an ionic compound with two [Co(NH3)s]** cations (A and B) partnered with three
[B4Os(OH)4]% anions (A, B, and C) and eleven interstitial water molecules (Figure 2.12). The
structure unit of 9 in Figure 2.12 shows that there are three transition metal cations, but two of
them are bisected by an internal plane of symmetry and there for equate to one cation in unit
cell.
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Figure 2.12 Diagram showing the structure and numbering scheme for 9.

Table 2.9 Crystal data and structure refinement of 9.

Empirical formula B12H70N12035C02

Formula weight 1094.26

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Monoclinic

Space group P2./c

Unit cell dimensions a=21.8873(15) A a=90°
b =8.8674(5) A £ =101.2910(10)°
¢ = 21.6637(15) A 7 =90°

Volume 4123.2(5) A3

z 4

Density (calculated) 1.763 Mg/ m®

Absorption coefficient 0.933 mm!

F(000) 2288

Crystal Plate; Light Orange

Crystal size 0.210 x 0.040 x 0.020 mm?

@range for data collection

2.951 — 27.483°

Index ranges

—28<h<28,-9<k<11,-28<1<28

Reflections collected

53472

Independent reflections

9431 [Rin = 0.0492]

Completeness to = 25.242° 99.8%
Absorption correction Semi—empirical from equivalents
Max. and min. transmission 1.000 and 0.752
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Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9431/36/670
Goodness-of-fit on F? 1.034

Final R indices [F? > 26(F?)] R1 = 0.0296, wR2 = 0.0756

R indices (all data) R1 = 0.0356, wR2 = 0.0793
Extinction coefficient n/a

Largest diff. peak and hole 0.468 and —0.593 e A3
Radiation source (wavelength) Mo-Ka. (0.71073 A)

The transition metal in each [Co(NHs)s]** cation is octahedrally coordinated by six
nitrogen atoms from six monodentate (ammonia) ligands, with Co-N bond lengths in the range
of 1.9625(14) - 1.9820(14) A. The bond length and bond angles in 9 are listed in Appendix |
(Table 3 and Table 4).

The isolated [B4+Os(OH)4]* anion in 9 is well known. The shorthand designation,
according to Christ and Clark!®® and Heller?” schemes, for [B4Os(OH)4]* anion is 4:2A + 2T.
Bond lengths and bond angles of the tetraborate(2-) anion in 9 are in agreement with published
data of transition metal complex cationic tetraborates,'*> metal cationic tetraborates,*® and non-
metal cationic tetraborates.84191:192115 The structure of the isolated [B4Os(OH)4]% anion consists
of two 3-coordinate boron centres {BO2(OH)} and two 4-coordinate boron centres {BO3(OH)}
linked by common oxygen atoms, forming a double six-membered ring with two boron and one
oxygen atoms in common. Each tetraborate(2-) anion has four potential H-bond donor sites
which are also capable of accepting H-bond interactions, and five additional potential H-bond
acceptor sites. The four chemically non-equivalent oxygen sites are labelled a, B, 8, and € by
using a similar nomenclature system to that previously described (Figure 2.13).%"7 The three
tetraborate(2-) anions in 9 are all crystallographically independent and they here been labelled
A-C. All 4 donor sites on tetraborate(2-) anions A, B, and C are involved in H-bond interactions
with neighbouring polyborate anions and water molecules. The H-bond acceptor sites arising
from donor H-bond sites of the three tetraborate(2-) anions A, B, and C are mawma, 66w, and

aoom, respectively, where o and d are tetraborate acceptor sites, and  is an water acceptor site.

The gross structures of tetraborate(2-) anions A, B, and C found in 9 are all very similar.
B-O bond length and O-B-O and B-O-B angles are typical of those found in tetraborate(2-) and
other polyborate systems'® and are illustrated in detail for anion A. The B-O distances to the
4-coordinate tetrahedral B1 and B3 centres of tetraborate(2-) anion (A) range from 1.4469(19)
- 1.5104(19) A [av. 1.4778 A] and these are significantly longer than those involving the 3-
coordinate boron centres, which range from 1.367(2) - 1.378(2) A [av. 1.373 A]. The B-O
distances involving B-OH groups are dependent on whether the boron centre is tetrahedral
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(1.4469(19), 1.452(2)) or trigonal (1.372(2), 1.378(2)). The O-B-O bond angles range from
105.61(12) - 113.76(13)° for 4-coordinate centres (B1 and B3), while O-B-O bond angles for
3-coordinate centres (B2 and B4) range from 116.66(14) - 122.91(14)-.

Figure 2.13 Diagram labelling the oxygen atom H-bond acceptor sites in the tetraborate(2-)

anions.

The solid-state structure of 9 involves H-bonded giant supramolecular tetraborate(2-)
anion structures with ‘cavities’ filled with the associated transition metal complex cations and
water molecules. Table 2.10 shows H-bond interactions between tetraborate(2-) anions and the

acceptor sites.

The tetraborate(2-) anion (A) has 19 acceptor H-bonds and 4 donor H-bonds with
interactions to two cations, five H20 and three tetraborate(2-) anions. A view of the
supramolecular layered structure of the tetraborate(2-) anions in 9 is shown in Figure 2.14.
Details of H-bond interactions are given in Table 2.10. Here each tetraborate(2-) anion (A) is
linked to three neighbouring tetraborate(2-) anions within the plane via two pairwise R2(8) H-
bond interactions O7-H7---04"/09"-H9™---01 and O7"-H7"---04/09-H9---O1", and one H-bond
interaction O16-H16--08".

The tetraborate(2-) anion (B) has twenty acceptor H-bonds and four donor H-bonds with
interactions to four cations, five H20 and three tetraborate(2-) anions. A view of the H-bond
interactions of the tetraborate(2-) anion (B) to another anions in 9 is shown in Figure 2.15. Here
each tetraborate(2-) anion (B) is linked to three neighbouring tetraborate(2-) anions within the
plane via one pairwise R22(8) H-bond interaction 019"-H19"---025/028-H28--013" and two
H-bond interactions 016™-H16"---08 and 017"-H17"---028.
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Figure 2.14 H-bond interactions of tetraborate(2-) anion (A) to another anions in 9. Dashed

blue lines represent H-bonds.

\

\
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Figure 2.15 The H-bond interactions of the tetraborate(2-) anion (B) to another anions in 9.
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Figure 2.16 The H-bond interactions of the tetraborate(2-) anion (C) to another anions in 9.

The tetraborate(2-) anion (C) has nineteen acceptor H-bonds and four donor H-bonds
with interactions to 3 [Co(NHa3)s]** cations, 4 H20 and 4 tetraborate(2-) anions. A view of the
H-bond interactions of the tetraborate(2-) anion (C) to another anions in 9 is shown in Figure
2.16. Here each tetraborate(2-) anion (C) is linked to four neighbouring tetraborate (2-) anions
within the plane via three pairwise R2%8) H-bond interactions O27°-H27"---024/029-

H29--021", 027-H27--024"/029"-H29"--021, and O19-H19--025"/028"-H28"--013 and

one further H-bond interaction O17-H17---028".

Table 2.10 H-bond interactions in 9.

D-H---A d(D---A) D-H---A d(D---A)
N1-H1A..-023ii 2.9753(17) 06-H6.--042 3.0923(18)
N1-H1B:--O16 2.9562(16) O7-H7.--04% 2.7485(16)
N1-H1C..-O?2 2.9791(18) 08-H8..-045 2.8547(16)
N2—=H2A..-027V 2.9665(18) 09—-H9...01xi 2.6793(17)
N2—H2B...045" 3.0054(18) 016-H16---08 2.8588(16)
N2—-H2C---0O16 3.1682(18) 017-H17.--028i 2.6623(16)
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N3-H3A..-012" 3.0282(17) 018-H18---051i 2.7891(17)
N3-H3A.--013" 3.4351(17) 019-H19.--025™ 2.7127(16)
N3-H3B---022" 3.3117(18) 026-H26---048™* 2.8033(17)
N3-H3C..-029iil 3.0984(18) 027-H27---024< 2.6741(17)
N4—H4A...012" 2.9027(17) 028-H38..-013 2.8640(15)
N4—-H4B.--07 3.0027(18) 029-H29---021% 2.7320(16)
N4-H4C---041" 2.9773(19) 041-H41A...08Vii 3.2218(18)
N5—H5A.--09 2.9558(19) 041-H41A.--O% 3.0760(17)
N5-H5B:-015' 3.1928(16) 041-H41A..-044Vii 3.2461(19)
N5-H5B:-016' 3.2525(18) 041-H41B---050' 2.8990(19)
N5-H5C---03" 3.1265(17) 042-H42A.--041 2.8505(19)
N5—H5C---045" 3.1750(18) 042-H42B---043 2.7612(18)
N6-HBA.-017" 3.0189(17) 043-H43A.--05 2.7988(16)
N6-H6B---03" 2.9152(17) 043-H43B--015' 2.6911(17)
N6—H6C--022V 3.0346(18) 044—H44A..-01% 3.2872(17)
N6-H6C---047" 3.325(2) 044—H44A. .04 3.2883(16)
N11-H11A..-014i 2.9759(18) 044-H44B---043 2.8477(18)
N11-H11B.--025 3.3539(17) 045-H45A.--046 2.7471(18)
N11-H11B:--046 3.1938(19) 045-H45B.--013™ 3.1573(16)
N11-H11C.--049' 2.9746(19) 045-H45B.--015™* 2.8330(16)
N12-H12A.-014 3.1682(18) 046-H46A.--011! 2.8237(17)
N12-H12A.-016 3.2138(19) 046-H46B---025 2.8927(16)
N12-H12B.--049 3.1934(19) 046-H46B---028 3.1978(16)
N12-H12C--026 3.0560(18) 047-H47A...022i 3.1089(18)
N13-H13A--026' 2.8709(17) 047-H47A.--023 2.9462(17)
N13-H13B.--019' 3.0535(19) 047-H47B--08 2.7520(18)
N13-H13C---048’ 2.9930(19) 048-H48A.--047 2.7637(19)
N21-H21A..-018"i 2.9976(19) 048-H48B---045 3.1823(19)
N21-H21B.--04i 3.1948(17) 049-H49A..-021 3.3296(17)
N21-H21B.--06' 3.2251(18) 049-H49A.-.027! 3.2093(18)
N21-H21C.--044vii 2.9933(19) 049-H49B.--024 3.1630(18)
N22-H22A.--018* 2.9444(18) 049-H49B---048 3.081(2)
N22—H22B---07(x) 3.1569(17) 050-H50A.--02" 2.9117(16)
N22-H22C.--O6' 3.0986(18) 050—H50B---028 3.0279(18)
N23-H23A.--051' 3.0078(19) 051-H51A.--O5' 2.6918(15)
N23-H23B..-042vii 2.964(2) 051-H51B---017 3.0070(17)
N23-H23C.--044vii 3.1008(18)

(i) —x+1,~y+1,-z+1 (i) —x,~y+2,—z+1 (iii) x,—y+3/2,2-1/12  (iv) x,~y+1/2,z2-1/2 (V) x,y-1,z (vi)

—x+1,y-1/2,-z+1/2 (vii) x-1,y,z (viii) —x,~y+1,—z+1 (xi) -x+1,-y+2,-z+1 (X) x,~y+3/2,z+1/2 (xi)

—X,y-1/2,-z+1/2  (xii) =X, y+1/2,-z+1/2 (xiii) X,y+1,z (Xiv) —=x+1,y—1/2,-z+3/2 (xv) —x+1,y+1/2,—~z+3/2

The tetraborate(2-) anions form a ribbon structure and these ribbons are interconnected
to form a layer. A view of the ribbon / layered structure of the [B4Os(OH)4]* anions of 9 is

shown in Figure 2.17.
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Figure 2.17 Tetraborate(2-) anions and water molecules layer structure (viewed along the a

direction of the unit cell) of 9.

The two [Co(NHs3)s]** cations, and eleven H20 molecules of crystallization of 9 are
connected through a complex series of H-bond interactions, with the tetraborate anion network
templated by the cations. The connection of ribbon-layer shown in Figure 2.17 to the
neighbouring planes is formed by further H-bond interactions, forming a three-dimensional
network. Compound 9 possess two [Co(NHa)s]3* cations: A contains Col and B contains Co11

and Co21. These cations are involved in H-bonding to [B4Os(OH)4]* anions as described below.

All eighteen of the amino hydrogen atoms of the [Co(NHa)s]** (A) and (B) cations are
involved as H-bond donors to their neighbouring tetraborate(2-) anions and water molecules.
Cation A has H-bonds to six [B4sOs(OH)4]% anions and three H20 molecules in its secondary
coordination shell via twenty-two H-bond interactions. Fourteen of the twenty-two H-bond
interactions are illustrated in Figure 2.18. Cation B acts as H-bond donors to eight
[B4Os(OH)4]% anions and six H20 molecules via twenty-one H-bond interactions. These are
described in detail in Table 2.10.
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Figure 2.18 The H-bond interactions of [Co(NH3)s]** (A) cation with tetraborate(2-) anions

and water molecules in 9.

2.3.5.3 Structural characterisation of [Co(dien),][B7O9(OH)s]:9H-O (11)

Crystallographic data for compound 11 are shown in Table 2.11. The crystals of 11 are
triclinic, P21/n and contain a discrete s-fac-[Co(dien)2]** cation partnered with a unique
[B709(OH)s]* anion and nine water molecules of crystallization, held together by an extensive
H-bond network (Figure 2.19). Two water molecules are disordered, each over two positions,
however they were successfully modelled in to a predominant form O58 (s.0.f. 0.819(7)) and
059 (s.o.f. 0.600(11)).

Table 2.11 Crystal data and structure refinement of 11.

Empirical formula CsHs50B7N024Co
Formula weight 749.14
Temperature 100(2) K
Wavelength 0.71075 A
Crystal system Monoclinic
Space group P2i/n
Unit cell dimensions a=117755(3) A a=90°
b = 15.3238(3) A £=96.515(3)°
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c=17.3965(7) A 7 =90°

Volume 3118.85(16) A3

Z 4

Density (calculated) 1.595 Mg/ m®

Absorption coefficient 0.651 mm™?

F(000) 1576

Crystal Cut Blade; Orange

Crystal size 0.150 x 0.080 x 0.010 mm?

@range for data collection

2.357 — 27.680°

Index ranges

-15<h<15,-19<k<16,-22<1<19

Reflections collected

29346

Independent reflections

7250 [Riy: = 0.0491]

Completeness to = 25.242°

99.9%

Absorption correction

Semi—empirical from equivalents

Max. and min. transmission

1.000 and 0.797

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

7250/0/414

Goodness-of-fit on F2

1.008

Final R indices [F? > 26(F?)]

R1 =0.0483, wR2 = 0.1159

R indices (all data)

R1=0.0711, wR2 = 0.1258

Extinction coefficient

n/a

Largest diff. peak and hole

1.214 and —0.801 e A-3

Radiation source (wavelength)

Mo-Ka. (0.71073 A)

Special details: Two of the water molecules (labelled as O88 and 0O89) were modelled as disordered

over two positions.

Figure 2.19 Diagram showing the structure and numbering scheme for 11.
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Whilst salts containing the pentaborate(1-) anions are common, salts containing
heptaborate anions are relatively rare, and are limited to two isomeric form of the heptaborate(2-
) anion®’"¥71% (Figure 2.20, (A) and (B)). Compound 11 contains a novel heptaborate(3-)
anion, [B70s(OH)s]* (Figure 2.20 (C)).

OH
OH
HO OH HO\B/O\GJB/O\B/ HO\ OH
B—0Q O—B/ | c|) ° ol B—O 0—B
O/ \ \\\\\ //// / \O \E)/@\B_/ O/ \ \\\\ ////,, /@ O
\ ?B‘\ ‘B(\9 / / é, / 2 \ (38\ ‘B\ o/
B—0 % o °7® o o 0o B—0 o o °7 %,
o ~g— \ \ /\B/ HO/ ~g— ‘ oH
| OH /B \ | OH
OH HO OH OH
(A) (B) ©

Figure 2.20 The two isomeric [B7Os(OH)s]* anions (A) and (B) and the structure of the
heptaborate(3-) anion (C) present in the crystals of 11.

The heptaborate(3-) anion in 11 has never been previously observed in minerals or in
synthetic borates. According to Christ and Clark®® and Heller?” the shorthand notification for
the [B7O9(OH)s]* anion is [7:4A + 3T]. The atomic numbering for the oxygen and boron atoms
in the heptaborate(3-) anion is shown in Figure 2.21. The heptaborate(3-) anion is comprised of
three almost planar (half-chair) boroxole (BsOs) rings with B2, B1, and O1 lying 0.044, 0.097
and 0.155 A out of best planes, respectively. These connect together by sharing two 4-
coordinate boron centres (B1 and B2), in a similar way to that observed for one of the known
isomers of [B7Os(OH)s]* anion (Figure 2.20 (A)).® However, the [B7Og(OH)s]* anion found in
11 (Figure 2.21) has an additional 4-coordinate boron centre (B7) formed by the addition of
OH- to a 3-coordinate boron centre on a terminal boroxole ring in [B709(OH)s]?. In addition,
there are four 3-coordinate boron (B3, B4, B5, B6) centres, with each centre connected to two
oxygen atoms and one hydroxyl group. The ‘plane’ of the middle ring is perpendicular to the

‘best planes’ of the outer two rings.

Bond lengths and bond angles for the heptaborate(3-) anion found in 11 are within the
ranges observed for previously reported polyborate anions, and generally not significantly
different to those found in the heptaborate(2-) anion with the exception of data associated with

the outer boroxole ring containing the additional hydroxyl group. The B1, B2, and B7 atoms
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are 4-coordinate centres with B-O distances ranging from 1.424(3)-1.507(3) A, 1.444(3)-
1.508(4) A, and 1.448(3)-1.516(3) A, respectively, and angles ranging from 105.42(19)-
113.7(2)°, 104.9(2)-111.7(2)°, and 104.40(19)-112.0(2)°, respectively. The B-O bond length
and angle values of B1, B2, and B7 centres are appropriate for a distorted tetrahedral geometry.
The B-O distances to the tetrahedral centres are significantly longer than those involving the 3-
coordinate (B3, B4, B5, and B6) centres which range from 1.356(3)-1.371(4) A, 1.348(3)-
1.400(3) A, 1.347(3)-1.385(3) A, and 1.354(3)-1.366(3) A, respectively with angles ranging
from 117.5(2)-122.9(3)", 118.3(2)-121.2(2)", 116.0(2)-123.2(2)°, and 115.(2)-124.3(2)’,
respectively. The inclusion of the addition OH" group has little structural effects on other
parameters within this boroxole ring, other than shortening B6-08 [1.365(3) A] relative to that
observed in [B7O9(OH)s]* [1.393(7) A].6 These data are similar to that for [Bz0s(OH)4]", % and
with adduct formation in boroxine ring systems since O8-B6 =-bonding increases in
[B709(OH)s]* as the 4-coordinate B7 can no longer partake in m-bonding. This outer boroxole
ring in [B7Og(OH)s]* has a similar bond length distribution to that found in
Ca[B303(OH)s]-H20 (meyerhofferite) which contains a boroxole ring with two 4-coordinate
boron centres.*®” The bond lengths and angles of 11 are listed in Appendix | (Table 5 and Table
6).

HO11 OH
pat
4 7
Oé \ \\\\C)I// 114, ,e/ \08
\ ll ‘B< B/7
B o/ "I////
HO
. T3 °f}
@)

Figure 2.21 Diagram showing atomic numbering for the heptaborate(3-) anions in 11.

Detailed inspection of Figure 2.22 shows that the ribbons of [B7Os(OH)s]*> anions are
horizontally connected by C(10) chain motif interaction O11-H11---O14". The heptaborate
anion ribbons are further linked to other heptaborate anion ribbons by two pairwise R2%(8)
connections 012-H12:--08"/013"-H13"--06 and O12"-H12"--08/013-H13:--06". Details of
the H-bonding interactions are given in Table 2.12.
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Table 2.12 H-bond interactions in 11.

D-H---A d(D---A) D-H---A d(D---A)
010-H10--057 2.787(2) N33-H33D--012" 2.915(3)
O11-H11.-O14 2.645(2) 051-H51A.-01 2.670(2)
012-H12.-08' 2.767(2) 051-H51B---059 2.870
013-H13.-06" 2.605(2) 051-H51B.--089 2.767
014-H14...058" 2.825(2) 052-H52A.--053 2.828
014-H14...088" 2.864(2) 052-H52B.--051 2.775
015-H15--052 2.787(2) 053-H53A.--057 2.841
N21-H21C...014 3.146(3) 053-H53B--03" 2.872(2)
N21-H21C...015 2.887(3) 053-H53B---04" 3.311(2)
N21-H21D---O5" 2.901(3) 054-H54A.--051 2.746
N22-H22...04" 3.072(3) 055-H55A. 010" 2.769(2)
N22-H22...011" 3.008(3) 055-H55B.--015 2.680(2)
N23-H23C.--013" 2.777(3) 056-H56A.-055" 2.8333(19)
N23-H23D--09 2.939(3) 056-H56B---021 3.0806(19)
N23-H23D--015 3.358(3) 056-H56B---07" 3.039(2)
N31-H31C..-07" 2.910(3) 057-H57A..03" 2.949(2)
N31-H31C..-013" 3.260(3) 057-H57A.-06" 3.014(2)
N31-H31D--04" 3.104(3) 057-H57B---08" 3.048(2)
N31-H31D---054" 3.063(3) 058-H58A.-054"i 2.934(3)
N32-H32---09 2.941(3) 058-H58B---021 2.781(2)
N32-H32..014 3.195(3) 088-HB8BA.--054"i 3.066(3)
N33-H33C.--011" 2.970(3) 059-H59B--056 2.748
N33-H33C.--054 3.337(3) 089-H89A.--056 2.307

(i) x-1y,z

(Vi) x=1/2,~y+1/2,2+1/2

(i) —x+1/2,y+1/2,—z+1/2
(vii) —x,—y+1,—z+1

YH12  iHeg

tg/;gs\./)ms

\./

A
&>

(iii) —x+1/2,y-1/2,—z+1/2 (iv) x+1)y,z (V) x+1/2,~y+1/2,2+1/2
(viii) —x,~y+1,-z (xi) x-1/2,~y+1/2,2-1/2

Figure 2.22 H-bond interactions between the heptaborate(3-) anions in 11. Dashed blue lines

represent H-bonds.
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Figure 2.23 Supramolecular structure involving heptaborate(3-) anions and [Co(Dien)2]**

cations (viewed along the c direction of the unit cell) in 11.

As shown in Figure 2.23 the supramolecular layered structure of 11 has the [Co(dien)2]3*
cations connected to the heptaborate(3-) anion ribbons by additional H-bond interactions. The
connection of plane shown in Figure 2.23 to the neighbouring planes is formed by further H-

bond interactions, forming a three-dimensional network.

o

Figure 2.24 The H-bond connections of [Co(dien)2]** with heptaborate(3-) anions and water

molecule in 11.
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All ten of the amino hydrogen atoms of the [Co(dien)2]** cations are involved as H-
bond donors to three [B7Os(OH)s]* anions and one water molecule in its secondary
coordination shell. The ten H-bond interactions consist of nine H-bonds to three heptaborate(3-
) anions and one H-bond connection to a one H20 molecule (Figure 2.24). Details are in Table
2.12.

2.3.5.4 Structural characterisation of [Co(diNOsar)],[Bz;O3(OH)4]Cls:4.75H,0 (12)

Crystallographic data for compound 12 are listed in Table 2.13. The crystals of
compound 12 are monoclinic, P—1 consists of two [Co(diNOsar)]** cations partnered with one
isolated [B3O3(OH)4]" polyborate anion, five CI anions, and 4.75 water molecules (Figure
2.25). There is one disordered water molecule that is positioned in either one of two positions,
with an s.o.f. ratio of 0.75/ 0.25.

052

Figure 2.25 Diagram showing the structure and numbering scheme for 12.
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Table 2.13 Crystal data and structure refinement of 12.

Empirical formula

C28H73.50B3CIsN16019.75C0;

Formula weight 1278.06

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.6900(4) A a=85.079(3)°
b =10.0170(6) A B =88.439(3)°
c=29.1374(1) A y =62.137(5)°

Volume 2490.9(2) A3

z 2

Density (calculated) 1.704 Mg / m®

Absorption coefficient 1.024 mm!

F(000) 1331

Crystal Lath; Orange

Crystal size 0.180 x 0.030 x 0.010 mm®

@range for data collection

2.420 — 29.944°

Index ranges

-13<h<12,-13<k<13,-38<1<40

Reflections collected

36914

Independent reflections

12826 [Rint = 0.0478]

Completeness to = 25.242°

99.9%

Absorption correction

Semi—empirical from equivalents

Max. and min. transmission

1.000 and 0.869

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

12826 /0/ 668

Goodness-of-fit on F?

1.023

Final R indices [F? > 26(F?)]

R1 = 0.0485, wR2 = 0.0976

R indices (all data)

R1 =0.0740, wR2 = 0.1072

Extinction coefficient

n/a

Largest diff. peak and hole

0.881 and —0.662 e A-3

Radiation source (wavelength)

Mo-Ka (0.71073 A)

Special details: There was disordered water for which exists either one or two molecules. Hence the
given fractional formula.

The triborate(1-) anion is structurally known but rare, and a triborate(1-) anion with
transition metal complex cations has never been observed before. The shorthand notification
for the [B3O3(OH)4] anion is 3:2A + 1T according to Christ and Clark!®® and Heller?” schemes.
As shown in Figure 2.26 the [B3O3(OH)4] anion is a comprised of a planar boroxole (B3Os3)
ring which contain one 4-coordinate boron centre (B1) and two 3-coordinate boron centres (B2,
and B3). The B-O bonds to the 4-coordinate boron centre (B1) range from 1.466(4) - 1.471(4)
A [av. 1.468 A] and these bond lengths are significantly longer than those involving the 3-
coordinate boron centres (B2 and B3). The B-O distances to B2 and B3 centres range from
1.351(3) - 1.380(4) A [av. 1.363 A] and 1.347(4) - 1.386(4) A [av. 1.363 A], respectively. B-
OH bonds involving the 4-coordinate boron centre (B1) are 1.467(3) A and 1.468(3) A, while
B-OH bonds involving the 3-coordinate boron centres (B2 and B3) are 1.359(4) and 1.357(4)
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A, respectively. B2-01 (1.351(3) A) and B3-03 (1.347(4) A) are significantly shorter than the
other B-O bonds within the boroxole rings. The boroxole ring is planar with ring angles ranging
from 112.3(2) — 122.4(2)°. The smallest ring angle (O1-B1-03) involves the 4-coordinate boron
centre, whereas ring angles at O1, 02, and O3 average 121.1° and those at the 3-coordinate
boron centres (B2 and B3) average 121.6°. This pattern of bond angles and bond lengths are in
accord with previously reported data®:%8-10 for this anion. The bond angles and lengths of 12
are listed in Appendix I (Table 7, and Table 8).

There are many H-bonding interactions to be found in the solid-state structure of 12.
These include H-bonds from anion to anion, cation to anion, H20 to anion, and H20 to H20.
The four chemically non-equivalent oxygen sites may be designated o, o, B, and vy (Figure 2.26)
by using a similar nomenclature system to that previously described.®® " This labelling system
may be used to classify the H-bond interactions between different neighbouring ions and to

differentiate between the available sites.

B y B
HO o) OH
\B/ \ /
P
\@/

B]

o $ !

HO \o(fﬂ

Figure 2.26 Diagram labelling the oxygen atom H-bond acceptor sites in the tetraborate(2-)

anions.

The triborate(1-) anion in 12 displays four donor H-bond interactions involving three
water molecules and one chloride anion acceptor sites.””% All the H-bond interactions are
shown in Table 2.14.

Table 2.14 H-bond interactions in 12.

D-H---A d(D---A) D—H---A d(D---A)
04-H4.-051 2.783(2) N34-H34---CI3" 3.182(2)
05-H5.-053 2.804(2) N35-H35--05 2.898(3)
06-H6--CI2 3.082(2) N36-H36--Cl4 3.087(2)
07-H7--055 2.757(3) 051-H51A--CI2 3.2728(19)
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O7-H7---061 2.769(3) 051-H51B---CI5 3.056(2)
N11-H11..-Cl1 3.148(2) 052-H52A...CI5' 3.121(3)
N12—-H12...CI5 3.136(2) 052-H52B---Cl1 3.131(2)
N13-H13..-04 2.935(3) 053-H53A..-CI2 3.1252(18)
N14-H14-.-Cl1 3.172(2) 053-H53B:--CI3 3.1404(14)
N15-H15..-CI5! 3.080(2) 054-H54A.--053 2.603
N16-H16..-0O4 2.731(3) 054-H54B.--06' 2.934(2)
N31-H31..-CI3i 3.077(2) 0O55-H55A:--054 2.656
N32—-H32---05 2.810(3) 055-H55B..-051" 2.858(2)
N33-H33..-Cl4 3.091(2) 061-H61B..-051V 3.165(2)
(i) x,y+1,z (i) x+1,y-1,z (iii) —x+1,~y+1,-z (iv) x-1,y+1,z
SV s U A, A

..-’x \ ‘S o i p-)"J \--'"J

L L L L L

g . r f

by A A A

7 j\ ' o Vo A .,_S-""
L L L L
r Y f

N 2V S U e WA

\ - el - ;

A7 N o .y o

v.-L U“L- VL_ L L

Figure 2.27 The triborate(1-) anions and water molecules layer structure (viewed along the ¢
direction of the unit cell) of 12. Dashed blue lines represent H-bonds.

Polyborate anions usually display multiple anion to anion H-bond interactions and these
are believed® to be the driving force in the synthesis of non-metal cation pentaborate(1-) salts.
Anion to anion interactions were found to be present in 6, 9 and 11. However in 12, triborate-
triborate H-bond interactions are absent and each [B3O3(OH)4] anion is isolated from others by
H20 bridges, forming sheets (Figure 2.27). This isolation implies that the crystal structure of
12 is engineered by interactions with other components within the system. The triborate(1-)
anion is able to form four donor H-bonds and has seven potential H-bond acceptor sites, and
all, with the exception of a and y-sites, are acceptors. The triborate(1-) anion accepts two H-

bonds at a-sites, and also at a p-site. The H-bonds directed at the o-sites originate from amino
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hydrogens of two [Co(diNOsar)]** cations in a chelating mode, as shown in Figure 2.28. These
H-bond interactions are likely to be responsible for templating this salt and assembling the
triborate(1-) anion. Secondary amine hydrogens of [Co(diNOsar)]** are known!’t to form
similar H-bond interactions e.g. [Co(diNOsar)][S2CN(CHz)4]s. Details of all the H-bonding

interactions are given in Table 2.14.

The [Co(diNOsar)]** cations, [B3sO3(OH)4]" anions, CI- ions and H20 molecules of
crystallisation of compound 12 are connected through a complex series of H-bond interactions,
with the anion network templated by the cations. The connection of the plane shown in Figure
2.29 to its neighbouring planes is formed by further H-bond interactions, forming a three-

dimensional network

Figure 2.28 The H-bond connections of [Co(diNOsar)]** with triborate(1-) anions and

chloride ions in 12.

The [Co(diNOsar)]** cation comprises a central Co* ion surrounded by the six N donor
atoms of the hexadentate neutral 1,8-dinitro-3,6,10,13,16,19-hexaazabicyclo[6.6.6.]icosan
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(diNOsar) ligand in a distorted octahedral environment. Cis and trans N-Co-N angles range
from 86.43(9)-92.58(9)° [av. 90.06°] and 175.79(9)-178.12(10)° [av. 176.62¢], respectively. The
Co-N bond lengths range from 1.963(2)-1.975(2) A, [av. 1.969 A]. These data are not
significantly different from previously reported data for this cation.!”* According to Table 2.13
there are two [Co(diNOsar)]®* cations (A and B) per unit cell. Each cation is involved in H-
bonding to one [BsOs(OH)4] anion and two chloride ions. Both cations interact at o sites with

the triborate(1-) anions (Figure 2.29). Full details are given in Table 2.14.

Figure 2.29 Triborate(1-) anions are arranged in planes linked together by H-bonds (dashed
blue lines) from H20 molecules. The [Co(diNOsar)]** cations fill the cavities and link to the

triborate(1-) anions by further H-bonds (viewed along the c direction of the unit cell) in 12.
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2.4 Conclusion and summary

The synthesis of cobalt(l11) complex polyborate salts by the reaction of boric acid and
cobalt(111) complex hydroxide salts in varying ratios yielded polyborate salts in good yields.
Nine polyborate salts have been prepared containing different polyborate anions: triborate(1-)
(12), tetraborate(2-) (9), pentaborate(1-) (6, 7, 13 and 14), heptaborate(2-) (10), heptaborate(3-
) (8 and 11), and octaborate(2-) (6) anions. Four of these salts have been characterized by single-
crystal XRD studies (6, 9, 11, and 12). Two compounds s-fac-[Co(dien)2][B7O9(OH)s]-9H20
(11)!% and [Co(en)s][BeO10(OH)s][BsOs(OH)a]-5H20 (6)**° show previously unobserved
heptaborate(3-) and octaborate(2-) anions, respectively.

Reaction of [Co(en)s]*" with boric acid in a 1:15 ratio produced compound 6 which
contains two different polyborates anions, octaborate(2-) and pentaborate(1-), whereas the
reaction in 1:10 ratio afforded two different polyborate compounds, 7 and 8, containing
pentaborate(1-) and heptaborate(3-) anions, respectively. Tetraborate(2-) salt 9 was produced
as a result of the reaction [Co(NHz3)s]®* with boric acid in a 1:10 ratio, whilst heptaborate(2-)
salt 10 was produced from 1:7 ratio. Reaction of [Co(diNOsar)]** in a 1:5 or 1:10 ratio yielded
the triborate(1-) salt 12 or pentaborate(1-) salt 13, respectively. The ratio of the boric acid and
the complex cation reactions play a very important role in the identity of the polyborate salts
formed.

The solid-state structures of 6, 9, 11, and 12, all display multiple cation-anion H-bond
interactions and this undoubtably plays a major role in the energetics of engineering these
structures. For example, in compound 9, all eighteen of the amino hydrogen atoms of the
[Co(NH3)s]** cations are involved in secondary coordination to anions via H-bonds.
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Chapter Three

Copper(ll) complex
polyborates



3.1 Introduction

Copper is capable of forming a wide range of coordination compounds with different
ligands in both copper(l) or copper(ll) oxidation states. Copper(l) (cuprous) complexes are
dominated by four coordination, while copper(ll) (cupric) complexes have varying coordination
numbers. The most common coordination number for copper(ll) is six, but complexes with a
coordination numbers of four or five are also known. The octahedral geometry of six-coordinate
copper(11) complexes is generally distorted due to unequal occupation of eg” orbitals (dx*-? and
d-? orbitals) when the copper(ll) ion with d® electronic configuration is subject to a Jahn-Teller
effect (Section 1.3.2). The distortion (axial elongation) of copper(ll) complexes has been
described by the term tetragonality (T).2" It is defined as the ratio of the mean in-plane bond-

length R and the mean out-of-plane bond-length R}, n is the effective coordination number.

The chemistry of polyborate anions partnered with metal (e.g. sodium ion) or non-metal
cations (e.g. ammonium ion) have been extensively studied.! In contrast reports of transition

metal complex cations with polyborate anions are rare. Only a few copper(ll) amine complexes

have successfully formed polyborate systems, e.g.
[Cu(C12HsN2)2(OAC)][BsOs(OH)4]-CsaHoNO,122 [Cu(en)2][B7013Hz3]n,*®
[Cu(en)2(CsHaNO)][B506(OH)4]2-CsHoNO, 2 [Cu(en)2B(OH)3][Bs0s(OH)7],***

{[Cu(H20)2[B40s(OH)4]2} (uH20){Ag(en)2} -(uH20){Na(H20):},
[Cu(en)2][B40s(OH)4]-2B(OH)3, and [Cu(en)2B(OH)3(H20)][B40s(OH)4]-0.5H20.1%
Polyborate anions associated with copper(l1) complexes show considerable structural diversity.
Copper(ll) ions have also been found to coordinate with polyborate anions to produce anionic
complex ions partnered with potassium or sodium cations. These form mixed-metal polyborate
salts such as KsH{Cu4O[B20032(OH)s]}-33H20 and NasH[CusO[B20032(0OH)s]}-32H20.1"3

3.2 Aims

The main aim of this research was to synthesise and characterise some new copper(Il)
complex cation polyborate compounds. Several cationic copper(ll) coordination complexes of
ethylenediamine (en), N,N,N',N'-tetramethyl ethylenediamine (TMEDA), 1,2-diaminopropane
(pn), 1,2-diaminocyclohexane (dach), N-(2-hydroxyethyl)ethylenediamine (hn), and N,N-
dimethylethylenediamine (N,N-dmen) ligands have been prepared to template polyborate salt
formation. Copper(Il) complex cations have been chosen due to their potential to form many
donor H-bond interactions with polyborate anions and their high steric bulk. These interactions
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are believed to play an important role in the formation of the 3D supramolecular framework of
the polyborate salts. In addition, the copper(ll) polyborate compounds can be used to evaluate
the structure directing effects in solid-state supramolecular structures associated with the

copper(1l) complex cations.

3.3 Result and discussion

3.3.1 Synthesis of copper(l1) complexes

Previously reported copper(Il) complexes; [Cu(en)2]SOa (15),1"4 [Cu(pn)2]SOs (16),17
and [Cu(dach)2(H20)2]Cl2 (17),1"® were all prepared by standard literature methods, while
[Cu(tn)2]SO4-0.5H20 (18) has been synthesised by method analogous to that described for
[Cu(en)2]SO4. [Cu(N,N-dmen)2]Cl2 (19) was prepared by a procedure modified from Cui et
al.’” Physical properties of the prepared complexes were all in accordance with literature data.
In general, a slight excess of ligand was added to the aqueous solutions of copper(l1) sulphate
or chloride salts. The solutions were stirred and then gently evaporated using a water bath.
Finally, the concentrated solutions were cooled to yield the crude product. In the preparation of
[Cu(en)2]SO4 additional a large excess of ethylenediamine should be avoided due to formation
[Cu(en)3]SOa in addition to the desired [Cu(en)2]SO4.178:17°

The synthesised copper(ll) complexes were prepared as chloride (17 and 19) and
sulphate (15, 16, and 18) salts and it was therefore necessary to convert these salts to the
corresponding hydroxide forms before reaction with boric acid (see Chapter 6 for experimental
details). Copper(I1) complex hydroxides were prepared using two different methods depending

on the counter ion.

i- Copper(ll) hydroxide complexes were synthesised from copper(ll) chloride
complexs by using Dowex monosphere 550A ion exchange resin as
described in Section 2.3.2.

ii- Copper(ll) chloride complexes were converted to the hydroxide salts using
stoichiometric amount of silver(l) oxide. The solution was left to stir for 30
minutes at room temperature until a precipitate of AgCI had formed.

ii- Copper(Il) sulphate complexes were converted to the hydroxide salts using
stoichiometric amounts of barium hydroxide octahydrate. The mixture was
rapidly stirred at room temperature for 10 minutes, then the white precipitate

of barium sulphate was completely removed by filtration.
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3.3.2 Preparation of copper(l1) complex polyborate compounds

A series of copper(ll) complex polyborate compounds 20-28 has been prepared as
crystalline solids from the reaction of copper(ll) complex cation hydroxides and boric acid in
the ratios of 1:5 and 1:10. Seven copper(ll) complex cations were used to react with boric acid.
All nine compounds are new, except for 21, which has been previously reported. A crystal
structure and IR data have been reported for 21. We now report additional data: !B NMR, p-
XRD, magnetic properties, and thermal analyses.'3” We re-synthesised this compound using a
new method. Spectroscopic data for 21 is discussed in the next sections and are reported in the

experimental chapter.

Crystals suitable for single-crystal X-ray diffraction studies of copper(ll) complex
polyborate compounds were prepared by recrystallization of crude products by dissolving them
in distilled water. The recrystallized products were obtained as described in Section 2.3.2. The
recrystallized yields of copper(11) complex polyborate compounds and their formula are shown
in Table 3.1.

Table 3.1 Yields and formula of copper(ll) complex polyborate compounds.

Compound Formula % Yield
20 [Cu(en)2][BsO0s(OH)4]2-2H20 52
21 [Cu(en)2][B4Os(OH)4]-2B(OH)3 59
22 [Cu(pn)2{Bs0s(OH)4}][B50s(OH)4]-4H20 56
23 [Cu(TMEDA){BsO7(OH)s}]-:6H20 53
24 [Cu(dach)2(H20)2][Cu(dach)2][B709(OH)s]2-4H20 52
25 [Cu(tn)2][Bs0s(OH)4][B303(OH)4]-2B(OH)3-2H20 52
26 [Cu(tn)2][B4+Os(OH)4]-B(OH)3-6H20 22
27 [Cu(N,N-dmen)2(H20)][Bs0s(OH)4]2-3H20 53
28 [Cu(N,N-dmen){BsO7(OH)s}]-4H20 41

3.3.3 Characterization of copper(l1) complex polyborate compounds

The magnetic properties of the copper(ll) complex starting materials and their
polyborate derivatives were measured using Johnson Matthey balance. The mass susceptibility
(%g), molar susceptibility (ym), diamagnetic susceptibility (yd), paramagnetic susceptibility (yp),
and effective magnetic moment (pleff) Of compounds 15-25, and 27-28 are shown in Table 3.2.

The copper(ll) complexes and their polyborate salts were all found to be paramagnetic and did
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not show any diagnostic change in magnetic properties between starting copper(l1) complexes
and their polyborate salts. The experimental effective magnetic moment data are close to those
calculated from spin-only formula. The petf Values of Cu(ll) complexes and their polyborate

compounds are in agreement with literature data for Cu(ll) complexes.&

Table 3.2 Magnetic properties of copper(ll) complexes and their polyborate compounds at 24

°C.
Compound Xo xm Xd xp Weff N
(cmig?) | (cm®mol?) Bohr
magneton
15 43x10% | 1210 x 10 | -140 x 10® | 1350 x 10° | 1.79 1.05
16 45x10® | 1380 x 10 | -150 x 10® | 1530 x 10° | 1.90 1.14
17 3.3x10% | 1270 x 10°® | -195x 10 | 1460 x 10° | 1.86 1.11
18 37x10® | 1170 x 10° | -158 x 10® | 1180 x 10° | 1.67 0.95
19 3.1x10% | 960 % 10° | -160 x 10 | 1110 x 10% | 1.51 0.81
20 1.7x10% | 1134x10° | -327 x 10 | 1461 x 10° | 1.86 1.11
21 2.0x10°% | 1007 x 10 | -249 x 10® | 1256 x 10° | 1.73 1.00
22 1.5%10% | 1094 x 10 | -360 x 10 | 1454 x 106 | 1.85 1.10
23 2.3x10% | 1320 % 10 | -283 x 10 | 1603 x 10% | 1.95 1.19
24 1.7x10% | 1145 x 10 | -325x 10 | 1470 x 10% | 1.86 1.12
25 1.8x10% | 1365 % 10° | -369 x 106 | 1734 x 10°% | 2.02 1.25
27 1.1x10% | 820x10% | -370x 10 | 1200 x 10° | 1.40 0.72
28 1.7x10% | 880x10% | -250 x 10 | 1140 x 10¢ | 1.45 0.76

Elemental analysis of the copper(ll) complex polyborate compounds were consistent
with calculated values. The elemental analysis data of copper(ll) complex polyborate
compounds (20-28) are listed in Table 3.3.

Table 3.3 CHN analysis of copper(ll) complex polyborate compounds.

Compound Calculated (%) Experimental (%)

C H N C H N
20 7.5 4.1 8.8 7.4 4.4 8.6
21 9.6 5.2 11.2 9.7 5.4 11.4
22 10.0 5.0 7.8 10.1 5.4 7.6
23 12.7 6.1 4.9 12.8 6.2 5.0
24 22.2 6.0 8.6 22.0 6.1 8.5
25 10.1 54 7.6 9.8 5.2 7.6
26 12.6 6.9 9.8 12.9 6.8 9.5
27 12.8 54 7.5 13.0 5.3 7.3
28 9.5 5.2 5.6 9.7 5.2 5.5
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NMR (}B) data for compounds 20-28 are listed in Table 3.4.1'B-NMR spectroscopy of
copper(1l) complex polyborate salts showed that pentaborate salts 20, 22, and 27 contained the
characteristic three peaks ~18 ppm (due to B(OH)s/B(OH)4"), ~13 ppm {due to [B3O3(OH)4] },
and at ~1.3 ppm {due to the 4-coordinate boron centre of the [BsOs(OH)4]} or a single signal
at ~ +16.0 ppm.14151 1B NMR spectra of the triborate(1-) (25), tetraborate(2-) (21 and 26),
hexaborate(2-) (23 and 28), and heptaborate(2-) (24) salts are quantitatively different from the
spectra observed in the pentaborate salts with generally only one (averaged and exchanging)

signal observed.

'H and 3C NMR spectra were not obtained. This may be attributed to paramagnetic
effects of the copper(ll) ion broadening the signals associated with the organic ligands which
are within the primary coordination sphere of the metal. However, 'B NMR spectra were
obtainable since the polyborates in 20, 21, 24-27 are present as discrete anions, which are less
influenced by the copper(l1) ions. Compounds 22, 23, and 28 contain coordinated polyborates
but the presence of !B signals of these compounds would indicate that the borate ligands are
labile, and undergo the expected equilibria reactions once ligand dissociation to the aqueous

solution has taken place.**

Table 3.4 The chemical shift (§) of !B-NMR spectra of copper(ll) complex polyborate
compounds (20-28).

Compound 1B NMR/ppm
20 17.3 (72%), 13.4 (25%), 1.3 (2%)
21 13.9
22 16.9 (74%), 13.2 (24%), 1.5 (2%)
23 15.3
24 14.7
25 16.7
26 14.4
27 16.5
28 16.9

The FT-IR spectra assignment for the copper(l1) complex polyborate compounds (20-
28) are illustrated in Table 3.5. Infra-red data for compounds 20-28 support the formation of
new polyborate compounds with copper(ll) complexes and are in agreement with the reported
literature data for the various proposed polyborate anions.*4°
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Table 3.5 Selected FT-IR spectroscopic data for the copper(11) complex polyborate compounds

(20-28).

Comp. v(0-H), Y Vas d Vas Vs Vs Y
UN-H) | (CH) | BeO) | B-O-H) | (BwO) | (BeyO) | (BwO) | (Br-0O)

20 3459(bs), | 2956(w), | 1416(s), | 1139(s) 1094(s), 927(s) 776(s) 708(s)
3328(bs), | 2904(w) | 1314(s) 1041(s)
3282(bs)

21 3513(bs), | 2960(s), | 1466(s), | 1219(m) | 1042(s), 943(m) | 806(m), | 681(m)
3346(bs), | 2920(m) | 1432(s) 1005(s) 707(m)
3252(bs)

22 3405(bs), | 2974(bs) | 1423(s), | 1120(m) | 1061(s), 921(s) 778(s) 708(s)
3305(bs) 1380(s) 1019(s)

23 3399(bs) | 2926(w) | 1469(m), | 1133(s) 1086(s), 953(s) 809(s) 694(w)

1419(s) 1037(s)

24 3480(bs), | 2931(s), | 1467(m), | 1183(s) 1134(s), 949(w) 854(s) 686(w)
3303(bs), | 2863(m) | 1454(s) 1059(s)
3245(bs)

25 3384(bs), | 2961(w) | 1405(m), | 1114(s) 1086(s), 954(m) 809(s) 696(w)
3333(bs) 1362(s) 1041(sh)

26 3429(bs), | 2961(s) | 1450(s), | 1164(m) | 1112(m), 933(m) | 818(m), | 671(w)
3350(bs) 1403(s) 1027(s) 708(w)

27 3587(m) | 2980(m) | 1421(s) | 1158(m) 1065(m) 918(m) 812(w) 708(m)
3336(m) 1308(s) 1017(m) 776(m)

28 3340(b) | 2931(w) | 1423(s) | 1269(s) 1091(s) 958(m) 892(m) 964(m)
3254(b) 2859(w) | 1366(s) 1052(s) 859(m)

B = broad, m = middle, s = strong, w = weak, sh = shoulder, B = three coordinate boron, B = four coordinate
boron, v = stretching frequency, vs= symmetrical stretching frequency, vas= asymmetrical stretching frequency, 6
= bending frequency.

3.3.4 Thermal properties of copper(11) complex polyborate compounds

TGA and DSC analysis were used to investigate the thermal properties of copper(Il)
complex polyborate compounds. Samples were heated in an alumina (Al203) crucible at a
temperature ramp rate of 10 "C / min between 25-800 "C under a flow air (100 mL / min.). The
thermal decomposition stages of compounds 20-28 are illustrated in Table 3.6 and shown in
Figures 3.1, 3.2, and 3.3. Previous work on hydrated transition metal complex polyborate salts
has shown that they thermally lose their lattice water molecules at temperature up to 180 °C in
air (via an endothermic process). At higher temperature (up to 280 °C), an endothermic process
occurs due to dehydration of polyborate anion to afford anhydrous transition metal complex
polyborate salts. Finally, at higher temperature (up to 850 °C), exothermic processes occur

which are consistent with oxidation of the copper(ll) complex cation ligands.

All the copper(ll) complex compounds 20, 22-28 followed the expected path of
decomposition, with observed mass losses agreeing with calculated values. The thermal
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behaviour of the copper(ll) complex polyborate compounds agreed with published data

describing thermal decomposition of transition metal complex cations containing polyborate

anions.22123131 Compound 21 has only two mass loss steps rather than three due to the absence

of lattice water (Table 3.6) in its formation.

Table 3.6 The mass loss steps of copper(l1) polyborate compounds 20-28."

The thermal reactions

[Cu(en)2][BsOs(OH)4]2-2H20 — [Cu(en)2][BsOs(OH)4]2 + 2H20

70-180

[Cu(en)2][BsOs(OH)4]> — [Cu(en):][B10016] + 4H20

180-280

[Cu(en)2][B10O16]+ excess O2 — CuB10016 + volatile oxidation
products

280-600

Residue CuB10016
[Cu(en)2][B40s(OH)4]-2H3BO3 — [Cu(en)2][BsO10] + 5H20

100-200

[Cu(en)2][BsO10] + excess O2 — CuBsO1o + Volatile oxidation
products

200-550

Residue CuBeO10

[Cu(pn)2{Bs0s(OH)4}][B50s(OH)4]-4H20 — [Cu(pn)2
{B506(OH)4}][B50s(OH)4] + 4H.0

70-180

[Cu(pn)2{Bs0s(OH)4}][Bs0s(OH)4] — [Cu(pn)2][B10016] + 4H20

180-250

[Cu(pn)2][B10016] + excess O2 — CuB10016 + Volatile oxidation
products

250-650

Residue CuB10016

[Cu(TMEDA){Bs07(OH)s}]-6H20 — [Cu(TMEDA){BsO7(OH)s}]
+ 6H.0

70-180

[Cu(TMEDA){Bs07(OH)s}] — [Cu(TMEDA)][BsO10] + 3H20

180-250

[Cu(TMEDA)][BsO10] + excess O2 — CuBsO10 + Volatile oxidation

products

250-650

Residue CuBsQO10

[Cu(dach)2(H20)2] [Cu(dach)z] [B709(OH)s]2:4H20
[Cu(dach)2]2[B7O9(OH)s]2 + 6H20

70-190

[Cu(dach)2]2[B709(OH)s]2 — [Cu(dach)2]2[B14023] + 5H20

190-250

[Cu(dach)2]2[B140O23] + excess O2 — Cu2B14023 + Volatile oxidation
products

250-650

Residue Cu2B14023

[Cu(tn)2][BsOs(OH)4] [B303(OH)4]2B(0OH)3-2H20 —  [Cu(tn)z]
[BsOs(OH)4][B303(0OH)4]2B(0OH)3z + 2H20

70-200

[Cu(tn)2][BsOs(OH)4][B303(OH)4]2B(OH)s — [Cu(tn)2][B100O16] +
7H20

200-250

[Cu(tn)2][B1001s] + excess O2 — CuB1001s + Volatile oxidation
products

250-850

Residue CuB10016

[Cu(tn)2][B4Os(OH)4]H3BO3z:6H20 — [Cu(tn)2][B4Os(OH)4]H3BO3
+ 6H20

70-200

[Cu(tn)2][B40s(OH)4]H3BO3 — [Cu(tn)2][BsOss] + 3.5H20

200-300

[Cu(tn)2][BsOss] + excess O2 — CuBsOss + volatile oxidation
products

300-700

Residue CuBsOgs

[Cu(N,N-dmen)2(H20)][(B50s(OH)4)]2:3H20 — [Cu(N,N- 30-90 9.8 9.6
dmen).][(BsOs(OH)4)]2 + 4H20

[Cu(N,N-dmen)2][(BsOs(OH)4)]2 — [Cu(N,N-dmen)2][B10016] + 90-250 213 19.2
4H.0

[Cu(N,N-dmen)2][B1001s] + excess O2 — CuB10016 + volatile oxide 250-630 45.1 42.7

product
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Residue CuB10016 54.9 57.3

[Cu(N,N-dmen){BsO7(OH)s}]-4H20 — [Cu(N,N- 30-120
dmen){BsO07(OH)s}] + 4H20
[Cu(N,N-dmen){BsO07(OH)s}] — [Cu(N,N-dmen)BsO10] + 3H20 120-250

[Cu(N,N-dmen)BsO10] + excess O2— CuBsO10 + volatile oxide 250-630
product
Residue CuBsO10

" Calculated values and experimental values are given as totals relative to 100% and include the process
described and the earlier mass loss process.
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Figure 3.1 TGA diagram for the thermal decomposition of copper(ll) complex polyborate
compounds 20-23.
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Figure 3.2 TGA diagram for the thermal decomposition of copper(ll) complex polyborate
compounds 24-26.
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Figure 3.3 TGA diagram for the thermal decomposition of copper(ll) complex polyborate

compounds 27-28.
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3.3.5 Structural characterisation of copper(ll) complex polyborate

compounds

3.3.5.1 Structural characterisation of [Cu(en),][BsOs(OH)4]2:2H-0O (20)

Crystallographic data for 20 are listed in Table 3.7. The crystals of 20 are triclinic, P—1
contains an ionic compound with one transition metal complex cation [Cu(en)2]?* partnered
with two symmetry-related [BsOs(OH)4]™ anions and two symmetry-related water molecules as

shown in Figure 3.4.

4 09
08 ‘\’

03 04 | B4

o7
Figure 3.4 Diagram showing the complex cation [Cu(en)2]?*, pentaborate(1-) anion and water

molecule in 20 and the adopted numbering scheme. Colour code (used throughout this chapter):
brown (Cu), blue (N), red (O), pink (B), dark grey (C) and light grey (H).

Table 3.7 Crystallographic data and structure refinement of 20.

Empirical formula C4H28B10N402,Cu

Formula weight 655.94

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=8.0286(5) A a=92.867(5)°
b =8.6193(5) A B =104.567(6)°
¢ =9.6553(7) A y = 98.474(5)°

Volume 636.97(7) A3
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Z 1

Density (calculated) 1.710 Mg/ m®

Absorption coefficient 0.958 mm™?

F(000) 335

Crystal Blade; Purple

Crystal size 0.180 x 0.090 x 0.030 mm?

Arange for data collection

2.968 — 27.477°

Index ranges

-10<h<10,-10<k<11,-12<1<11

Reflections collected

9265

Independent reflections

2913 [Riy: = 0.0341]

Completeness to 8= 25.242°

99.6%

Absorption correction

Semi—empirical from equivalents

Max. and min. transmission

1.000 and 0.808

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

2913/0/194

Goodness-of-fit on F2

1.076

Final R indices [F? > 26(F?)]

R1=0.0303, wR2 = 0.0811

R indices (all data)

R1 =0.0337, wR2 = 0.0828

Extinction coefficient

n/a

Largest diff. peak and hole

0.395 and —0.330 e A2

Radiation source (wavelength)

Mo-Ka (0.71073 A)

Compound 20 has Cu-N distances ranging from to 2.0044(14)-2.0195(14) A [av. 2.0120
A] and two pentaborate(1-) anions hydroxyl oxygen atoms (O7) at axial positions at 2.839 A.
The tetragonality (T") approach of Hathaway and Hodgson,! yields a T value of 0.7 which is
at the low end of the range for elongated tetragonal octahedral geometry and at the high end of
the range for square planner geometry. However, the axial Cu-O interactions are presumably

weak, and we have formulated the [Cu(en)2]?* cation in 20 as distorted square-planar.

The pentaborate(1-) anions in 20 are structurally similar to, other transition metal
complex cation pentaborate salts involving isolated [BsOs(OH)4] anions.**18 This also applies
to non-metal cation pentaborate(1-) salts.! The B-O distances to the 4-coordinate B1 centre
range from 1.455(2) - 1.487(2) A [av. 1.469 A] and are significantly longer than those involving
the 3-coordinate boron centres which range from 1.356(2) - 1.393(2) A [av. 1.373 A]. B-O
bonds involving 3-coordinate boron centres and terminal OH groups are at the shorter end of
the range [av. 1.3615 A] whilst B-O bonds involving the oxygen atoms distal (02, O5) to the
4-coordinat