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ABSTRACT

A new series of bis-benzimidazolium salts namely, L;.Br, L,.Br, L3.Br, L1.PFg,
L,.PFs and L3.PFg have been successfully synthesized and characterized by using
fourier transform infrared (FT-IR), *H and *3C nuclear magnetic resonance (NMR), and
CHNS elemental analysis. The crystal structure of L;.Br and L;.PFg were confirmed, by
single crystal X-ray diffraction analysis. The selective complexation of synthesized bis-
benzimidazolium salts were found by using conductometric method. L;.Br has been
used to study the complexation process with Ni** Zn**, Pd**, Hg** and Ag" metal ions
in MeOH:H,O binary phases at different temperatures. The stoichiometric of the
complexation reactions for Ni?*, Zn**, and Pd** are 1:1 [M:L,.Br]. While, for Hg** and
Ag’, two stoichiometries were obtained (2:1 [M:L;.Br] and 1:1 [M:L;.Br]). The stability
constants (logKy) obtained from GENPLOT software show that the values for Hg?* and

Ag® ions are higher than the other metal ions. The thermodynamic parameters
(AGZ,AHZ,AS?) revealed that the complexations of L1.Br in all cases were found to

be enthalpy destabilized but entropy stabilized. The negative value of calculated AG( is

an evidence to prove the ability of the ligand to form stable complexes with metal
cations and the process trends to proceed spontaneously. The experimental data was
tested by using artificial neural network (ANN) program and was in a good agreement
with the estimated data. The calculations based on density fuctional theory (DFT) were
used to predict the metal binding capability of complexes. The combination of all the
results revealed that the selective complexation of L;.Br is in the sequence of
Ni%*<Pd?*<Zn**<Hg?*<Ag*. Subsequently, new potentiometric self-plasticizing
polypyrrole sensors based on L;.Br as ionophore were fabricated for determination of
Hg?* and Ag" cation. The optimum membrane composition was obtained by using 89.4
wt.% monomer (pyrrole), 4.8 wt.% photoinitiator (DMPP), 0.2 wt.% lipophilic salt
(NaTFB), and 5.6 wt.% ionophore (L;.Br). These sensors demonstrated good Nernstian
responses of 28.10+0.29 mV/decade and 58.61+1.12 mV/decade with working ranges of
1.0x10°-1.0x102 M and 2.5x10°-1.0x10™" M for Hg** and Ag" cations, respectively.
Both electrodes performed satisfactory over wide pH range and showed fast response
time which was about 20 s with a good repeatability and reproducibility. The proposed
electrodes can be used over a period of 30 (Hg-ISE) and 50 (Ag-ISE) days without
showing any significant drift in working concentration range, slope and response time.
It also had no significant interference in the performance of the fabricated Hg-ISE and
Ag-ISE for determining Hg** and Ag" cations. The proposed electrode was successfully
used to determine various concentrations of Hg** and Ag" cation in water and standard
solution samples with satisfactory results. All data proved that the proposed Hg-ISE and
Ag-ISE can be applied in determination of Hg”* and Ag" cations present in solution,
respectively. The corresponding complexes of mercury(ll) and silver(l) for all
synthesized bis-benzimidazolium salts were prepared in order to understand the
coordination of complexes formation. The bis-benzimidazolium salts were coordinated
with Hg®* and Ag" metal cations through the carbene carbon, respectively which were
proved by FT-IR and NMR data. The single crystal X-ray diffraction analysis data for
Li.AgBr and Ls3.HgBr revealed that the coordination geometry of complexes is
tetrahedral.



ABSTRAK

Siri baru garam bis-benzimidazolium iaitu L;.Br, L,.Br, L3.Br, L;.PFs, L,.PFs
dan L3.PFg telah berjaya disintesis dan dicirikan dengan menggunakan spectroskopi
transfomasi fourier inframerah (FT-IR), 'H dan **C resonan magnet nukleus (NMR),
analisis unsur CHNS, dan stuktur kristal L;.Br dan L;.PF telah disahkan oleh analisis
pembelauan sinar-X Kristal tunggal. Komplek selektif garam bis-benzimidazolium telah
didapati dengan menggunakan kaedah konduktometrik. L;.Br telah digunakan untuk
mengkaji proses kompleksnya dengan kation logam Ni®*, Zn?*, Pd**, Hg”" dan Ag"
dalam fasa binari MeOH: H,O pada suhu yang berbeza. Ini memberikan stoikiometri
tindak balas komplek untuk Ni**, Zn?*, dan Pd?* adalah 1: 1 [M: Ly.Br]. Manakala,
untuk Hg** dan Ag*, dua stoichiometri diperolehi (2: 1 [M: L1.Br] dan 1: 1 [M: L1.Br]).
Pemalar kestabilan (log Ky) yang diperolehi daripada GENPLOT menunjukkan bahawa
nilainya untuk kation logam Hg~* dan Ag" adalah lebih tinggi berbanding kation logam

o

lain. Parameter termodinamik (AGZ,AH 2, ASZ) menunjukkan bahawa proses komplek
L,.Br dalam semua kes didapati bukan kestabilan entalpi, tetapi kestabilan entropi. Nilai
kiraan AG. yang negatif membukti bahawa keupayaan L;.Br untuk membentuk

kompleks yang stabil dengan kation logam serta prosesnya adalah secara spontan. Data
eksperimen telah diuji dengan menggunakan program rangkaian neural tiruan (ANN)
dan menunjukkan persamaan dengan data yang dianggarkan. Pengiraan berdasarkan
teori fungsi ketumpatan (DFT) digunakan untuk meramalkan keupayaan mengikat
logam komplek. Gabungan daripada kesemua data yang diperolehi, mendapati bahawa
keupayan L;.Br membentuk komplek dengan kation logam adalah dalam turutan
Ni?*<Pd*<zZn**<Hg**<Ag’. Seterusnya, penderia potentiometrik self-plasticizing
polipirol baru telah dihasilkan berdasarkan L;.Br sebagai ionophore untuk mengesan
kation Hg** dan Ag*. Komposisi membran optimum bagi elektrod telah didapati dengan
menggunakan 89.4 wt.% monomer (pirol), 4.8 wt.% photoinitiator (DMPP), 0.2 wt.%
garam lipophilic (NaTFB), and 5.6 wt.% ionophore (L;.Br). Penderia ini masing-
masing telah menunjukkan kecerunan Nernstian yan% baik iaitu 28.10+0.29 mV/dekad
dan 58.61+1.12 mV/dekad dengan julat kerja 1.0x10°-1.0x10 M dan 1.0x10°-1.0x10"
! M untuk kation Hg** dan Ag*. Kedua-dua elektrod menunjukkan pencapaian yang
memuaskan dalam julat pH yang luas dan masa tindak balas yang singkat iaitu kira-kira
20 s dengan kebolehulangan yang baik. Elektrod yang dicadangkan boleh digunakan
dalam tempoh masa 30 (Hg-ISE) dan 50 (Ag-ISE) hari tanpa menunjukkan sebarang
perubahan ketara dalam julat kerja kepekatan, kecerunan dan masa tindak balas. la juga
tidak menujukkan sebarang gangguan yang signifikan dalam keupayaan Hg-ISE dan
Ag-ISE yang dicadangkan untuk menentukan kepekatan kation Hg** dan Ag®. Elektrod
yang dicadangkan telah berjaya digunakan untuk menentukan pelbagai kepekatan
kation Hg** dan Ag" dalam sampel air dan larutan piawai dengan keputusan yang
memuaskan. Semua data yang diperolehi membuktikan bahawa Hg-ISE dan Ag-ISE
yang dicadangkan dapat digunakan dalam mengesan kation Hg?* dan Ag* yang berada
di dalam larutan masing-masing. Komplek merkuri(ll) dan perak(l) untuk kesemua
garam bis-benzimidazolium yang disintesis telah disediakan untuk memahami
koordinasi pembentukan kompleknya. Koordinasi komplek garam bis-benzimidazolium
dengan kation logam Hg** dan Ag" telah berlaku pada posisi karbene karbonnya dan
telah dibuktikan dengan menggunakan data FT-IR dan NMR. Data analisis pembelauan
sinar-X kristal tunggal bagi L;.AgBr dan L3.HgBr telah membuktikan bahawa geometri
koordinasi kompleks adalah tetrahedral.
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CHAPTER 1
INTRODUCTION
1.1 General introduction

Carbenes are defined as molecules containing a neutral carbon atom with a pair
of unshared valence electrons with a general formula of R=C: or R-(C:)-R’, where its
divalent carbon atom has only six valence electrons. As illustrated in Figure 1.1,
different types of carbenes are classified as either singlet or triplet depending on their
electronic structure. A singlet carbene is spin-paired and based on valence bond theory;
the molecule adopts a sp® hybrid structure. While, triplet carbenes have two unpaired

electrons which can be either linear or bent (Hahn et al., 2008).

.
N
N S
\\\\\ \\Q\

M
S

singlet (sp?) triplet (sp?) triplet (sp)

Figure 1.1: Different types of carbenes based on electronic structure

The majority of carbenes are short-lived reactive intermediates. This situation
does not account for singlet N-heterocyclic carbenes (NHCs) with the carbene being
incorporated in a nitrogen-containing heterocycle molecule (Cazin, 2010). NHCs can be
classified as four-membered, five-membered, six-membered, and seven-membered as

shown in Figure 1.2. Among of the mentioned types, five-membered NHC ligands are



the most commonly used in complexation with metal ions due to their high stability

(Cazin, 2010; Hahn et al., 2008).

R
|
et 0
R—NVN—R R/ v \R R/N\../N\R R/N\"/N\R
4-membered 5-membered 6-membered 7-membered

Figure 1.2: General structure of difference types NHCs ligands

Five-membered NHCs have been used widely as a spectator ligands in
organometallic chemistry. This type of ligands can be synthesized from imidazole,
pyrazole, triazole, and also tetrazole. The NHCs synthesized from imidazole and
benzimidazole were found as attractive ligands for complexation due to the structures
variety and stability (Haque et al., 2011). Besides, the NHCs are more stable than other
types of carbenes, including the Fisher carbenes and Schrock carbenes (Crudden et al.,
2004). These ligands can be bonded to either hard or soft transition metal ions or atoms
through strong chelation (Budagumpi et al., 2012a). NHCs behave like a typical o-
donor ligands that can substitute classical 2-electrons donor ligands such as amines,
ethers and phosphines in metal coordination chemistry. In addition, it is proven that
NHCs acts as a better donor compound as compared to the phosphine donor ligand
(Diez-Gonzalez et al., 2007; Herrmann, 2002). Due to such ability, the NHC ligands are
emerging as a new class of versatile ancillary ligands in organic chemistry, and use as a

replacement for phosphine ligand in numerous applications (Crabtree, 2005).

NHC metal complexes have been applied as catalyst in various organic reactions
such as Mirozuki-Heck, Suzuki-Miyaura, Sonongashira, Stille, Kumada and etc. (Liu et
al., 2012; Saito et al., 2011; Serra et al., 2011; Valente et al., 2012). The NHCs and their
complexes were also demonstrated as anti-cancer agents, representing superior

2



cytotoxicity effect (Haque Rosenani A et al., 2013; Haque et al., 2012b; Sivaram et al.,
2012; Sivaram et al., 2013). In the sensor application, NHCs act as a recognition
element which is important factor for the determination of the selectivity of a target ion.
Liu and his co-workers developed NHC based chemosensor to determine nitrite anion
and silver(l) cation based on fluorescent and UV-Vis spectroscopic titration (Liu et al.,
2015a; Liu et al., 2015b). However, the chemosensors has several disadvantages. For
example, they require organic solvent for detection, possess complicated synthetic

protocol and low sensitivity (Kim et al., 2012; Wang et al., 2014).

Numerous research works have been conducted on the development of NHCs
and its metal complexes, but the research works on its application as sensor has yet been
well studied, especially as ionophore in ion selective electrode (ISE). The sensor based
on potentiometric ISE plays an important role in the sensing application of transition
metal cation in various research areas, such as clinical analyses (El-Dien et al., 2012;
Mandil et al., 2013), environmental control and industrial processes (Nanda et al.,
2007; Radu et al., 2013). The ISE offers advantages like simplicity, good precision,
selectivity, sensitivity, low cost and allows direct on-line monitoring of concentration

selected species without any pretreatment (Yan et al., 2013).

In the fabrication of ISE electrode, the choice of ionophore as a recognition
element is an important factor for determining the selectivity of a particular ion among
the other ions in a solution (Abraham et al., 2015; Rezayi et al., 2014). For this reason,
the synthesis of novel molecular ionophores which selectively recognizes ionic species
brings great attention in the ISE studies. Regarding the ability of NHCs as mentioned

earlier, the applications of NHCs as an ionophore in ISE area can be explored. Thus,



this reason encourages us to develop an ISE for the detection of transition metal cations

based on bis-N-heterocyclic carbene (bis-NHC).

1.2 Objectives of the research

The main focus of this research is to examine the potential of bis-NHC which is
synthesized from benzimidazolium group as a recognition element in potentiometric
ISE application. The objectives are as follows:

I. To develop new class of bis-NHC based on benzimidazolium
compounds.
ii.  To conduct a conductometric study of the bis-benzimidazolium salt on
targeted transition metal cations.
lii. To fabricate and optimize a potentiometric ion-selective electrodes
(ISEs) sensor.

iv.  To synthesis a metal complexes with bis-NHC compounds.

1.3 Scope of the research

This study involves the synthesis and characterization of six new bis-
benzimidazolium salts namely L;.Br, L,.Br, Ls.Br, L;.PFs, L2.PFs and L3.PFs. The
characterization of all bis-benzimidazolium salts and its complexes includes the used of
CHN elemental analysis, FT-IR, NMR, UV-Vis and single crystal X-ray diffraction

analysis.

The conductometric study of L;.Br with selected transition metal ions has been

conducted. The purpose of this study is to investigate the influence of solvent system,



temperature and cationic radius of ligand towards selective complexation of L;.Br. The
ANN program was used as an alternative to obtain a model between independent and
dependent variables of the raw thermodynamic data. The computational study of L;.Br
and its complexes with metal cations were carried out by using the GAUSSIAN 09

program.

The synthesis of L;.Br was used as a novel ionophore in the construction of ISE
membrane for detection of targeted Hg>* and Ag" metal cations. The characterization of
fabricated selective membrane electrode was done by using UV-Vis, FT-IR, FESEM,
EDX, and XRD. While the study of the stability, selectivity, life time, working range,
effect of pH, and optimum composition for electrode were conducted in separate

experiments.

Finally, in order to understand the coordination of Hg* and Ag® with
synthesized ligand, their corresponding metal complexes were synthesized and
characterized using FT-IR, NMR, CHN elemental analysis, UV-Vis and crystal

structure X-ray diffraction analysis instrument.

1.4 Thesis outline

This thesis is divided into five chapters which consist of:

Chapter 1 mentions the main purpose of this dissertation which is to synthesis

bis-NHC and their applications as ionophores for developing the novel potentimetric

ISEs with enhanced the selectivity and sensitivity.



Chapter 2 presents the background of NHC and their metal complexes, followed
by applications in various studies. The complexation study, potentiometric ISE function

and applications are also listed.

Chapter 3 describes the methodologies used in the design of the experiments,

separated into four main sections.

Chapter 4 discusses the successful synthesis of new bis-benzimidazolium salts.
It also includes the discussion about significant results such as stoichiometry, stability
constant (K¢), and thermodynamic parameter (AGZ,AHZ,ASZ) obtained from

conductometric study. The fabrication of new potentiometric ISE for detection of Hg**
and Ag" cations is also reported. Finally, the successful synthesis of mercury(ll) and

silver(I) bis-NHC metal complexes is also presented in this chapter.

Chapter 5 summarizes the main conclusions of this thesis and presents an

outlook for future work.



CHAPTER 2

LITERATURE REVIEW

2.1  N-Heterocyclic carbene (NHC) ligand

In early 1960s, Wanzlick and Schonherr were pioneer scientists that conveyed
NHC complexation to gain general acceptance among researchers (Wanzlick et al.,
1968). NHCs are often compared to (tertiary) phosphines because both are strong o-
donor and exhibit poor m-acceptor properties. NHCs are however even stronger c-
donors than tertiary phosphines (Budagumpi et al., 2012b). This accounts for the fact
that the metal-carbene bond is stronger and shorter than the bonds encountered in metal-
phosphine complexes. This leads to NHC complexes having a higher thermal stability
than phosphine complexes. Besides, NHC complexes also exhibit better stability
towards oxygen and moisture, as especially trialkyl phosphines tend to be sensitive to

oxidation (Clavier et al., 2007).

The NHC ligands are classified to several types based on their rings, such as 4-
membered, 5-membered, 6-membered and 7-membered. The synthesis routes of NHCs
are illustrated in Scheme 2.1 and Scheme 2.2. Despagnet-Ayoub et al. (2004) first
synthesized a stable 4-membered NHC as shown in Scheme 2.1 (a). The iminium salt
(a2) was prepared in yield of 66% from the silylamidine (al) as a white powder by the
addition of (i-Pr);NPCl, and TMSOTF in CH,CI, solvent at room temperature.
Followed by the reaction of (a2) under standard condition, carbene (a3) was generated.
Alder et al. (1999) reported the first stable 6-membered NHC as showed in Scheme 2.1

(b). Precursor (bl) is conveniently made by refluxing an equimolar mixture of



1,3-(diisopropylamino) propane and NH4BF, in HC(OEt); as solvent, with azeotropic
removal of EtOH. Deprotonation of (b1) with NaN(SiMes), in THF at 78 °C, gave the
desire carbene (b2) in yield of 40%. Iglesia et al. (2007) in their study (Scheme 2.1 (c))
successfully synthesized an amidinium salts (c1) which are the first saturated 7-
membered rings reported presenting suitable NHC precursor. Their free carbenes (c2)
were generated after the treatment of (c1) with KN(SiMes), in aromatic solvent. While
(c3) was formed with the stronger amide base LDA, indicating a higher basicity for (c3)

as compared to its unsubstituted (c2) analogue.

The literatures reported that several routes in synthesis of 5-membered ring
NHCs ligands and some are illustrated in Scheme 2.2. NHCs may be obtained from the
corresponding  azolium  salts like imidazolium, triazolium, pyrazolium,
benzimidazolium, thiazolium, and oxazolium salts by deprotonation and functional
groups may be introduced to the imidazole side chain by conventional synthetic method

(Peris, 2007).

Scheme 2.2 (a) shows the alkylation reaction of substituted imidazole with alkyl
or aryl halides (R;-X) to give substituted imidazolium salts. In Scheme 2.2 (b) different
steps of preparation which are symmetrical and unsymmetrical imidazolium salts are
shown. The reactions of primary amine (R-NH,) with glyoxyl and paraformaldehyde
gave symmetrical imidazolium salt (b1), whereas unsymmetrical imidazolium salts (b2)
are obtained by the reaction of primary amine (R-NH;) and NH,4CI in 1:1 ratio with
glyoxal and paraformaldehyde followed by the quaternization of one nitrogen atom with
alkyl halide (R;-X) (Arduengo, 1992). Another ring-closing reaction was applied in
Scheme 2.2 (c) introduced by Grubbs and his co-workers. This methodology involved

the reaction of formamidine and 1,2-dichloroethane in the presence of base to form



unsymmetrical imidazolium chloride in excellent yield (cl). On the other hand,
symmetrical imidazolium chloride can be prepared directly from substituted aniline by
utilizing half of the formamidine intermediate as sacrificial base in moderate yields (c2)
(Kuhn et al., 2008). The formation of symmetrical or unsymmetrical imidazolinium
salts can be achieved via the ring closure reaction of HC(OEt)s in the presence of
NH4BF,, under acidic conditions (Scheme 2.2 (d)). Scheme 2.2 (e), which was
developed by Jazzar and his co-workers, reported an alternative retrosynthetic
disconnection and prepared a range of five-, six-, and seven-membered imidazolinium
salts from the addition of bis-electrophiles to lithiated formamidines (Jazzar et al.,

2006).

The most widely used of NHCs derived from 5-membered ring were imidazole,
benzimidazole, imidazoline, thiazole or triazole (Delaude, 2009). The imidazole moiety
found to be important in both chemical and biological contexts. While their fragment in
organic molecules have been reported to exert significant influence on the
intermolecular and intramolecular interactions such as hydrogen bonding, metal-organic
coordination strengths, excited state intramolecular proton-electron transfer (ESIPT) or
concerted proton electron transfer (CEPT), 1-, 2-, or 3-dimensional network types in
crystal packing, and n-7 staking (Eseola et al., 2012). Therefore, the electronic nature of
the 5-membered imidazole ring could be considered to exert notable influence on the

physical properties and chemical reactivity tendencies of imidazole-containing material.
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Scheme 2.1: The formation of free carbene for different types of ring; (a) 4-membered,
(b) 6-membered, and (c) 7-membered (Alder et al., 1999; Despagnet-Ayoub et al.,
2004; Iglesias et al., 2007)
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2.1.1 Bis-N-Heterocyclic carbene (bis-NHC) precursor

Bis-NHC are linked with various types of bridging linker via the imidazole ring-
nitrogen atoms (Schick et al., 2014). Budagumpi and co-workers, reported the
preparation of bis-NHC precursor based on benzimidazolium salts via the method
reported by Dias and Jin as shown in Scheme 2.3, which afforded moderate to good
yield products (Budagumpi et al., 2012b; Dias et al., 1994). The most common types of
bridging linker have been reported based on phenylene, pyridyl, ether, and alkyl groups
(Kore et al., 2012; Liu et al., 2012; Serra et al., 2011; Yagyu et al., 2014). The evolution
in the NHC families is mainly to allow the preparation of new complexes whose
stability is entropically improved by chelate effect (Crudden et al., 2004; Peris et al.,

2004).

| o N Dioxane
+ 2 S »> N N
N" [:::I:h? 110 °C, 40-48h ii::}f?é7 <§:Z::ij

o

Scheme 2.3: Synthesis of 2,6-bis[(3-benzylbenzimidazolium-1-yl)methyl]pyridine
dibromide (Budagumpi et al., 2012b)

Bis-NHC precursor with alkyl group as bridging linker namely 1-methyl-1"-(4""-
methoxyphenyl)-3,3"-methylenediimidazolium hexafluorophosphate (CsH3(OMe-4))
(Figure 2.1(a)) which has been developed by Yagyu and his co-workers. They reported
the imidazolium salt of the bidentate ligands implying that the carbene on a methyl-
substituted imidazolylidene ring is a stronger donor than one on an aryl-substituted ring.
Moreover, the palladium(Il) complexes of this ligand shows a good catalytic activity in

Heck reaction (Yagyu et al., 2014). While, Ashley et al. prepared series of bis-NHC
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precursor with a flexible unsaturated linker as shown in Figure 2.1 (b) (Ashley et al.,
2012). Cao and his co-workers synthesized a series of bis-NHC precursor with alkyl
bridges, as shown in Figure 2.1 (c) (Cao et al., 2010). Ashley and Cao varied their series
by changing the length of linker and observed different catalytic results for different

lengths of linker. However, this phenomenon has not been yet explained in literature.

n=1,2
(b) R=tert-butyl

()

Figure 2.1: (a-c) the examples of bis-NHC precursor with a different bridging linker
(Ashley et al., 2012; Cao et al., 2010; Yagyu et al., 2014)
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2.2  Different approaches to complexation

2.2.1 Complexation study in solution

Complexation in solution is a simple interaction between a donor (ligand) and an
acceptor (substrate). The ligand which has 2 or 3D cavity structure adopts inclusion
complexes, in order to host the substrate (Faridbod et al., 2008a). In the direction of
study of the complex formation, several techniques such as conductometric (Nezhadali
et al., 2013; Rezayi et al., 2011), spectrophotometry, calorimetry (Rao et al., 2008),
NMR spectroscopy (Jaubert et al., 2014), and potentiometry (Rezayi et al., 2014) were

applied.

The complex formation processes in the reported methods are characterized by
the thermodynamic stability and selectivity, which depend on the energy amount
(K, 4G, etc.). While the kinetic stability and selectivity depend on the reaction rate.
Stability, formation mechanism and formation or dissociation rates are the main
parameters in complexation. The complex stoichiometry is another effective factor used
to describe a complex. Complexation may happens according to the three routes of
distinctive, selective or specific complexation as follows: (i) distinctive complexation-
the ligand tends to form complexes with any of the substrates, suggesting that the
thermodynamic and kinetic effects between ligand and all substrates are identical and
hence all K values are equal, (ii) selective complexation- the ligand prefers one of the
substrates to the others and has a higher tendency to form a complex with it and (iii)

specific complexation- the ligand forms a complex with only one of the substrates.
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Among other techniques, the conductometric has been widely used due to their
great sensitivity, low cost as well as simple experimental arrangement. This method
provides valuable information such as stability of the cation-ligand complexes and
transport phenomena of metal salt-ligand complex in solution (Ghalami-Choobar et al.,

2013; Rezayi et al., 2014; Shah et al., 2014)

Moreover, another effect which influences the complexation formation process
also can be explored by using this method. Shah and co-workers studied the
complexation reaction of group 1 metal with cyclic ligand by using conductometric
method and found that the complex formation was influenced by the size of metal
cations and cavity size of ligand based on size-fit concept (Shah et al., 2014). El-
Sonbati reported the complexation of some transition metal cations such as Mn?", Co?*,
Ni?*, and Cu®, affected by ligand substituent. The presence of electron donating effect
at ligand substituent enhances the electron density by their high positive indicative or
isomeric effect, hence increases the stability of complex by strong chelation (EI-Sonbati

etal., 2001).

2.2.2 Complexation study by theoretical calculation

In order to obtain a clue about the tendency of the ligand to the metal ions in
complexation reaction, some ab-initio quantum mechanical calculations can be carried
out (Faridbod et al., 2008a; Sakajiri et al., 2012). The pair wise interaction energy,
AE (A-B), between two molecules (A and B) is estimated as the difference between the

energy of the E (A-B) complex and the energies of the isolated partners:

AE (A-B) =E (A-B) — [E (A) +E (B)] Eq.(2.1)
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Abraham et al. (2015) applied this theoretical study by using the GAUSSIAN 09
program based on density functional theory (DFT/B3LYP) to investigate the interaction
of several metal cations with their specific ligand. According to the binding energy
calculation results Ph?* has shown prominent affinity to their ligand compared to other
metals. This method also can provide other supporting information such as spectroscopy
data *H and **C in chemical shift, and electronic transition values of the complex in
order to confirm the interaction (Giimiis et al., 2014). Figure 2.2, shows the optimal
conformation structure of interaction Ag®* with NHC ligand studied by Giimiis et al.,
(2014) which can predict the values of bond angle and the distance of complexation. In
their study, values from theoretical calculation are comparable with X-ray

crystallographic data.

¥
oy

Figure 2.2: Optimal conformation structure obtained from GAUSSIAN 09 program

(Glimiis et al., 2014)
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2.2.3 Synthesis of N-heterocyclic carbene (NHC) metal complex

The complexation between ligand and metal cation was achived by various
synthesis routes. In the formation of NHC complexes, the main synthesis routes are
depicted in Scheme 2.4. The given methodologies were illustrated by using
imidazolidinylidene and imidazolylidene ligands. However, these methods are

applicable to other NHCs (Cazin, 2011; Peris, 2007).

The most often method used for the preparation of NHC-metal complexes are
shown in Scheme 2.4 (a, b and c). Scheme 2.4 (a) comprises of generating a free
carbene by reductive sulfurization, deprotonation of the corresponding salt with strong
base, or thermal a-elimination from appropriate NHC precursors, and followed by
coordination to a metal center often with concomitant ligand displacement
(Peris, 2007). Scheme 2.4 (b) employs metal precursor containing a base as ligand,
which is known as in-situ deprotonation method by internal base. The base deprotonates
the imidazolium salt, leading to the coordination of the NHC with metal cation and of
the counter-anion of the salt (Knapp et al., 2010; Liu et al., 2013). Scheme 2.4 (c) is
transmitallation from silver-NHC complexes prepared by the direct reaction of
imidazolium precursor with Ag,0O to the second metal (Haque et al., 2013; Liu et al.,
2013). Scheme 2.4 (d and f) is less frequently encountered; they are consisting of C-X
or C-H bond activation via oxidative addition. While Scheme 2.4 (e), involves the
cleavage of the C=C bond electron rich of alkene, which leading to the formation of
imidazolidinylidene complexes (Ozdemir et al., 2010; Peris, 2007). Throughout the
methodology, in-situ deprotonation by using internal base method is preferable in

synthesize of bis-NHC complexes. This offers some advantages such as simplifying
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step in the preparation of metal complexes by avoiding the presence of free carbene

mostly air and moisture-sensitive (Peris, 2007).

[\

N —
/('J\r')\/ \R N, N
R ) P ~
X M(base) R . R
(c) MLy
(b) ML,

[\
[\ _@ /”\N\ (d) R/N\ N\R
X

N_ N N
7 SpMbn g- \( R

ML,
0/ N

N N
[\ R/ I ~ R M= metal
N N R R ML= metal source
oY g SNONTT X= halide
N \J R= alkyl

Scheme 2.4: The general synthesis routes for NHCs metal complexes

2.2.3.1 Complexation of bis-N-heterocyclic carbenes

Bis-NHC metal complexes with various of type of ligands and metals showed a
broad range of coordination modes. Liu et al. illustrated the general structures of
bis-NHC coordinated with metal cations as shown in Figure 2.3 (a, b and c¢)
(Liu et al.,, 2013). Metal complexes coordinated as the monometal monoligand
macrocycle (a), the dimetal diligand macrocycle (b) and the open structure are
composed of one bidentate dicarbene ligand and two metal atoms (c). The coordination
of metal complexes can be influenced by several factors depending on their flexibility
and size of bridging linker, the steric hindrance of N-substitutes of imidazole rings, and

the structure difference at imidazole ring itself (Liu et al., 2013).
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(a) (b) ©

Figure 2.3: General structure of formation bis-NHC metal complexes;
NHC= N-heterocyclic carbene, M= metal (Liu et al., 2013)

2.2.3.2 Coordination of bis-N-heterocyclic carbene mercury(ll) and silver(l)

complexes

The structural characterization of bis-NHC metal complexes of transition metal
cation led to a very complex bonding motif in the solid state, especially in complexes
with halide anions. Liu and his co-workers synthesized three silver(l) metal complexes
from bis-benzimidazolium salts containing durene linker with a different substituent at
-N position of imidazole ring (Rbimi arms) adopting diverse conformation of
complexes. The conformation of bis-benzimidazole in the solution can be
interchangeably adopted either cis-conformation or trans-conformation. This condition
can be explained by the existence of strong interaction between one anion and two
Rbimi arms at the same time in a compound, driving the two arms lie at the same side
of durene plane, and mainly adopting cis-conformation. While, the compound may
adopt trans-confirmation when the existence of strong interaction between one anion
and only one Rbimi arms, hence the two arms lie in opposite sides of durene plane due
to steric hindrance. Figure 2.4 (a to d) shows the different conformation of silver(l)
complexes and their structures from X-ray single crystal data (Liu Q.-X. et al., 2011a).

The structure of X-ray single crystal data shows that the ligands coordinate with
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silver(l) in cis (Figure 2.4 (a and b)) and trans (Figure 2.4 (c)) conformation. The
relevant information about the structure for bis-NHC silver(l) complexes are

summarized in Table 2.1.

In some cases, the complex formation of silver-halide “staircases” can also take
place during the synthesis of bis-NHCs silver(l) complexes (Liu et al., 2013). This
silver-halide staircase types form two-dimensional architecture in the solid state on the
basis of bridging halides (Garrison et al., 2005). Complex in Figure 2.4 (d) is an
example of staircase structure, in which silver(l) NHCs are bridged by bromide to other
silver(l) NHCs (Liu et al., 2013). These types of silver(l) complexes form a polymeric
structure through a silver-silver interaction (Ag(1)-Ag(2) distance= 2.997(6) A) to
AQ;Br, cluster. All bis-NHCs silver(l) complexes listed in Figure 2.4 have the bond
distance of Ag(1)-C(1) in range of 2.081(4) to 2.121(2) A, which are comparable to
know NHC-silver(l) complexes (Baker et al., 2009a). While, the bond distance of
AgAg separation of 3.113(7) A (van der Waals Radii of silver=1.72 A) in the bis-
NHC silver(l) complexes (Figure 2.4 (b)) indicates a weak metal-metal interaction (Rit

et al., 2010).
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Figure 2.4: Examples of crystal structure bis-NHC silver(l) complexes, ato d (Liu Q.-
X. etal., 2011a; Liu et al., 2013)
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Table 2.1: Summary of bond distances and bond angles of bis-NHC silver(l) complexes

Compound a b c D
Bond distance A
Ag(1)-C(1) 2.121(2) 2.081(4) 2.101(3) 2.105(6)
Ag(1)-Br(1) - 2.492(6) - 2.548(8)
Ag(1)-0(1) ; ] 2.274(3) )
Ag(1)-Ag(2) ; . ; 2.997(6)
Ag(1)-Ag(2) - 3.113(7) - -
Bond angle A
C(1)-Ag(1)-C(2) 175.8(6) . . ;
C(1)-Ag(1)-Br(1) - 159.6(1) - 156.5(2)

C(1)-Ag(1)-O(1) - - 177.1(1)

Ag(2)-Br(2)-Ag(3) : : 82.7(3)

Cis-conformation structure is a favorable structure coordination of bis-NHC
mercury(ll) complex as discussed in literature (Budagumpi et al., 2012b; Haque et al.,
2011; Liu Q.-X. et al., 2011b; Liu et al., 2012). Some examples are illustrated in the
Figure 2.5 (e to h) and the summary of X-ray data is tabulated in Table 2.2. The listed
bis-NHC mercury(11) complexes shows a bond distance from 2.054(3) to 2.108(7) A. In
the Figure 2.5 (e), it was indicated tri-coordinated with two carbene carbons and one
bromide atom with linear a bond angle C(1)-Hg(1)-C(2) of 173.7(3) A (Liu Q.-X. et al.,
2011a). Haque et al. (2011) revealed that the complex (Figure 2.5 (f)) with
hexafluorophosphate anion adopting linear arrangement bond angle C(1)-Hg(1)-C(2) of
179.5(2) A with mercury atom is coordinated with two carbene carbons. They also
reported that there is a close interaction between Hg centre and one carbon atoms of the
aryl linker ring. However, the bond distance of Hg-C(arene) [2.750(5)] is not sufficient
to be indicative as a significant bonding interaction. The complex in Figure 2.5 (g)
adopts a distorted tetrahedral geometry by coordination of mercury(Il) with two carbene
carbons, one nitrogen from pyridine ring and one bromide atom. This complex has also
approximate linear C(1)-Hg(1)-C(2) bond angles of 173.3(3) A (Liu et al., 2012). In the
structure of complex (Figure 2.5 (h)) interesting features of complex was observed,
which indicates two macrometallocycles connected via bridging chlorine atom at two
mercury atoms with bond angle Hg(1)-Cl(1)-Hg(2) and I(1)-Hg(1)-Cl(1) are 136.4(6)
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and 96.3(1) A, respectively. This mercury(I1) complex adopt tetrahedral geometry with

two carbene carbons, chloride and iodide atoms (Liu et al., 2015a).

Nevertheless, a lot of coordination structure reported in the literature. In the
coordination of complex study, various factors need to be considered such as different
experimental condition, the ratio between ligand and metal source, the solvent used in
crystallization, the anion and the structure of ligands itself (Liu et al., 2012). Besides,
spectroscopic method such as 'H-NMR and *C-NMR also can be used in the
characterization of NHC complexes. Simple indicator can be observed in *H-NMR
spectra of NHC complexes by the absence of chemical shift around & 8.00-10.00 which
refer to proton (-H) at carbene carbon. This is due to depronation of —H at carbene
carbon indicating that the coordination of metal cation occurred at that position (Baker
et al., 2004; Rit et al., 2010). Whereas, in the *C-NMR spectra a new chemicals shift
for carbene carbon coordinating to metal atoms were observed at 6 175-185 for
mercury(Il) and & 163.2-213.7 for silver(l), respectively (Baker et al., 2009b;

Budagumpi et al., 2012b; Garrison et al., 2005).
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Table 2.2: Summary of bond distances and bond angles of bis-NHC mercury(I1)

complexes
Compound e f g h
Bond distance A

Hg(1)-C(1) 2.097(6) 2.054(3) 2.108(7) 2.103(4)

Hg(1)-Br(1) 3.076(1) - 3.001(1) -
Hg(1)-CI(1) - - - 3.103(6)

Bond angle A

C(1)-Hg(1)-C(2) 173.7(3) 179.5(2) 173.3(3) 160.2(1)
Hg(1)-CI(1)-Hg(1A)’ - - - 136.4(6)

2.3 Applications of N-heterocyclic carbene (NHC)

Catalysis of organic reactions

Numerous researches have reported that the application of NHCs is important in
the synthesis of organic compound, in which its metal complexes play the role as
catalyst (Cazin, 2011; Glorius et al., 2007). According to the literature, NHC metal
complexes have a good catalytic character towards various organic reactions such as in
coupling reaction of Mirozuki-Heck, Suzuki-Miyaura, Sonogashira, Stille, and Kumada,
Hartwig-Buchwald reaction, a-arylation, hydrogenation, hydrosilylation and many
more. This is due to versatile properties of NHCs which have strong c-donating ability,
a strong metal-carbon bond and poor m-accepting ability leading to the formation of
many stable metal complexes with various metal ions. As illustrated in Scheme 2.5, (a)
Mirozuki-Heck, (b) Hydrovinylation, and (c) Suzuki-Miyaura reactions, showed the
catalytic organic synthesis reactions by using bis-NHC metal complexes with a good

yield (Liu et al., 2012; Saito et al., 2011; Serra et al., 2011).
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Scheme 2.5: Examples of catalytic reaction which use bis-NHC metal complexes as
catalyst, (a) Mirozuki-Heck, (b) Hydrovinylation, and (c) Suzuki-Miyaura reactions
(Liu et al., 2012; Saito et al., 2011; Serra et al., 2011)

Anti-cancer activity

The applications of the NHC precursor in the biomedical research area are just
beginning to unfold and extensively being explored. Researchers found that the bis-
NHC can be applied as anti-cancer agent against human colon cancer as previously

reported by Haque et al., (2012). In this study, the synthesized benzimidazolium
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compounds as illustrated in Figure 2.6 (a to f) were tested against cancer cell (HCT116).

The cytotoxicity in the HCT116 cancer cell line is expressed as, IC, values (uM). The

data revealed that from all benzimidazolium compounds the longer alkyl change (e) and
aromatic substitution (c) are more efficient in cytotoxic activities. Additionally, it
should be noticed that the compound which has bromide anions (a, ¢, and e)
demonstrated appreciable cytotoxic activity with respect to the compound having the

hexafluorophosphate anions (b, d, and f).

a. R=i-Pr, X=Br, IC: 0.2 uM
b. R=Pent-2-yl, X=PF, IC,;: 4.1 uM
¢. R=CH,Ph, X=Br, IC_;: 0.1 uM

N N
@@ <@D d. R=Bu, X=PF,, IC_: 8.7uM
N N e. R=Hept, X=Br, IC_: 1.1 uM
X ’ oy FR=PIX=PF, IC.: 17.6 uM

a-f

Figure 2.6: Bis-NHC precursor applied in human colon cancer as anti-cancer agents
(Haque et al., 2012b)

Moreover, researchers revealed that the NHC metal complexes also can be used
in anticancer activity application. For examples, Haque and co-workers used bis-NHC
silver(l) complexes against HCT116 cells. The bis-NHC silver(l) complexes of
imidazole and benzimidazole which show a significant level of anti-cancer activity
against HCT116 cancer cell, were represented in Figure 2.7 (a to d). The results showed
the concentration of bis-NHC silver(l) complexes needed was lesser than their
corresponding bis-NHCs precursor and some of them displayed no anticancer activity.
Therefore, it is possible to conclude that the insertion of silver(l) in bis-NHCs might

positively increase the anticancer activity. However, the activity of complexes are
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mainly due to the presence of appropriate substitutions on the ligands and the nature of

coordinated anions (Haque et al., 2013; Haque et al., 2012b).
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Figure 2.7: Bis-NHCs silver(l) complexes applied in human colon cancer as anti-cancer
agent (Haque et al., 2013; Haque et al., 2012Db)

In the period of 2012-2013, Sivaram and his co-workers introduced the use of
NHCs gold(l) and gold(l11) complexes against NCI-H1666 non-small cell lung cancer
(Sivaram et al., 2012; Sivaram et al., 2013). This research found that the neutral NHCs
gold(l) and gold(lIll) in Figure 2.8 (a and b) were less toxic than cisplatin which is
standard anticancer for NCI-H1666. While, the NHCs gold(l) and gold(Ill) structure as

shown in Figure 2.8 (c and d), represents superior cytotoxicity.
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Figure 2.8: Structure of synthesized NHCs gold(l) (a and c), and gold(l11) (b and d)
which used as anti-cancer agent (Sivaram et al., 2012; Sivaram et al., 2013)

Chemosensor

In 1999, Sato and co-workers synthesized the imidazolium-based tripodal
receptor as illustrated in Figure 2.9 (a). This compound has considerable affinity for
halide anions in polar solvent through electrostatic interaction and C-H---X" hydrogen
bonds, where X refer to CI', Br  and I" (Sato et al., 1999). Association constant K data
revealed that this receptor is highly selective towards CI™ anion with 1:1 stoichiometric.
Further titration experiments of other compounds (Figure 2.9 (b and c)) with CI" anion
show the decreasing in association constant values. It was observed that the absence of
methyl groups at the ortho positions (Figure 2.9 (b)) and the removal one unit of
imidazoliumethyl (Figure 2.9 (c)) influence the complexation reaction with CI™ anion.
The interaction of receptor Figure 2.9 (a) with CI" anions was illustrated in

Figure 2.9 (d).
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Figure 2.9: The structure of anion receptor compound (a, b, ¢) and the interaction of
receptor (a) with chloride anion (d) (Sato et al., 1999)

Most recently, the application of NHCs metal complexes as chemosensors were
discovered by Liu and co-workers. They found that the bis-benzimidazole metal
complex may be used as an effective chemosensor for nitrate anion (NO3’) and silver(l)
cation (Ag"), respectively (Liu et al., 2015a; Liu et al., 2015b). The study of selective
recognition of NO3” and Ag* were conducted on the basis of fluorescent and UV/Vis
spectroscopic titration. Figure 2.10 (a and b) shows, the interaction of bis-NHC metal
complex with NO3;™ and Ag” ions. Based on the fluorescent spectroscopic titration study,
results proved that the proposed bis-NHC metal complexes are more selective towards

their targeting ions. As seen in Figure 2.11 (a and b), a great enhancement of emission
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intensity occurred upon the addition of NOs™ and Ag”, respectively if compared with

others ions.

(@)

(b)

T e e @

NN A K/ NN
v

Figure 2.10: The interaction of bis-NHC complexes with (a) NO3™ and (b) Ag”ions (Liu
etal., 2015a; Liu et al., 2015b)
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Figure 2.11: (a) Fluorescence spectra of bis-NHC metal complex (1x10™ mol/L) upon
the addition of the tetrabutyl ammonium salts of F', CI', Br’, I', H,PO,’, HSO4", OAC
and NOgz™ (10.0 mol equiv.) in acetonitrile at 25 °C. (b) Fluorescence spectra of bis-NHC
metal complex (1x10™° mol/L) upon the addition of salts (30 mol equiv.) of Li*, Na",
NH," Ag*, Ca?*, Co?*, Ni**, Cu**, zn**, Cd**, Cr**, AI**, Pb* and Hg®* in MeOH at
25°C (Liu et al., 2015a; Liu et al., 2015b)

Although the research development of bis-NHC precursor and its metal
complexes increase rapidly, their role in sensor still have been relatively well studied,

especially as ionophore in potentiometric ion selective electrode (ISE).

2.4 lon selective electrode (ISE)

Potentiometric measurements are based on monitoring potential values under a
zero current flow regime, in order to determine the analytical concentration of the
desired components in an analyte (Faridbod et al., 2008b). This method involves the
measurement of potential (voltage) generated by a cell under essentially equilibrium
condition (Dimeski et al., 2010; Writht et al., 1972). The potentiometric measuring cell
consists of two galvanic cells which are ion selective electrode (ISE) and reference

electrode (RE) (Lindner et al., 2013). The total potential difference (electromotive force,
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EMF) was measured using a schematic galvanic cell as follows: Ag | AgCI | KCI 3M |

bridge electrolyte | sample || membrane || inner filling solution | AgCl | Ag.

lon-selective electrodes (ISEs) are electrochemical transducers that respond
selectively, directly and continuously to the activity of the free ions of interest in
solution. The measurements are based on the electrical signal generated by a chemical
system in electrochemical cell. These types of sensors have some advantages such as
low cost, easy fabrication, accuracy and also can be used without previous extraction of
samples (Mandil et al., 2013). ISE based on potentiometry have practical utility as a
simple analytical technique to measure target analyte in complex samples. Recently,
their selectivity and sensitivity were improved and it is possible to do trace analysis in

micro and nano molar concentration (Ganjali et al., 2015).

The request for ISEs as potentiometric sensors increases drastically in many
areas such as in medicinal (El-Dien et al., 2012; Mandil et al., 2013), environmental
monitoring (Nanda et al., 2007; Radu et al., 2013), physiological measurements,
agricultural (Heng et al., 2008) and industrial field. Some applications of potentiometric

ISE in determination of various analytes are summarized in Table 2.3.
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Table 2.3: The applications of potentiometric ISE in determination of various analytes

I Limit of
Application lonophore Analyte detection (M) References
. 1,2-Bis(N’- 2+ 8 (Abraham et al.,
raw milk benzoylthiouredo)benzene Pb 2.5x10 2015)
erythrocytes *Valinomycin, Mg**, Ca** ) (Malon et al.,
ETH 5220, ETH 5234 Na’, K* 2005)
. 2+ i (Yangetal.,
Soy milk Phytase Ca 2015)
5-chloro-3-[4-
(trifluoromethoxy) 3+ 7 (Demir et al.,
water phenylimino]indolin-2- Fe 6.3x10 2015)
one
. . 2 8 (Singhal et al.,
environment thiazole Co 7.9x10 2014)
N,N'-(4E,4'E)-4,4'-
(ethane-1,2-diylbis(azan- -
water 1-yl-1-ylidene))bis(2- cu? 2.4x10° (Ganzjg'l's‘;t al.,
oxopentan-3-yl-4-
ylidene)dibenzamide
* i 2+ 6 (Soleimani et al.,
water Cu(ID-ionophore Cu 1.1x10 2013)
o . + 8 (Guptaetal.,
blood Shift-base lariat ether Ag 4.4x10 2009)
environment (Guptaet al
and 2-amino-6-purinethiol Hg* 4.4x10° 5007) K
biological
Clinical and ) 2 5 (Chenetal.,
environment Mn(l11)-salen complex COs 2.5x10 2011)
industrial Mn(l_l)[2—fo_rmquumollne N3 8.0x10® (Kamel, 2015)
thiosemicarbazone]
- 2-hydroxypropyl-f- I % (Ragab et al.,
clinical cyclodextrin Cationic drug 3.9x10 2015)

*lonophore was used as purchased

2.4.1 Sensor fabrication

2.4.1.1 Membrane composition

The composition of electrode membrane is a crucial factor that may influence
increasing electrode selectivity and sensitivity towards targeted ions. Hence, the
construction of electrode membrane for ISE rely on the polymer matrix which contains
mixture of active component such as ionophore, ionic additives, and plasticizer (Gupta

etal., 2001).
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Polymer matrix

The first polymeric ISE membrane was reported based on silicone rubber and
PVC by using valinomycin as the ionophore without the addition of lipophilic ionic site.
Mostly PVC has been used as polymer matrix in various ISE studies. Instead of PVC,
other polymers also can be used, such as the soft polyurethanes, silicone rubber,
poly(vinylidene chloride) and polysiloxanes. The main function of polymer matrix is to
provide the required physical properties, like elasticity and mechanical stability. Hence,
the polymer matrix should be inert and has no chemical interaction towards sensing

ions.

Plasticizer

The plasticizer is needed in order to soften membrane by reducing the viscosity,
and ensuring a relatively high mobility of the membrane constituents. It also provides
homogeneity of the organic phase, to ensure the compatibility of other membrane
components. The plasticizer can influence the ion-exchanger characteristic of membrane
such as sensitivity, response times and also detection range based on their dielectric

constant and polarity (Gupta et al., 2001).

lonic additives

lonic additives are ion exchanger, which themselves induce a selective response
with or without sufficient ionophore amount. Thus, the addition of lipophilic salt in the
electrode membrane without ion-exchanges properties reduces the ohmic resistance of

the membrane (Faridbod et al., 2007). Additionally, it also improves the membrane
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response behavior and selectivity by increasing the ionic strength in the membrane,
which helps the neutral-carrier-based ISE membranes work properly (Zhang et al.,
2006). Hence, the amount of these species must be adjusted carefully to reach their

optimum composition in electrode membrane (Faridbod et al., 2008a).

lonophore

From all active components inside of the polymer matrix, ionophore plays an
important role in the selectivity of the ISE membrane. The ionophore should ideally
form relatively strong, selective and reversible complexes only with the target ion, so
that no ion-exchange between measuring and interfering ion occurs in the membrane.
Additionally, the ionophore should be sufficiently lipophilic in order to make its
leaching rate from the membrane to the aqueous testing solution as low as possible

(Gupta et al., 2000; Gupta et al., 2001; Gupta et al., 2009).

2.4.1.2 Fabrication of electrode membrane

The potentiometric ISE membranes can be categorized as glass membrane, solid
membrane and liquid membrane (Faridbod et al., 2007). However, the development of
solid-state membrane electrochemical sensor gains much attention due to low electrical
resistance, as well as ease of preparation and handling. The polymeric membranes are
fabricated on the solid surface without any internal reference electrolyte solutions;
hence offering the advantages of multiple sensors on single chips and mass fabrication

for cost reduction (Faridbod et al., 2008b; Piao et al., 2003).
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Generally, the construction of ISE based on polyvinyl chloride (PVVC) membrane
was applied in various industrial, environmental and biochemical samples (Liu et al.,
2000; Mahajan et al., 2003). Nevertheless, it gave many problems when used in
fabrication of solid-state sensors due to its poor adhesion on solid substances. The PVC
membranes can only be prepared from solvent casting procedures and requires a
plasticizer, for softening the polymer (Heng et al., 2000; Heng et al., 2008). The
addition of plasticizers which is a toxic material to make PVVC flexible causes it to leak
into the solution during measurements and can be eventually released to the
environment. This has become a main cause of toxicity environmental concern
nowadays (Zareh, 2012). These problems can be avoided by using a photo-curable and
self-plasticizing polymer technique. The idea of a self-plasticizing membrane for ISE
was developed, where the acrylic membrane material has been shown to vyield

functional ion sensors without the incorporation of plasticizers (Heng et al., 2000).

This photocure technique has become increasingly popular due to its ability to
provide a quick but simple means of membrane fabrication as compared to other
techniques. The main composition of polymer matrix contained ionophore and
lipophilic salts, where plasticizer is not required. However, the membrane needs
additional component such as initiator and cross-linker to make the fabrication
successful (Abramova et al., 2015; Heng et al., 2001). A study by Heng and co-workers
found that the initiator such as 2,2-dimethoxy-2-phenylacetophenone (DMPP) was
functioning to controlling the photocuring process, while the cross linker can adjust the
physical quality of the resulting cross-linked poly(acrylic) matric so that a workable
ion-selective membrane without the use of plasticizer could be produced (Heng et al.,

2001).
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The fabrication of electrode membrane studied by Heng and co-workers was
illustrated in Figure 2.12. Electrode membrane was fabricated by depositing the
appropriate monomers on Ag/AgCl discs through photocuring. A poly(2-hyroxylethyl
methylacrylate) (0HEMA) was first deposited to act as the inner conducting layer of the
sensor. This layer was photopolymerized under UV radiation for 5 min with continuous
purging of nitrogen gas, and followed by conditioning with 0.1 M of targeted analyst
solution. The membrane mixture which contained monomer, initiator, cross-linker,
lipophilic salt and ionophore were deposited on the surface hydrated pHEMA layer, and
was photopolymerized under UV exposure for 8 min. Results from this study show the
successful employing of self-plasticizing acrylic matrices as membrane materials for

solid-state calcium ion sensors with non-requirement of plasticizer (Heng et al., 2008).

membrane

pHEMA

Figure 2.12: Self-plasticizing acrylic membrane

In 2012, Jumal and his co-workers applied this method in the fabrication of
potentiometric sensor mercury(ll) ISE membrane electrode in the presence of
1,2-bis-(N'-benzoylthioureido)cyclohexane as ionophore. The sensor exhibits linear
response in a Nernstian slope of 28.1 mV/decade within concentration working range of
1x107° to 1x10™" M. The detection limits of this proposed electrode in 2.5x10° M with a
response time within 50-100 second. However, when compared the data with some

Hg-ISE in the literature, this electrode shows the lowest electrode performance in
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determination of Hg** cations which gives higher detection limits and longer response
time (Jumal et al., 2012). Nevertheless, this self-plasticizing method is a good
alternative in preparation of electrode membrane without plasticizer. Therefore, this
research study needs more exploration in the searching of suitable and alternative

electrode membrane composition in order to increase their sensitivity and selectivity.

2.4.2 Analyte of interest

Mercury possesses high toxicity, mobility and ability to remain longer in the
atmosphere (Sears et al., 2012). It can be absorbed by humans and other organisms and
can lead to serious health problems to humans. Amyotrophic lateral sclerosis,
Alzheimer’s, and Parkinson’s are the examples of disease caused by mercury. This
metal can also cause damages to kidneys and immune system (Holmes et al., 2009;
Multter et al., 2004; Wang et al., 2012). Ahmad and co-workers found out that silver
metal effects the liver, lung, brain, vascular system and also reproductive organs
(Ahamed et al., 2010). Therefore, there is a strong necessity to develop a new method to

determine mercury(ll) and silver(l) ions in our surroundings.

The development of new cation selective electrode has drawn a great interest for
researchers in recent years. The efforts in introducing new types of carriers achieved
significant improvement in the sensitivity and selectivity of ISE. Numerous sensing
agents (ionophore) for the PVC membrane electrodes have been reported in the
literature with a various targeted analytes and applications. The shift bases (Dadkhah et
al., 2014; Hassouna et al., 2010), thiourea (Ghanei-Motlagh et al., 2014), oxime

(Sardohan-Koseoglu et al., 2015), crown ether (Gupta et al., 2009) and calixaren
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(Yan et al., 2013) are the types of ionophore which have been used in determination of

mercury(l1) or silver(l) as reported recently and listed in Table 2.4.

These types of ionophore were reported as selective towards their targated ions.
In literature, the effect of various ionophore structures towards the selectivity and
sensitivity of electrodes has been discussed. In order to increse the sensitivity of ISE,
the chemical structural features of ionophores may turn by incorporating different soft
and hard donor atoms in the chelating ring, thereby promoting the stabilization of both
low and high oxidation states of the metal centre, as well as forcing metal ions to adopt

typical coordination chemistry (Gupta et al., 2007).

Moreover, Gupta and his co-worker studied the selectivity for silver ion due to
lariat effect of their sidearms. They synthesized six Schiff-base lariat ether chelates
based on 4,13-diaza-18-crown ether as shown in the Figure 2.13. Then, the silver(l) ISE
was constructed based on each ionophore, individually. Hence, the performance of
electrode were tested and compared as tabulated in Table 2.4. The data listed shows that
the perfomance of electrode with ratio of electrode composition used are similar. As can
be observed, the presence of hydroxyl group at the ionophore substituent improved the
electrode performance in term of working concentration range, detection limit and also
response time (Gupta et al., 2009). Sardohen-Koseoglu et al., also studied the effect of
the sidearm of ionophore toward the selectivity of fabricated mercury(Il) ISE. They
synthesized ionphore based on oxime compound (Figure 2.13) and the sensing results
were listed in the Table 2.4 (Sardohan-Koseoglu et al., 2015). It was observed that the
presence of electron donating or withrawing group at the sidearm of structured ligand
will effect the complexation with targated metal ions, thus increase the sensitivity of

ionophore in sensing study.
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Table 2.4: The comparative evaluation of selective electrode, responsive with mercury(ll) and silver(l)

Metal Slope Detection . Response Life time
) | h o L M . Refs.
ion onophore (mV/decade) limit (M) Inear range (M) time (s) (day) ets
Hg** Oxime (b), 1 33.4 1.68x10°  5.6x10°-1.0x10" 10-15 30 (Sardohan-
Oxime (b), 2 34.2 1.76x10°  5.9x10°-1.0x10" 10-15 30 Koseoglu et al.,
2015)
Hg** 1,5-diphenylthiocarbazone 29.7 3.0x10°® 5.0x10° -1.0x107 20 14 (Hassan, 2013)
(dithizone)
Hg** Thioure 30.3 7.9x10® 1.0x107 -1.0x10% 15 <100 (Ghanei-
Motlagh et al.,
2014)
Hg™ Calix[2]thieno[2]pyrrole 27.8 1.0x10° 1.0x10°-1.0x10" 20 - (Abbas, 2012)
Hg*" 1,2-bis-(N’- 28.1 2.5x10° 1.0x10°-1.0x10"  50-100 - (Jumal et al.,
benzoylthioureido)cyclohexane 2012)
Ag* N,N’-bis(benophenone 59.5 5.0x10° 2.2x107-2.2x10% <10 >50 (Dadkhah et al.,
imine)formamide 2014)
Ag* p-tert-butylcalix[4]arene 59.8 1.0x107 5.0x107-1.0x10° <10 >35 (Yanetal.,
2013)
Ag* N,N'-bis(3-methyl-1-phenyl-4- 59.3 9.3x10” 1.0x10°-1.0x10™* 5-30 - (Hassouna et al.,

benzylidine-5-
pyrazole)propylenediamine

2010)
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Table 2.4, continued.

Metal ionophore Slope Detection Linear range (M) Response Life time Refs
ion (mV/decade) limit (M) time (s) (day) '
Ag* Isoquinoline-1,3-diones 58.4 5.8x10° 5.0x10°-1.0x10™ 12 <90 (Kamal et al.,
2012)
Ag* Shift-base lariat ethers (a), 6 59.3 4.4x10°® 5.6x10°%-1.0x10" 12 - (Guptaetal.,
Shift-base lariat ethers (), 5 58.9 3.1x10”7 5.6x107-1.0x10" 13 - 2009)
Shift-base lariat ethers (a), 4 59.4 1.7x10°® 3.1x10°-1.0x10™ 13 -
Shift-base lariat ethers (a), 3 59.0 4.4x10° 5.6x10°-1.0x10" 15 -
Shift-base lariat ethers (a), 2 59.4 8.9x10° 1.1x10°-1.0x10™* 15 -
Shift-base lariat ethers (a), 1 59.3 1.0x10° 1.4x10°-1.0x10™* 16 -
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Figure 2.13: The structure of ionophore (a) shift base lariat ether, (b) oxime (Gupta et
al., 2009; Sardohan-Koseoglu et al., 2015)

The interaction of M™-ionophore (ion recognition) with most of the listed
carriers relies on the hard-soft acid based (HSAB) concept. According to this concept,
in order to find the suitable ionophore, soft base ligands are preferable which has a good
affinity to soft acids (Pearson, 1968). NHC is classified as Lewis base 2-electron donors
which as relatively soft ligands are not necessarily require backbonding in their
complexes. This makes them suitable for coordinating to a range of different centers
(Albrecht et al., 2012; Willans, 2010). Due to this character, the potential of bis-NHC as

ionophore in ISE application can be explored.
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CHAPTER 3

METHODOLOGY

3.1 Chemicals and instruments

All glassware were dried in an oven overnight before use. All chemicals and
solvents were purchased from Sigma-Aldrich, MERCK and Fisher, and used as
received without further purification. The synthesized products were characterized by
Fourier Transfer Infrared (FT-IR) spectroscopy, Nuclear Magnetic Resonance (NMR)
spectroscopy, Carbon-Hydrogen-Nitrogen-Sulfur (CHNS) elemental analysis, UV-Vis

spectroscopy and single crystal X-ray diffraction analysis.

The melting points of synthesized compounds were measured using a U Met-
temp Il Laboratory Devices USA. The FT-IR spectra were recorded between
4000-400 cm™ as attenuated total reflectance (ATR) on Perkin Elmer Spectrum 400 FT-
IR spectrometer. *H-NMR and *C-NMR were recorded on a Bruker Advance 400
spectrometer at 400 MHz (*H-NMR) and 100 MHz (**C-NMR) using tetramethylsilane
(TMS) as an internal standard. The CHNS elemental analysis values were determined
using a LECO TruSpec Micro CHNS Elemental Analyzer. The crystal data were
collected from a Bruker SMART APEX2 diffractometer and the structures of
synthesized compounds were solved using direct methods and were refined by full-
matrix least squares using the program SHELXTL-97 Sheldrick. The spectrophotometer
type UV/Vis/NIR (UV- 3600 Shimadzu) including the temperature controller TCC-2
was used to obtain the spectra of synthesized compounds, Hg** and Ag"* cations and

resulted complex respectively. The Morphologies of membranes were analyzed using a
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Field Emission Scanning Electron Microscope HITACHI SU8220 equipped with
Energy Dispersive facility (FESEM-EDX). The crystallinity structures of membranes
were examined using powder X-Ray Diffraction (XRD) PANalytical EMPYREAN at
room temperature and scanned from 20 to 80 °20 angles using a step interval of 0.02°

with the scan rate of 5° min™.

The conductometric measurements were carried out using digital Thermo
Scientific conductivity device connected to a JULABO F12 thermostated water-bath
with a constant temperature maintained within +0.01 °C. A conductometric electrode

model Orion 013005MD with cell constant of 0.99 cm™ was used in the present studies.

The electromotive force (E/mV) of fabricated sensors were measured relative to
Ag-AgCl double-junction reference electrode (Thermo Orion 900200) using a digital
pH/ISE meter (Orion Star A214). All measurements were carried out at room

temperature.

3.2 Synthesis of bis-NHC precursor

Synthesis routes in the preparation of bis-NHC precursors based on

benzimidazolium are shown in Scheme 3.1. The methodologies for each synthesized

compound are subsequently mentioned in the upcoming subtopic.
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List of synthesized bis-benzimidazolium salts:

L,1.Br=N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dibromide
L,.Br=N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dibromide
L,.Br=N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dibromide
L,.PF¢=N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dihexafluorophosphate
L,.PF¢=N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dihexafluorophosphate
L;.PF¢=N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dihexafluorophosphate

Scheme 3.1: Synthesis routes in the preparation of bis-benzimidazolium salts
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3.2.1 Synthesis of N-[(4-methylbenzenesulfonyl)-bis((4-methylbenzenesulfonyl-

(oxy))ethyl]amine; (tri-sulfonamide)

Diethanolamine, (4.8 ml, 0.05 mol) was dissolved in dichloromethane (100 ml).
The reaction mixture solution was cooled to 0 °C and then triethylamine (27.9 mi,
0.20 mol) was added. At temperature of 0 °C, p-toluenesulfonyl chloride (p-TSCI)
(28.6 g, 0.15 mol) was added gradually, with vigorous stirring over the course of
5 hours to obtain tri-sulfonamide. Then, the reaction mixture was continued being
stirred at room temperature overnight and white precipitates of EtsNHCI were observed.
The reaction mixture was filtered to gain colorless filtrate, and washed with 1 M HCI
(3 times), distilled water (5x40 ml) and saturated NaHCOj3 solution (5x40 ml). The
organic layer was dried over anhydrous magnesium sulfate and the solvent was
removed under vacuum to obtain viscous liquid (Al-Mohammed et al., 2013). The
product was recrystallized from methanol to form a pure white solid. The solid product
obtained was characterized by FT-IR, 'H-NMR, and *C-NMR. FT-IR, ATR (cm™),
APPENDIX Al: 3065 (C-H)a, 2926 (C-H)aiipn, 1495, 1452 (C=C)a, 1336, 1156
(0=S=0); *H-NMR (DMSO-dg) & ppm, APPENDIX B1: 7.74 (d, 4H; H-8), 7.58 (d,
2H; H-4), 7.49 (d, 4H; H-10), 7.37 (d, 2H; H-3), 4.01 (t, 4H; H-7), 3.30 (t, 4H; H-6),
2.44 (s, 6H; H-12), 2.39 (s, 3H; H-1); *C-NMR (DMSO-ds) 5 ppm, APPENDIX C1:
145.65 (2C; C-8), 144.25 (1C; C-5), 135.47 (1C; C-2), 132.42 (2C; C-11), 130.70 (4C;
C-9), 130.40 (2C; C-4), 128.06 (4C; C-10), 127.45 (2C; C-3), 68.63 (2C; C-7), 47.77

(2C; C-6), 21.59 (2C; C-12), 21.48 (1C; C-1).
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3.2.2 Synthesis of N,N’-Bis[(benzimidazol-1-yl)ethyl]-4-

methylbenzenesulfonamide; (bis-benzimidazole)

Benzimidazole (2.36 g, 0.02 mol) was completely dissolved in
dimethylsolfoxide (DMSO) (20 ml). After that, potassium hydroxide (KOH) (1.68 g,
0.03 mol) was added to the solution and the mixture was stirred for 30 min at 20 °C.
Tri-sulfonamide (5.67 g, 0.01 mol) was added portion wise under vigorous stirring in
water bath. The stirring continued for another 2 hours (pale yellow viscous reaction
mixture was observed), then the distilled water (200 ml) was added to the mixture and
extracted with chloroform (6x30 ml). The combined extracts were washed with water
and dried over anhydrous magnesium sulfate. The solvent was removed under vacuum
and the product was recrystallized from methanol to obtain a white solid of bis-
benzimidazole (Al-Mohammed et al., 2013). The solid product obtained was
characterized by FT-IR, 'H-NMR, and **C-NMR spectroscopy. FT-IR, ATR (cm™),
APPENDIX A2: 3051 (C-H)ar, 2923 (C-H)aliph, 1594 (C=N), 1499,1460 (C=C)p,, 1322
and 1155 (0=S=0); 'H-NMR (DMSO-dg) & ppm, APPENDIX B2: 8.10 (s, 1H; H-8),
7.64 (m, 4H; H-13 and H-10), 7.46 (d, 2H; H-4), 7.28 (m, 6H; H-3, H-11, H-12), 4.28
(t, 4H; H-7), 3.51 (t, 4H; H-6), 2.34 (s, 3H; H-1). *C-NMR (DMSO-ds) & ppm,
APPENDIX C3: 144.45 (1C; C-5), 143.73 (2C; C-9), 135.31 (1C; C-2), 133.99 (2C; C-
14), 130.38 (2C; C-8), 130.25 (2C; C-4), 127.41 (2C; C-3), 123.07 (2C; C-10), 122.15
(2C; C-13), 120.06 (2C; C-11), 110.55 (2C; C-12), 48.60 (2C; C-6), 43.65 (2C; C-7),

21.44 (1C; C-1).
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3.2.3 Synthesis of bis-benzimidazolium salts

Method 1: Bis-benzimidazole (0.5 mmol) was added to the stirred solution of
benzyl bromide, 4-(nitromethyl)benzyl bromide, or 4-(chloromethyl)benzyl bromide
(2.0 mmol) in 20 ml of 1,4-dioxane. The mixture was refluxed at 100 °C for 24 hours
and the sticky precipitates were obtained (Haque et al., 2011) . The product was washed
with 1,4-dioxane (2x5 ml) and diethyl ether (2x3 ml), followed by drying in vacuum to

give a bis-benzimidazolium bromide salt L;.Br, L,.Br and L3.Br as listed below:

N,N’-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide  dibromide
(L1.Br)

FT-IR, ATR (cm™), APPENDIX A3: 3120 (C-H)ar, 3023 (C-H)aliph, 1559 (C=N), 1494,
1449 (C=C)a, 1338, 1156 (0=5=0); 'H-NMR (DMSO-ds) & ppm, APPENDIX B3:
10.24 (s, 2H; H-8), 8.17 (d, 2H; H-13), 8.00 (d, 2H; H-10), 7.73 (m, 4H; H-11, H-12),
7.62 (d, 4H; H-17), 7.44 (m, 8H; H-4, H-18 and H-19), 7.15 (d, 2H; H-3), 5.90 (s, 4H;
H-15), 4.94 (t, 4H; H-7), 4.02 (t, 4H; H-6), 2.34 (s, 3H; H-1); **C-NMR (DMSO-ds) &
ppm, APPENDIX C3: 144.28 (1C; C-5), 135.21 (1C; C-2), 134.33 (2C; C-16), 131.79
(2C; C-9), 131.16 (2C; C-14), 130.09 (2C; C-8), 129.40 to 114.18 (22C; C-4, C-17, C-
18, C-19, C-3, C-10, C-13, C-12, C-11), 50.36 (2C; C-15), 46.73 (2C; C-6), 45.44 (2C;
C-7), 21.48 (1C; C-1). CHNS elemental analysis (%); calculated: C, 58.43; H, 4.90; N,

8.74; S, 4.00; found: C, 58.40; H, 4.96; N, 8.68; S, 3.72.
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N,N’-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dibromide (L,.Br)

FT-IR, ATR (cm™), APPENDIX A4: 3121 (C-H)a,, 3026 (C-H)ajiph, 1566 (C=N), 1515
(NO,), 1488, 1434 (C=C)a, 1341, 1157 (0=S=0); H-NMR (DMSO-dg) & ppm,
APPENDIX B4: 10.24 (s, 2H; H-8), 8.24 (d, 4H; H-18), 8.16 (d, 2H; H-13), 7.92 (d,
2H; H-10), 7.80 (d, 4H; H-17), 7.69 (m, 4H; H-11, H12), 7.44 (d, 2H; H-4), 7.17 (d, 2H;
H-3), 6.06 (s, 4H; H-15), 4.93 (t, 4H; H-7), 3.98 (t, 4H; H-6), 2.31 (s, 3H; H-1);
3C-NMR (DMSO-dg) & ppm, APPENDIX C4: 148.04 (2C; C-19), 144.40 (1C; C-5),
141.74 (2C; C-16), 135.18 (1C; C-2), 131.82 (2C; C-9), 131.14 (2C; C-14), 130.17 (2C;
C-8), 129.90 to 114.21 (20C; C-4, C-18, C-17, C-3, C-13, C-10), 49.47 (2C; C-15),
46.97 (2C; C-6), 45.65 (2C; C-7), 21.48 (1C; C-1). CHNS elemental analysis (%);
calculated: C, 52.54; H, 4.18; N, 11.00; S, 3.60; found: C, 51.95; H, 4.39; N, 10.48; S,

3.46.

N,N’-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dibromide (L3.Br)

FT-IR, ATR (cm™), APPENDIX A5: 3121 (C-H)a, 3025 (C-H)ajiph, 1561 (C=N), 1492,
1446 (C=C)a, 1334, 1155 (0=S=0), 747 (C-Cl); 'H-NMR (DMSO-ds) & ppm,
APPENDIX B5: 10.18 (s, 2H; H-8), 8.13 (d, 2H; H-13), 7.95 (d, 2H; H-10), 7.68 (m,
4H; H-11, H-12), 7.61 (d, 4H; H-18), 7.48 (d, 4H; H-17), 7.40 (d, 2H; H-4), 7.13 (d,
2H; H-3), 5.86 (s, 4H; H-15), 4.89 (t, 4H; H-7), 3.96 (t, 4H; H-6), 2.30 (s, 3H; H-1);
B3C-NMR (DMSO-dg) & ppm, APPENDIX C5: 144.32 (1C; C-5), 135.19 (1C; C-2),
133.95 (2C; C-19), 133.30 (2C; C-16) , 131.80 (2C; C-9), 131.10 (2C; C-14), 130.81
(2C; C-8), 130.11 to 114.22 (20C; C-4, C18, C-17, C-3, C-10, C-13), 49.57 (2C; C-15),

46.81 (2C; C-6), 45.57 (2C; C-7), 21.47 (1C; C-1). CHNS elemental analysis (%);
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calculated: C, 53.81; H, 4.28; N, 8.04; S, 3.68; found: C, 53.57; H, 4.46; N, 7.96; S;

3.40.

Method 2: The resulting bromide salts L;.Br, L,.Br, and L3.Br (1.0 mmol) were
directly converted to its hexafluorophosphate (PFs’) counterpart by metathesis reaction
using potassium hexafluorophosphate (KPFg) (1.0 mmol) in 20 ml methanol,
respectively (Haque et al., 2011). The mixture was stirred until all solid was dissolved.
The mixture solution was then left at room temperature overnight and the precipitates
was formed. The filtered product was washed with distilled water giving the bis-

benzimidazolium hexafluorophosphate salts L;.PFs, L,.PFg, and L3.PFg as listed below:

N,N’-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dihexafluorophosphate (L;.PFg)

FT-IR, ATR (cm™), APPENDIX A6: 3113 (C-H)ar, 3019 (C-H)alipn, 1566 (C=N), 1491,
1451 (C=C)a, 1329, 1157 (0=S=0), 834 (PFg); ‘H-NMR (DMSO-dg) & ppm,
APPENDIX B6: 10.00 (s, 2H; H-8), 8.07 (d, 2H; H-13), 7.93 (d, 2H; H-10), 7.67 (m,
4H; H-11, H12), 7.54 (d, 4H, H-17), 7.39 (m, 8H, H4, H18, H19), 7.08 (d, 2H, H-3),
5.80 (s, 4H; H-15), 4.83 (t, 4H; H-7), 3.94 (t, 4H; H-6), 2.28 (s, 3H; H-1); *C-NMR
(DMSO-ds) & ppm, APPENDIX C6: 144.35 (1C; C-5), 135.19 (1C; C-2, 134.22 (2C; C-
16), 131.78 (2C; C-9), 131.18 (2C; C-14), 130.09 (2C; C-8), 129.44 to 114.07 (22C; C-
4, C-17, C-18, C-19, C-3, C-10, C-13), 50.39 (2C; C-15), 46.62 (2C; C-6), 45.32 (2C;
C-7), 21.45 (1C; C-1). CHNS elemental analysis (%); calculated: C, 50.27; H, 4.22; N,

7.52: S, 3.44; found: C, 49.72; H, 4.13; N, 8.03; S, 4.00.
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N,N’-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dihexafluorophosphate (L,.PFg)

FT-IR, ATR (cm™), APPENDIX A7: 3120 (C-H)a,, 3031 (C-H)ajiph, 1564 (C=N), 1520
(NO,), 1491, 1447 (C=C)a, 1344, 1157 (0=S=0), 832 (PF¢); *H-NMR (DMSO-ds) &
ppm, APPENDIX B7: 10.10 (s, 2H; H-8), 8.25 (d, 4H; H-18), 8.14 (d, 2H; H-13), 7.92
(d, 2H; H-10), 7.78 (d, 4H; H-17), 7.70 (m, 4H; H-11, H-12), 7.42 (d, 2H; H-4), 7.17 (d,
2H; H-3), 6.02 (s, 4H; H-15), 4.89 (t, 4H; H-7), 3.96 (t, 4H; H-6), 2.31 (s, 3H; H-1);
3C-NMR (DMSO-dg) & ppm, APPENDIX C7: 148.06 (2C; C-19), 144.42 (1C; C-5),
141.71 (2C; C-16), 135.21 (1C; C-2), 131.82 (2C; C-9), 131.17 (2C; C-14), 130.16 (2C;
C-8), 129.84 to 114.21 (20C; C-4, C-17, C-18, C-3, C-10, C-13), 49.49 (2C; C-15),
46.90 (2C; C-6), 45.55 (2C; C-7), 21.47 (1C; C-1). CHNS elemental analysis (%);

calculated: 45.84; H, 3.65; N, 9.60; S, 3.14; found: C, 46.32; H, 4.02; N, 9.91; S, 3.63.

N,N’-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
dihexafluorophosphate (L3.PFs)

FT-IR, ATR (cm™), APPENDIX A8: 3161 (C-H)ar, 3043 (C-H)aiipn, 1565 (C=N), 1494,
1447 (C=C)a,, 1337, 1157 (0=S=0), 825 (PF¢), 747 (C-Cl); *H-NMR (DMSO-dg) &
ppm, APPENDIX B8: 10.03 (s, 2H; H-8), 8.09 (d, 2H; H-13), 7.94 (d, 2H; H-10), 7.69
(m, 4H; H11, H12), 7.58 (d, 4H; 18), 7.48 (d, 4H; H-17), 7.38 (d, 2H; H-4), 7.12 (d, 2H;
H-3), 5.82 (s, 4H; H-15), 4.84 (t, 4H; H-7), 3.93 (t, 4H; H-6), 2.30 (s, 3H; H-1);
B3C-NMR (DMSO-dg) & ppm, APPENDIX C8: 144.34 (1C; C-5), 135.22 (1C; C-2),
133.98 (2C; C-19), 133.25 (2C; C-16) , 131.80 (2C; C-9), 131.13 (2C; C-14), 130.76
(2C; C-8), 130.10 to 114.15 (20C; C-4, C-18, C-17, C-3, C-10, C-13), 49.59 (2C; C-15),
46.74 (2C; C-6), 45.40 (2C; C-7), 21.45 (1C; C-1). CHNS elemental analysis (%);
calculated: C, 46.81; H, 3.73; N, 7.00; S, 3.20; found: C, 46.66; H, 3.37; N, 7.38; S;

3.28.
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3.3  Conductometric study of L,.Br

The conductometric study of Lj.Br with Ni(NOs)2, Zn(NO3),, Pd(NOs3),,
Hg(NOs);, and AgNO; was conducted according to the reported procedures
(Ahmadzadeh et al., 2011; Jozwiak et al., 2014; Rezayi et al., 2011). The experimental
setup for conductometric study is shown in Figure 3.1. A solution of Ni*" cation with
concentration of 5.0x10° M was prepared and placed in a water-jacketed cell. This
water-jacketed cell is equipped with magnetic stirrer and connected to the thermostat by
circulating water line in order to maintain the desired temperature. After that, the
solution of Ly.Br with the concentration of 2.5x10° M is prepared and added by using
calibrated micropipette in a stepwise manner. The conductivity of reaction solution
mixtures were measured by using conductivity meter and dip-type conductivity cell
after each titration. This experiment was conducted in six different binary systems of
methanol-water (MeOH-H,0) (molar percentage of MeOH (mol%); 0.00, 9.99, 22.66,
39.73, 63.72 and 100.00) at varied temperatures (15, 25, 35 and 45 °C), respectively.
The procedure was repeated for other metal cations (Zn®*, Pd**, Hg?*, and Ag"). The
changes in molar conductivity (An) of the reaction mixture were observed as a function
of molar ratio of the ligand (L;.Br) and metal cation (M™), ([L1.Br]/[M™],) of the

proposed complexes.
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Figure 3.1: The experimental setup for conductometric study

Some results in this section were obtained from computer programs as follows: i)
GENPLOT- to determine the stability constant (log Ks) values of complexation reaction
between L;.Br and studied metal cations (Ni**, Zn®*, Pd**, Hg®* and Ag" ) (Genplot,
1989), ii) ANN- to evaluate the accuracy of experimental data (Rezayi et al., 2014), and
if) GAUSSIAN 09- to understand the functional interaction of L..Br with Ni**, Zn**,
Pd**, Hg** and Ag" metal cations, respectively (Sakajiri et al., 2012). The details

methodologies will be explained in chapter 4.
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3.4  Fabrication of ion selective electrode (ISE) based on L;.Br ionophore

3.4.1 Sensor fabrication and optimization

The sensor membranes were fabricated and photocured according to the
modification method reported previously (Jumal et al., 2012). The procedure to prepare
ISE membrane was as follows: First, a layer containing a mixture of 96.8 wt% HEMA
(monomer) and 3.2 wt% DMPP (photoiniator) was deposited on the tip of a silver/silver
chloride screen printed electrode (SPE). 0.2 ul of the mixture was photocured under UV
radiation (15 w Blacklight F15T8/BL 15 watt; Peak Emission 365 nm) with a constant
flow of nitrogen gas for 480 s. The obtained membrane was then conditioning in 0.01 M
of metal cations solution for 20 min to form the “inner solution” of the sensor. Finally,
0.5 ul of the mixture with various compositions as mentioned in Table 3.1 was then
deposited on top of the hydrated p(HEMA) inner layer using the photocuring technique

as before. The steps for preparation of electrode membrane are illustrated in Figure 3.2.

3.4.2 Sensor evaluation

The responses of the sensors were measured in an electrochemical cell setup. A
double-junction Ag/AgCl was used as an external reference electrode with a reference
solution (3M KCI) as the inner filling solution (Orion 900002) and 0.1 M lithium
acetate (LIOAC) as a gel bridge electrolyte. The ISE membrane was prepared according
to the mentioned method in section 3.4.1 and used as a working electrode. Both
electrodes were connected to an Orion pH/ISE-meter. The Hg?* and Ag" test solutions
were prepared using HgCl, and AgNOs in deionized water with concentrations ranging

from 1x10® to 1x10™" M, respectively. The potential readings for the metal cations
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solution starting from low to high concentrations were recorded when a stable value
(mV) was reached after 20-30 seconds. The cell potentials were measured using a
schematic galvanic cell as follows:

Ag | AgCI(s) | KCI (3 M) | bridge electrolyte | test solution | L;.Br-PPy membrane |
inner filling membrane layer | AgCI(s) | Ag

Table 3.1: The different composition of ISE membrane based on L;.Br ionophore for
the potentiometric detection of metal cations

Composition (w/w%o)

*Hg-ISE
Pyrrole DMPP NaTFB L,.Br
El 89.4 4.8 0.8 5.0
E2 88.8 4.8 0.8 5.6
E3 89.4 4.8 0.2 5.6
E4 94.2 0.0 0.2 5.6
E5 95.0 4.8 0.2 0.0
E6 89.6 48 0.0 5.6
E7 91.0 4.8 0.2 4.0
E8 89.5 4.8 0.1 5.6
E9 89.0 4.8 0.1 6.1
E10 88.2 5.2 0.1 6.5
Composition (w/w%o)
®Ag-ISE
Pyrrole DMPP NaTFB L,.Br
El 95.0 4.8 0.2 0.0
E2 93.0 3.8 0.2 3.0
E3 91.0 4.8 0.2 4.0
E4 89.4 4.8 0.2 5.6
E5 89.6 4.8 0.0 5.6
E6 88.8 4.8 0.8 5.6
E7 88.2 5.2 0.1 6.5

membrane compositions were applied for optimized Hg-ISE membrane, ®membrane compositions were
applied for optimized Ag-ISE membrane.
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Figure 3.2: Diagram of the fabrication electrode membrane

3.4.3 Effect of pH on electrode performance

The effects of pH on potential responses were evaluated in two different
concentrations. They are 1x10™° M and 1x107 M test solutions at room temperature. The
pH of Hg** and Ag" test solutions were adjusted from pH 1.0 to 12.0 and pH 1.0 to 8.0

by addition of HCI and NaOH solutions, respectively (Yan et al., 2007).

3.4.4 Response time of proposed electrode

The response time of a sensor is considered as the required time of potential to
reach a steady state within £1 mV during the immersion of sensor in a series of
respective test solutions. In this study, the dynamic response time of proposed sensor
was verified by changing the concentration of test solution from 1.0x10 to 1.0x10™ M

and 1.0x10° to 1.0x102 M for Ag" and Hg®* metal cations, respectively. The
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measurement was conducted from low to high concentration, sequentially (Gupta et al.,

2009).

3.4.5 Repeatability, reproducibility and stability of proposed electrode

The parameters such as repeatability, reproducibility and stability of electrode
were evaluated in order to validate the performance of proposed ISE. The repeatability
of the proposed sensor was tested using three measurements over the working
concentration ranges of the optimized electrode membrane within a single day and the
reproducibility of ISE was studied using three different optimum composition
membrane electrodes. The stability of electrode was determined by using the same

electrode within two months (Ghanei-Motlagh et al., 2014; Gupta et al., 2007).

3.4.6 Determination of selectivity coefficients

The potentiometric selectivity coefficients (K)‘("y’f M"*) were evaluated using the

separation solution method (SSM) according to IUPAC recommendations (Umezawa et
al., 2000). This method measured potential difference between the reference electrode
and the membrane electrode according to the two separate solutions X¥* and M™,

where X¥* is the target metal cation and M"" is the interfering cations at the same

activity (a,,. =a,.. ). Selectivity coefficients used the following equation:
SSM _ A @(y/n) o Byne —E,y JYF/RT)
ny+‘|\/|n+ a e Eq (31)
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Others notations are refer to:
E . . . . :
M™ = potential measured values of interfering cations,

EXV* = potential measured values of target metal cations,
F= Faraday constant (96,485 J),
R=universal gas constant (8.314 J/mol.K), and

T=room temperature at 298 °K
3.4.7 Analytical application of fabricated ISEs
3.4.7.1 Potentiometric titration

A solution of HgCl, with the concentration of 1.0x10™ M (25 ml) was prepared
and placed in a beaker. After that, the solution of ethylenediaminetetraacetic acid
(EDTA) with concentration of 2.5x10° M was prepared and titrated by using calibrated
micropipette in a stepwise manner. The potential of reaction solution mixtures are
measured at each titration by using a digital pH/ISE meter and Hg-ISE was used as
indicator electrode (Sardohan-Koseoglu et al., 2015). Similar procedure was conducted
for Ag-ISE by using 20 ml AgNO; (5.0x102 M) solutions and titrated with a sodium

chloride (NaCl) solution (1.0x10™* M) (Dadkhah et al., 2014).

3.4.7.2 Real sample applications

The applicability of the proposed electrode was tested by direct determination of
target metal cations in tap water sample and standard sample. The direct determinations
of targeted metal cations in tap water were conducted by using spike method (Dadkhah

et al., 2014). Three different concentrations of metal cations test solutions were
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prepared from HgCl, (5.0x10° M, 5.0x10™ M, and 1.0x10™* M) and AgNO; (5.0x107
M, 1.0x10™ M, and 5.0x10" M, respectively. While, the determination of Hg** and Ag*
in the standard sample solutions, the analysis were conducted by using standard
reference material (SRM) 2702 and multi-element calibration standard solution 2A,
respectively. The solutions were applied directly without any pretreatment. Each sample

was analyzed in triplicate and the analysis was repeated under identical conditions.

3.5  Synthesis of metal complexes

3.5.1 Synthesis of bis-NHC mercury(ll) complexes

Synthesis route in the preparation of bis-NHC mercury(ll) complexes were
illustrated in Scheme 3.2. Mercury(Il) acetate (Hg(OAc),) (1 mmol) was added to a
solution of bis-benzimidazolium salt (1 mmol) in acetonitrile (40 ml). The mixture was
heated at reflux for 24 hours. A clear solution was obtained. The solution was
concentrated in vacuo (Haque et al., 2011). The solid residue was washed with water
(2x5 ml) and recrystallized from acetonitrile to afford powder compound which is

mercury complex. All complexes are listed below:
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(bis-NHC mercury(11) complex)

L,.HgBr=(k?-C,C")N,N"-Bis[1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(l1) dibromide

L, HgBr=(k?>-C,C')N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(lI1) dibromide
L3.HgBr=(k?-C,C")N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(ll) dibromide
L,.HgPFs=(k?-C,C")N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(ll) dihexafluorophosphate
L,.HgPFs=(k?-C,C")N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(ll) dihexafluorophosphate
L;.HgPFs=(k?-C,C")N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(ll) dihexafluorophosphate

Scheme 3.2: Synthesis route in the preparation of bis-NHC mercury(1l1) complexes
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(k*-C,C’)N,N’-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
mercury(I1) dibromide (L;.HgBr)

FT-IR, ATR (cm™), APPENDIX I1: 3033 (C-H)a,, 2950 (C-H)aipn, 1451, 1416
(C=C)ar, 1336, 1157 (0=S=0); *H-NMR (DMSO-ds) & ppm, APPENDIX J1: 8.05 (d,
2H; C-13), 7.60-7.42 (m, 6H; H-10, H-11, H-12), 7.39 (d, 4H; H-17), 7.30-7.21 (m,
10H; H-3, H-18, H-19, H-4), 6.20 (s, 4H; H-15), 5.28 (s, 4H; H-7), 3.72 (s, 4H; H-6),
2.32 (s, 3H; H-1); ®)C-NMR, APT (DMSO-dg) & ppm, APPENDIX K1: 185.97 (2C; C-
8), 144.48 (1C; C-5), 135.63 (1C; C-2), 134.47 (2C; C-16), 133.68 (2C; C-9), 133.61
(2C; C-14), 130.48 to 112.98 (22C; C-4, C-17, C-18, C-19, C-3, C-10, C-13, C-11, C-
12), 52.95 (2C; C-15), 51.21 (2C; C-6), 48.49 (2C; C-7), 21.39 (1C; C-1). CHNS
elemental analysis (%); calculated: C, 46.83; H, 3.73; N, 7.00; S, 3.21. found: C, 47.38;

H, 3.93; N, 7.10; S, 3.10.

(k*-C,C’)N,N’-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-

methylbenzenesulfonamide mercury(l1) dibromide (L,.HgBr)

FT-IR, ATR (cm™), APPENDIX 12: 3067 (C-H)ar, 2936 (C-H)aiiph, 1521 (NO,), 1450,
1411 (C=C)a;, 1342, 1157 (0=S=0); *H-NMR (DMSO-dg) & ppm, APPENDIX J2: 8.06
(d, 2H; H-13), 7.89 (d, 4H; H-18), 7.61-7.43 (m, 10H; H-10, H-11, H-12, H-17), 7.33
(d, 2H; H-4), 7.27 (d, 2H; H-3), 3.74 (s, 4H; H-6), 2.34 (s, 3H; H-1); *C-NMR, APT
(DMSO-ds) & ppm, APPENDIX K2: 185.09 (2C; C-8), 144.95 (1C; C-5), 142.30 (2C;
C-19), 141.42 (2C; C-16), 132.42 (1C; C-2), 131.51 (2C; C-9), 131.48 (2C; C-14),
128.37 to 110.85 (20C; C-4, C-17, C-18, C-3, C-10, C-13, C-11, C-12), 50.76 (2C; C-
15), 48.01 (2C; C-6), 46.42 (2C; C-7), 19.27 (1C; C-1). CHNS elemental analysis (%).
Calculated: C, 42.97; H, 3.24; N, 8.99; S, 2.94. Found: C, 42.56; H, 3.78; N, 8.96; S,

3.28.
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(k*-C,C’)N,N’-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(l1) dibromide (L3.HgBr)

FT-IR, ATR (cm™), APPENDIX 13: 3034 (C-H)a,, 2947 (C-H)aipn, 1451, 1410
(C=C)a, 1337, 1157 (0=S=0), 739 (C-CI); *H-NMR (DMSO-ds) & ppm, APPENDIX
J3: 8.08 (d, 2H; H-13), 7.64-7.51 (m, 6H; H-10, H-11, H-12), 7.35-7.22 (m, 12H; H-3,
H-17, H-18, H-4), 6.25 (s, 4H; H-15), 5.27 (s, 4H; H-7), 3.73 (s, 4H; H-6), 2.33 (s, 3H;
H-1); *C-NMR, APT (DMSO-dg) & ppm, APPENDIX K3: 185.74 (2C; C-8), 144.48
(1C; C-5), 134.63 (1C; C-2), 134.63 (2C; C-19), 133.63 (2C; C-16) , 133.60 (2C; C-9),
133.05 (2C; C-14), 130.48 to 113.15 (20C; C-4, C-18, C-17, C-3, C-13, C-10, C-11, C-
12), 53.00 (2C; C-15), 50.29 (2C; C-6), 48.58 (2C; C-7), 21.40 (1C; C-1). CHNS
elemental analysis (%). Calculated: C, 43.81; H, 3.30; N, 6.55; S, 3.00. Found: C,

43.85; H, 3.55; N, 6.91; S, 3.46.

(k*-C,C’)N,N’-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
mercury(l1) dihexafluorophosphate (L;.HgPFg)

FT-IR, ATR (cm™), APPENDIX 14: 3034 (C-H)ar, 2947 (C-H)ajiph, 1455, 1421(C=C)a,,
1343, 1159 (0=S=0), 832 (PF¢); *H-NMR (DMSO-ds) 5 ppm, APPENDIX J4: 8.12 (d,
2H; H-13), 7.64-7.52 (m, 6H; H-10, H-11, H-12), 7.38-7.24 (m, 14H; H-3, H-4, H-17,
H-18, H-19), 6.14 (s, 4H; H-15), 5.21 (s, 4H; H-7), 3.75 (s, 4H; H-6), 2.34 (s, 3H; H-1);
BC-NMR, APT (DMSO-ds) 5 ppm, APPENDIX K4: 185.74 (2C; C-8), 144.64 (1C; C-
5), 135.57 (1C; C-2), 134.28 (2C; C-16), 133.73 (2C; C-9), 133.50 (2C; C-14), 130.52
to 113.33 (22C; C-4, C17, C-18, C-19, C-3, C-10, C-13, C-11, C-12), 53.14 (2C; C-15),
51.41 (2C; C-6), 48.54 (2C; C-7), 21.40 (1C; C-1). CHNS elemental analysis (%);
Calculated: C, 41.44; H, 3.30; N, 6.20; S, 2.84. Found: C, 41.98; H, 3.22; N, 6.01; S,

2.83.
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(k*-C,C’)N,N’-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(l1) dihexafluorophosphate (L,.HgPFs)

FT-IR, ATR (cm™), APPENDIX 15: 3031 (C-H)ar, 2936 (C-H)aiiph, 1523 (NO,), 1449,
1416 (C=C)a, 1345, 1158 (0=S=0), 827 (PFe); ‘H-NMR (DMSO-ds) & ppm,
APPENDIX J5: 8.14 (d, 2H; H-13), 7.94 (d, 4H; H-18), 7.66-7.62 (m, 6H; H-10,H-11,
H-12), 7.56 (d, 2H; H-4), 7.43 (d, 4H; H-17), 7.33 (d, 2H; H-3), 6.38 (s, 4H; H-15),
5.24 (s, 4H; H-7), 3.76 (s, 4H; H-6), 2.35 (s, 3H; H-1); *C-NMR, APT (DMSO-ds) &
ppm, APPENDIX K5: 185.44 (2C; C-8), 147.22 (2C; C-19), 144.64 (1C; C-5), 143.19
(2C; C-16), 134.30 (1C; C-2), 133.62 (2C; C-9), 133.55 (2C; C-14), 130.55 to 113.37
(20C; C-4, C-18, C-17, C-3, C-10, C-13, C-11, C-12), 53.16 (2C; C-15), 50.23 (2C; C-
6), 48.68 (2c; C-7), 21.41 (1C; C-1). CHNS elemental analysis (%); Calculated: C,

38.38; H, 2.89; N, 8.03; S, 2.63. Found: C, 37.95; H, 2.90; N, 7.83; S, 2.42.

(k*-C,C’)N,N’-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide mercury(l1) dihexafluorophosphate (L3.HgPFs)

FT-IR, ATR (cm™), APPENDIX 16: 3057 (C-H)a,, 2954 (C-H)aipn, 1493, 1463
(C=C)ar, 1329, 1157 (0=S=0), 838 (PFg), 748 (C-Cl); 'H-NMR (DMSO-dg) & ppm,
APPENDIX J6: 8.12 (d, 2H; H-13), 7.67-7.56 (m, 6H; H-10, H-11, H-12), 7.33-7.25
(m, 12H, H-3, H-17, H-18, H-4), 6.19 (s, 4H; H-15), 5.20 (s, 4H, H-7), 3.74 (s, 4H; H-
6), 2.34 (s, 3H; H-1); ®C-NMR, APT (DMSO-ds) 5 ppm, APPENDIX K6: 185.72 (2C;
C-8), 144.61 (1C; C-5), 134.49 (1C; C-2), 134.29 (2C; C-19), 133.62 (2C; C-16) ,
133.51 (2C; C-9), 133.17 (2C; C-14), 130.52 to 113.36 (20C; C-4, C-18, C-17, C-3, C-
13, C-10, C-11, C-12), 53.19 (2C; C-15), 50.43 (2C; C-6), 48.64 (2C; C-7), 21.41 (1C;
C-1). CHNS elemental analysis (%). Calculated: C, 39.06; H, 2.94; N, 5.84; S, 2.67.

Found: C, 39.44; H, 2.55; N, 5.87; S, 2.54.
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3.5.2 Synthesis of bis-NHC silver(l) complexes

The preparation of bis-NHC silver(l) complexes were followed as shown in
Scheme 3.3. Silver oxide (Ag20) (0.4 mmol) was added to a solution of bis-
benzimidazolium salt (0.3 mmol) in dichloromethane (30 ml) and the suspension
solution was stirred for 24 hours under refluxing in nitrogen gas protection. The
resulting clear solution with black suspension was filtered and concentrated to 5 ml, and
Et,O (5 ml) was added to give a precipitated of complexes (Liu Q.-X. et al., 2011a; Liu
et al., 2013). Isolation by filtration gave complexes L;.AgBr, L,.AgBr, Ls;.AgBr,
L1.AgPFs, Lo.AgPFs, and L3.AgPFs, respectively. All silver(l) complexes are listed as

below:
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(bis-NHC silver(l) complex)

L;.AgBr=(C,C)N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide disilver(l) dibromide
L,.AgBr=(C,C")N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4
-methylbenzenesulfonamide disilver(l) dibromide
L;.AgBr=(C,C")N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide disilver(l) dibromide
L,.AgPF¢=(k*-C,C")N,N"-Bis[1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide silver(l) hexafluorophosphate
L,.AgPF¢=(k?-C,C")N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide silver(l) hexafluorophosphate

L 3. AgPFg=(k?-C,C")N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide silver(l) hexafluorophosphate

Scheme 3.3: Synthesis route in the preparation of bis-NHC silver(l) complexes
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(C,C’)N,N’-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
disilver(l) dibromide (L;.AgBr)

FT-IR, ATR (cm™), APPENDIX 17: 3031 (C-H)ar, 2928 (C-H)aiph, 1478, 1454
(C=C)ar, 1336, 1153 (0=5=0); *H-NMR (DMSO-ds) & ppm, APPENDIX J7: 7.65-7.59
(m, 6H; H-13, H-17), 7.50-7.34 (m, 8H; H-4, H-10, H-11, H-12), 7.29 (d, 2H; H-3),
7.21-7.19 (m, 6H; H-18, H-19), 5.74 (s, 4H; H-15), 4.82 (s, 4H; H-7), 3.76 (s, 4H; H-6),
2.31 (s, 3H; H-1); *C-NMR, APT (DMSO-ds) & ppm, APPENDIX K7: 194.05 (2C; C-
8), 144.38 (1C; C-5), 136.62 (2C; C-16), 135.55 (1C; C-2), 133.97 (2C; C-9), 133.48
(2C; C-14), 130.54 to 111.61 (22C; C-4, C-3, C-17, C-18, C-19, C-11, C-12), 52.29
(2C; C-15), 49.57 (2C; C-6), 48.09 (2C; C-7), 21.43 (1C; C-1). Calculated: C, 46.13; H,

3.67; N, 6.90; S, 3.16. Found: C, 46.11; H, 3.81; N, 7.26; S, 3.20.

(C,C’)N,N’-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-

methylbenzenesulfonamide disilver(l) dibromide (L,.AgBr)

FT-IR, ATR (cm™), APPENDIX 18: 3029 (C-H)ar, 2911 (C-H)aiiph, 1517 (NOy), 1477,
1405 (C=C)ar, 1340, 1153 (0=5=0); ‘H-NMR (CDCls-d) & ppm, APPENDIX J8: 7.97
(d, 4H; C-13, C-10), 7.64-7.59 (m, 8H; C-17, C-18), 7.34 (t, 2H; H-12), 7..24-7.14 (m,
6H; C-3, C-4, C-11), 5.74 (s, 4H; H-15), 4.94 (t, 4H; H-7), 3.80 (t, 4H; H-6), 2.28 (s,
3H; H-1); *C-NMR, APT (CDCls-d) 8 ppm, APPENDIX K8: 158.88 (2C; C-8), 147.59
(2C; C-19), 144.22 (1C; C-5), 143.06 (2C; C-16), 136.05 (1C; C-2), 134.18 (2C; C-9),
133.26 (2C; C-14), 130.07 to 111.30 (20C; C-4, C-18, C-17, C-3, C-10, C-13, C-11, C-
12), 52.12 (2C; C-15), 49.27 (2C; C-6), 48.40 (2C; C-7), 21.48 (1C; C-1). CHNS
elemental analysis (%): Calculated: C, 42.38; H, 3.19; N, 8.87; S, 2.90. Found: C,

41.92; H, 3.22; N, 8.86; S, 3.17.
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(C,C’)N,N’-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide disilver(l) dibromide (L3.AgBr)

FT-IR, ATR (cm™), APPENDIX 19: 3025 (C-H)a,, 2908 (C-H)aiipn, 1477, 1438
(C=C)ar, 1330, 1153 (0=S=0), 740 (C-CI); *H-NMR (DMSO-dg) & ppm, APPENDIX
J9: 7.64-7.58 (m, 4H; H-10, H-13), 7.31 (d, 4H; H-18), 7.20-7.07 (m, 12H, H-3, H-4, H-
11, H-12, H-17), 5.58 (s, 4H; H-15), 4.96 (s, 4H; H-7), 3.81 (s, 4H; H-6), 2.28 (s, 3H;
H-1); *C-NMR, APT (CDCls-d) & ppm, APPENDIX K9: 153.95 (2C; C-8), 144.05
(1C; C-5), 136.07 (1C; C-2), 134.44 (2C; C-19), 134.30 (2C; C-16) , 133.74 (2C; C-9),
133.33 (2C; C-14), 130.05, to 111.13 (20C; C-4, C-18, C-17, C-3, C-10, C-13, C11, C-
12), 52.53 (2C; C-15), 49.57 (2C; C-7), 48.41 (2C; C-6), 21.48 (1C; C-1). CHNS
elemental analysis (%). Calculated: C, 43.20; H, 3.25; N, 6.46; S, 2.96. Found: C,

43.68; H, 3.46; N, 7.00; S, 2.82.

(k*-C,C’)N,N’-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide
silver(l) hexafluorophosphate (L;.AgPFs)

FT-IR, ATR (cm™), APPENDIX 110: 3045 (C-H)a,, 2961 (C-H)aiipn, 1479, 1452
(C=C)ar, 1336, 1157 (0=5=0), 833 (PF¢); *H-NMR (DMSO-ds) § ppm: 7.70 (d, 2H; H-
13), 7.49-7.33 (m, 20H; H-19, H-18, H-3, H-4, H-12, H-11, H-10, H-17), 5.86 (s, 4H;
H-15), 5.02 (s, 4H; H-7), 3.76 (s, 4H; H-6), 2.40 (s, 3H; H-1); *C-NMR, APT (DMSO-
de) & ppm: 144.27 (1C; C-5), 136.67 (2C; C-16), 136.57 (1C; C-2), 133.78 (2C; C-9),
133.67 (2C; C-14), 130.39 to 112.11 (22C; C-4, C17, C-18, C-19, C-3, C-10, C-13, C-
11, C-12), 60.73 (2C; C-15), 52.29 (2C; C-6), 48.76 (2C; C-7), 21.43 (1C; C-1).CHNS
elemental analysis (%). Calculated: C, 52.48; H, 4.18; N, 7.85; S, 3.59. Found: C,

52.75; H, 3.90; N, 7.55; S, 3.72.
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(k*-C,C’)N,N’-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide silver(l) hexafluorophosphate (L,.AgPFs)

FT-IR, ATR (cm™), APPENDIX 111: 3070 (C-H)ay, 2937 (C-H)aiiph, 1519 (NOy), 1478,
1448 (C=C)a,, 1343, 1158 (0=S=0), 834 (PFe); H-NMR (DMSO-dg) & ppm,
APPENDIX J11: 8.05 (d, 4H; H-10, H-13), 7.64 (d, 8H; H-17, H-18), 7.51-7.44 (m, 6H;
H-4, H-11, H-12), 7.38 (d, 2H; H-3), 6.04 (s, 4H; H-15), 5.03 (s, 4H, H-7), 3.78 (s, 4H;
H-6), 2.41 (s, 3H; H-1); *C-NMR, APT (DMSO-ds) & ppm, APPENDIX K11: 147.34
(2C; C-19), 144.45 (1C; C-5), 141.75 (2C; C-16), 134.82 (1C, C-2), 133.97 (2C; C-9),
133.59 (2C; C-14), 130.42 to 112.27 (20C; C-4, C-18, C-17, C-3, C-10, C-13, C-11, C-
12), 51.25 (2C; C-15), 49.52 (2C; C-7), 49.18 (2C; C-6), 21.39 (1C; C-1). CHNS
elemental analysis (%). Calculated: C, 47.56; H, 3.79; N, 9.96; S, 3.26. Found: C,

47.77; H, 3.64; N, 9.56; S, 3.33.

(k*-C,C’)N,N’-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide silver(l) hexafluorophosphate (L3.AgPFs)

FT-IR, ATR (cm™), APPENDIX 112: 3065 (C-H)a,, 2932 (C-H)aiipn, 1480, 1449
(C=C)as, 1335, 1158 (0=S=0), 836 (PFs), 741 (C-Cl); 'H-NMR (DMSO-dg) & ppm,
APPENDIX J11: 7.91-7.29 (m, 20H; all C-Ha,), 5.83 (s, 4H; H-15), 4.98 (s, 4H; H-7),
3.70 (s, 4H; H-6), 2.33 (s, 3H; H-1); *C-NMR, APT (DMSO-dg) & ppm, APPENDIX
K12: 144.19 (1C; C-5), 135.82 (1C; C-2), 134.96 (2C; C-19), 134.30 (2C; C-16) ,
133.55 (2C; C-9), 132.98 (1C; C-14), 130.37 to 112.28 (20C; C-4, C-18, C-17, C-3, C-
10, C-13, C-11, C-12), 53.29 (2C; C-1551.27 (2C; C-6), 48.88 (2C; C-7), 21.39 (1C; C-
1). CHNS elemental analysis (%). Calculated: C, 48.72; H, 3.67; N, 7.28; S, 3.33.

Found: C, 49.04; H, 3.22; N, 7.11; S, 3.71.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Characterizations of bis-benzimidazolium salts

The naturally occurring and synthetic available benzimidazole derivatives are
non-bridged material. The presence of bridging linker was believed to allow the
preparation of new complexes which their stability is entropically improved by chelate
effect (Crudden et al., 2004; Peris et al., 2004). In this study, bis-benzimidazolium salts
with sulfonamide moieties bridging linker have been synthesized from dietanolamine as

starting material. It involves three steps of reactions as discussed in following section.

The first step is to synthesis tri-sulfonamide (Figure 4.1). This compound was
produced through the reaction of diethanolamine with p-toluenesulfonyl chloride in the
presence of triethylamine to give a white solid (90% yield) with a melting point of

98-100 °C.

CHj
2
3 3
4 4
5
ne O 0770 0 4w
11 8 N 8 11
CalhacaintiaWe
10 9 g 0 9 10

Figure 4.1: Molecular structure of N-[(4-methylbenzenesulfonyl)-bis((4-
methylbenzenesulfonyl-(oxy))ethyl]amine; (tri-sulfonamide)
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In this reaction, p-toluenesulfonyl chloride (tosyl unit) was used to convert the
alcoholic (—OH) group of diethanolamine into a better leaving group using an organic
base, triethylamine, through S\2 reaction, simultaneously. The lone pair of the alcohol
oxygen attacked the sulfur of p-toluenesulfonyl chloride and the chloride group was
removed to produce the symmetric tosylate product (De Castro et al., 2007; Kumar et

al., 2004).

—NH amine position, tosyl group was functioned as a protecting group, which
formed sulfonamide with extremely stable structure (Greene et al., 1999). Previous
studies have reported that tri-sulfonamide was obtained after 5-7 days to allow its
viscous liquid to solidify with 87% yield (Al-Mohammed et al., 2013). In this study, it
was found that this step can take shorter, through recrystallization of the viscous liquid
of tri-sulfonamide in methanol. Within 1 day, white solid of pure compound was

formed with comparable high percentage yield.

The second step is the synthesis of bis-benzimidazole as illustrated in Figure 4.2.
This compound was obtained by the reaction of tri-sulfonamide with two moles of
benzimidazole in the presence of base to form white solid compound (89% yield) with a

melting point of 192-194 °C.

In this synthesis step, potassium hydroxide (KOH) is a strong base functioned as
the catalyst. Proton from nitrogen in benzimidazole ring reacted with the base to form
benzimidazole anions and it is considered as the key step of the reaction. This negative
charge of benzimidazole ring attacked the carbon bearing 4-substituted benzensulfonate
in both sides of tri-sulfonamide and produced symmetrical product which was in

agreement with literature (Al-Mohammed et al., 2013).
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Figure 4.2: Molecular structure of N, N’-Bis[(benzimidazol-1-yl)ethyl]-4-
methylbenzenesulfonamide; (bis-benzimidazole)

Finally, to produce the bis-benzimidazolium bromide salts, subsequent
alkylation method by primary alkyl halide has been used to introduce new substituent at
the -N position of the benzimidazole ring (Stringer et al., 2014). In this experiment, the
reaction of bis-benzimidazole with two equivalents of benzyl bromide, 4-nitrobenzyl
bromide or 4-chlorobenzyl bromide in refluxing dioxane, afforded bis-benzimidazolium
bromide salts namely L;.Br, L,.Br and Ls.Br, respectively. Then, a part of bromide salts
were converted to their corresponding hexafluorophosphate (PFg) counterpart by
metathesis reaction using potassium hexafluorophosphate (KPFg) in methanol at room
temperature to give L;.PFg, Lo.PFg, and L3.PFg, respectively (Haque et al., 2011). The
structures of synthesized bis-benzimidazolium salt are illustrated in Figure 4.3. General
characteristic of bis-benzimidazolium salts are summarized in Table 4.1. As can be

observed, all synthesized salts were produced with a good percentage yield.
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Figure 4.3: Molecular structures of synthesized bis-benzimidazolium salts



The bis-benzimidazolium bromide salts obtained were found to be soluble in

polar solvents like methanol and ethanol but remained insoluble in non-polar solvents
like diethyl ether. Conversely, regarding the changing counter ions from Br™ to PFg’, the
solubility of salts is affected. For instance, with PFg” as counter anions, the salts become
insoluble in methanol and ethanol, but soluble in acetonitrile. However, both types of
salts remained soluble in DMSO and DMF, but insoluble in water. Different solubility
results of bis-benzimidazolium salts in different types of solvent show the changes of

counter anions which may change its polarity. Thus, it has been found that the polarity

of bis-benzimidazolium salts increases with the presence of halide as counter anion

(Igbal et al., 2014).

Table 4.1: General characteristic of bis-benzimidazolium salts (bis-NHC precursor)

Bis-NHC Yield Color Melting Molecular Molecular
precursor (%) point (°C) formula weight (g/mol)
Off-
L..Br 98 white 120-125 Ca9H39N50,SBr, 801.6
L,.Br 74 ye"OW 138-140 CagH37N;OSBI» 891.6
Ls.Br 93 white 80-82 C39H37N5OQSBr2C|2 870.5
L..PFg 83 white 161-166 Ca9H39N50,SP,F 1, 931.8
L2.PF6 97 Pale- 168-170 C39H37N7OBSP2F12 1021.8
yellow
Ls.PFg 87 white 140-142 CagH37N50,SCILP,F 1, 1000.7
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4.1.1 Fourier Transfer Infrared (FT-IR) spectroscopy

FT-IR spectra of all synthesized compounds (APPENDIX A) have been
determined using the ATR method over the scan range 4000-400 cm™. The significant
FT-IR absorption bands were summarized in Table 4.2. The structure of tri-sulfonamide
was confirmed by the presence of O=S=0 and C=C aromatic functionalities at 1336,
1156 cm™, and 1598, 1452 cm™, respectively (Al-Mohammed et al., 2013).
Consequently, a medium and sharp band observed at 1089 cm™ is attributed to the
stretching mode vibration of H,C-N functionality which attached to the p-

toluenesulfonyl substituent (APPENDIX Al).

The structure of bis-benzimidazole can be distinguished with the appearance of
new stretching mode at 1615 cm™ which is assigned to the ~HC=N- module of
benzimidazole ring. However, this absorption band is weaker when compared to non-
aromatic —C=N stretching. This is probably caused by the conjugation of N-HC=N

module with the heterocyclic ring system (APPENDIX A2) (Pavia et al., 2008).

As displayed in FT-IR spectra of all bis-benzimidazolium salts
(APPENDIX A3-A8), ~C=N shifted to lower frequency of 1560 cm™, due to the
resonance effect of —N-C=N module after introducing benzyl substituent to
benzimidazole nitrogen atom. The resonance structure introduces single-bond character
into —C=N module and thereby lowers the absorption frequency compared to a non-
aromatic -C=N (Pavia et al., 2008). This is similar to the FT-IR results reported by
Haque et al. (2013), who observed a band of medium intensity in the range of 1560-
1590 cm™, which is assigned to benzimidazole ring v(C=N) vibration. The presence of

nitro group in bis-benzimidazolium salts L,.Br and L,.PFg were observed at 1515 cm™
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and 1520 cm™, respectively. Conjugation of a nitro group with an aromatic ring causes
the shifts of stretching absorption bands to lower frequencies (Pavia et al., 2008). The
changes of anion from Br™ to PFg" can be confirmed by the presence of strong and broad
absorption frequency in range of 834-825 cm™. The absorption peaks were clearly seen
in FT-IR spectra of bis-benzimidazolium hexafluophosphate salts L;.PFg, L,.PFg, and
Ls.PFs at 834 cm™, 832 cm™ and 835 cm™, respectively. Logacheva and co-workers,
reported that this appearance of bands is due to stretching vibration of the PFg" anion,
which overlaps most of the stretching-bending vibration bands in macromolecule

compounds (Logacheva et al., 2009).
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Table 4.2: The significant of FT-IR absorption bands (cm™) for synthesized compounds, (types of absorption bands; w= weak, m= medium, s= strong)

Assignment Tr- _ _B'_S_ L.Br L,.Br Ls.Br L1.PFe L.PFe Ls.PFe
sulfonamide  benzimidazole
CHar 3065 (W) 3051 (w) 3125 (w) 3081 (w) 3121 (w) 3113 (W) 3120 (w) 3161 (W)
CHaiiph 2926 (w) 2923 (w) 3020 (m) 3026 (w) 3025 (w) 3019 (w) 3031 (w) 3043 (w)
H-C=N - 1615 (w) 1560 (s) 1566 (s) 1561(s) 1566 (m) 1564 (m) 1565 (m)
c=c 1598, 1452 1594, 1460 1595, 1449 1607, 1434 1597, 1446 1595, 1451 1609, 1447 1596, 1447
(m, m) (w, m) (w, w) (m, m) (W, w) (w, w) (W, w) (w, w)
0=5-0 1336, 1156 1322, 1155 1338, 1157 1341, 1157 1334, 1155 1329, 1157 1344, 1157 1337, 1157
(s, 9) (m, s) (s, 9) (s, s) (s, s) (m, m) (s,9) (m, m)
H,C-N 1089 (m) 1094 (m) 1084 (m) 1087 (w) 1088 (m) 1089 (w) 1089 (w) 1090 (w)
O=N-O - - - 1515 (s) - - 1520 (s) -
PFe - - - - - 834 832 835




4.1.2 Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectra of all compounds have been analyzed in DMSO-dg and CDCls-d
over the scan range of 0 to 12 § (ppm) for "H-NMR and 0 to 200 & (ppm) for *C-NMR
studies. The spectra for all synthesized compounds were presented in APPENDIX B
(*H-NMR) and APPENDIX C (**C-NMR) and the numbering system used in this
discussion is refer to Figure 4.1, Figure 4.2 and Figure 4.3 for each compounds,

respectively.

4.1.2.1 "H-NMR of synthesized compounds

Regarding to the 'H-NMR spectrum (APPENDIX B1) of tri-sulfonamide
(Figure 4.1), proved that the p-toluenesulfonyl group has been successfully reacted to
diethanolamine by deprotonation of protons from -NH and —OH functionalities. It can
be observed that the presence of methyl protons as a singlet at higher chemical shifts, of
6 2.39 (H-1) and 6 2.44 (H-12) is due to the deshielding effect by the larger anisotropic
field generated by the electrons in the rings of m system. In addition, the aromatic
protons appeared as doublets and gave four different signals. The doublet centered on &
7.37 (H-3) and 6 7.49 (H-10) corresponding to the aromatic protons closest to the
methyl groups. Whereas, another two doublets centered on 6 7.58 (H-4) and 6 7.74 (H-
9) corresponds to the aromatic protons closest to the sulfonyl group. The coupling
constant values are 8 Hz for H-3 and H-4. Similar values were also found for H-10 and
H-11, respectively. These suggest that the magnetically coupled protons are in ortho

position to each other. (Al-Mohammed et al., 2013; Pavia et al., 2008; Wade Jr, 2006).
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'H-NMR spectrum (APPENDIX B2) of bis-benzimidazole (Figure 4.2) showed
a singlet at 8 2.34 which is assigned to the methyl group (H-1). Two triplets recorded at
0 3.51 and 6 4.28, are refer to two methylene group protons at H-6 and H-7 position,
respectively. The aromatic protons were recorded at the range of & 7.22-7.66 with three
separated chemical shifts multiplet, doublet and doublet. These chemical shifts were
assigned to (H-3, H-11, H-12), H-4, and (H-10, H-13) protons, respectively. The most
important chemical shift was observed as singlet at 6 8.10, corresponding to carbene
proton in benzimidazole ring (H-8). The presence of all chemical shifts in the spectrum
proved the successful attachment of benzimidazole groups at both sides of sulfonyl-
bridge. These results also show a good agreements with what has been mentioned in

literature (Al-Mohammed et al., 2013).

In the synthesis of bis-benzimidazolium bromide salts (Figure 4.3), the
attachment of benzyl bromide, 4-nitrobenzyl bromide and 4-chlorobenzyl bromide with
bis-benzimidazole, to get the corresponding bis-benzimidazolium bromide salts of
L:.Br, L,.Br, and L3.Br, were confirmed by observing the changes in their 'H-NMR
spectra (APPENDIX B3-B5) at specific chemical shifts. For example, in all the three
spectra, new significant chemical shifts at 6 5.90, 6 6.06 and 6 5.86 were observed,
respectively. This signal was due to the presence of proton -N-CHj-Ar (H-15), and it
was proved that the attachment of corresponding reactant has been occurred. This
benzylic hydrogen appeared at higher chemical shifts due to the deshielding by the
anisotropic effect of the benzene and benzimidazole rings. In addition, downfield
movements have been observed for H-6 (6 3.51 to 3.95-4.04), H-7 (& 4.28 to 4.87-4.96)
and H-8 (5 8.10 to 10.18-10.24) in all "H-NMR spectra. The results of deshilded
carbene proton (C-8) showed a similarity with the work reported by Stringer et al.,

(2014).
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The resonance of the aromatic protons shows a difference in chemical shifts,
depending on the type of substituents attached at -N position of benzimidazole ring. In
the spectrum of L;.Br (APPENDIX B3), the aromatic protons were observed in the
range of 6 7.14-8.18 as doublet (H-3), mutiplet (H-18, H-19, H-4), doublet (H-17),
multiplet (H-11, H-12), doublet (H-10) and doublet (H-13). The spectrum of L,.Br
(APPENDIX B4) is differs from L;.Br, through the absence of chemical shift for H-19
and downfield movement for H-18 and H-17 from 6 7.42-7.48 to 8.24 and from & 7.62
to 7.80, respectively. This is due to the presence of electron-withdrawing nitro group at
C-19, which deshields the attached hydrogens by withdrawing electron density from the
ring through resonance interactions. While, in Ls.Br *H-NMR spectrum (APPENDIX
B5), the absence of H-19 and the downfield movement of H-18 (& 7.61) was shown due
to the presence of halogen -Cl group at C-19 position. The halogen groups also have a
deshielding effect due to their electronegativity character (Haque et al., 2012b; Pavia et

al., 2008).

After introducing the hexafluorophosphate anion to the bis-benzimidazolium
bromide salts, the L;.PFg, L,.PFs, and L3.PFg were obtained and their *H-NMR spectra
were also examined (APPENDIX B6-B8). As can be observed, there is a small upfield
movement of acidic proton (H-8) in benzimidazole ring in the range of 6 10.18-10.24
for bromide anion to & 10.00-10.10 for hexafluorophosphate anion (PFs), showing that
the replacement of anion inside the bis-benzimidazolium salts structures were occurred.
No significant changes in chemical shifts for other protons were observed as compared
to their corresponding bis-benzimidazolium bromide salts. In addition, in all the spectra
the signal from acidic proton of benzimidazole ring (H-8) appeared as a singlet in

downfield region. Igbal et al. (2011) stated that, this singlet chemical shift can be seen
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in all benzimidazole based salts, due to the presence of an electron withdrawing phenyl

group at benzimidazole ring (Igbal et al., 2011).

4.1.2.2 *C-NMR of synthesis compound

Similarly, the structures of all compounds were further confirmed by **C-NMR
technique (APPENDIX C). The structure of tri-sulfonamide was confirmed with the
presence of tertiary and quaternary carbons of benzyl group in the range of 6 127.45-
130.70 and & 132.43-145.65 (APPENDIX C1). Whereas, in **C-NMR spectrum of bis-
benzimidazole (APPENDIX C2), new chemical shifts were observed at 6 133.99 and
143.73, which assigned to the quaternary carbons of C-14 and C-9 in benzimidazolium
ring, respectively. Both spectra show a similarity as compared with the compound

synthesized in previous literature (Al-Mohammed et al., 2013).

The changes in chemical shifts in **C-NMR spectra after introducing a new
functional group at -N position in benzimidazole ring proved that the bis-
benzimidazolium salts were successfully synthesized. The obvious changes in the
spectra observed with the appearance of new chemical shift in the range of & 49.49-
50.39, were assigned to secondary methylene carbon of benzyl (C-15), and the presence
of quaternary carbon in the range of 6 133.25-141.74 and & 133.95-148.06 referring to
C-16 and C-19, respectively (Liu et al., 2013). However, the *C-NMR spectra of bis-
benzimidazolium bromide salts (L;.Br, L,.Br, and L3.Br) did not show any significant
changes to their respective bis-benzimidazolium hexafluorophosphate salts (L;.PFe,

L,.PFs, and L3.PFg) as can be seen in APPENDIX C3-C8.
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Regarding the results obtained from the characterization methods, including
CHNS elemental analysis, FT-IR, *H-NMR and **C-NMR the molecular structure of all
synthesized compound can be confirmed as illustrated in Figure 4.1, Figure 4.2 and
Figure 4.3. This confirmation of molecular structures were supported by the single X-

ray crystallographic data obtained for compound L;.Br and L;.PFs.

4.1.3 Single crystal X-ray diffraction

The molecular structure of the synthesized bis-benzimidazolium salts were
demonstrated using a single crystal X-ray diffraction analysis. Totally, two bis-
benzimidazolium salts with Br (L;.Br) and PFs (L1.PFg) counter anions were obtained

in crystalline form suitable for X-ray investigation.

The crystalline form of L;.Br and L;.PF¢ were obtained using slow evaporation
of a mixture solvent of MeOH/H,O at room temperature. Figure 4.4 and Figure 4.5
show the numbering scheme of molecular structures for L;.Br and L;.PFg, respectively.
The singlw crystal X-ray diffraction data and the structure refinement of these

compounds are shown in Table 4.3 (APPENDIX D1 AND APPENDIX D2).

The L;.Br (Figure 4.4) was crystallized as a triclinic lattice containing a pair of
bromide anions in asymmetric unit with space group of P1. In Ly.Br structure, there are
two molecules per asymmetric unit cell and the whole molecule is not planar, however
the benzimidazolium dication is centrosymmetric. The central sulfonyl group makes
dihydral angles of 14.4(7)°, 173.4(6)° and 43.6(7)°, 115.3(6)° with the adjacent amine
groups. All bond lengths and angles are in normal ranges. The N1-C14, N2-C14, N4-
C25 and N5-C25 bond lengths are quite similar (1.32 A) indicating a delocalization of

electron about the N—C—N bond.
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The L;.PFs (Figure 4.5) is also crystallized in a triclinic system with space

group P1. In Ly.PFg structure, there is one molecule per asymmetric unit cell and the

benzimidazolium dication is centrosymmetric. The central sulfonyl group makes

dihedral angles of 50.51(17)°, 118.76° and 11.16(17)°, 179.57(14)° with the adjacent

amine group. All the bond lengths and angles are in normal ranges. The N1-C8, N2-C8,

N4-C26 and N3-C26 bond lengths are quite similar (1.32 A) indicating a delocalization

of electron about the N—C—N bonds.

Table 4.3: Crystal data and structures refinement for L;.Br and L;.PFg

Subject L,.Br L,.PFs

Empirical formula C3gH39N50,SBr; C3gH39N50,SP,F4,
Formula weight 801.62 931.75

Temperature (K) 100.2 (8) 100 (2)

Crystal system, Triclinic Triclinic

Space group P1 P1

a(A), a(®) 14.7495(9), 108.720(5) 9.0853(8), 100.8633(13)
b(A), B(°) 15.5216(8), 100.073(5) 12.1396(11), 95.1932(13)
c(A), v(°) 19.1751(10), 108.177(5) 18.6260(17), 91.7243(13)
Volume (A% 3761.1(3) 2006.9(3)

Z, Calculate density(g/cm?) 2, 1.4157(2) 2,1.542

wmm™ 2.251 0.260

F(000) 1638.73 956

Crystal size (mm®) 0.22x0.15x0.12 0.28x0.19x0.10
Goodness-of-fit on FA2 1.072 1.116

Final R indexes [[>=2c (I)]
CCDC No.

R, =0.0977, wR, = 0.2737
1051318

R1=0.0428, wR2 = 0.0920
89350
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Figure 4.4: Ortep diagram of the molecule structure of benzimidazolium salt (L;.Br)

Fio Ci8
&N
@

Figure 4.5: Ortep diagram of the molecule structure of benzimidazolium salt (L;.PFe)

84



4.2 Conductometric study of L;.Br

In order to find the selective complexation of bis-benzimidazolium salts with
metal cations in liquid phases, conductometric method was applied in methanol-water
(MeOH-H,0) as a solvent system. Due to the high solubility in methanol, L;.Br has
been chosen to understand the complexation process and the stoichiometric of
complexes can be recognized. The stability constants (log K;) of complex formation is
determined by fitting the molar conductivity curves using a computer program,

GENPLOT and the output shows the log K values for all metal cations. Consequently,

o

thermodynamic parameters (AGZ,AHZ, AS?)are determined conductometrically. The

experimental data was validated by using artificial neural network (ANN) program and

the capability of metal binding was studied using theoretical DFT calculation.

4.2.1 Stoichiometry of complex formation

The stability constants (Ky) of complex reaction between the L;.Br and various
metal cations (M™), were carried out using conductometric method. This method was
reported as the best method in numerous studies due to its great sensitivity, low cost as
well as simple experimental arrangement (Joshaghani et al., 2008; Petkovi¢ et al., 2013;
Rezayi et al., 2011). The complexation reaction of L;.Br with Ni?*, Zn*, Pd*", Hg*",
and Ag® cations were investigated. Pure MeOH, pure H,O and MeOH-H,O binary
mixture system (mol%) have been used as solvent system at different temperatures (15,
25, 35 and 45 °C). The changes in molar conductivity (Ay,) of the reaction mixture were
observed as a function of molar ratio ([L1.Br]/[M™]:) of the proposed complexes. The
resulting Am versus ([L1.Br]¢/[M™];) was plotted for all the complexation process as

listed in APPENDIX E1-ES.
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Figure 4.6, shows the plot of An, versus ([L1.Br]¢/[M™],) for all studied metal
cations in pure MeOH at 25 °C. As observed from the plot of Ar, versus ([L1.Br]/[M™T]y)
for Ni** cation, the slope increases in A parallel to the increase of the ligand
concentration. In the study of complexation L;.Br with Zn?* and Pd?* cation, a similar
pattern of slopes were observed. This result is due to the less mobility of free solvated
metal ion (M"), as compared to both of ligand (L1.Br) and complex (L;.Br-M™). The
slopes for Ni**, Zn?* and Pd** show that the stoichiometry for these complex reactions
were 1:1 [M: L;.Br], with mild breaking point at a ([L;.Br]/[M""];) about 1. While, the
Anm versus ([L1.Br]l/[M™],) plots for Ag® cation show the slight decrease in Ay, with the
increasing of ligand concentration, which indicated that ligand mobility (L;.Br) is less
than free solvated metal cation (M™). It also showed an increment after the breaking
points at ([L:.BrJ¢/[M™]y) about 0.5, indicating that the mobility of the complexes in
reaction mixtures is greater than free solvated cations (El-Sonbati et al., 2001; Petkovié
et al., 2013). Whereas, by continuing the addition of ligand to the Ag™ cation solution a
second breaking point of ([L1.Br]/[M""];) at 1 was observed, similar to the previous
three cations. The An, versus ([L1.Br]/[M™],) plots for Hg** cation also gave the same
results as Ag® cation. It seems that in both complex formations, further addition of
ligand to metal cation solution results in formation of 2:1 [M: L;.Br] and 1:1 [M: L;.Br]
complexes (Ahmed et al., 2011). Therefore, the general mechanism for all the

complexation processes suggested as follows:

M™ + L;.Br < Ll.Br-I\/I”+

Li.Br-M™ + M™ < Ly.Br-2mMm™
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Figure 4.6: Plot of molar conductance, A, versus mole ration, [Ly.Br]/[M™]; for the
binding of Ag*, Hg?*, Ni**, Pd** and Zn®* with Ly.Br in pure MeOH at 25 °C

4.2.2 Stability constant of complex formation

The stability constant (log K ; ) values of complexes for all cations in this study

were determined using non-linear least-squares curve fitting program, GENPLOT
(APPENDIX F1) from the corresponding An versus ([Li.Br]/[M™],) at different

temperatures (Genplot, 1989). The obtaining data are summarized in Table 4.4.

The values of log K for L;.Br-M™ complexes increased with the increase of

temperature. This is an indication for an endothermic complexation reaction between

the ligands and the metal cations in the solutions (Rezayi et al., 2011). However, in
some cases the log K ; reduces when the temperature increased, which can be described

by exothermic complexation reaction. It was also observed that in most cases the
sequence of the stability constant is Ni?*<Pd*<zn**<Hg*<Ag". In majority of reaction
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conditions, log K ; shows that the complexation is more favorable in pure MeOH. This

may be due to the high solubility of L;.Br ligand in pure methanol compared to H,O.
While in the reaction mixture solution, the competition of ligand to excess metal cations
which are solvated by solvent molecules to form a complex may increase. Hence, the
dissimilarities in the nature of the solvent system may influence the binding properties
of L;.Br, and subsequently, the stability and selectivity of the metal complexes (Mehta

etal., 2014; Rezayi et al., 2011).
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Table 4.4: The log K; values of L1.Br-M™ in MeOH-H,0 binary mixtures at different
temperatures for studied metal cations

o log K; + SDP
Medium®/Ni 15°C 25 0C 35C 45 °C
Pure MeOH 250+0.14 243+0.10 247+007 248+0.22
36.27% H,0-63.72% MeOH 2.49+0.31 246+031 256%027 2.40+0.36
60.27% H,0-39.73% MeOH 242019 257+0.07 251+008 2.4620.08
77.34% H,0-22.66% MeOH 2.46 +0.08 2.55+0.08 2.64+007 2.4520.18
90.10% H,0-9.90% MeOH 2.35+0.31 2.60+0.10 245+0.12 2.8520.10
Pure H,0 249+008 256+0.14 277+008 2.45=0.09
Medium?¥ zn*
Pure MeOH 255+008 276008 276+008 275008
36.27% H,0-63.72% MeOH 2.43+0.14 240+0.15 2552008 2562 0.10
60.27% H,0-39.73% MeOH 2.41+0.16 243+0.13 2434015 245%0.12
77.34% H,0-22.66% MeOH 248 +011 242+013 2554007 2.570.07
90.10% H,0-9.90% MeOH 255+0.12 2.64+0.06 227+032 2.860.11
Pure H,0O ¢ ¢ ¢ ¢
Medium?® Pd**
Pure MeOH 246+021 251039 277+017 258=027
36.27% H,0-63.72% MeOH 2.29+031 245+029 252+0.17 2.67+0.19
60.27% H,0-39.73% MeOH 2.45+021 2.83+0.15 2824013 2322025
77.34% H,0-22.66% MeOH 2.86+0.10 2.50+0.10 2514009 2.4520.19
90.10% H,0-9.90% MeOH 277 +0.08 241+0.14 257+008 2.760.07
Pure H,0 268+017 254+0.18 257+0.19 276020
Medium?® Hg**
Pure MeOH 385+012 386+011 386+012 3852012
36.27% H,0-63.72% MeOH 327 +0.35 3.42+024 3412025 3.46+0.22
60.27% H,0-39.73% MeOH 3.45+021 3.82+026 3.84+021 3.84%021
77.34% H,0-22.66% MeOH 3.88+0.12 345+022 3.44+030 343031
90.10% H,0-9.90% MeOH c c c c
Pure H,O ¢ ¢ ¢ ¢
Medium? Ag*
Pure MeOH 346+038 386+020 384+020 386023
36.27% H,0-63.72% MeOH 3.71+0.19 387022 3.78+024 3.81+0.23
60.27% H,0-39.73% MeOH 351+0.27 3.79+022 3.84+020 3.860.17
77.34% H,0-22.66% MeOH 3.85+0.17 346+032 3.44+034 3.86+0.17
90.10% H,0-9.90% MeOH 3.47 +040 3.58+0.32 3.86+022 3.86+0.22
Pure H,0 3584029 357+029 357+029 3.86+0.22

“Composition of binary mixtures is expressed in mol% for all mixtures, "SD = standard deviation, ¢ The
data cannot be fitted to the equation in GENPLOT
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The stability constant (log Ky) versus mol% MeOH was plotted individually and
listed in APPENDIX G1. As can be seen in Figure 4.7, the changes in log K of the

complexes versus the composition of the MeOH-H,0 binary systems for Ag” at various
temperatures are not linear. The same behaviors also can be seen in other metal cations.
This pattern is probably due to solvent-solvent interaction that changed the structure of
the solvent mixtures and consequently changed the solvation properties of the metal
ions, ligand and the resulting complexes (Joshaghani et al., 2008; Rezayi et al., 2011b).
These results can be explained by the Gutmann acceptor-donor number effect. In this
study, the binary mixture of MeOH-H,O has been used. Pure solvent MeOH and H,0O
have acceptor number of 41.5 and 54.8 kcal/mol, respectively (Gutmann, 1978).
Therefore, the stability constant values of complex in the solvent with lower acceptor
ability will increase. This is due to less competition of the ligand with the solvent
molecules for the metal cations, which thus increases the formation constant of the
complexes. The effect of the Gutmann donor number (DN) of solvents and their
mixtures in this study is negligible because of their approximately equal value
(DNwater=18 kcal/mol; DNmeon=19 kcal/mol). By ignoring this parameter, the dielectric
constant of solvents, g plays another important role in the stability constant of
complexes. According to the previous studies, the interaction between the oppositely
charged ions in the solvent with low dielectric constant (Methanol, £=32.6), as

compared to water (¢=81.7), increases and causes to form the complexes.
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Figure 4.7: Stability constant (log K ; ) of complexes in MeOH-H, 0 binary system

(mol% MeOH; 0.00, 9.99, 22.66, 39.73, 63.72 and 100.00%) at different temperature (¢
=15°C, m=25°C, A =35°C, »=45°C) for Ag" cation

4.2.3 Thermodynamic parameter of complexes

The thermodynamic parameter (AG:,ASZ, AH ) were studied in order to better

understand the complexation process. The AHZ and AS? parameters were estimated

according to the van’t Hoff plots that shows the corresponding In Ky versus temperature
plots according to the van’t Hoff’s equation (El-Sonbati et al., 2001). All the van’t Hoff
plots of In K; versus 1000/T for all different metal cations, were constructed
individually in APPENDIX H1. Figure 4.8 shows the In K; versus 1000/T plot for Ag”

metal cation. The data demonstrated that these complexation processes are temperature
dependent. The value of standard enthalpy (AH(Z) for the complexation reaction was
determined from the slope of the van’t Hoff plots based on van’t Hoff’s Eq. (4.1). Other

thermodynamic parameters, the free energy of complex formation (AG;) and the value
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of the standard entropy (ASZ) were obtained from thermodynamic relation Eq. (4.2)

(Christy et al., 2011). The calculated results are summarized in Table 4.5.

ASE AH

InK, = Ea. (4.1
f RT q. (4.1)
AGg,zgals =AH 8,29815 —TAS¢ Eq. (4.2)
0.1 A
8.9 - \ A X
i :
8.7 1 \\
£ 83 - S~
mol% MeOH: \
81 4 + 100
= 63.72
7.9 - 39.73 x
X 22.66 X
7.7 4 %9.90
0.00
7.5 1 1 1
3.1 3.2 33 34 3.5
1000/T

Figure 4.8: Van’t Hoff plot for L1.Br-M"™ complex for Ag* in MeOH-H,0 binary
system at different temperatures
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Table 4.5: Summary of thermodynamic parameters values of the L;.Br-M™ complexes
in MeOH-H,0 binary mixture solvent

Medium® /Ni** AG¢ + SDP AHZ £SD°  AS? +SDP
(kJ/mol) (kJ/mol) (J/mol)
Pure MeOH -13.9+05 46+1.0 62.1+2.8
36.27% H,0-63.72% MeOH -14.04 + 1.8 -56+0.1 28.2+1.9
60.27% H,0-39.73% MeOH -146+0.4 -99+0.3 16.0+1.0
77.34% H,0-22.66% MeOH -145+0.4 145+04 97.3+0.7
90.10% H,0-9.90% MeOH -14.8+0.6 28.7+0.3 146.1+4.4
Pure H,O -14.6 +0.8 23.2+x7.4 127.0+25
Medium? /Zn?*
Pure MeOH -15.8+0.5 11.0+6.3 89.9+20
36.27% H,0-63.72% MeOH -13.7+0.9 7.3+2.2 70.4+6.9
60.27% H,0-39.73% MeOH -13.8+0.7 1.1+0.9 50.0+1.6
77.34% H,0-22.66% MeOH -13.8+0.7 55+0.3 64.7 £ 2.2
90.10% H,0-9.90% MeOH -15.1+0.4 179+1.7 110.7 5.6
Pure H,O ¢ ¢ ¢
Medium? /Pd**
Pure MeOH -144+2.2 6.9+0.7 71.4+£7.0
36.27% H,0-63.72% MeOH -140+1.7 21.0+1.9 1174+ 3.3
60.27% H,0-39.73% MeOH -16.2+0.8 32.3+8.0 162.7 + 6.3
77.34% H,0-22.66% MeOH -14.3+0.6 -45+40 329+1.9
90.10% H,0-9.90% MeOH -13.8+0.8 31.6+29 152.3+9.4
Pure H,O -14.7+ 1.0 16.5+4.0 104.6 + 6.9
Medium?® /Hg**
Pure MeOH -22.0+0.6 1.1+05 776+25
36.27% H,0-63.72% MeOH -195+14 11.1+£0.9 102.6 + 3.6
60.27% H,0-39.73% MeOH -21.8+15 24.6+7.6 155.6 5.0
77.34% H,0-22.66% MeOH -19.7+1.3 -2.3+0.5 58.4+4.0
90.10% H,0-9.90% MeOH ¢ ¢ ¢
Pure H,O ¢ ¢ ¢
Medium® /Ag*
Pure MeOH -219+1.1 21.3+9.2 145.0+ 31.1
36.27% H,0-63.72% MeOH -22.1+1.8 21.7 £8.3 1469+ 7.3
60.27% H,0-39.73% MeOH -216+1.3 28.3+9.8 167.4 +3.7
77.34% H,0-22.66% MeOH -19.3+1.9 359 +35 185.1+8.4
90.10% H,0-9.90% MeOH -204+1.3 25.9+6.0 155.4 + 20.7
Pure H,O -204+1.3 142 +45 116.1 + 15.7

“Composition of binary mixtures is expressed in mol% for solvent system, °SD = Standard deviation, ©
The data cannot be fitted to equation
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The results reveal that in most cases, the changes in AHZ for the complexation

process is negligible, while the change in AS¢ is significant. Therefore, the formation of

complexes between L;.Br and the studied metal cations in MeOH-H,O binary mixtures
for most cases are endothermic. Consequently, this phenomenon is due to different
solvent-solvent interactions which resulted in the change in the flexibility of the ligand

during complexation and hence contributed to change in entropy. While the negative
value of AG/, as evidence that the ability of the ligand to form stable complexes with
metal cations as well as the process were spontaneous (Jozwiak et al., 2014). The
existence of such compensating effect between AH: and AS¢ values for the studied
binary mixture is shown in Figure 4.9. It is clear that the observed increase or decrease

in AHZ value which depends on the nature of the metal cations will be compensated by
an increase (or decrease) in the corresponding AS; value. Then the small changes of

AG¢ values will be explained due to this compensating effect for AHZ and AS¢,

independently (Christy et al., 2011; EI-Sonbati et al., 2001).
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Figure 4.9: Plot of AHZ (kd/mol) versus TASZ (kJ/mol) for Ly.Br-M™ (M= Ni?*, Pd**,
Zn**, Hg** and Ag") in different MeOH-H,O binary systems (R°=0.9537)

4.2.4 Effect of ionic radius in complex formation

The variation of log Ks values for the complexation process in contrast with
cationic radius in different solvent systems at 25 °C was plotted as illustrated in
Figure 4.10. It was clearly observed that the stability constant of complexes increases as

the size of a metal cation increases from Ni** to Ag™.

According to Shah et al. (2014), the results can be explained based on fit-size
concept, which depends on the size of cation and ligand cavity. They found, the log K¢
values for studied metal cations in sequence of Mg®* (0.74 A) < Ca®* (1.00 A) < Sr**
(1.18 A). This result shows that the formation of stable complex is dependent to the

cation size which is closer to the size of ligand cavity (1.34-1.55 A).
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In addition, Christy et al. (2011) found that the complex formation of different
ionic radius was influenced by the solvent system effect as well. The small metal
cations will be more solvated than the bigger metal cations in the same solvent system
and decrease their mobility. Consequently, the competition of ligand with solvent

molecules increased and resulted in the decrement of stability constant.

4
] mol% MeOH: K ®
10100 063.72 A39.73
35 | X22.66 +9.90  ©0.00 O
2 ﬁ x
Hg*" Ag
S
= 3
= A
1 &
+
' &
25 -
_ 5 &
] Ni*  Zn2* Pd**
2 f f
0.6 0.8 1 1.2

Cation radii (A)

Figure 4.10: Changes of stability constant (log Ky) of L;.Br with all metal cation in
MeOH-H,0 binary at 25 °C

4.2.5 Artificial neural network modeling study

Artificial neural network (ANN) as a mathematical (or computational) model
that is inspired by the structure and function of biological neural networks in the brain,
is one of the most successful technologies in the last two decades (Abdollahi et al.,
2013; Rezayi et al., 2014). In this research work, the ANN was applied for the
simulation of property parameters correlation and a good agreement in the experimental

and predicted values were obtained. A 4-11-1 (input layer-hidden layer-output layer)
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network structure was used as shown in Figure 4.11. The effect of four parameters
(cationic radii, temperature, mol% of MeOH in the media and mol% of H,O in the
media) for determining the complex formation (K;) was the input layer matrix of the
network. 59 training examples, 26 testing examples and 20 validating examples (10
times of each node) were prepared for training, testing and validating the network,
respectively. The model training based on the quick propagation (QP) learning
algorithm was carried out to test data set and determine the minimum value of RMSE as
an error function. The regression coefficient of determination (R?) showed a fairly good
correlation between the estimated and experimental data sets for both train (0.959) and

test data sets (0.943) (Figure 4.12 (A) and (B)).

Input layers Hidden layers Output layer
(n=4) (=11) (n=1)

Cationic Radii

Temperature (°c)

log Ks

%MeOH

%o Water

Figure 4.11: Structure of neural network adopted in this study
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Figure 4.12: Comersion of estimated log K¢ with experimental data (A) training data
set and (B) test data set

The obtained formation constants of complex reactions between studied metal
cations and L;.Br using the various mol% of H,O in MeOH-H,O media at different

temperatures are shown in Figure 4.13 by drawing surface and contour plots of the
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stability constant (log K) for the complex formation as a function of the mol% of H,O

in the binary mixtures and different studied cationic radius.

As seen in Figure 4.13, increasing the mol% of H,O and cationic radius causes
the changes in constant stability values of complexes (log Kj), respectively. The
maximum formation constant of complexes were obtained in zero mol percentage of
water (100% of MeOH) and the highest amount of cationic radii was related to Ag”
cation (1.15 A). This result indicated that this model is valid for estimation of stability
constant the complexes of Ni**, Pd®*, zZn**, Hg** and Ag" in MeOH-Water binary
mixtures at different temperatures. The estimated results based on the ANN program

were in a good agreement with the obtained experimental results.

log Kt
=

L]

2.8

2647

2.4

100

Figure 4.13: Surface and contour plots of the stability constant (log Ky) as a function of
the mol% of water and ionic radius of cations (Ni**, Pd**, zn**, Hg** and Ag")
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4.2.6  Theoretical study

With the purpose of elucidating the obtained experimental results, a density
functional theory (DFT) study was conducted. The DFT calculations were carried out
with the GAUSSIAN 09 software package and the B3LYP/LANL2DZ basis set. The
binding energy AE in the complexation between L1.Br and M™ in MeOH pure solvent is

defined by the following equation:

AE=E —(E

T TL.Br-M™

+E. ) Eq. (4.3)

Mn+

Where AEE . .., E,.and E, e are binding energy, L;.Br-M" complex energy,

r—m"
free metal ion energy and L;.Br energy, respectively (Sakajiri et al., 2012). The
optimized structures of free and complexes of L;.Br with Zn®* and Ag* are shown in
Figure 4.14 (A, B, C), respectively. While the calculated results of the binding energies

for all complexes in MeOH pure solvent are listed in Table 4.6.

It is clear from Table 4.6 shows that the binding energy increases monotonically
with increasing the size of the studied cations. Therefore the binding energy of Ag® is
much larger than other cations, showing prominent affinity to L;.Br in the MeOH
solvent. The obtained data shows a similar agreement with data in the previous sections
in which the effect of cationic radius towards complexation process was discussed.
Thus, proved that a small cationic radius metals such as Ni**, Zn** and Pd®** have high
solvation free energy with MeOH that causes them to be more solvated in the solution,

and have less interaction with free L;.Br ligand.
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(A)

Figure 4.14: Optimal conformation structures obtained from GAUSSIAN 09 program
for (a) L1.Br ligand, (b) L1.Br-Zn?* and (c) L;.Br-Ag* complexes
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Table 4.6: The calculated binding energies AE, in the formation of Ly.Br-M" by DFT
method, where E, g, is -1969.8454 (Hartree)

M™  En" (Hartree) Ei.g -M"" (Hartree) AE (Hartree) AE (kJ/mol)
Ni®* -168.8263978 -2138.0707 0.66742646 1752.327917
zZn** -65.30191723 -2034.37409 0.83955559 2204.252883
Pd** -126.2368438 -2095.515285 0.63328753 1662.696169
Ag’ -145.6275022 -2114.513658 1.02557279 2692.64097
Hg2+ -42.5030206 -2011.502124 0.91262536 2396.097536

In summary the combination of results obtained from conductometric studies of
L..Br with Ni%*, Pd?*, Zn**, Hg®" and Ag", revealed the selective complexation of Ly.Br
in sequence Ni%*< Pd**<Zn**<Hg**<Ag". This finding confirms that the complexation

of L1.Br is more favorable in Hg** and Ag* cations in solution.

4.3  Fabrication of ion selective electrode (ISE) based on L;.Br ionophore

In this part the potential of L;.Br as an ionophore in ISE sensor towards Hg**
and Ag" cations were investigated. Therefore, a new potentiometric self-plasticizing
polypyrrole sensors based on a L;.Br ionophore for determination of Hg** and Ag*

cations were fabricated.

4.3.1 Optimization of fabricated membranes

The composition of plasticizer-free membranes with the presence of ionophore
can affect the potentiometric response and detection limit of sensors. Several studies on
the membrane composition of electrodes have reported significant influence on the
selectivity and sensitivity of produced ISE (Faridbod et al., 2008a; Gupta et al., 2007).
In this study, the synthesized L;.Br was incorporated into the membrane of electrode as

an ionophore due to its tendency towards Hg** and Ag* metal cations. Therefore, in
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order to find the optimized membrane composition, different amounts of L;.Br
ionophore, DMPP photoinitiator and NaTFB lipophilic salt have been used for different
electrodes. The two electrodes were tested in different concentrations of Hg®* and Ag*

metal cations solution in the range of 1x10° to 1x10™ M.

4.3.1.1 Optimization of fabricated membranes in determination of Hg*

First, the fabricated electrodes E1-E10 have been tested in determination of
Hg** (Hg-ISE) at different concentrations. As seen in Table 4.7, the electrode without
ionophore (E5) shows a slightly weak potentiometric response towards Hg?* cation.
Addition of various wt.% of ionophore in the construction of electrode E3, E7, E9 and
E10 gave different results in Nerstian response. Similar results also can be seen in the
electrode E2, E6 and E8 from which the NaTFB wt.% was varied. They exhibited the
non-Nernstian potential response with inverted-Nernstian slopes of 22.27 mV/decade,

37.03 mV/decade and 26.58 mV/decade, respectively.

The result indicated that ionophore plays the most important role in the proposed
ISE membrane composition for the sensing of Hg®* cation. The observed potentiometric
response can also be related to the properties of PPy as the active component of
electrochemical sensors toward the target ions and the presence of lipophilic salt,
NaTFB in the membrane. The nature and the amount of lipophilic salts, NaTFB in the
membrane composition intensely influence the response of sensors in reducing the
matrix resistance and enhance its responsive behavior (Peshkova et al., 2008; Tadayon

etal., 2014).
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Table 4.7: The compositions of ISE membrane used based on L;.Br ionophore for the potentiometric detection of Hg?*

Electrode

Composition (w/w%)

Electrode characteristics

Pyrrole  DMPP NaTFB  L.Br Slope (mV/decade) Li”e‘ai/lga”ge 'ﬁm‘:g\%‘ R?
El 89.4 4.8 0.8 5.0 38.99 1x10°-1x10" 2.0x10” 0.98
E2 88.8 48 08 5.6 37.03 110 -1x10  2.5x10° 0.95
*E3 804 48 02 5.6 28.16 110 -1x10°  2.5x107 0.99
E4 94.2 00 02 5.6 26.30 110 -1x10°  6.3x10° 0.98
E5 95.0 4.8 0.2 0.0 11.80 1x10 -1x10 " 7.9x107 0.99
E6 806 48 00 5.6 22.27 1x10%-1x102  1.6x10° 0.97
E7 910 48 02 4.0 23.97 1x10%-1x102  3.2x10° 0.98
ES 805 48 01 5.6 26.58 1x10%-1x102  4.0x10° 0.98
E9 800 48 01 6.1 36.92 1x10%-1x102  4.0x10° 0.99
E10 882 52 01 6.5 39.12 1x10 -1x10°  8.9x10° 0.98

*Optimum membrane composition



To investigate the role of NaTFB additive for improving the potential response
of the proposed membrane sensor by reducing the ohmic resistance of polymeric
membrane electrochemical impedance spectroscopy (EIS) was performed in 1 mM
Fe[(CN)s]* ™ (1:1) containing 0.1 M KClI solution (Nia et al., 2015a; Nia et al., 2015b).
EIS data were recorded at open circuit potential with an AC amplitude of 5 mV and a
frequency range from 100 kHz to 0.1 Hz by using the potentiostat/galvanostat with a
platinum and SCE as counter and reference electrodes, respectively. The impedance
spectra for optimized membrane recorded with (E3) and without (E6) NaTFB additive
showed two charge-transfers which were fitted to the equivalent circuit presented at
Figure 4.15. The fitting results are summarized in Table 4.8. The first charge-transfer is
related to the outer layer polypyrole (PPy layer), while the second charge-transfer is
related to the inner layer (P(HEMA layer). From Figure 4.15 and from the fitting results
summarized in Table 4.8, it is obviously observed that the presence of NaTFB additive
causes to reduce in charge transfer resistance (Rc;). Moreover, the absence of L;.Br
ionophore (E5) in the membrane composition leads to enhance the charge transfer
resistance, and also a tight structure of PPy membrane which shows only a charge-
transfer PPy outer layer connected to the electrolyte This is because of the presence of
ionophore increases electrical conductivity and hence the charge transfer resistance
decreases. The comparison of the semicircle diameters from the Nyquist plots of the
modified electrodes presents the following direction of Ry (Table 4.8): (Ren): E3>

E6>E5.
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Figure 4.15: Nyquist and phase plots of the impedance spectra recorded for fresh
electrode membranes (a) without, E6 (b) with NaTFB additive, E3 and (c) without L;.Br
ionophore, E5, (Zim= impedance imagine; Z,.=impendance real; f= frequency; Rs=
resistance; Rq= charge transfer resistance; Q= quality factor)
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Table 4.8: Impedance parameters for electrodes E3, E6 and E5 as determinate using the
equivalent circuit presented in Figure 4.15

RS Rctl Rctz

Q  (KQ) Q1 Ny (KQ) Q2 nz
E3 97.9 1.57 182 082 153 13.7 0.48
E6 101 2.97 646 074 111 12.3 0.62
E5 113 50 772 0.91 - - -

Electrode

These results demonstrated the importance of correct amount of ionophore
NaTFB in the membrane composition in order to reduce the resistance and maintain the
conductivity to optimize the selectivity and sensitivity of the membrane sensor. Thus, it
can be concluded that, the optimum membrane composition (E3) was obtained using
89.4 wt.% monomer pyrrole, 4.8 wt.% photoinitiator DMPP, 0.2 wt.% lipophilic salt
NaTFB, and 5.6 wt.% ionophore L;.Br. The membrane electrode with an optimum
composition demonstrated a good Nernstian response to Hg?* cations ranging from
1.0x10° to 1.0x102 M with a detection limit of 2.5x10” M and a Nernstian slope of
28.10+0.29 mV/decade. The calibration plot of the optimized Hg®* ion-selective sensor

was showed in Figure 4.16.
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Figure 4.16: Calibration plot of the optimized Hg?* ion-selective sensor
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4.3.1.2 Optimization of fabricated membranes in determination of Ag*

In the study of optimizing the composition for ISE towards Ag® cations (Ag-
ISE), electrode E1-E7 were fabricated. The results are presented in Table 4.9, showing
the electrode without ionophore (E1) adopts a non-Nersntian potential response slope
toward Ag" cation. After introducing the ionophore in the membrane with a suitable
wt.%, the results show a good Nersntian slope of 60.58 mV/decade in the concentration
range from 1.0x10° M to 1.0x10" M with R? values of about 1. The obtained data
revealed that the L;.Br ionophore are also selective towards Ag® cation in ISE
application with the optimum electrode composition; 89.4 wt.% monomer pyrrole, 4.8
wt.% photoinitiator DMPP, 0.2 wt.% lipophilic salt NaTFB, and 5.6 wt.% ionophore

L..Br. (E4) with detection limit of 5.01x10° M.

In order to increase the working range and detection limit of the proposed
electrode of Ag-ISE, a total ionic strength adjustment buffer (TISAB) was applied by
using NaNQO; solution to overcome this problem. The presence of TISAB will helps to
stabilize the ionic strength in the test solution by virtually eliminating all of the effect of
variation in the ionic composition of the water supply as reported in the literature (Frant
et al., 1968; Gholami et al., 2013; Xian-chen et al., 2010). In this works, the optimized
membrane composition E4 and four different series of Ag" cation solution containing
different concentrations of NaNOs solution were tested. The obtained results are
summarized in Table 4.10. It was observed that with addition of TISAB (1.0 M)
exhibited a good Nernstian response to Ag* cation from the range of 2.5x10° M to
1.0x10" M with a low detection limit of 2.0x10° M and Nernstian slope of
58.48+0.75 mV/decade (Figure 4.17). The detection limit was calculated by
extrapolating the linear regions of the calibration graphs to the baseline potentials
(Faridbod et al., 2007).
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Table 4.9: The compositions of ISE membrane used based on L;.Br ionophore for the potentiometric detection of Ag*

Composition (w/w%) Electrode characteristics
Electrode Slope Detection 2
Pyrrole DMPP NaTFB L..Br (mV/decade) Linear range (M) limit (M) R
El 95.0 4.8 0.2 0.0 42.84+0.37 1x10 -1x10 " 2.51x10° 0.96
E2 93.0 38 0.2 3.0 49.64+0.43 1x10 -1x10 " 7.94x10° 0.99
E3 91.0 4.8 0.2 4.0 49.47+0.40 1x10 110 7.94x10° 0.99
*E4 89.4 4.8 0.2 5.6 60.58+0.32 1x10 -1x10 " 5.01x10°® 0.99
E5 89.6 4.8 0.0 5.6 36.96+0.50 1x10 -1x10 " 6.31x10° 0.95
E6 88.8 4.8 0.8 5.6 30.19+0.35 1x10 -1x10 " 3.98x10°® 0.97
E7 88.2 5.2 0.1 6.5 51.47+0.29 1x10 -1x10.  3.98x10° 0.9

60T

*Optimum membrane composition
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Table 4.10: Different concentrations of NaNOj3 added in the Ag” test solution

NaNO;

concentration Slope Linear range Detection limit R?
(M) (mV/decade) (M) (M)
0.10 55.80+0.38  5.00x10 -1.00x10 2.94x10° 0.97
0.50 57.2240.44  250x10 -1.00x10 2.31x10° 0.98
1.00 58.48+0.75  250x10 -1.00x10 2.00x10° 0.99
2.00 72.55:0.72  2.50x10 -1.00x10 2.16x10° 0.99
500
400
S 300
£
0 y =58.48x + 508.72
200 R2 = 0.996
100
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Figure 4.17: Calibration plot of the optimized Ag" ion-selective sensor

4.3.2 Potentiometric response towards fabricated ISEs

The potential responses for the proposed membrane electrodes Hg-ISE and Ag-
ISE were studied and compared over other cations, respectively. Optimized membrane
sensors were used over a wide concentration range of 1.0x10 8 M to 1.0x10™* M for
various types of cations. The results are shown in Figure 4.18 (A) and (B), respectively.
As can be seen, the Hg** and Ag* cations exhibited a good Nernstian response with the
Nernstian slopes of 28.16 mV/decade and 58.48 mV/decade and seem to be suitably

determined by the membrane sensor based on L;.Br ionophore, respectively. This can
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be justified due to the strong selective complexation behaviors of the ionophore towards
Hg** and Ag* as compared to other metal ions as well as the rapid exchange kinetics of

the obtained complexes (Faridbod et al., 2008a).
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Figure 4.18: The potential responses of (A) Hg-ISE and (B) Ag-ISE membrane
electrodes based on L;.Br ionophore towards various metal cations

111



4.3.3 Characterization of fabricated selective PPy membranes

4.3.3.1 Uv-Vis spectroscopy

The preliminary spectrophotometrically study of the complexation of L;.Br
ionophore with Hg®* and Ag" cations were carried out. Three solutions, L;.Br inophore
in 1.00x10™ M, metal cations solution with a concentration of 1.00x10™ M and their 1:1
mixtures in pure DMSO solvent were prepared. The UV-Vis absorption spectra of
complexation study between L;.Br and both metal cations were illustrated in Figure
4.19 (A) and (B), respectively. The spectra were recorded from 250 to 600 nm. As
obvious in Figure 4.19 (A), the spectra of Hg”* solution shows one absorption maxima
at 262 nm while the L;.Br spectrum shows two absorption maxima at 268 nm and 272
nm. With the addition of HgCl, to the L;.Br ionophore, the blue absorption band
slightly shifted and its intensity increased. In Figure 4.19 (B), the spectra of Ag*
solution shows a maximum absorption peak at 427 nm, whereas L;.Br spectra shows
two maximum absorption peaks at 270 nm and 278 nm. Through the addition of Ag*
solution to L;.Br ligand (1:1, v/v), the characteristic absorption band at 427 nm was
disappeared and shifted to 278 nm and 286 nm with the decrease in intensity (Faridbod
et al., 2008a; Ngeontae et al., 2008). Thus, the significant changes observed in the
spectra indicate the special tendency of Ly.Br ionophore towards Hg?* and Ag* cation,

and confirm its selective interaction.
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Figure 4.19: UV-Vis absorption spectra of (A) HgCl, solution 1.0x10* M (Hg?"),
ionophore solution 1.0x10 M (L4.Br) and 1:1 (V/V) mixture of ionophore and Hg?
solution (L;.Br-Hg), and (B) AgNO; solution 1.0x10*M (Ag"), ionophore solution
1.0x10* M (L1.Br) and 1:1 (V/V) mixture of ionophore and Ag* solution (L;.Br-Ag)

+

4.3.3.2 Fourier Transfer Infrared (FT-IR) spectroscopy

The proposed membrane sensor was examined using FT-IR spectroscopy to
observe the influence of ionophore in the fabricated selective PPy membranes.
Although, this fabricated membrane does not have many functional groups to be
distinguished by FT-IR spectroscopic technique, it is possible to compare the spectral

features of L;.Br and the complexation occurred in the fabricated membrane. Figure
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4.20 represents the characteristic peaks of FT-IR spectra for L;.Br ionophore, optimized

PPy membrane after use (Hg-ISE), and optimized PPy membrane after use (Ag-ISE).

All the FT-IR spectra show the modes of —CHujiphaiic Stretching vibrational band
appeared at 2900-3020 cm™. However, after complexation the intensity reduced,
indicating that the complexation reactions occurred near to the methylene groups
(-N-CH,-). In addition, the stretching vibrations of benzimidazole ring at 1560 cm™
(-HC=N-) in L;.Br spectra were disappeared and new peaks were observed at 1400-
1500 cm™ which refers to (—-C-N-). These results indicated that the deprotonation of
hydrogen at carbene position and the attachment of metal cations were successful

(Budagumpi et al., 2012b; Igbal et al., 2014).
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Figure 4.20: FT-IR spectra for L;.Br ionophore, optimized PPy membrane after use
(Hg-ISE), and optimized PPy membrane after use (Ag-1SE)
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4.3.3.3 Field Emission Scanning Electron Microscopy (FESEM) - Energy-

dispersive X-ray (EDX)

FESEM analysis on the surface morphology of Hg-ISE and Ag-ISE selective
membrane was carried out at different magnifications to understand the morphological
changes occurring in membrane electrode preparation and after conditioning of fresh
membrane in the solutions. The FESEM analysis was employed on the surface of
membrane electrode, (A) HEMA inner layer, (B) Hg-ISE fresh optimized PPy
membrane before, (B1) after conditioning of fresh membrane into HgCl, solution and
(C) Ag-ISE fresh optimized PPy membrane before, (C1) after conditioning of it into
AgNOQO3; solutions. The morphologies of electrode’s membranes were presented in Figure

4.21.

A clear change in morphology of HEMA-inner layer (A), after introducing a
second layer (B and C) proved that polypyrrole was successfully polymerized on the
surface of electrodes. The morphology also changes after conditioning of fresh
membrane Hg-ISE in HgCI, solutions with the appearance of the spherical shape of
mercury atoms (B1). Whereas the changes of Ag-ISE membrane after destocking in
AgNO; solution was observed with the appearance a cluster of silver atoms (C1). These
changes prove the complexation of both metal cations with L;.Br ionophore and its

affinity towards the PPy membrane, respectively.

The EDX analysis was carried out on the surface of the optimized membrane
electrode for Hg-ISE and Ag-ISE. Spectrums of optimized membrane (A) before and (B
and C) after used in HgClI, and AgNOs solution are shown in Figure 4.22, respectively.

The presence of Hg and Ag element in the PPy membrane proves that the Hg?* and Ag*
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cations were successfully complexed to L;.Br ionophore sites in the PPy matrix of Hg-

ISE and Ag-ISE, respectively. Without conditioning in the cations solution no peaks

related to the mercury(Il) and silver(l) element were observed.

Figure 4.21: FESEM micrographs of optimized membrane: (A) HEMA-inner layer, (B)
Hg-ISE fresh optimized PPy membrane before, (B1) after used and (C) Ag-ISE fresh
optimized PPy membrane before, (C1) after used
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Figure 4.22: EDX spectrum of optimized membrane electrode for (A) fresh and after
conditioning in (B) Hg?* and (C) Ag" solutions
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4.3.3.4 X-ray diffraction

(XRD)

XRD pattern in Figure 4.23 shows the optimized PPy membrane for (A) Hg-ISE

and (B) Ag-ISE before and after use. It was clearly observed that the electrode

membrane exhibited amorphous pattern before being introduced to the metal cations

solutions. However, after immersion of the electrode in metal cations solution, the

crystal phases were present. This result shows the existence of mercury(ll) (library

reference number: PDF#00-023-1768) and silver(l) (library reference number: PDF#00-

047-2097) in the optimized membrane due to the complexation of L;.Br ionophore with

the Hg*" and Ag* metal cations, respectively.
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Figure 4.23: X-Ray diffraction pattern of proposed membrane sensor for (A) Hg-ISE

and (B) Ag-ISE before and after used
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The characterization of the proposed electrode membrane sensor for Hg-ISE and
Ag-ISE by using FT-IR, FESEM, EDX and XRD, shows significant changes on the
surface of the electrode after being used in the test solution. It was discovered that there

Is an interaction of ionophore and the studied metal ions on the surface electrode.

4.3.4 Optimization of fabricated PPy selective electrodes

A number of parameters are required for an ISE membrane to be considered as a
suitable sensor for quantitative measurement of cations. The linear range, detection
limit, selectivity, pH working range, response time, repeatability, reproducibility and
lifetime are the most important parameter in order to ascertain the utility of L;.Br as an

ionophore for the preparation of the proposed ISEs.

4.3.4.1 Effect of pH

The pH effects of the test solution on potential response were studied at fixed
concentrations and temperatures. The potential values of the test solution in
concentrations of 1x10° M and 1x10™ M were recorded over the pH range of 1.0-8.0,
for Hg-ISE and pH range of 1.0-12.0, for Ag-ISE, respectively. HCI and NaOH

solutions were used to adjust the pH of the test solutions at the required values.

The results in Figure 4.24 revealed that the electrodes responses were pH
independent in the range of 4.5-7.0 and 3.5-9.0 for Hg-ISE and Ag-ISE, respectively.
However, it showed a drift in potential values at pH range lower than 4.5 and higher
than 7.0 for Hg-ISE. Similar behavior was also observed for Ag-ISE at pH lower than

3.5 and higher than 9.0. This is evidenced that under more acidic solutions, partial
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protonation of ionophore happens and causes the loss of tendency to build complex
structures with metal cations (Hassan, 2013; Mashhadizadeh et al., 2015). While, in a
basic environment, the drift in potential is attributed to the formation of hydroxyl
complexes of metal cations in the test solution which is coordinated with the ionophore
in the membrane (Ismaiel et al., 2012; Mahajan et al., 2002). However, the effective pH
ranges found in this study were wide enough to be used in the samples without critical

pH adjustment.
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Figure 4.24: Effect of pH test solutions on the response of the proposed (A) Hg-ISE
and (B) Ag-ISE in different concentrations
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4.3.4.2 Response time of proposed electrodes

The response time of a sensor is considered as the required time of potential to
reach a steady state within £1 mV during the immersion of sensor in a series of
respective test solutions (Kamal et al., 2012). In this study, the dynamic response time
of Hg-ISE sensor was obtained by changing the concentration of solution from
1.0x10° M to 1.0x10 M (low to high), sequentially. As shown in Figure 4.25 (A), after
successive immersions of proposed sensor into the solutions, the time needed to reach a
potential within £1 mV of final equilibrium value was obtained at about 20 s.
Subsequently, the experiment also was conducted for Ag-ISE by changing the
concentration of solution from 1.0x10™ M to 1.0x10™ M (low to high). Similar response

time was observed as shown in Figure 4.25 (B).
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Figure 4.25: Dynamic response time of the (A) Hg-ISE and (B) Ag-ISE for the step
changes in metal cations test solution from low to high concentration
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4.3.4.3 Repeatability, reproducibility and stability of proposed electrodes

To validate the proposed method, the parameters such as repeatability and
reproducibility of electrode were evaluated and the results are summarized in Table
4.11. The repeatability of the Hg-ISE was tested using three measurements over the
working concentration ranges of the optimized electrode membrane. Whereas, the
reproducibility of Hg-ISE was examined using three different fresh electrodes with

optimum composition and each electrode was used only once.

Table 4.11: The repeatability and reproducibility studies of optimize composition
membrane electrodes

Nernstian slope Standard

ISE Study (mV/decade) Average deviation RSD
Repeatability 28.16, 28.30, 27.80 28.10 0.26 0.92

Hg*
Reproducibility ~ 28.16, 29.53, 29.62 29.10 0.82 2.82
Repeatability 59.54, 58.48, 59.10 59.04 0.53 0.90

Ag’
Reproducibility ~ 58.16, 58.48, 59.49 58.71 0.69 1.18

The repeatability data showed that an average slope is about 28.10+0.26
mV/decade with a relative standard deviation (RSD) of 0.92%. While, for the
reproducibility data, the results were obtained by three different electrode measurements
and gave the average Nernstian slope of 29.10+0.82 mV/decade. Similar experimental
method was repeated for Ag-ISE proposed membrane electrode. The repeatability test
shows an average slope of 59.04+0.53 mV/decade with a RSD of 0.90% and the
reproducibility study gave the average Nernstian slope of 58.71+0.69 mV/decade with a

RSD value of 1.18%.
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Both proposed electrodes show RSD values for repeatability study less than one,
which indicates a high precision and accuracy of the proposed procedure. However, in
the reproducibility study the obtained RSD values were much lower than 5%, which can
be considered as an acceptable value for reproducibility studies. The variation of results
in this study as compared to the repeatability study could be due to different thickness
and morphology of three membranes at different locations, which resulted in
fluctuations in the extraction equilibrium of corresponding ions at the vicinity of the
interface between the membrane and aqueous layer. Then, different Nernstian slopes
from one electrode to another could be vindicated, and consequently, the variation of
thicknesses is proved to cause minor changes in the Nernstian slopes of the electrodes

(Rezayi et al., 2014).

Long-term stabilities of the proposed Hg-ISE and Ag-ISE were tested by
performing periodic calibration with standard solutions and calculating the response and
slope over the concentration ranges from 1.0x10° to 1.0x10% M and 2.5x10° to
1.0x10™" M, respectively. The results were illustrated in Figure 4.26. It was found that
the life time of Hg-ISE electrode was within 30 days while, for Ag-ISE is more than 50
days without showing any significant drift in the concentration range, slope and
response times. The study reported by Yan et al.(2013) and Sardohan-Koseoglu et al.
(2015), also observed the lifetime of their propose electrode are around 30 days. These
limitation of lifetime in the fabricated proposed sensor could be due to the loss of
membrane ingredients in the L;.Br ionophore and its leaching into the sample solution

during the measurement (Faridbod et al., 2007; Gupta et al., 2007).
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Figure 4.26: Stability response of (A) Hg-ISE and (B) Ag-ISE

125



4.3.5 Sensing mechanism of fabricated ISE

The L;.Br ionophore is benzimidazolium salt which contained acidic hydrogen
due to resonance of lone pairs on substituted nitrogen atoms in imidazole ring (Figure
4.27 (a)) (Haque et al., 2012b). After conditioning of ISE containing L;.Br as ionophore
with 0.01 M cation solution (HgCl, or AgNQOg), the ionophore in membrane maybe
present in deprotonated form (L;.Br:) or neutral form (L;.Br). Therefore, the carrier
mechanism of L;.Br ionophore, can be explain as partially dissociated ligand and the
interaction of ionophore with targeted metal cation (M™) was confirmed by using UV-
Vis, FT-IR and XRD. All the characterization method results suggested that the

complexation occurred at C carbene position as illustrated in Figure 4.26 (a).

The selectivity of ionophore was influence by several factors, such as types of
ionic sites used in membrane and values of pH during the sensor evaluation.
Figure 4.27 (b) shows the effect of cationic site, NaTFB (R") and effect of low acidic
condition in the ISE membrane. The cationic site initiate the ionophore working as
charge carrier (deprotonated form (L;.Br:)) in contact with the aqueous sample solution
and form a metal complexes (L;.Br-M™) with targeted metal cation (M™) (Schaller et
al, 1995). At low acidic condition in the pH range of 4.5-7.0 for Hg-ISE and 3.5-9.0 for
Ag-ISE shows that the ionophore present almost as deprotonated species (L;.Br:),
which form complexes (L1.Br-M™) with the targeted metal cation (M™) and expected to
give the usual Nernstian responses, respectively. While at high acidic condition, a drift
in potential values for both Hg-ISE and Ag-ISE were observed and have been discussed
in section 4.3.4.1. This is due to the ionophore present in neutral form (L;.Br), and
prevent the complexation with metal cation (M™) occurred, as illustrated Figure 4.27 (c)

(Amemiya et al., 1998).
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Figure 4.27: (a) lonophore in neutral, deprotonated and complex form; (b and c)
schematic diagram of the composition of membrane with an ionophore and cationic
sites in contact with sample solution at different pH values. The boxes= membrane

phases; M"™ = targated metal cation; H"= hydrogen ion; R*= lipophilic ionic salts; L;.Br:
and L.Br= ionophore in deprotonated and neutral form, respectively; L;.Br-M" =the
complexes of primary ion with respective ionophore

4.3.6 Determination of selectivity coefficients

The selectivity coefficient of the developed ISEs towards their target ions with
respect to a wide range of interfering ions were determined by separate solution method
(SSM). For selectivity evaluation of the fabricated Hg** and Ag" selective electrodes,

the concentration of 1.0x10~> M was used for both target ions and interfering ions.

The results from SSM methods are summarized in Table 4.12. It is obvious that
the selectivity coefficients of electrodes toward interfering cations are lower than Hg?*
cations and most of the selectivity coefficients are very low, indicating no significant

interference in the performance of the fabricated electrode for determining Hg®* cations,
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except for Pb%* cations. It caused only a slight interference due to the existence of soft

donor atoms (carbene) in the ionophore structure where Pb* and Hg®* act as typical

intermediates and the soft acidic ions are more likely to build complex structures with

the Li.Br ionophore. However, Pb?* does not cause any interference at low

concentrations. All KS§5+M values are less than one, showing that the ISE is more

selective to primary cations, Hg?".

Table 4.12: Selectivity coefficient values of various cations for the proposed Hg-ISE

Interfering ion (Kigz )
Ca** 1.87x107
Mg** 8.94x107
Co? 7.25%x107
Ni%* 1.99x10°
Pb?* 1.23x10*"
Cs* 1.88x107
Na* 4.40%x10

K* 2.40x107
Li* 9.32x10!
Gd** 7.63x10*
AP 1.83x10°
Yb** 5.99x10™

For selectivity evaluation of the proposed electrode of Ag-ISE, the concentration

of 1.0x10~3 M was used for both target ion and interfering ions. As seen in Table 4.13,

the proposed Ag-ISE electrode demonstrated a relatively high selectivity towards Ag"

cation over a large number of mono, bi, and tri-valent cations. The results also revealed

that the common interfering ions such as K, Cs* and Hg®* have no significant

interfering effect with the selectivity coefficients in the order of 102,
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Table 4.13: Selectivity coefficient of various ions for the proposed Ag-ISE

Interfering ion K g
Ca- 1.4x10™
Mg** 1.5x10™
Co** 1.3x10™
Ni#* 1.3x10™
Pb?* 9.0x10™
Hg** 2.3x10°
Cs* 5.2x103

K* 7.3x10
Gd** 2.4x10
AP 2.1x10°
Yb** 1.9x10°

4.3.7 Analytical application of fabricated ISEs

In order to validate the applicability of proposed electrode Hg-ISE and Ag-ISE,
the analytical application can be conducted, such as potentiometric titration and spike
method analysis, respectively. Due to their simplicity and sensitivity, these methods
have widely used in the literature as general method used to evaluate the applicability of

new fabricated ISE sensor (Dadkhah et al., 2014; Sardohan-Koseoglu et al., 2015).

4.3.7.1 Potentiometric titration

The proposed Hg-ISE was applied as an indicator electrode in titrimetric
determination of Hg®* under laboratory conditions. It was successfully proved as an
indicator electrode in the potentiometric titration of 25 ml Hg?* solution (1.0x10™ M)
with EDTA (1.0x10° M). As shown in Figure 4.28 (A), the obtained curve has an
unsymmetrical shape. The end point of the plot corresponds to 1:1 stoichiometry of
EDTA-Hg?* ions complex. The inert Figure 4.28 (A) shows the plot of AE/AV vs. mean
volume of value of EDTA added. Before the end point, the potential demonstrated

logarithmic changes with the volume of EDTA added, while, it remained constant after
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the end point. The obtained potential decreased with the decrease in Hg®" ion
concentration due to their complexation with a standard EDTA solution. As a result, it is
possible to determine the amount of Hg®* ions in the solution accurately using the
fabricated sensor. This method is generally used to evaluate the applicability of the

prepared Hg-ISE as mention in Sardohan-Koseoglu et al., (2015).

The potentiometric titration of 20 ml of 5.0x10% M AgNOjs solutions was carried
out with a 1.0x10™ M solution of NaCl by using the optimized Ag-ISE electrode at
laboratory condition. Figure 4.28 (B), shows the amount of silver ions in solution can be
accurately determined with the electrode. The end point of titration was obviously
observed from the sharp break point corresponding to 1:1 stoichiometric reaction (inert
Figure 4.28 (B)). Before the end point, the potential demonstrated usual logarithmic
change with the volume of NaCl titration added. However after the end point the
potential response remains almost constant. The results show in accordance with
previous findings which ascribe the low concentration of free Ag” ions in the solution

(Dadkhah et al., 2014).

130



-200

(A) 10 4
-230 -

-260 -

E /mV

-290

-320 -

-350 Ll I Ll Ll

Ln

300 -

E/mV

200

100

0 2 4 6 8§ 10 12 14 16 18 20 22 24
Viaci/mL
Figure 4.28: Potentiometric titration curve of (A) 25 ml 1.0x10* M, Hg?* solution with

1.0x10° M EDTA and (B) 20.0 ml 5.0x102 M, Ag" solution with NaCl (1.0x10™ M) by
using the proposed sensor as an indicator electrode

4.3.7.2 Real sample application

The applicability of the proposed electrode Hg-I1SE was tested through analyzing
the direct determination of spiked Hg?* in tap water sample. The results (Table 4.14)

approved that the amount of Hg?* obtained by the proposed method agreed well with the
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added amount in the recovery range of 110-122%, demonstrating the acceptable
performance of the supplied electrode for the recovery of mercury(ll) content from
water samples with different matrices. Whereas, the relative standard deviation (RSD)
values show readings which are lower than 5%, indicating the effectiveness of the
proposed electrode. Moreover, the standard reference material (SRM) 2702 as a natural
matrix of inorganic compounds was collected from marine sediment with certified
concentration values and was used for proposed sensor validation (Sany et al., 2013a;
Sany et al., 2013b; Sany et al., 2012). As it can be seen, the results have a good
compatibility with known concentration value as mention at bottle container (0.43 ppm
or 2.14x10° M). Therefore, the sensor was verified as applicable device to determine

the Hg?* in solution.

Table 4.14: Potentiometric determination of Hg”" in different samples by using
proposed electrode

Hg**, (M)
Sample PRecovery, (%)  °RSD, (%)
Added Found
s 5.0x10° 6.1x10° 122.0 2.8
<
= 5.0x10° 5.9x10° 118.0 1.2
o
e 1.0x10™ 1.1x10* 110.0 4.1
SRM 2702 - 1.8x10° - 0.6

Average of three determination, "Recovery= (found/added)x100, ‘RSD= (SD/average)x100

Whereas, the practical utility of proposed electrode Ag-ISE was tested by direct
determination of spike silver(l) in tap water and multi-element calibration standard
solution 2A (Agilent Technologies; Part# 8500-6940). The standard sample was used
directly without any pretreatment. Each sample was analyzed in triplicate and the
analysis was repeated under identical conditions. It can be observed in Table 4.15 that

the determination of concentration standard solution by proposed Ag-ISE has good
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compatibility with known concentration value as mention at bottle container (10 ppm
or 9.27x10° M). Other results obtained from the determination of Ag" in spike tap water
samples show a good agreement with added concentration, hence proved the capability

of proposed Ag-ISE in sensing application.

Table 4.15: Potentiometric determination of Ag” in different samples by using proposed

electrode
Ag', (M)
Sample PRecovery, (%)  °RSD, (%)
Added Found

= 5.0x10° 5.3x10° 106.4 0.9

IS

= 1.0x10™* 1.1x10™* 105.6 2.4

& -3 -3

o 5.0x10 4.8x10 96.4 0.7
Standard 5

2 - 10.9x10 - 0.3

¢Average of three determination, "Recovery= (found/added)x100, “RSD= (SD/average)x100

4.3.8 Comparative studies of Hg-ISE and Ag-ISE

All data proved that the proposed Hg-ISE and Ag-ISE can be applied in
determination of Hg** and Ag" cations present in solution, respectively. Consequently,
the performance of proposed electrode is compared with the published electrode as
shown in Table 4.16. All electrodes listed were PVC-based membrane sensors for
determining the Hg?* and Ag" cations except for the electrode reported by Jumal in
2012, in which the electrode was based on the self-plasticizing poly(n-butylacrylate)

membrane sensor.

The proposed electrode of Hg-ISE gave a better detection limit (2.5x107 M) and

response time (20 s) as compared to the previously suggested Hg-ISE based on the self-
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plasticizing method (Jumal et al., 2012). Jumal et al., (2012) has used methyl acrylate as
a polymer matrix in their fabrication of free plasticizing membrane electrode with
detection limit of 2.5x10° M and response times of 50-100 s. Due to the poor solubility
of L;.Br in methyl acrylate, pyrrole was introduced in this study. The uses of conducting
polymers in the structure of polymeric membrane have been recently reported. Oxidized
conducting polymers such as PPy which includes the charge-compensating ions and
poly cationic backbones can affect the potentiometric responses as the ionic exchangers,
hence increase the selectivity and sensitivity of proposed electrode in these study (Liu
Y. et al.,, 2011; Zanganeh et al., 2007). In contrast, as compared to some Hg-PVC
membranes the proposed electrode Hg-ISE exhibited a comparable detection limit,

lifetime, working range of electrode and also response time.

The comparative study of Ag-ISE the linear range, detection limit, slope, and
response times of the previous researches based on PVC membrane sensors shows that
the proposed electrode still suffers from with a low performance. In order to increase
the sensitivity of ISE, the chemical structural features of ionophores may generally turn
by incorporating different soft and hard donor atoms in the chelating ring which
cosequently promotes the stabilization of both low and high oxidation states of the
metal centre, as well as forcing metal ions to adopt typical coordination chemistry
(Gupta et al., 2007). Thus, further studies about the effect on different structure of L;.Br

are strongly needed.

In spite of the deficiencies in this study, all data proved that the proposed Hg-

ISE and Ag-ISE can be applied in determination of Hg** and Ag" cations present in

solution, respectively.
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Table 4.16: Comparison of fabricated electrode based on PVVC membrane by using different type of ionophore

. Lif
Metal lonophore Slope Detection Linear range (M) Response tirlnee Refs
P (mV/decade)  limit (M) g time (s) '
(day)
(Sardohan-
Hg** Oxime 33.4 1.68x10° 5.6x10° -1.0x107 10-15 30 Koseoglu et al.,
2015)
Hg? 1’5'd'ph(3m:2;?f§bazone 20.7 3.0x10°  5.0x10°-1.0x10? 20 14 (Hassan, 2013)
Hg™ Calix[2]thieno[2]pyrrole 27.8 1.0x10°® 1.0x10°-1.0x10" 20 - (Abbas, 2012)
s 1,2-bis-(N’- _6 5 1 i i (Jumal et al.,
Hg benzoylthioureido)cyclohexane 28.1 1Y 101071010 50-100 2012)
Hg®* L..Br 28.16 2.5x107 1.0x10° -1.0x10% 20 30 This work
Ag" p-tert-butylcalix[4]arene 59.8 1.0x107 5.0x107-1.0x10° <10 <35 (Ygg 1e ;)al "
N,N'-bis(3-methyl-1-phenyl-4-
2 H l.,
Ag’ benzylidine-5- 59.3 93x107  10x10°10x107 530 . assggfg)eta
pyrazole)propylenediamine
Ag' Isoquinoline-1,3-diones 58.4 58x10°  5.0x10°-1.0x10" 12 <90 (Ka;";llze)t al.
-8 -8 -1
Ag Shift-base lariat ethers, A, 59.3 4.4x10 5.6x10°%-1.0x10 12 ] (Guptaetal.,
2009)
Ag"’ L..Br 58.5 2.0x10° 2.5%x10°-1.0x10™ 20 50 This work




4.4  Complexation of synthesized bis-benzimidazolium salts

In the synthesis of bis-NHC metal complexes, in-situ deprotonation of bis-
benzimidazolium salts have been chosen as the preferred synthesis route. This method
only produces desired complexes without having the free carbene which is unstable and
difficult to handle (Weskamp et al., 2000). Mercury acetate and silver oxide have been
used as metal precursors which play important roles in the formation of the desired
metal complexes. Basic anions in metal precursor deprotonate —H carbene at -NCHN
position, leading to the coordination of metal cations to the intermediate carbene of bis-
benzimidazolium salts and the counter-ions (Br" and PFg’) were attached to the ligand
(Liu et al., 2015a). The schematic complexation reaction of bis-benzimidazolium salts

with Hg(OAC); is expressed in Scheme 4.1.

The reactions of the synthesized bis-benzimidazolium salts with excess of
Hg(OAC), in refluxed acetonitrile within 24 hours produces the complexes as solid
powders. The complexes are insoluble in water. Thus to remove the residual of mercury
acetate, plenty of water has been used to wash the crude product. In recrystallization
process acetonitrile was used and pure complexes powders were obtained. The structure

of bis-NHC mercury(I1) complexes were illustrated in Figure 4.29.

In the complexation of bis-benzimidazolium salts with silver(l) oxide (Ag.0),
the reactions were conducted in dichloromethane (CH.Cl,) with a temperature
maintained at 40 °C. After 24 hours of reaction black suspensions were observed. This
unwanted side product was then removed by filtering through a celite to give a clear

solution. The structures of bis-NHC silver(l) complexes were illustrated in Figure 4.30.
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bis-benzimidazolium salt Intermediate

CH;, R=H, NO,, Cl
X= Br, PFg
O:T:O
— NN

bis-NHC mercury(Il) complex

Scheme 4.1: The proposed mechanism of complex reaction between bis-
benzimidazolium salts and mercury(ll)

Table 4.17 shows the general characteristics of synthesized metal complexes. It
should be noticed that the melting points of complexes were significantly higher than
their respective ligands. According to the previous report, this effect demonstrate a
preliminary confirmation of a successful synthesis of metal complexes (Igbal et al.,

2014).
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Figure 4.29: Structure of bis-NHC mercury(ll) complexes
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Table 4.17: General characteristic of bis-NHC metal complexes

Bis-NHC  Yield Melting Molecular
complexes (%) Color point (°C) Molecular formula weight (g/mol)
L.HgBr 79  white  215-218 CaoHtarNsO,5 1000.2
Br,Hg
Off- CsgH3sN706S
L,.HgBr 84 White 205-207 Br,Hg 1090.2
. C39H35NE()2S
Ls.HgBr 93 white 240-242 Br,Cl,Hg 1069.1
L;.HgPFg 89  white 260-262 CaoHarNsO,S 11323
P2F12Hg
L,.HgPFs 98 White 192-194 P,FoHg 1220.3
L.HgPFs 80  white  275-278 CaohtasNs0aSCl 1099.2
P2F1,Hg
; _ CagH37Ns0,3
L;.AgBr 78 white 140-143 Br,Ag, 10154
; . C39H3sN706S
L,.AgBr 90 white 152-155 Br,Ad; 11054
. C39H3sN50,S
Ls.AgBr 60 brown 136-138 Br,Cl,Ag, 1078.9
. C39H37N50,S
L;.AgPFs 70 brown 178-180 PFAg 890.7
Pale | CagH35N;06S
L,.AgPFs 82 brown 242-246 PF.Ag 980.7
. c:39H35NSC)28
L;.AgPFe 63 white 192-194 CLPFsAg 959.6

In the FT-IR spectra for bis-NHC mercury(Il) complexes and bis-NHC silver(l)
complexes (APPENDIX 11-112), disappearances of —N-C=N absorption peaks in range
of 1566-1560 cm™ and appearance of N-C-N absorption peaks in range of
1421-1388 cm™ were noticed. This corresponds to the deprotonation of proton at
carbene carbon in the formation of complex with respective metal cations. Although, the
absorption peaks appear at unusual —C-N range (1350-1000 cm™). The absorption
occurs at a higher frequency due to the resonance effect which increases the double-
bond character between the ring and nitrogen atoms (Igbal et al., 2014; Pavia et al.,
2008). Table 4.18 and Table 4.19 summarized all significant FT-IR data for all metal

complexes.
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As expected, in all 'H-NMR complexes spectra (APPENDIX J1-J12), the
signals assigned for the all benzimidazolium salts carbene proton (H-8) in range 6
10.00-10.24 were disappeared upon deprotonation and coordination of carbene carbon
with mercury(ll) and silver(l). This is consistent with other studies reported for the
formation of carbene complexes (Budagumpi et al., 2012b). Additionally, an obvious
downfield movement of chemical shifts for H-7 and H-15 in all bis-NHC mercury(ll)
complexes spectra were observed. The H-7 and H-15 are the methylene groups
(-CH2-N) which are neighbors to nitrogen atoms in the benzimidazole ring. Thus, the
changes in chemical shifts for both proton can also indicated that the complexation
occurred at carbene position. However, in the spectra of bis-NHC silver(l) complexes

only small changes can be observed.
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Table 4.18: The significant of FT-IR absorption bands (cm™) for synthesized bis-NHC mercury(11) complexes, (types of absorption bands; w= weak,
m= medium, s= strong)

Assignments L1.HgBr L,.HgBr Ls.HgBr L;.HgPFg L2.HgPFg Ls.HgPFe
CHar 3033 (w) 3067 (w) 3034 (w) 3065 (w) 3031 (w) 3057 (w)
CHaiiph 2950 (w) 2936 (w) 2947 (w) 2955 (w) 2936 (w) 2954 (w)
C=C 1599, 1451 1599, 1450 1597, 1451 1598, 1455 1607, 1449 1598, 1463
(w, w) (w, w) (w, w) (w, w) (w, w) (m, w)
0=S=0 1336, 1157 (s,s)  1342,1157 (s,s)  1337,1157 (s,s) 1343,1159 (m,m) 1345, 1158 (s,s) 1329, 1157 (s, s)
N-C-N 1416 (s) 1411 (m) 1410 (m) 1421 (m) 1416 (m) 1409 (m)
H,C-N 1088 (W) 1089 (w) 1089 (w) 1088 (w) 1089 (w) 1089 (s)
O=N-O - 1521 (m) - - 1523 (m) -
PFe - : - 832 (s) 834 (s) 838 (M)




evi

Table 4.19: The significant of FT-IR absorption bands (cm™) for synthesized bis-NHC silver(l) complexes, (types of absorption bands; w= weak, m=
medium, s= strong)

Assignments L1.AgBr L,.AgBr Ls.AgBr Li1.AgPFs L,.AgPFs Ls.AgPFs
CHar 3031 (w) 3029 (w) 3025 (w) 3045 (W) 3070 (w) 3065 (W)
CHaliph 2928 (w) 2911 (w) 2980 (w) 2961 (W) 2937 (W) 2932 (W)
c=C 1598, 1454 1599, 1449 1602, 1448 1599, 1452 1600, 1448 1599, 1449
(w, m) (m, m) (w, w) (m, m) (w, w) (w, w)
N-C-N 1394 (s) 1399 (m) 1388 (s) 1394 (s) 1398 (m) 1397 (s)
0=5=0 1336, 1153 (s,s) 1340, 1153 (s,s) 1330, 1153 (s,s) 1336, 1157 (s,s)  1343,1158 (s,s) 1335, 1558 (s, s)
H,C-N 1088 (m) 1088 (w) 1091 (m) 1086 (W) 1089 (w) 1089 (w)
O=N-O - 1517 (s) - - 1519 (m) -
PFe - - - 833 (5) 834 (s) 836 (s)




In C-NMR spectra the formation of carbene complexes can be easily
confirmed by the presence of new C-metal signal at & 184.72-185.97 (APPENDIX K1-
K6) which is attributed to the carbene carbon bound to mercury(ll) metal cation. While,
for silver(l) complexes, the corresponding signals were observed in the range of o
153.90-168.02 (APPENDIX K7-K12). However, the signal of the carbene carbon for
silver(l) complex L;.AgPFs, Lo.AgPFs and L3.AgPFs were not observed. The absence of
this peak is not usual and may result from the fluxional behavior of bis-NHC complex.
Similar phenomenon has been reported in the literature for some silver(l) carbene

complexes (Liu et al., 2015a).

The UV-visible absorbance spectra for all compounds were illustrated in Figure
4.31. In the bis-benzimidazolium salts absorption spectra Figure 4.31 (A), two
characteristic bands were observed at 269 nm and 276 nm. These bands refer to
intramolecular 7—z* and n—x* transitions originated from the -CC, -CN and C=N
modules. After the complexation with mercury(l1) and silver(l), these bands show a red
shift about 6-9 nm, indicating the formation of C-N modules in the benzimidazole ring.
In addition, in complex spectra Figure 4.31 (B and C) usually d-d electronic transition
absorption spectra at range 500-300 nm should be observed. However, in this study no
bands less than 300 nm were observed, as expected. These conditions show similarity
with previous studies reported in literature (Giimiis et al., 2014; Haque et al., 20123;

Montazerozohori et al., 2014).
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Figure 4.31: Absorbance spectra of (A) bis-benzimidazolium salts, (B) bis-NHC
mercury(11) metal complexes and (C) bis-NHC silver(l) metal complexes
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The combination results from all characterization methods show the successful
synthesized of new bis-NHC mercury(ll) complexes and bis-NHC silver(l) complexes
based on synthesized ligand. The changes in FT-IR, *H-NMR and **C-NMR proved the
coordination of metal cation at carbene carbon position. Hence, the molecular structure
of the compound in Figure 4.29 and Figure 4.30 is confirmed by X-ray single structure

crystallography study of compound L;.AgBr and L3;.HgBr.

The crystal data and the structure refinement of L;.AgBr and L3.HgBr are
tabulated in Table 4.20 (Appendix L1-L2). Single crystal L;.AgBr and L3.HgBr which
are suitable for X-ray diffraction analysis were obtained from slow diffusion of diethyl
ether into concentrated solution of L;.AgBr and Ls.HgBr in DMSO at ambient
temperature. The Ortep diagrams of these two complexes are presented in Figure 4.32

and Figure 4.33, respectively.

As can be seen in Figure 4.32, two silver atoms are in connection with one
molecules of ligand. This complex was crystallized in a monoclinic system with space
groups of 12/m. The L;.AgBr complex in solid sate is formed by the connection of two
ligands via cage-like cation and anion unit AgegBrs (Liu et al., 2013). Its perfomed more
complex dimeric structure in solid state which containg (AgBr), core come from
residual AgBr or Ag,Br, formed from minor decomposition of L;.AgBr (Baker et al.,
2004). The internal ring angle (N-C-N) is 105.6 (7)° and Ag-C bond length is 2.128
(12)°, which are comparable to those of the previously reported bis-NHC silver(l)

complexes (Liu et al., 2013).

In case of Hg complex (Ls.HgBr) (Figure 4.33), every ligand is only in

connection with one Hg atom. The complex was crystallized in a triclinic system with
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space groups of P1. There are two water molecules in the asymmetric unit of the
Ls.HgBr crystal structure. This could be due to water absorbed from the atmosphere
when growing the crystal or doing the reaction (Knapp et al., 2010). Mercury(Il) is
coordinated with one ligand at two carbene carbon and two bromide atoms, which one
bromide was shared with another complex to form tetrahedral geometry. The internal
ring angle (N-C-N) at the carbene center is 106.9 (8)°. These results are in a good
agreement with the previously reported bis-NHC metal complexes, indicating the
variation (N-C-N) angles from 105.3 (4)° to 107.6 (6)° (Liu et al., 2015a). The Hg-C
(carbene) bond length is 2.1 A and the linear coordination geometry was observed with
a C-Hg-C bond angle of 151.5 (4)° (Haque et al., 2011). However, both structures suffer
from some disorders in the whole toluene rings.

Table 4.20: Crystal data and structures refinement for L;.AgBr and L;.HgBr complexes

Subject L;.AgBr Ls.HgBr

Empirical formula C78H74N100,S,BrsAge C7gH70N100,4S,Br,Cl4Hgs
.(CH3),S0] 2H,0

Formula weight 2406.25 2138.19

Temperature (K) 100 (2) 100 (2)

Crystal system, Monoclinic Triclinic

Space group 12/m P1

a(A), a(®) 18.1542(6), 90.000(4) 10.2023(3), 78.934(3)

b(A), B(°) 19.6346(12), 101.50 11.6351(3), 83.730(3)

c(A), v(°) 26.272, 90.0(6) 17.8431(6), 80.391(3)

Volume (A% 9176.4(6) 2080.3

Z, Calculate density(g/lcm®) 4, 1.855 1, 1.8614(1)

wmm'™ 4.014 6.4

F(000) 5008 1115.0

Crystal size (mm®) 3x0.3%x0.25 0.3x0.2x0.10

Goodness-of-fit on F*2 1.047 1.116

Final R indexes [[>=25 (I)] R;=0.0492, wR, = 0.1204 R1=0.0684, wR2 = 0.1641

CCDC No. 1419793 1419761
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Figure 4.33: Ortep diagram of the molecule structure of L3.HgBr complex
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Above all, the new series of bis-benzimidazolium salts from benzimidazole
moiety have been successfully synthesized and characterized. The results from
conductometric study revealed that the complex formation of L1.Br with Hg*" and Ag*
cations are more stable as compared to other cations. Consequently, new potentiometric
self-plasticizing polypyrrole sensors based on L;.Br precursor as ionophore were
fabricated for determination of Hg** and Ag" cations. The study proved that the
proposed Hg-ISE and Ag-ISE can be applied in determination of Hg** and Ag" cations
present in solution, respectively. The preparation and characterization of corresponding
mercury(ll) and silver(l) complexes for all synthesized bis-benzimidazolium salts are
the evidence that the complexation has been occurred at carbene carbon position in

imidazole ring.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In this research work, the diethanolamine has been successfully transformed to
new types of bis-benzimidazolium salts through several steps of reactions. The reaction
of diethanolamine with p-toluenesulfonyl chloride in the presence of triethylamine
afforded the formation of tri-sulfonamide. Further reactions with benzimidazole by
using KOH as catalyst gave the most important starting material, bis-benzimidazole.
This compound was then converted to several bis-benzimidazolium bromide salts
(L1.Br, L,.Br and L3.Br) by alkylation reaction in order to introduce a new substituent at
=N- position of the benzimidazole ring. By applying the metathesis reaction using KPFg
in methanol, the bis-benzimidazolium bromide salts were converted to their

corresponding PFg” counterpart (L1.PFg, Lo.PFs and Ls.PFg).

L1.Br precursor has been chosen to study the complexation process with metal
cations such as Ni** zn**, Pd**, Hg** and Ag* in MeOH:H,O binary phases at different
temperatures using conductometric method. The plot of molar conductance, An, versus
mole ratio, [L1.Br]/[M™]; for all metal cations with L;.Br in different solvent systems
(MeOH-H,0 binary mixture) at various temperatures gave the stoichiometry of the
complexation reactions, respectively. The obtained results show that the stoichiometry
of the complexes for Ni**, Zn?*, and Pd** cations are 1:1 [M: L;.Br]. While, for Hg**
and Ag" cations, they have two stoichiometries which are 2.1 [M: L;.Br] and 1:1 [M:

L:.Br]. The stability constants (log K;) of complex formation have been determined by
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fitting the molar conductivity curves using GENPLOT computer program. The output
shows that the log K; values for Hg** and Ag" cations are higher than the other metal
cations studied indicating that the complexations of ligand are more stable and
favorable with both metal cations. The obtained data also shows that in the pure MeOH
solvent system, the stability constant varies as Ni*’< Pd*’<zZn®**<Hg’'<Ag" and the

complexations process seems more stable in pure MeOH. The thermodynamic
parameters (AGZ,AHZ,ASZ) have been determined conductometrically. The

thermodynamic results indicate that the complexations of L;.Br in most cases were
found to be enthalpy destabilized but entropy stabilized. According to the obtained
results from the effect of ionic radius study, the complexation of Ni?*, Zn*", Pd**, Hg**
and Ag" cations with L;.Br can be explained in term of the size-fit concept. The L;.Br
forms the most stable complex with a cation having a size which can fits best with its
cavity size. The effects of mol% of H,O and cationic radii of the studied cations on the
complexation reactions were investigated and high correlation between experimental
data and ANN kinetic model was obtained which further prove the high performance of
conductometric method for the complex formation study. The theoretical study by using
DFT method found that the binding energy increase monotonically with increasing the
size of the studied metal cations in the sequence of Ni**, Pd**, Zn**, Hg** and Ag"
which shows similar agreement with other results. Due to the complexation ability of
L;.Br ligand with Hg?* and Ag" cations in this study, the fundamental finding of the

potential of L;.Br as an ionophore in ISE application has been discovered.

Subsequently, new potentiometric self-plasticizing PPy potentiometric ISE
sensors were constructed based on L;.Br precursor as ionophore for determination of
Hg?* and Ag" cation. The ISE fabrication revealed that the optimum membrane

composition was obtained by using 89.4 wt.% monomer (pyrrole), 4.8 wt.%
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photoinitiator (DMPP), 0.2 wt.% lipophilic salt (NaTFB), and 5.6 wt.% ionophore
(L1.Br). This membrane demonstrated good Nernstian responses of 28.10+0.29
mV/decade and 58.61+1.12 mV/decade with the working ranges of 1.0x10°-1.0x10% M
and 2.5x10°-1.0x10™" M for Hg*" and Ag" cations, respectively. The characterizations
of optimized fabricated PPy membrane electrode before and after use in ISE study were
conducted by using FT-IR, FESEM, EDX, and XRD. The findings confirmed that
there is a complexation reaction occurred on the membranes surface between L;.Br
ionophore and metal cations after being used in ISE study. While the characterization
towards electrode performance based on effect of pH, response times, repeatability,
reproducibility, stability and selectivity coefficient proved that the Hg-ISE and Ag-ISE
proposed in this study can be applied in determination of Hg** and Ag" cations which
are present in solution, respectively. This is due to the wide working range of pH, fast
response time, repeatability and reproducibility, and also stability of more than 30 days
without showing any significant drift in working concentration range, slope and
response times. In addition, selective coefficients data shows no significant interference
in the performance of the fabricated Hg-ISE and Ag-ISE for determining Hg** and Ag"
cations in test solution, respectively. The electrode is also suitable as indicator electrode
in the potentiometric titration of Hg®* with EDTA and Ag* with NaCl. Finally, accuracy
of the the proposed membrane sensor Hg-ISE and Ag-ISE was successfully by the
determination of various concentrations of Hg®* and Ag" in water and standard solution

of sample, respectively through which satisfactory results were obtained.

The complexation reactions of desired metal complexes were formed by in-situ
deprotonation of bis-benzimidazolium salts, which gave a series of mercury(ll) and
silver(l) complexes. The structure of synthesized compounds were confirmed by using

FT-IR, 'H-NMR and **C-NMR, CHNS elemental analysis, UV-Vis spectroscopy and
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single crystal X-ray diffraction. The results revealed that the ligands are coordinated
with Hg®" and Ag* metal cations through the carbene carbon and the X-ray single
crystal diffraction data shows that the coordination geometry of both complexes are

tetrahedral.
5.2  Recommendations

The selection of solvent should be critically studied to gain a suitable crystal
structure for single crystal X-ray diffraction analysis. Thus, the real molecular structure
of synthesized compound may be revealed clearly.

The fabrication of potentiometric ISE sensor should be done with other

synthesized ligands to study the effect of additional different functionalities at benzyl

substituent and different anions present in the structure toward the sensing ability.
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APPENDIX A: FT-IR spectra of all synthesis compounds in section 4.1

APPENDIX Al: FT-IR spectrum of N-[(4-methylbenzensulfonyl)-bis-

((4methylbenzenesulfonyl)-(oxy))ethyllamine; (tri-sulfonamide)
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APPENDIX A2: FT-IR spectrum of N,N'-Bis[(benzimidazo-1-yl)ethyl]-4-
methylbenzenesulfonamide; (bis-benzimidazole)
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APPENDIX A3: FT-IR spectrum of N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide dibromide (L;.Br)
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APPENDIX A4: FT-IR spectrum of N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-
ethyl]-4-methylbenzenesulfonamide dibromide (L,.Br)
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APPENDIX A5: FT-IR spectrum of N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-
ethyl]-4-methylbenzenesulfonamide dibromide (L3.Br)
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APPENDIX A6: FT-IR spectrum of N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-
methylbenzenesulfonamide dihexafluorophosphate (L;.PFe)
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APPENDIX A7: FT-IR spectrum of N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-
ethyl]-4-methylbenzenesulfonamide dihexafluorophosphate (L,.PFg)
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APPENDIX A8: FT-IR spectrum of N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-
ethyl]-4-methylbenzenesulfonamide dihexafluorophosphate (L3.PFg)
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APPENDIX B: *H-NMR spectra of all synthesis compounds in section 4.1

APPENDIX B1: *H-NMR spectrum of N-[(4-methylbenzensulfonyl)-bis-
((4methylbenzenesulfonyl)-(oxy))ethyllamine; (tri-sulfonamide)

water H-12
H-1
H-aromatic
H:7  |H-6
DMS
Il b A -
L T T —
8l I 7 6 5 4 3 2 ppm
I
1 - d
Y
|
| H-8
Enlargement
of spectrum H-10
H-4 H-3
8 7.9 7.8 7.7 7.6 7.5 74 73 7.2
H-position  Integrations Chemical shift, d ppm multiplicity Jnn (HZ)
1 3H 2.39 S -
12 6H 244 S -
6 4H 3.30 t 8
7 4H 4.01 t 8
3 2H 7.37 d 8
10 4H 7.49 d 8
4 2H 7.58 d 8
8 4H 7.74 d 8
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APPENDIX B2: *H-NMR spectrum of N,N'-Bis[(benzimidazo-1-yl)ethyl]-4-
methylbenzenesulfonamide; (bis-benzimidazole)

water
H-8 H-1
DMS(
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T L |. : T A T L‘ - u T A T
10 8: I 6 1 2 ppm
T 1
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of spectrum |
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H-4
8 738 7.6 7.4 7.2 7
H-position  Integrations  Chemical shift,  ppm multiplicity Jun (H2)
1 3H 2.34 S -
6 4H 3.51 t 8
7 4H 4.28 t 8
3,11,12 6H 7.22,7.31 m -
4 2H 7.46 d 8
13,10 4H 7.61-7.66 m -
8 2H 8.10 S -
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APPENDIX B3: *H-NMR spectrum of N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-

methylbenzenesulfonamide dibromide (L;.Br)
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3 2H 7.15 d 8
4,18,19 8H 7.42-7.48 m -
17 4H 7.62 d 8
11,12 4H 7.69-7.76 m -
10 2H 8.00 d 8
13 2H 8.17 d 8

8 2H 10.24 S -
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APPENDIX B4: *H-NMR spectrum of N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-
ethyl]-4-methylbenzenesulfonamide dibromide (L,.Br)
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7 4H 4.93 t 8
15 4H 6.06 s -
3 2H 7.17 d 8
4 2H 7.44 d 8

11,12 4H 7.65-7.74 m -
17 4H 7.80 d 12
10 2H 7.92 d 8
13 2H 8.16 d 12
18 4H 8.24 d 8
8 2H 10.24 S -
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APPENDIX B5: *H-NMR spectrum of N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-
ethyl]-4-methylbenzenesulfonamide dibromide (L3.Br)
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H-position  Integrations  Chemical shift, 6 ppm multiplicity Jun (H2)
1 3H 2.30 S -
6 4H 3.96 t 8
7 4H 4.89 t 4
15 4H 5.86 S -
3 2H 7.13 d 8
4 2H 7.40 d 8
17 4H 7.48 d 8
18 4H 7.61 d 8
11,12 4H 7.64-7.72 m -
10 2H 7.95 d 8
13 2H 8.13 d 8
8 2H 10.18 S -

181



APPENDIX B6: *H-NMR spectrum of N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-

methylbenzenesulfonamide dihexafluorophosphate (L;.PFe)

water
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A
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3 2H 7.08 d 8
4,18,19 8H 7.35-7.41 m -
17 4H 7.54 d 8
11,12 4H 7.66-7.69 m -
10 2H 7.93 d 8
13 2H 8.07 d 8

8 2H 10.00 S -
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APPENDIX B7: *H-NMR spectrum of N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-
ethyl]-4-methylbenzenesulfonamide dihexafluorophosphate (L,.PFg)

water
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1 3H 2.31 S -
6 4H 3.96 t 4
7 4H 4.89 t 4
15 4H 6.02 S -
3 2H 7.17 d 8
4 2H 7.42 d 8
11,12 4H 7.65-7.72 m -
17 4H 7.76 d 8
10 2H 7.92 d 8
13 2H 8.14 d 8
18 4H 8.25 d 8
8 2H 10.10 S -
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APPENDIX B8: 'H-NMR spectrum of N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-

ethyl]-4-methylbenzenesulfonamide dihexafluorophosphate (L3.PFs)

water
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H-position  Integrations  Chemical shift, & ppm multiplicity Jun (H2)
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6 4H 3.93 t 8
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3 2H 7.12 d 8
4 2H 7.38 d 8
17 4H 7.48 d 8
18 4H 7.58 d 8
11,12 4H 7.69-7.72 m -
10 2H 7.94 d 4
13 2H 8.09 d 4
8 2H 10.03 S -
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APPENDIX C: **C NMR spectra of all synthesis compounds in section 4.1

APPENDIX C1: *C-NMR spectrum of N-[(4-methylbenzensulfonyl)-bis-((4methylbenzenesulfonyl)-(oxy))ethylJamine; (tri-sulfonamide)
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APPENDIX C2: *C-NMR spectrum of N,N'-Bis[(benzimidazo-1-yl)ethyl]-4-methylbenzenesulfonamide; (bis-benzimidazole)
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APPENDIX C3: *C-NMR spectrum of N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide dibromide (L1.Br)
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APPENDIX C4: **C-NMR spectrum of N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide dibromide (L,.Br)
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APPENDIX C5: *C-NMR spectrum of N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide dibromide (Ls.Br)
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APPENDIX C6: **C-NMR spectrum of N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide dihexafluorophosphate (L;.PFe)
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APPENDIX C7: *C-NMR spectrum of N,N'-Bis[4-nitro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide dihexafluorophosphate

(L2.PFg)
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APPENDIX C8: **C-NMR spectrum of N,N'-Bis[4-chloro-1-benzyl-benzimidazolium-ethyl]-4-methylbenzenesulfonamide dihexafluorophosphate

(Ls.PFg)
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APPENDIX D: X-ray single crystallographic data

APPENDIX D1: Crystallographic data for N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-
4-methylbenzenesulfonamide dibromide (L;.Br)

Table D1.1: Crystal data and structure refinement for L;.Br

Empirical formula C39H39N50,SBr,

Formula weight 801.62

Temperature 100.2(8) K

Wavelength 0.71073 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a=14.7495(9) A alpha =108.720(5) deg.

b =15.5216(8) A beta = 100.073(5) deg.
€ =19.1751(10) A gamma = 108.177(5) deg.

Volume 3761.1(3) A"3

Z, Calculated density 2, 1.416 Mg/m"3

Absorption coefficient 2.251 mm~-1

F(000) 1640

Crystal size 0.22x0.15%0.12 mm

Theta range for data collection 2.93 t0 26.50 deg.

Limiting indices -18<=h<=18, -19<=k<=18, -24<=I<=24
Reflections collected / unique 38594 / 15583 [R(int) = 0.0786]
Completeness to theta = 26.00 99.8 %

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 15583 /0 /885

Goodness-of-fit on F*2 1.072

Final R indices [1>2sigma(l)] R1=0.0977, wR2 = 0.2737
indices (all data) R1=0.1599, wR2 =0.3114
Largest diff. peak and hole 2.21 and -2.81 e.A"-3
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Table D1.2: Atomic coordinates (x1074) and equivalent isotropic displacement

parameters (A2 x 10"3) for L1.Br. U(eq) is dz_a_fined as one third of the trace of the
orthogonalized U" tensor.

X y z Ueq

Br(4) 1652(1) -3831(1) 6964(1) 40(1)

Br(3) -42(1) -1912(1) 5519(1) 41(1)

Br(2) -630(1) -3422(1) 8324(1) 50(1)

Br(1) -838(1) 406(1) 9047(1) 53(1)

S(1) 3362(2) 1201(2) 8849(2) 15(1)

S(2) 2937(2) -3707(2) 4140(2) 22(1)

0(1) 3715(6) 1865(6) 9654(5) 21(2)

O(4) 3231(7) -4537(7) 3945(6) 34(2)
0(@3) 3522(7) -2853(7) 4881(5) 32(2)
0(2) 3601(6) 348(6) 8624(5) 21(2)

C(31) 3418(12) -263(11) 5394(8) 34(1)

C(69) -2821(12) -4988(11) -124(9) 33(3)
N(8) 1756(8) -4143(7) 4103(6) 18(2)
N(1) 3372(8) 391(6) 10559(5) 13(2)
N(2) 2075(7) -392(6) 9525(6) 12(2)
N(9) 383(7) -3609(6) 3159(5) 11(2)
C(30) 3968(13) 387(11) 5194(8) 34(1)
N(4) 1156(7) 1497(7) 7456(6) 17(2)
N(3) 2148(8) 783(7) 8538(6) 18(2)
N(6) 3864(8) -4243(7) 5995(6) 18(2)
C(45) 4454(9) -3737(8) 7737(7) 16(3)
C(72) 2998(9) -3231(8) 3426(7) 15(3)
N(5) 1288(9) 1140(7) 6292(6) 25(3)
N(10) 325(8) -4046(7) 1926(6) 19(2)

C(21) 2142(10) 4089(9) 7616(7) 19(3)
N(7) 2335(8) -5076(7) 5183(6) 16(2)

C(5) 3781(11) 774(8)  13010(7) 21(3)
C(4) 4736(11) 829(9)  13347(8) 26(3)
C(2) 5266(11) 1066(9)  12289(8) 24(3)
C(70) -1971(11) -4192(10) -58(8) 27(3)
C(39) 4722(11) 3637(10) 7024(8) 27(3)
C(37) 4072(10) 2021(9) 7178(7) 19(3)
C(8) 3419(9) -505(8)  10141(7) 12(2)
C(20) 1820(9) 3392(8) 7896(7) 16(3)
C(10) 3951(9) -1807(9) 9733(7) 18(3)
C(42) 6366(10) -3625(9) 8229(9) 29(3)
C(15) 1191(9) -550(9) 8924(7) 19(3)
C(3) 5467(12) 971(9)  12992(8) 30(3)
C(1) 4346(10) 1026(8)  11966(6) 15(3)
C(36) 4398(9) 3012(9) 7496(7) 17(3)
C(61) 1400(11) -1336(11) 2491(9) 32(4)
C(78) 3396(11) -2158(11) 1653(8) 30(3)
C(51) 2592(9) -6651(8) 4456(7) 16(3)
C(16) 1518(9) -278(8) 8283(7) 18(3)
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C(71)
C(57)
C(68)
C(7)

C(76)
C(9)

C(67)
C(19)
C(6)

C(56)
C(75)
C(77)
C(43)
C(22)
C(40)
C(46)
C(47)
C(44)
C(48)
C(38)
C(23)
C(29)
C(60)
C(50)
C(52)
C(11)
C(14)
C(41)
C(66)
C(35)
C(54)
C(17)
C(34)
C(58)
C(12)
C(59)
C(63)
C(74)
C(13)
C(24)
C(53)
C(65)
C(55)
C(25)
C(33)
C(62)
C(49)
C(18)
C(73)
C(26)
C(27)
C(64)

-1067(11)
311(10)
-2736(14)
4187(11)
3536(10)
4135(10)
-1796(10)
1560(9)
3612(10)
1317(9)
3237(9)
3415(10)
5748(11)
2206(10)
5077(10)
4753(10)
3832(10)
4816(10)
4562(10)
3749(10)
1973(10)
3679(12)
1437(12)
3314(10)
2889(9)
3146(10)
2576(9)
6059(9)
-935(10)
4414(10)
1330(10)
1719(10)
4127(9)
737(9)
2436(9)
1085(10)
713(9)
2808(10)
2621(9)
1630(9)
2986(10)
120(11)
1264(10)
1016(10)
3773(12)
1074(10)
4263(10)
842(10)
2680(9)
1211(12)
2194(12)
117(10)

-4130(10)

-3688(9)

-5629(10)

1230(8)
-1886(9)
-886(9)
-5546(9)
2410(8)
872(9)
-3442(9)
-2537(8)

-2255(10)

-3761(8)
3847(9)
-3603(8)
-3404(9)
-5162(9)
-3809(8)
-5549(9)
1439(10)
2910(9)
1079(11)
-1039(11)
-7013(9)
-5696(9)
-2291(9)
427(9)
-3540(9)

-4768(10)

3479(9)
-5315(9)
1529(10)
2935(8)
-2741(8)
-1891(8)
-1753(9)
-3001(9)
-3559(10)
-1001(8)
2168(8)
-4198(8)
-4625(10)
-5177(9)
800(9)
1901(11)
-2280(10)
-6493(9)
1373(10)
-3922(9)
536(11)
525(11)
-4372(9)

317(7)
3894(7)
207(9)
11232(7)
3039(8)
10295(7)
589(7)
7393(7)
12331(7)
4414(7)
2270(7)
3619(8)
8667(7)
6870(8)
7288(7)
6587(7)
5532(7)
8437(8)
5548(7)
7584(7)
6373(8)
5034(8)
3286(9)
4446(8)
5023(7)
9068(7)
10172(7)
7548(7)
656(7)
8247(7)
4758(8)
8788(8)
8676(7)
3046(7)
8911(7)
3565(8)
2285(8)
2104(8)
9486(7)
6651(8)
5772(7)
1120(8)
4002(7)
6814(7)
8333(9)
1986(8)
4982(7)
8106(8)
2634(8)
5485(8)
5389(9)
2473(7)

28(3)
22(3)
40(4)
21(3)
25(3)
22(3)
21(3)
15(3)
20(3)
20(3)
16(3)
26(3)
22(3)
22(3)
19(3)
22(3)
18(3)
22(3)
17(3)
20(3)
23(3)
34(1)
33(4)
23(3)
16(3)
19(3)
20(3)
22(3)
23(3)
19(3)
21(3)
23(3)
16(3)
15(3)
15(3)
26(3)
20(3)
24(3)
13(3)
18(3)
17(3)
27(3)
19(3)
19(3)
34(1)
25(3)
19(3)
22(3)
22(3)
34(1)
34(1)
19(3)
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C(32)  2480(12) -208(11) 5558(8) 34(1)
C(28)  2822(12) 1124(11) 5125(8) 34(1)
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Table D1.3: Bond lengths[A] and angles [deg] for L;.Br.

S(1)-0(1)
S(1)-0(2)
S(1)-N(3)
S(1)-C(33)
S(2)-0(4)
S(2)-0(3)
S(2)-N(8)
S(2)-C(72)
C(31)-C(30)
C(31)-C(32)
C(31)-H(31)
C(69)-C(70)
C(69)-C(68)
C(69)-H(69)
N(8)-C(55)
N(8)-C(56)
N(1)-C(14)
N(1)-C(8)
N(1)-C(7)
N(2)-C(14)
N(2)-C(13)
N(2)-C(15)
N(9)-C(64)
N(9)-C(58)
N(9)-C(57)
C(30)-C(29)
C(30)-H(30)
N(4)-C(25)
N(4)-C(19)
N(4)-C(18)
N(3)-C(17)
N(3)-C(16)
N(6)-C(53)
N(6)-C(47)
N(6)-C(46)
C(45)-C(40)
C(45)-C(44)
C(45)-H(45)
C(72)-C(77)
C(72)-C(73)
N(5)-C(25)
N(5)-C(24)
N(5)-C(26)
N(10)-C(64)
N(10)-C(63)
N(10)-C(65)
C(21)-C(20)
C(21)-C(22)
C(21)-H(21)

1.443(9)
1.428(9)
1.624(11)
1.737(15)
1.444(10)
1.473(9)
1.639(11)
1.754(12)
1.29(2)
1.49(2)
0.9500
1.41(2)
1.37(2)
0.9500
1.472(15)
1.454(16)
1.301(17)
1.395(15)
1.487(15)
1.335(16)
1.415(15)
1.477(16)
1.348(15)
1.388(14)
1.473(15)
1.37(2)
0.9500
1.283(16)
1.409(14)
1.450(16)
1.476(16)
1.478(15)
1.322(17)
1.398(16)
1.473(15)
1.379(16)
1.407(19)
0.9500
1.337(17)
1.437(18)
1.339(16)
1.394(15)
1.493(17)
1.344(16)
1.414(16)
1.436(16)
1.351(17)
1.385(18)
0.9500
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N(7)-C(53)
N(7)-C(52)
N(7)-C(54)
C(5)-C(4)
C(5)-C(6)
C(5)-H(5)
C(4)-C(3)
C(4)-H(4)
C(2)-C(1)
C(2)-C(3)
C(2)-H(2)
C(70)-C(71)
C(70)-H(70)
C(39)-C(36)
C(39)-H(39A)
C(39)-H(39B)
C(39)-H(39C)
C(37)-C(36)
C(37)-C(38)
C(37)-H(37)
C(8)-C(13)
C(8)-C(9)
C(20)-C(19)
C(20)-H(20)
C(10)-C(11)
C(10)-C(9)
C(10)-H(10)
C(42)-C(43)
C(42)-C(41)
C(42)-H(42)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(3)-H(@3)
C(1)-C(6)
C(1)-C(7)
C(36)-C(35)
C(61)-C(62)
C(61)-C(60)
C(61)-H(61)
C(78)-C(75)
C(78)-H(78A)
C(78)-H(78B)
C(78)-H(78C)
C(51)-C(50)
C(51)-C(52)
C(51)-H(51)
C(16)-H(16A)
C(16)-H(16B)
C(71)-C(66)
C(71)-H(71)
C(57)-C(56)

1.368(15)
1.441(16)
1.428(17)
1.41(2)
1.348(17)
0.9500
1.37(2)
0.9500
1.36(2)
1.39(2)
0.9500
1.36(2)
0.9500
1.556(16)
0.9800
0.9800
0.9800
1.342(17)
1.401(17)
0.9500
1.360(17)
1.394(18)
1.401(16)
0.9500
1.377(18)
1.395(18)
0.9500
1.358(19)
1.37(2)
0.9500
1.527(16)
0.9900
0.9900
0.9500
1.388(17)
1.534(16)
1.379(17)
1.34(2)
1.43(2)
0.9500
1.503(17)
0.9800
0.9800
0.9800
1.350(18)
1.402(17)
0.9500
0.9900
0.9900
1.388(19)
0.9500
1.492(18)
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C(57)-H(57A)
C(57)-H(57B)
C(68)-C(67)
C(68)-H(68)
C(7)-H(7A)
C(7)-H(7B)
C(76)-C(75)
C(76)-C(77)
C(76)-H(76)
C(9)-H(9)
C(67)-C(66)
C(67)-H(67)
C(19)-C(24)
C(6)-H(6)
C(56)-H(56A)
C(56)-H(56B)
C(75)-C(74)
C(77)-H(77)
C(43)-C(44)
C(43)-H(43)
C(22)-C(23)
C(22)-H(22)
C(40)-C(41)
C(40)-C(46)
C(46)-H(46A)
C(46)-H(46B)
C(47)-C(52)
C(47)-C(48)
C(44)-H(44)
C(48)-C(49)
C(48)-H(48)
C(38)-C(33)
C(38)-H(38)
C(23)-C(24)
C(23)-H(23)
C(29)-C(28)
C(29)-H(29)
C(60)-C(59)
C(60)-H(60)
C(50)-C(49)
C(50)-H(50)
C(11)-C(12)
C(11)-H(11)
C(14)-H(14)
C(41)-H(41)
C(66)-C(65)
C(35)-C(34)
C(35)-H(35)
C(54)-C(55)
C(54)-H(54A)
C(54)-H(54B)
C(17)-C(18)

0.9900
0.9900
1.40(2)
0.9500
0.9900
0.9900
1.387(18)
1.419(19)
0.9500
0.9500
1.405(18)
0.9500
1.381(17)
0.9500
0.9900
0.9900
1.412(18)
0.9500
1.338(19)
0.9500
1.351(18)
0.9500
1.408(19)
1.505(18)
0.9900
0.9900
1.364(17)
1.389(18)
0.9500
1.387(17)
0.9500
1.373(18)
0.9500
1.413(16)
0.9500
1.33(2)
0.9500
1.38(2)
0.9500
1.387(19)
0.9500
1.410(18)
0.9500
0.9500
0.9500
1.56(2)
1.384(16)
0.9500
1.524(18)
0.9900
0.9900
1.566(19)
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C(L17)-H(17A)
C(17)-H(17B)
C(34)-C(33)
C(34)-H(34)
C(58)-C(63)
C(58)-C(59)
C(12)-C(13)
C(12)-H(12)
C(59)-H(59)
C(63)-C(62)
C(74)-C(73)
C(74)-H(74)
C(53)-H(53)
C(65)-H(65A)
C(65)-H(65B)
C(55)-H(55A)
C(55)-H(55B)
C(25)-H(25)
C(62)-H(62)
C(49)-H(49)
C(18)-H(18A)
C(18)-H(18B)
C(73)-H(73)
C(26)-C(27)
C(26)-H(26A)
C(26)-H(26B)
C(27)-C(32)
C(27)-C(28)
C(64)-H(64)
C(32)-H(32)
C(28)-H(28)
0(1)-S(1)-0(2)
0(1)-S(1)-N(3)
0(2)-S(1)-N(3)
0(1)-S(1)-C(33)
0(2)-S(1)-C(33)
N(3)-S(1)-C(33)
0(4)-5(2)-0(3)
0(4)-S(2)-N(8)
0(3)-5(2)-N(8)
0(4)-S(2)-C(72)
0(3)-5(2)-C(72)
N(8)-S(2)-C(72)
C(30)-C(31)-C(32)
C(30)-C(31)-H(31)
C(32)-C(31)-H(31)
C(70)-C(69)-C(68)
C(70)-C(69)-H(69)
C(68)-C(69)-H(69)
C(55)-N(8)-C(56)
C(55)-N(8)-S(2)
C(56)-N(8)-5(2)

0.9900
0.9900
1.399(18)
0.9500
1.374(17)
1.399(17)
1.372(17)
0.9500
0.9500
1.418(18)
1.325(18)
0.9500
0.9500
0.9900
0.9900
0.9900
0.9900
0.9500
0.9500
0.9500
0.9900
0.9900
0.9500
1.50(2)
0.9900
0.9900
1.44(2)
1.38(2)
0.9500
0.9500
0.9500
119.1(6)
109.5(5)
105.6(5)
107.4(6)
109.6(6)
104.7(7)
118.1(7)
106.8(5)
109.7(5)
109.1(6)
105.7(6)
106.9(6)
120.2(15)
119.9
119.9
121.4(15)
119.3
119.3
119.1(10)
119.6(8)
118.4(8)
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C(14)-N(1)-C(8)

107.5(10)

C(14)-N(1)-C(7) 125.9(10)
C(8)-N(1)-C(7) 125.5(10)
C(14)-N(2)-C(13) 107.1(11)
C(14)-N(2)-C(15) 125.1(10)
C(13)-N(2)-C(15) 127.3(10)
C(64)-N(9)-C(58) 107.6(10)
C(64)-N(9)-C(57) 126.0(10)
C(58)-N(9)-C(57) 126.5(10)
C(31)-C(30)-C(29) 123.0(16)
C(31)-C(30)-H(30) 1185
C(29)-C(30)-H(30) 1185
C(25)-N(4)-C(19) 108.5(10)
C(25)-N(4)-C(18) 126.1(10)
C(19)-N(4)-C(18) 125.0(11)
C(17)-N(3)-C(16) 119.8(10)
C(17)-N(3)-S(1) 115.2(8)
C(16)-N(3)-S(1) 121.4(9)
C(53)-N(6)-C(47) 109.4(10)
C(53)-N(6)-C(46) 123.9(10)
C(47)-N(6)-C(46) 126.3(11)
C(40)-C(45)-C(44) 119.2(12)
C(40)-C(45)-H(45) 120.4
C(44)-C(45)-H(45) 120.4
C(77)-C(72)-C(73) 121.0(11)
C(77)-C(72)-S(2) 120.8(10)
C(73)-C(72)-S(2) 118.0(9)
C(25)-N(5)-C(24) 105.8(10)
C(25)-N(5)-C(26) 126.7(10)
C(24)-N(5)-C(26) 127.5(11)
C(64)-N(10)-C(63)  106.3(10)
C(64)-N(10)-C(65)  127.8(11)
C(63)-N(10)-C(65)  125.7(11)
C(20)-C(21)-C(22)  121.9(11)
C(20)-C(21)-H(21) 119.0
C(22)-C(21)-H(21) 119.1
C(53)-N(7)-C(52) 106.5(10)
C(53)-N(7)-C(54) 127.4(11)
C(52)-N(7)-C(54) 125.9(10)
C(4)-C(5)-C(6) 117.8(12)
C(4)-C(5)-H(5) 121.1
C(6)-C(5)-H(5) 121.1
C(5)-C(4)-C(3) 120.9(13)
C(5)-C(4)-H(4) 1195
C(3)-C(4)-H(4) 119.6
C(1)-C(2)-C(3) 119.5(12)
C(1)-C(2)-H(2) 120.2
C(3)-C(2)-H(2) 120.2
C(71)-C(70)-C(69)  116.5(13)
C(71)-C(70)-H(70) 121.8
C(69)-C(70)-H(70) 121.7

C(36)-C(39)-H(39A) 109.5
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C(36)-C(39)-H(39B)

H(39A)-C(39)-H(39B)

C(36)-C(39)-H(39C)

H(39A)-C(39)-H(39C)
H(39B)-C(39)-H(39C)

C(36)-C(37)-C(38)
C(36)-C(37)-H(37)
C(38)-C(37)-H(37)
C(13)-C(8)-C(9)
C(13)-C(8)-N(1)
C(9)-C(8)-N(1)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(43)-C(42)-C(41)
C(43)-C(42)-H(42)
C(41)-C(42)-H(42)
N(2)-C(15)-C(16)
N(2)-C(15)-H(15A)
C(16)-C(15)-H(15A)
N(2)-C(15)-H(15B)
C(16)-C(15)-H(15B)

H(15A)-C(15)-H(15B)

C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(6)-C(1)-C(2)
C(6)-C(1)-C(7)
C(2)-C(1)-C(7)
C(37)-C(36)-C(35)
C(37)-C(36)-C(39)
C(35)-C(36)-C(39)
C(62)-C(61)-C(60)
C(62)-C(61)-H(61)
C(60)-C(61)-H(61)
C(75)-C(78)-H(78A)
C(75)-C(78)-H(78B)

H(78A)-C(78)-H(78B)

C(75)-C(78)-H(78C)

H(78A)-C(78)-H(78C)
H(78B)-C(78)-H(78C)

C(50)-C(51)-C(52)
C(50)-C(51)-H(51)
C(52)-C(51)-H(51)
N(3)-C(16)-C(15)
N(3)-C(16)-H(16A)
C(15)-C(16)-H(16A)
N(3)-C(16)-H(16B)
C(15)-C(16)-H(16B)

109.5
109.5
109.5
109.5
109.5

122.2(11)
118.9
118.9

121.6(11)

108.2(10)

130.1(11)

116.4(11)
121.8
121.8

123.0(12)
1185
1185

121.6(13)
119.2
119.2

109.9(10)
109.7
109.7
109.7
109.7
108.2

119.7(14)
120.1
120.1

119.9(11)

122.2(12)

117.8(11)

119.4(11)

121.1(11)

119.5(11)

124.4(13)

117.8
117.8
109.5
109.5
109.5
109.5
109.5
109.5
115.0(12)
1225
1225
113.9(10)
108.8
108.8
108.8
108.8
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H(16A)-C(16)-H(16B)
C(70)-C(71)-C(66)
C(70)-C(71)-H(71)
C(66)-C(71)-H(71)
N(9)-C(57)-C(56)
N(9)-C(57)-H(57A)
C(56)-C(57)-H(57A)
N(9)-C(57)-H(57B)
C(56)-C(57)-H(57B)
H(57A)-C(57)-H(57B)
C(67)-C(68)-C(69)
C(67)-C(68)-H(68)
C(69)-C(68)-H(68)
N(1)-C(7)-C(1)
N(1)-C(7)-H(7A)
C(1)-C(7)-H(7A)
N(1)-C(7)-H(7B)
C(1)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(75)-C(76)-C(77)
C(75)-C(76)-H(76)
C(77)-C(76)-H(76)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(68)-C(67)-C(66)
C(68)-C(67)-H(67)
C(66)-C(67)-H(67)
C(24)-C(19)-N(4)
C(24)-C(19)-C(20)
N(4)-C(19)-C(20)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
N(8)-C(56)-C(57)
N(8)-C(56)-H(56A)
C(57)-C(56)-H(56A)
N(8)-C(56)-H(56B)
C(57)-C(56)-H(56B)
H(56A)-C(56)-H(56B)
C(76)-C(75)-C(74)
C(76)-C(75)-C(78)
C(74)-C(75)-C(78)
C(72)-C(77)-C(76)
C(72)-C(77)-H(77)
C(76)-C(77)-H(77)
C(44)-C(43)-C(42)
C(44)-C(43)-H(43)
C(42)-C(43)-H(43)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)

107.7
124.6(13)
117.7
117.7
111.0(10)
109.4
109.4
109.4
109.4
108.0
120.8(14)
119.6
119.6
113.4(9)
108.9
108.9
108.9
108.9
107.7
120.1(11)
119.9
119.9
114.5(12)
122.8
122.8
119.1(12)
1205
1205
105.1(10)
121.8(10)
133.0(11)
122.1(13)
119.0
118.9
112.8(11)
109.0
109.0
109.0
109.0
107.8
117.1(11)
120.7(11)
122.2(11)
120.1(12)
120.0
119.9
119.9(12)
120.0
120.0
123.3(12)
118.3
118.4
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C(45)-C(40)-C(41)
C(45)-C(40)-C(46)
C(41)-C(40)-C(46)
N(6)-C(46)-C(40)
N(6)-C(46)-H(46A)
C(40)-C(46)-H(46A)
N(6)-C(46)-H(46B)
C(40)-C(46)-H(46B)

H(46A)-C(46)-H(46B)

C(52)-C(47)-C(48)
C(52)-C(47)-N(6)
C(48)-C(47)-N(6)
C(43)-C(44)-C(45)
C(43)-C(44)-H(44)
C(45)-C(44)-H(44)
C(49)-C(48)-C(47)
C(49)-C(48)-H(48)
C(47)-C(48)-H(48)
C(37)-C(38)-C(33)
C(37)-C(38)-H(38)
C(33)-C(38)-H(38)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29)
C(30)-C(29)-H(29)
C(61)-C(60)-C(59)
C(61)-C(60)-H(60)
C(59)-C(60)-H(60)
C(51)-C(50)-C(49)
C(51)-C(50)-H(50)
C(49)-C(50)-H(50)
C(47)-C(52)-C(51)
C(47)-C(52)-N(7)
C(51)-C(52)-N(7)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
N(1)-C(14)-N(2)
N(1)-C(14)-H(14)
N(2)-C(14)-H(14)
C(40)-C(41)-C(42)
C(40)-C(41)-H(41)
C(42)-C(41)-H(41)
C(71)-C(66)-C(67)
C(71)-C(66)-C(65)
C(67)-C(66)-C(65)
C(36)-C(35)-C(34)
C(36)-C(35)-H(35)
C(34)-C(35)-H(35)
N(7)-C(54)-C(55)

118.7(12)
120.2(12)
120.7(11)
112.0(10)
109.2
109.2
109.2
109.2
107.9
121.9(12)
107.6(12)
130.5(12)
121.1(11)
119.4
119.4
114.3(12)
122.9
122.9
118.6(12)
120.7
120.7
115.8(12)
122.1
122.1
119.1(15)
120.5
120.4
119.4(13)
120.3
120.3
122.2(12)
118.9
118.9
123.3(12)
106.7(10)
130.0(11)
122.1(11)
118.9
118.9
111.5(11)
124.3
124.3
119.5(11)
120.3
120.3
117.6(13)
122.3(12)
120.1(12)
120.4(11)
119.8
119.8
112.4(10)

204



N(7)-C(54)-H(54A) 109.1
C(55)-C(54)-H(54A) 109.1
N(7)-C(54)-H(54B) 109.1
C(55)-C(54)-H(54B) 109.1
H(54A)-C(54)-H(54B) 107.9
N(3)-C(17)-C(18) 110.7(11)
N(3)-C(17)-H(17A) 109.5
C(18)-C(17)-H(17A) 109.5
N(3)-C(17)-H(17B) 109.5
C(18)-C(17)-H(17B) 109.5
H(17A)-C(17)-H(17B)  108.1
C(33)-C(34)-C(35) 119.6(11)
C(33)-C(34)-H(34) 120.2
C(35)-C(34)-H(34) 120.2
C(63)-C(58)-N(9) 107.4(10)
C(63)-C(58)-C(59) 122.2(11)
N(9)-C(58)-C(59) 130.4(12)
C(11)-C(12)-C(13) 113.3(12)
C(11)-C(12)-H(12) 123.3
C(13)-C(12)-H(12) 123.3
C(60)-C(59)-C(58) 116.9(13)
C(60)-C(59)-H(59) 1215
C(58)-C(59)-H(59) 121.6
C(58)-C(63)-C(62) 121.8(11)
C(58)-C(63)-N(10) 107.7(10)
C(62)-C(63)-N(10) 130.5(12)
C(73)-C(74)-C(75) 124.0(12)
C(73)-C(74)-H(74) 118.0
C(75)-C(74)-H(74) 118.0
C(8)-C(13)-C(12) 125.4(12)
C(8)-C(13)-N(2) 105.6(10)
C(12)-C(13)-N(2) 128.9(12)
C(23)-C(24)-N(5) 131.2(12)
C(23)-C(24)-C(19) 120.8(11)
N(5)-C(24)-C(19) 108.0(10)
N(6)-C(53)-N(7) 109.7(11)
N(6)-C(53)-H(53) 125.1
N(7)-C(53)-H(53) 125.1
N(10)-C(65)-C(66) 109.7(10)
N(10)-C(65)-H(65A) 109.7
C(66)-C(65)-H(65A) 109.7
N(10)-C(65)-H(65B) 109.7
C(66)-C(65)-H(65B) 109.7
H(65A)-C(65)-H(65B)  108.2
N(8)-C(55)-C(54) 114.0(10)
N(8)-C(55)-H(55A) 108.8
C(54)-C(55)-H(55A) 108.8
N(8)-C(55)-H(55B) 108.8
C(54)-C(55)-H(55B) 108.8
H(55A)-C(55)-H(55B)  107.6
N(4)-C(25)-N(5) 112.5(10)
N(4)-C(25)-H(25) 123.8
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N(5)-C(25)-H(25)
C(34)-C(33)-C(38)
C(34)-C(33)-S(1)
C(38)-C(33)-S(1)
C(61)-C(62)-C(63)
C(61)-C(62)-H(62)
C(63)-C(62)-H(62)
C(50)-C(49)-C(48)
C(50)-C(49)-H(49)
C(48)-C(49)-H(49)
N(4)-C(18)-C(17)
N(4)-C(18)-H(18A)
C(17)-C(18)-H(18A)
N(4)-C(18)-H(18B)
C(17)-C(18)-H(18B)

H(18A)-C(18)-H(18B)

C(74)-C(73)-C(72)
C(74)-C(73)-H(73)
C(72)-C(73)-H(73)
C(27)-C(26)-N(5)
C(27)-C(26)-H(26A)
N(5)-C(26)-H(26A)
C(27)-C(26)-H(26B)
N(5)-C(26)-H(26B)

H(26A)-C(26)-H(26B)

C(32)-C(27)-C(28)
C(32)-C(27)-C(26)
C(28)-C(27)-C(26)
N(10)-C(64)-N(9)

N(10)-C(64)-H(64)
N(9)-C(64)-H(64)

C(27)-C(32)-C(31)
C(27)-C(32)-H(32)
C(31)-C(32)-H(32)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
C(27)-C(28)-H(28)

123.7
119.8(13)
120.4(10)
119.8(11)
115.2(13)

122.4
122.4
123.3(12)
118.4
118.3
113.5(10)
108.9
108.9
108.9
108.8
107.7
117.7(12)

121.1

121.1
113.4(13)

108.9
108.9
108.9
108.9
107.7
117.7(15)
116.2(13)
126.0(14)
111.0(11)
124.5
1245
115.4(13)
122.3
122.3
124.2(15)
117.9
117.9

Symmetry transformations used to generate equivalent atoms:
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Table D1.4: Anisotropic displacement parameters (A2 x 10"3) for L;.Br. The
anisotropic displacement factor exponent takes the form: -2 pi*2 [("2 a**2 U™ + ... + 2

h k a* b* U]

Ull U22 U33 U23 U13 U12
Br(4) 22(1) 35(1) 31(1) -10(1) 9(1) -2(1)
Br(3) 38(1) 26(1) 45(1) 4(2) 14(1) 6(1)
Br(2) 46(1) 32(1) 60(1) 8(1) 14(1) 14(1)
Br(1) 43(1) 69(1) 52(1) 29(1) 19(1) 21(1)
S(1) 8(2) 25(2) 13(2) 10(1) 1(1) 6(1)
S(2) 9(2) 37(2) 22(2) 17(2) 2(1) 8(1)
0(1) 16(5) 31(5) 11(4) 10(4) -2(4) 5(4)
0(4) 23(6) 49(6) 50(7) 31(5) 22(5) 23(5)
0@3) 16(5) 48(6) 9(5) 4(4) -7(4) -4(4)
0(2) 9(4) 29(5) 30(5) 18(4) 6(4) 7(4)
C(31) 39(3) 38(3) 22(3) 8(2) 5(2) 17(2)
C(69) 26(8) 37(8) 28(8) 6(7) 1(7) 11(7)
N(8) 15(6) 21(5) 22(6) 9(4) 2(5) 11(4)
N(L) 17(6) 11(5) 2(5) -2(4) -2(4) 4(4)
N(2) 11(5) 12(5) 15(5) 3(4) 6(4) 6(4)
N(9) 8(5) 14(5) 8(5) 4(4) -1(4) 6(4)
C(30) 39(3) 38(3) 22(3) 8(2) 5(2) 17(2)
N(4) 5(5) 20(5) 28(6) 16(5) 2(4) 4(4)
N(3) 9(5) 17(5) 21(6) 5(4) -4(4) 3(4)
N(6) 25(6) 17(5) 8(5) 4(4) 2(5) 5(5)
C(45) 14(6) 7(5) 17(7) 1(5) 3(5) -4(5)
C(72) 3(6) 17(6) 24(7) 8(5) 5(5) 4(5)
N(5) 38(7) 12(5) 18(6) 2(4) 2(5) 10(5)
N(10) 12(5) 22(5) 18(6) 2(4) 1(5) 8(4)
c(21) 18(7) 20(6) 21(7) 7(5) 3(6) 15(5)
N(7) 18(6) 19(5) 8(5) 2(4) 7(4) 5(4)
C(5) 32(8) 12(6) 8(6) 0(5) 5(6) 1(5)
C(4) 42(9) 20(7) 19(7) 9(6) 6(7) 14(6)
C(2) 30(8) 27(7) 18(7) 10(6) 13(6) 9(6)
C(70) 27(8) 34(7) 22(8) 16(6) 4(6) 10(6)
C(39) 37(9) 38(8) 21(7) 21(6) 18(7) 21(7)
C(37) 20(7) 33(7) 9(6) 14(5) 6(5) 11(6)
C(8) 9(6) 11(5) 16(6) 6(5) 1(5) 4(5)
C(20) 8(6) 22(6) 18(7) 7(5) 3(5) 8(5)
C(10) 10(6) 23(6) 24(7) 11(5) 9(5) 6(5)
C(42) 7(6) 24(7) 47(10)  11(7) -4(6) 5(5)
C(15) 10(6) 30(7) 21(7) 17(6) 3(5) 7(5)
c(3) 34(9) 21(7) 26(8) 3(6) -4(7) 14(6)
c(1) 25(7) 6(5) 4(6) -1(4) -4(5) 1(5)
C(36) 11(6) 24(6) 21(7) 13(5) 9(5) 6(5)
C(61) 16(7) 40(8) 45(10)  30(8) -1(7) 10(6)
C(78) 20(8) 41(8) 30(8) 23(7) 7(6) 3(6)
C(51) 14(6) 15(6) 9(6) 2(5) 0(5) 0(5)
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C(16)
C(71)
C(57)
C(68)
c(7)

C(76)
C(9)

C(67)
C(19)
C(6)

C(56)
C(75)
C(77)
C(43)
C(22)
C(40)
C(46)
C(47)
C(44)
C(48)
C(38)
C(23)
C(29)
C(60)
C(50)
C(52)
C(11)
C(14)
C(41)
C(66)
C(35)
C(54)
C(17)
C(34)
C(58)
C(12)
C(59)
C(63)
C(74)
C(13)
C(24)
C(53)
C(65)
C(55)
C(25)
C(33)
C(62)
C(49)
C(18)
C(73)
C(26)
C(27)

12(6)
24(8)
18(7)
58(11)
37(8)
21(7)
25(7)
29(8)
11(6)
20(7)
9(6)
9(6)
26(8)
42(9)
17(7)
30(8)
21(7)
17(7)
21(7)
19(7)
24(7)
25(7)
39(3)
35(9)
26(8)
15(6)
26(7)
16(7)
13(7)
27(8)
15(7)
18(7)
16(7)
14(6)
11(6)
10(6)
25(8)
10(6)
25(8)
17(7)
11(6)
23(7)
38(9)
16(7)
18(7)
39(3)
20(7)
29(8)
12(7)
9(6)
39(3)
39(3)

18(6)
41(8)
26(7)
12(6)
6(5)
24(7)
25(7)
13(6)
12(6)
20(6)
31(7)
18(6)
26(7)
13(6)
29(7)
9(6)
23(6)
23(6)
14(6)
22(6)
33(7)
19(6)
38(3)
29(7)
15(6)
21(6)
25(6)
19(6)
23(6)
35(7)
20(6)
20(6)
30(7)
12(5)
15(6)
18(6)
16(6)
23(6)
39(8)
18(6)
17(6)
11(6)
37(8)
26(7)
13(6)
38(3)
39(8)
18(6)
30(7)
23(6)
38(3)
38(3)

21(7)
10(7)
15(7)
24(8)
4(6)
27(8)
12(6)
15(7)
24(7)
10(6)
18(7)
20(7)
12(7)
8(6)
21(7)
12(6)
4(6)
10(6)
21(7)
16(7)
9(6)
32(8)
22(3)
28(8)
32(8)
14(6)
6(6)
22(7)
12(7)
12(7)
18(7)
24(7)
34(8)
6(6)
14(6)
15(6)
26(8)
25(7)
14(7)
15(6)
27(7)
13(6)
17(7)
18(7)
22(7)
22(3)
23(8)
13(6)
33(8)
31(8)
22(3)
22(3)

10(5)
3(6)
0(5)
-9(6)
-1(4)
16(6)
8(5)
1(5)
8(5)
2(5)
14(6)
5(5)
-2(5)
4(5)
15(6)
-1(5)
0(5)
7(5)
3(5)
15(5)
7(5)
17(6)
8(2)
7(6)
11(6)
14(5)
0(5)
7(5)
-4(5)
11(6)
7(5)
12(6)
19(6)
1(5)
2(5)
9(5)
3(5)
13(6)
9(6)
12(5)
12(5)
4(5)
13(6)
13(5)
4(5)
8(2)
16(6)
9(5)
21(6)
9(6)
8(2)
8(2)

3(5)
3(6)
7(6)
1(8)
-8(6)
2(6)
6(6)
3(6)
4(5)
-7(5)
-5(5)
6(5)
1(6)
-4(6)
2(6)
2(6)
-1(5)
0(5)
9(6)
8(5)
9(5)
8(6)
5(2)
-A(7)
13(6)
-1(5)
6(5)
11(6)
2(5)
10(6)
2(5)
3(6)
9(6)
-4(5)
-5(5)
2(5)
-9(6)
3(5)
7(6)
15(5)
4(5)
5(5)
12(6)
-4(5)
3(6)
5(2)
5(6)
2(6)
6(6)
12(6)
5(2)
5(2)

-1(5)
10(6)
8(6)
A7)

-1(5)
2(6)
6(6)
7(6)
6(5)
6(5)
5()
4(5)
3(6)
17(6)
9(6)
7(5)
-6(5)
3(5)
-1(5)
10(5)
18(6)
13(6)
17(2)
14(7)
10(6)
4(S)
15(6)
1(5)
-2(5)
13(6)
4(5)
6(5)
13(6)
7(5)
/()
2(5)
11(6)
4(5)
19(6)
8(5)

4(5)
3(5)
25(7)

14(6)
4(5)

17(2)

16(6)

14(6)

13(6)
1(5)

17(2)
17(2)
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C(64) 19(7) 29(7) 12(6) 8(5) 6(5) 13(6)
C(32) 39(3) 38(3) 22(3) 8(2) 5(2) 17(2)
C(28) 39(3) 38(3) 22(3) 8(2) 5(2) 17(2)
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Table D1.5: Hydrogen coordinates (x 10"4) and isotropic displacement parameters

(A2 x 10"3) for L,.Br.

X y V4 Ueq
H(31) 3611 -778 5437 41
H(69) -3466 -5079 -405 40
H(30) 4601 386 5156 41
H(45) 3789 -3781 7576 19
H(21) 2330 4764 7940 23
H(5) 3272 673 13253 25
H(4) 4876 766 13827 32
H(2) 5767 1158 12037 29
H(70) -2028 -3724 -264 33
H(39A) 5407 3726 7016 40
H(39B) 4696 4286 7264 40
H(39C) 4267 3294 6493 40
H(37) 4060 1705 6660 23
H(20) 1773 3559 8406 19
H(10) 4401 -2116 9812 22
H(42) 7027 -3587 8400 35
H(15A) 841 -136 9156 23
H(15B) 718 -1253 8704 23
H(3) 6109 1004 13224 36
H(61) 1620 -831 2307 38
H(78A) 3652 -1434 1879 45
H(78B) 2758 -2427 1245 45
H(78C) 3882 -2368 1433 45
H(51) 1933 -7017 4106 19
H(16A) 1895 -673 8074 22
H(16B) 913 -462 7858 22
H(71) -484 -3615 350 34
H(57A) -140 -4371 3788 26
H(57B) 18 -3231 4155 26
H(68) -3323 -6137 177 48
H(7A) 4028 1825 11341 26
H(7B) 4820 1376 11097 26
H(76) 3822 -1193 3176 30
H(9) 4701 -545 10745 26
H(67) -1740 -6009 801 25
H(6) 2970 833 12094 24
H(56A) 1772 -2771 4499 24
H(56B) 1253 -3432 4922 24
H(77) 3630 -1809 4146 31
H(43) 5976 -3824 9136 26
H(22) 2424 4365 6700 26
H(46A) 4599 -2806 6746 26
H(46B) 5310 -3272 6362 26
H(44) 4393 -3892 8752 26
H(48) 5212 -5198 5915 20
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H(38)
H(23)
H(29)
H(60)
H(50)
H(11)
H(14)
H(41)
H(35)
H(54A)
H(54B)
H(17A)
H(17B)
H(34)
H(12)
H(59)
H(74)
H(53)
H(65A)
H(65B)
H(55A)
H(55B)
H(25)
H(62)
H(49)
H(18A)
H(18B)
H(73)
H(26A)
H(26B)
H(64)
H(32)
H(28)

3517
2037
4087
1702
3168
3067
2377
6505
4623
1054
915
2247
1464
4170
1884
1080
2599
2830
139
638
1574
549
750
1084
4730
320
537
2388
735
936
-177
2099
2627

738
2760
1520
-357
-7645
-2913
967
-3439
4178
-4888
-6011
2200
1475
3261
-2207
-1582
-4013
-3639
-5278
-4284
-5578
-5434
117
-2453
-6798
698
1851
-4616
-153
802
-5051
-628
1598

7345
5867
4860
3619
4060
8705
10331
7252
8470
5080
4645
8972
9224
9201
8451
4086
1580
5987
1051
924
3694
3702
6720
1466
4961
7924
8300
2496
5332
5132
2387
5761
5000

24
27
41
40
27
23
24
26
23
25
25
28
28
19
18
31
29
20
33
33
23
23
23
30
22
26
26
26
41
41
23
41
41
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Table D1.6: Torsion angles [deg] for L;.Br.

0(4)-5(2)-N(8)-C(55)
0(3)-5(2)-N(8)-C(55)
C(72)-S(2)-N(8)-C(55)
0(4)-S(2)-N(8)-C(56)
0(3)-S(2)-N(8)-C(56)
C(72)-S(2)-N(8)-C(56)
C(32)-C(31)-C(30)-C(29)
0(1)-S(1)-N(3)-C(17)
0(2)-S(1)-N(3)-C(17)
C(33)-S(1)-N(3)-C(17)
0(1)-S(1)-N(3)-C(16)
0(2)-S(1)-N(3)-C(16)
C(33)-S(1)-N(3)-C(16)
0(4)-S(2)-C(72)-C(77)
0(3)-S(2)-C(72)-C(77)
N(8)-S(2)-C(72)-C(77)
0(4)-S(2)-C(72)-C(73)
0(3)-5(2)-C(72)-C(73)
N(8)-S(2)-C(72)-C(73)
C(6)-C(5)-C(4)-C(3)
C(68)-C(69)-C(70)-C(71)
C(14)-N(1)-C(8)-C(13)
C(7)-N(1)-C(8)-C(13)
C(14)-N(1)-C(8)-C(9)
C(7)-N(1)-C(8)-C(9)
C(22)-C(21)-C(20)-C(19)
C(14)-N(2)-C(15)-C(16)
C(13)-N(2)-C(15)-C(16)
C(1)-C(2)-C(3)-C(4)
C(5)-C(4)-C(3)-C(2)
C(3)-C(2)-C(1)-C(6)
C(3)-C(2)-C(1)-C(7)
C(38)-C(37)-C(36)-C(35)
C(38)-C(37)-C(36)-C(39)
C(17)-N(3)-C(16)-C(15)
S(1)-N(3)-C(16)-C(15)
N(2)-C(15)-C(16)-N(3)
C(69)-C(70)-C(71)-C(66)
C(64)-N(9)-C(57)-C(56)
C(58)-N(9)-C(57)-C(56)
C(70)-C(69)-C(68)-C(67)
C(14)-N(1)-C(7)-C(1)
C(8)-N(1)-C(7)-C(1)
C(6)-C(1)-C(7)-N(1)
C(2)-C(1)-C(7)-N(1)
C(13)-C(8)-C(9)-C(10)
N(L)-C(8)-C(9)-C(10)
C(11)-C(10)-C(9)-C(8)
C(69)-C(68)-C(67)-C(66)
C(25)-N(4)-C(19)-C(24)

8.2(11)

-120.9(10)

124.9(9)
168.6(9)
39.5(11)

-74.6(10)
-8(2)

43.4(10)
172.8(9)

-71.5(10)
-115.0(9)

14.5(11)
130.1(10)
-135.1(11)
-7.2(12)
109.7(11)
38.8(11)
166.7(9)
-76.4(10)
-0.3(18)
3(2)
0.3(12)
-168.3(10)
178.2(12)
9.6(18)
0.4(19)
94.9(13)

-76.5(13)

0.6(19)
0.2(19)

-1.3(18)

174.5(11)
0(2)

-178.1(13)
-65.7(15)

91.7(12)

-65.0(14)

-2(2)
104.3(13)
-75.5(15)
-3(2)
121.4(13)
-72.1(15)
-63.6(15)
120.8(13)

-0.9(16)

-178.5(11)
1.9(17)
2(2)
0.4(14)
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C(18)-N(4)-C(19)-C(24)
C(25)-N(4)-C(19)-C(20)
C(18)-N(4)-C(19)-C(20)
C(21)-C(20)-C(19)-C(24)
C(21)-C(20)-C(19)-N(4)
C(2)-C(1)-C(6)-C(5)
C(7)-C(1)-C(6)-C(5)
C(4)-C(5)-C(6)-C(1)
C(55)-N(8)-C(56)-C(57)
S(2)-N(8)-C(56)-C(57)
N(9)-C(57)-C(56)-N(8)
C(77)-C(76)-C(75)-C(74)
C(77)-C(76)-C(75)-C(78)
C(73)-C(72)-C(77)-C(76)
S(2)-C(72)-C(77)-C(76)
C(75)-C(76)-C(77)-C(72)
C(41)-C(42)-C(43)-C(44)
C(20)-C(21)-C(22)-C(23)
C(44)-C(45)-C(40)-C(41)
C(44)-C(45)-C(40)-C(46)
C(53)-N(6)-C(46)-C(40)
C(47)-N(6)-C(46)-C(40)
C(45)-C(40)-C(46)-N(6)
C(41)-C(40)-C(46)-N(6)
C(53)-N(6)-C(47)-C(52)
C(46)-N(6)-C(47)-C(52)
C(53)-N(6)-C(47)-C(48)
C(46)-N(6)-C(47)-C(48)
C(42)-C(43)-C(44)-C(45)
C(40)-C(45)-C(44)-C(43)
C(52)-C(47)-C(48)-C(49)
N(6)-C(47)-C(48)-C(49)
C(36)-C(37)-C(38)-C(33)
C(21)-C(22)-C(23)-C(24)
C(31)-C(30)-C(29)-C(28)
C(62)-C(61)-C(60)-C(59)
C(52)-C(51)-C(50)-C(49)
C(48)-C(47)-C(52)-C(51)
N(6)-C(47)-C(52)-C(51)
C(48)-C(47)-C(52)-N(7)
N(6)-C(47)-C(52)-N(7)
C(50)-C(51)-C(52)-C(47)
C(50)-C(51)-C(52)-N(7)
C(53)-N(7)-C(52)-C(47)
C(54)-N(7)-C(52)-C(47)
C(53)-N(7)-C(52)-C(51)
C(54)-N(7)-C(52)-C(51)
C(9)-C(10)-C(11)-C(12)
C(8)-N(1)-C(14)-N(2)
C(7)-N(1)-C(14)-N(2)
C(13)-N(2)-C(14)-N(1)
C(15)-N(2)-C(14)-N(1)

-172.7(11)
177.4(14)
4(2)
0.2(18)

-176.4(13)
1.2(18)

-174.4(11)
-0.4(17)
-64.8(14)

134.7(10)

-64.7(13)

1(2)

-177.7(13)

1(2)
174.7(11)

-1(2)
-0.5(19)
-1(2)
-0.2(16)
-172.7(10)

115.9(13)

-70.9(15)
-63.7(14)

123.9(12)

-1.4(13)
-175.5(10)
-179.7(12)

6(2)
1.2(18)
-0.9(17)
3.1(17)

-178.9(11)

0(2)

1(2)

4(2)

-3(2)
2.9(18)

-3.0(18)
178.5(10)
178.7(10)
0.2(12)

-0.1(17)
177.8(11)
1.0(12)

176.1(10)

-177.2(11)
-2.1(18)

-0.8(18)
0.8(13)
169.3(10)

-1.5(12)
-174.4(10)
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C(45)-C(40)-C(41)-C(42)
C(46)-C(40)-C(41)-C(42)
C(43)-C(42)-C(41)-C(40)
C(70)-C(71)-C(66)-C(67)
C(70)-C(71)-C(66)-C(65)
C(68)-C(67)-C(66)-C(71)
C(68)-C(67)-C(66)-C(65)
C(37)-C(36)-C(35)-C(34)
C(39)-C(36)-C(35)-C(34)
C(53)-N(7)-C(54)-C(55)
C(52)-N(7)-C(54)-C(55)
C(16)-N(3)-C(17)-C(18)
S(1)-N(3)-C(17)-C(18)
C(36)-C(35)-C(34)-C(33)
C(64)-N(9)-C(58)-C(63)
C(57)-N(9)-C(58)-C(63)
C(64)-N(9)-C(58)-C(59)
C(57)-N(9)-C(58)-C(59)
C(10)-C(11)-C(12)-C(13)
C(61)-C(60)-C(59)-C(58)
C(63)-C(58)-C(59)-C(60)
N(9)-C(58)-C(59)-C(60)
N(9)-C(58)-C(63)-C(62)
C(59)-C(58)-C(63)-C(62)
N(9)-C(58)-C(63)-N(10)
C(59)-C(58)-C(63)-N(10)
C(64)-N(10)-C(63)-C(58)
C(65)-N(10)-C(63)-C(58)
C(64)-N(10)-C(63)-C(62)
C(65)-N(10)-C(63)-C(62)
C(76)-C(75)-C(74)-C(73)
C(78)-C(75)-C(74)-C(73)
C(9)-C(8)-C(13)-C(12)
N(1)-C(8)-C(13)-C(12)
C(9)-C(8)-C(13)-N(2)
N(1)-C(8)-C(13)-N(2)
C(11)-C(12)-C(13)-C(8)
C(11)-C(12)-C(13)-N(2)
C(14)-N(2)-C(13)-C(8)
C(15)-N(2)-C(13)-C(8)
C(14)-N(2)-C(13)-C(12)
C(15)-N(2)-C(13)-C(12)
C(22)-C(23)-C(24)-N(5)
C(22)-C(23)-C(24)-C(19)
C(25)-N(5)-C(24)-C(23)
C(26)-N(5)-C(24)-C(23)
C(25)-N(5)-C(24)-C(19)
C(26)-N(5)-C(24)-C(19)
N(4)-C(19)-C(24)-C(23)
C(20)-C(19)-C(24)-C(23)
N(4)-C(19)-C(24)-N(5)
C(20)-C(19)-C(24)-N(5)

0.8(17)
173.4(11)
-0.5(19)
1.7(19)
-176.4(12)
-1.6(18)
176.6(11)
2(2)
179.9(12)
96.0(14)
-78.0(14)
-62.9(14)
138.4(9)
-3(2)
-2.2(13)
177.6(11)
178.7(13)
-1(2)
-1.3(16)
2(2)
-2(2)
177.0(13)
-176.9(12)
2(2)
0.8(13)
179.9(12)
1.0(14)
176.1(12)
178.4(14)
72)
0(2)
178.1(13)
-1.4(17)
176.7(10)
-179.2(10)
-1.2(11)
2.4(16)
179.8(10)
1.6(11)
174.3(10)
-176.2(11)
-3.5(17)
176.7(14)
-0.9(19)
-177.3(14)
1(2)
0.6(15)
179.1(13)
177.5(12)
0.1(19)
-0.6(14)
-178.0(11)

214



C(47)-N(6)-C(53)-N(7)
C(46)-N(6)-C(53)-N(7)
C(52)-N(7)-C(53)-N(6)
C(54)-N(7)-C(53)-N(6)
C(64)-N(10)-C(65)-C(66)
C(63)-N(10)-C(65)-C(66)
C(71)-C(66)-C(65)-N(10)
C(67)-C(66)-C(65)-N(10)
C(56)-N(8)-C(55)-C(54)
S(2)-N(8)-C(55)-C(54)
N(7)-C(54)-C(55)-N(8)
C(19)-N(4)-C(25)-N(5)
C(18)-N(4)-C(25)-N(5)
C(24)-N(5)-C(25)-N(4)
C(26)-N(5)-C(25)-N(4)
C(35)-C(34)-C(33)-C(38)
C(35)-C(34)-C(33)-S(1)
C(37)-C(38)-C(33)-C(34)
C(37)-C(38)-C(33)-S(1)
0(1)-S(1)-C(33)-C(34)
0(2)-S(1)-C(33)-C(34)
N(3)-S(1)-C(33)-C(34)
0(1)-S(1)-C(33)-C(38)
0(2)-S(1)-C(33)-C(38)
N(3)-S(1)-C(33)-C(38)
C(60)-C(61)-C(62)-C(63)
C(58)-C(63)-C(62)-C(61)
N(10)-C(63)-C(62)-C(61)
C(51)-C(50)-C(49)-C(48)
C(47)-C(48)-C(49)-C(50)
C(25)-N(4)-C(18)-C(17)
C(19)-N(4)-C(18)-C(17)
N(3)-C(17)-C(18)-N(4)
C(75)-C(74)-C(73)-C(72)
C(77)-C(72)-C(73)-C(74)
S(2)-C(72)-C(73)-C(74)
C(25)-N(5)-C(26)-C(27)
C(24)-N(5)-C(26)-C(27)
N(5)-C(26)-C(27)-C(32)
N(5)-C(26)-C(27)-C(28)
C(63)-N(10)-C(64)-N(9)
C(65)-N(10)-C(64)-N(9)
C(58)-N(9)-C(64)-N(10)
C(57)-N(9)-C(64)-N(10)
C(28)-C(27)-C(32)-C(31)
C(26)-C(27)-C(32)-C(31)
C(30)-C(31)-C(32)-C(27)
C(30)-C(29)-C(28)-C(27)
C(32)-C(27)-C(28)-C(29)
C(26)-C(27)-C(28)-C(29)

2.1(13)
176.3(9)
-2.0(12)
-176.9(10)
90.4(15)

-83.7(15)

92.6(14)

-85.5(14)
-69.5(15)

90.8(12)
-65.7(14)
0.0(16)
173.0(11)
-0.4(16)
-178.9(13)
2(2)
-177.4(11)
-1(2)
179.1(11)
-15.1(15)
-145.8(12)
101.3(13)
165.1(12)
34.3(15)
-78.6(14)
3(2)
-3(2)
-179.6(13)
-2.8(19)
-0.3(17)
103.2(15)
-84.9(14)
-62.7(13)
0(2)

-0.4(19)
-174.3(10)
-103.3(16)

78.5(18)
86.0(16)

-96.7(18)
-2.4(14)
-177.4(12)

3.0(14)

-176.9(11)
-2(2)

175.0(13)
7(2)
1(2)
-1(2)
-178.7(15)
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Symmetry transformations used to generate equivalent
atoms:

Table D1.7: Hydrogen bonds for L;.Br [A and deg.].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
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APPENDIX D2: Crystallographic data for N,N'-Bis[1-benzyl-benzimidazolium-ethyl]-
4-methylbenzenesulfonamide dihexafluorophosphate (L1.PFg)

Table D2.1: Crystal data and structure refinement for L;.PFe.

Empirical formula C39 H3gN50,S PoF1,

Formula weight 931.75

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a=9.0853(8) A  alpha=100.8633(13) deg.

b=12.1396(11) A beta = 95.1932(13) deg.
c =18.6260(17) A gamma = 91.7243(13) deg.

Volume 2006.9(3) A"3

Z, Calculated density 2, 1.542 Mg/m”3

Absorption coefficient 0.260 mm~-1

F(000) 956

Crystal size 0.28 x0.19 x 0.10 mm

Theta range for data collection ~ 1.71 to 27.50 deg.

Limiting indices -11<=h<=11, -15<=k<=15, -24<=I<=24

Reflections collected / unique 25567 /9182 [R(int) = 0.0474]
Completeness to theta = 27.50 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9745 and 0.9308

Refinement method Full-matrix least-squares on F"2
Data / restraints / parameters 9182 /0/550

Goodness-of-fit on F/2 1.116

Final R indices [1>2sigma(l)] R1 =0.0428, wR2 = 0.0920

R indices (all data) R1 =0.0744, wR2 = 0.1056
Largest diff. peak and hole 0.409 and -0.431 e.A"-3
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Table D2.2: Atomic coordinates (x 1074) and equivalent isotropic displacement
parameters (A2 x 10"3) for L1.PFs. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

X y z U(eq)

S(1)  5964(1) 8386(1)  3456(1)  19(1)
P(1)  7863(1) 4940(1) 6101(1)  22(1)
P(3)  9886(1) 7131(1) 1545(1)  21(1)
F(1)  8277(2) 6247(1) 6197(1) 37(1)
F(2)  7411(2) 3637(1) 6012(1)  38(1)
F(3)  7199(2) 5177(1) 6879(1)  39(1)
F(4)  6279(2) 5115(1) 5703(1)  50(1)
F(5)  8533(2) 4708(1) 5338(1) 59(1)
F(6)  9421(2) 4768(1) 6515(1)  46(1)
F(7)  9745(2) 8044(1) 1034(1)  40(1)
F(8)  10043(2) 6194(1) 2041(1)  33(1)
FO)  11552(2) 6960(1) 1359(1)  49(1)
F(10) 10438(2) 8086(1) 2227(1) 37(1)
F(11)  8236(2) 7300(1) 1728(1) 52(1)
F(12) 9339(2) 6162(1) 855(1) 52(1)
O(1)  4663(2) 8403(1) 3840(1)  25(1)
0@2)  7297(2) 8967(1) 3826(1)  27(1)
N(1)  2472(2) 4160(1) 1045(1)  21(1)
N(Q2)  4485(2) 5163(1) 1513(1)  18(1)
N@)  7267(2) 6933(1) 4712(1)  17(1)
N(4)  5836(2) 7915(2) 5438(1)  21(1)
NG)  6387(2) 7095(1)  3174(1)  18(1)
c(1) 61(3)  743(2)  1743(1)  31(1)
C(2) 680(3) 1688(2)  2219(1)  31(1)
C(3) 966(2) 2659(2) 1953(1)  28(1)
C(4) 640(2) 2688(2) 1216(1)  22(1)
c(5) 8(2) 1734(2)  743(1)  27(1)
C(6) -284(3)  768(2)  1010(1)  32(1)
c(7) 901(2) 3757(2)  937(1)  26(1)
C(8) 3053(2) 4991(2) 1573(1)  21(1)
C(9) 3582(2)  3754(2) 616(1)  21(1)
C(10)  3566(3)  2898(2) 21 27(1)
C(11)  4886(3) 2733(2) -300(1)  30(1)
C(12)  6183(3) 3383(2) -10(1)  30(1)
C(13)  6202(3) 4240(2)  601(1)  25(1)
C(14)  4863(2) 4397(2)  907(1)  19(1)
C(15)  5495(2) 6060(2)  1956(1)  22(1)
C(16)  5241(2) 6285(2) 2767(1)  18(1)
C(17)  4096(3) 10560(2) 877(1)  38(1)
C(18)  4591(3) 9977(2)  1496(1)  25(1)
C(19) 6059(2) 10041(2) 1788(1)  26(1)
C(20)  6507(2) 9531(2) 2369(1)  24(1)
C(21)  5458(2) 8946(2) 2667(1)  18(1)
C(22)  3985(2) 8851(2) 2376(1)  21(1)
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C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)

3567(2)
7801(2)
7705(2)
5906(2)
8151(2)
9636(2)
10157(3)
9237(3)
7768(3)
7238(2)
4470(3)
4114(2)
5157(3)
4782(3)
3372(3)
2330(3)
2713(3)

9360(2)
6664(2)
6123(2)
7020(2)
7831(2)
8138(2)
9108(2)
9749(2)
9443(2)
8460(2)
8272(2)
7692(2)
7652(2)
7168(2)
6726(2)
6736(2)
7213(2)

1791(1)
3421(1)
4093(1)
4912(1)
5127(1)
5121(1)
5601(1)
6062(1)
6068(1)
5586(1)
5756(1)
6375(1)
6961(1)
7538(1)
7541(1)
6953(1)
6368(1)

24(1)
20(1)
21(1)
21(1)
19(1)
23(1)
30(1)
32(1)
29(1)
20(1)
30(1)
22(1)
28(1)
30(1)
31(1)
33(1)
31(1)
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Table D2.3: Bond lengths [A] and angles [deg] for L;.PFs.

S(1)-0(2)
S(1)-0(1)
S(1)-N()
S(1)-C(21)
P(1)-F(5)
P(1)-F(6)
P(1)-F(1)
P(1)-F(4)
P(1)-F(2)
P(1)-F(3)
P(3)-F(11)
P(3)-F(10)
P(3)-F(7)
P(3)-F(9)
P(3)-F(8)
P(3)-F(12)
N(1)-C(8)
N(1)-C(9)
N(1)-C(7)
N(2)-C(8)
N(2)-C(14)
N(2)-C(15)
N(3)-C(26)
N(3)-C(27)
N(3)-C(25)
N(4)-C(26)
N(4)-C(32)
N(4)-C(33)
N(5)-C(16)
N(5)-C(24)
C(1)-C(2)
C(1)-C(6)
C(1)-H(1B)
C(2)-C(3)
C(2)-H(2B)
C(3)-C(4)
C(3)-H(3A)
C(4)-C(5)
C(4)-C(7)
C(5)-C(6)
C(5)-H(5A)
C(6)-H(6A)
C(7)-H(7A)
C(7)-H(7B)
C(8)-H(8A)
C(9)-C(14)
C(9)-C(10)
C(10)-C(11)

C(10)-H(10A)

1.4330(15)
1.4355(15)
1.6254(17)
1.763(2)
1.5760(15)
1.5893(14)
1.5924(14)
1.5961(14)
1.5964(14)
1.5997(14)
1.5780(15)
1.5825(13)
1.5935(14)
1.5940(15)
1.5954(13)
1.6001(14)
1.328(2)
1.388(3)
1.478(3)
1.329(3)
1.397(2)
1.473(2)
1.325(3)
1.396(2)
1.461(2)
1.327(3)
1.397(3)
1.466(3)
1.463(2)
1.469(3)
1.379(3)
1.380(3)
0.9500
1.388(3)
0.9500
1.385(3)
0.9500
1.390(3)
1.507(3)
1.384(3)
0.9500
0.9500
0.9900
0.9900
0.9500
1.389(3)
1.396(3)
1.371(3)
0.9500



C(11)-C(12)
C(11)-H(11A)
C(12)-C(13)
C(12)-H(12A)
C(13)-C(14)
C(13)-H(13A)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(16)-H(16A)
C(16)-H(16B)
C(17)-C(18)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-C(19)
C(18)-C(23)
C(19)-C(20)
C(19)-H(19A)
C(20)-C(21)
C(20)-H(20A)
C(21)-C(22)
C(22)-C(23)
C(22)-H(22A)
C(23)-H(23A)
C(24)-C(25)
C(24)-H(24A)
C(24)-H(24B)
C(25)-H(25A)
C(25)-H(25B)
C(26)-H(26A)
C(27)-C(32)
C(27)-C(28)
C(28)-C(29)
C(28)-H(28A)
C(29)-C(30)
C(29)-H(29A)
C(30)-C(31)
C(30)-H(30A)
C(31)-C(32)
C(31)-H(31A)
C(33)-C(34)
C(33)-H(33A)
C(33)-H(33B)
C(34)-C(39)
C(34)-C(35)
C(35)-C(36)
C(35)-H(35A)
C(36)-C(37)
C(36)-H(36A)
C(37)-C(38)
C(37)-H(37A)

1.404(3)
0.9500
1.387(3)
0.9500
1.393(3)
0.9500
1.524(3)
0.9900
0.9900
0.9900
0.9900
1.504(3)
0.9800
0.9800
0.9800
1.389(3)
1.391(3)
1.382(3)
0.9500
1.387(3)
0.9500
1.391(3)
1.380(3)
0.9500
0.9500
1.527(3)
0.9900
0.9900
0.9900
0.9900
0.9500
1.387(3)
1.391(3)
1.379(3)
0.9500
1.400(3)
0.9500
1.376(3)
0.9500
1.395(3)
0.9500
1.513(3)
0.9900
0.9900
1.381(3)
1.388(3)
1.381(3)
0.9500
1.375(3)
0.9500
1.383(3)
0.9500
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C(38)-C(39)
C(38)-H(38A)
C(39)-H(39A)

0(2)-5(1)-0(1)
0(2)-S(1)-N(5)
O(1)-S(1)-N(5)
0(2)-S(1)-C(21)
0(1)-S(1)-C(21)
N(5)-S(1)-C(21)
F(5)-P(1)-F(6)
F(5)-P(1)-F(1)
F(6)-P(1)-F(1)
F(5)-P(1)-F(4)
F(6)-P(1)-F(4)
F(1)-P(1)-F(4)
F(5)-P(1)-F(2)
F(6)-P(1)-F(2)
F(1)-P(1)-F(2)
F(4)-P(1)-F(2)
F(5)-P(1)-F(3)
F(6)-P(1)-F(3)
F(1)-P(1)-F(3)
F(4)-P(1)-F(3)
F(2)-P(1)-F(3)
F(11)-P(3)-F(10)
F(11)-P(3)-F(7)
F(10)-P(3)-F(7)
F(11)-P(3)-F(9)
F(10)-P(3)-F(9)
F(7)-P(3)-F(9)
F(11)-P(3)-F(8)
F(10)-P(3)-F(8)
F(7)-P(3)-F(8)
F(9)-P(3)-F(8)
F(11)-P(3)-F(12)
F(10)-P(3)-F(12)
F(7)-P(3)-F(12)
F(9)-P(3)-F(12)
F(8)-P(3)-F(12)
C(8)-N(1)-C(9)
C(8)-N(1)-C(7)
C(9)-N(1)-C(7)
C(8)-N(2)-C(14)
C(8)-N(2)-C(15)
C(14)-N(2)-C(15)
C(26)-N(3)-C(27)
C(26)-N(3)-C(25)
C(27)-N(3)-C(25)
C(26)-N(4)-C(32)
C(26)-N(4)-C(33)
C(32)-N(4)-C(33)

1.391(3)
0.9500
0.9500

119.17(9)
106.11(9)
109.66(9)
108.65(9)
105.66(9)
107.06(9)
90.83(9)
90.58(8)
89.99(8)
90.65(10)
178.52(9)
90.17(8)
90.47(9)
90.90(8)
178.61(9)
88.91(8)
179.43(9)
88.62(8)
89.29(8)
89.91(9)
89.67(8)
89.97(9)
90.27(9)
90.02(7)
179.85(10)
90.11(8)
89.60(8)
90.65(8)
91.12(7)
178.54(8)
89.48(8)
90.41(9)
179.61(10)
90.08(7)
89.51(9)
88.77(7)
108.38(17)
125.13(18)
126.49(17)
107.99(17)
127.16(17)
124.64(17)
108.43(17)
125.11(17)
125.98(17)
108.16(18)
123.87(19)
127.86(18)
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C(16)-N(5)-C(24)
C(16)-N(5)-S(1)
C(24)-N(5)-S(1)
C(2)-C(1)-C(6)
C(2)-C(1)-H(1B)
C(6)-C(1)-H(1B)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2B)
C(3)-C(2)-H(2B)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(3)-C(4)-C(5)
C(3)-C(4)-C(7)
C(5)-C(4)-C(7)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5A)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6A)
C(5)-C(6)-H(6A)
N(1)-C(7)-C(4)
N(L)-C(7)-H(7A)
C(4)-C(7)-H(TA)
N(1)-C(7)-H(7B)
C(4)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
N(1)-C(8)-N(2)
N(1)-C(8)-H(8A)
N(2)-C(8)-H(8A)
N(1)-C(9)-C(14)
N(1)-C(9)-C(10)
C(14)-C(9)-C(10)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(L1A)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(9)-C(14)-C(13)
C(9)-C(14)-N(2)
C(13)-C(14)-N(2)
N(2)-C(15)-C(16)
N(2)-C(15)-H(15A)
C(16)-C(15)-H(15A)
N(2)-C(15)-H(15B)

117.96(16)
119.14(14)
122.06(13)
120.1(2)
119.9
119.9
119.6(2)
120.2
120.2
120.7(2)
119.7
119.7
119.2(2)
120.38(19)
120.3(2)
120.0(2)
120.0
120.0
120.4(2)
119.8
119.8
113.01(17)
109.0
109.0
109.0
109.0
107.8
110.50(19)
124.7
124.7
106.63(17)
131.7(2)
121.7(2)
116.0(2)
122.0
122.0
122.6(2)
118.7
118.7
121.6(2)
119.2
119.2
115.7(2)
122.2
122.2
122.48(19)
106.50(18)
131.02)
112.82(16)
109.0
109.0
109.0
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C(16)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
N(5)-C(16)-C(15)
N(5)-C(16)-H(16A)
C(15)-C(16)-H(16A)
N(5)-C(16)-H(16B)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(18)-C(17)-H(17A)
C(18)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(18)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(19)-C(18)-C(23)
C(19)-C(18)-C(17)
C(23)-C(18)-C(17)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(20)-C(21)-C(22)
C(20)-C(21)-S(1)
C(22)-C(21)-S(1)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22A)
C(21)-C(22)-H(22A)
C(22)-C(23)-C(18)
C(22)-C(23)-H(23A)
C(18)-C(23)-H(23A)
N(5)-C(24)-C(25)
N(5)-C(24)-H(24A)
C(25)-C(24)-H(24A)
N(5)-C(24)-H(24B)
C(25)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
N(3)-C(25)-C(24)
N(3)-C(25)-H(25A)
C(24)-C(25)-H(25A)
N(3)-C(25)-H(25B)
C(24)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
N(3)-C(26)-N(4)
N(3)-C(26)-H(26A)
N(4)-C(26)-H(26A)
C(32)-C(27)-C(28)
C(32)-C(27)-N(3)
C(28)-C(27)-N(3)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28A)

109.0
107.8
109.05(16)
109.9
109.9
109.9
109.9
108.3
109.5
109.5
109.5
109.5
109.5
109.5
118.4(2)
121.6(2)
120.0(2)
121.6(2)
119.2
119.2
118.9(2)
120.6
120.6
120.75(19)
119.94(16)
119.20(16)
119.32)
120.4
120.4
121.1(2)
119.4
119.4
112.76(17)
109.0
109.0
109.0
109.0
107.8
110.75(16)
109.5
109.5
109.5
109.5
108.1
110.47(18)
124.8
124.8
122.29(19)
106.35(18)
131.34(19)
116.1(2)
121.9
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C(27)-C(28)-H(28A)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29A)
C(30)-C(29)-H(29A)
C(31)-C(30)-C(29)
C(31)-C(30)-H(30A)
C(29)-C(30)-H(30A)
C(30)-C(31)-C(32)
C(30)-C(31)-H(31A)
C(32)-C(31)-H(31A)
C(27)-C(32)-C(31)
C(27)-C(32)-N(4)
C(31)-C(32)-N(4)
N(4)-C(33)-C(34)
N(4)-C(33)-H(33A)
C(34)-C(33)-H(33A)
N(4)-C(33)-H(33B)
C(34)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(39)-C(34)-C(35)
C(39)-C(34)-C(33)
C(35)-C(34)-C(33)
C(36)-C(35)-C(34)
C(36)-C(35)-H(35A)
C(34)-C(35)-H(35A)
C(37)-C(36)-C(35)
C(37)-C(36)-H(36A)
C(35)-C(36)-H(36A)
C(36)-C(37)-C(38)
C(36)-C(37)-H(37A)
C(38)-C(37)-H(37A)
C(37)-C(38)-C(39)
C(37)-C(38)-H(38A)
C(39)-C(38)-H(38A)
C(34)-C(39)-C(38)
C(34)-C(39)-H(39A)
C(38)-C(39)-H(39A)

121.9
121.8(2)
119.1
119.1
122.0(2)
119.0
119.0
116.4(2)
121.8
121.8
121.4(2)
106.59(18)
132.1(2)
113.61(18)
108.8
108.8
108.8
108.8
107.7
119.02)
119.5(2)
121.4(2)
120.3(2)
119.9
119.9
120.5(2)
119.8
119.8
119.9(2)
120.1
120.1
119.6(2)
120.2
120.2
120.7(2)
119.7
119.7

Symmetry transformations used to generate equivalent atoms:
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Table D2.3: Anisotropic displacement parameters (A2 x 10"3) for L;.PF¢. The

anisotropic displacement factor exponent takes the form: -2 pi*2 [ h"2 a*"2 U1l + ... +

2 hka*b* U12]

Ull U22 U33 U23 Ul3 U12
S(1)  24(1) 17(1)  16(1)  3(1)  -3(1) 1(1)
P(L)  22(1) 25(1)  20(1)  8(1) 0(1) 1(1)
P3)  23(1) 20(1)  20(1) 6(1) 1(1) 2(1)
F(1)  44(1)  31(1)  36(1) 15(1)  -9(1)  -13(1)
F(2)  50(1) 23(1)  42(1) 7(1)  -1(1) 0(1)
F(3)  41(1)  42(1)  33(1) 1)  171)  -11(0)
F(4) 38(1)  36(1)  70(1)  14(1) -30(1)  -4(1)
F(5)  83(1) 66(1)  28(1)  5(1)  25(1)  -4(1)
F(6)  25(1) 58(1)  57(1)  23(1) A1) 7(0)
F(7)  67(1) 24(1)  31(1)  12(1) 3(1)  5(1)
F(8)  49(1)  31(1)  26(1) 15(1)  12(1) 9(1)
F9)  39(1) 51(1)  68(1)  25(1)  32(1)  17(1)
F(10) 45(1)  32(1)  28(1)  O(1) (1) -2(1)
F(11) 21(1)  38(1) 101(1)  18(1)  13(1) 2(1)
F(12) 97(1) 23(1)  31(1) 2(1)  -21(1) 2(1)
o)  32(1) 25(1)  20(1)  5(1) 8(1) 7(1)
02 31(1) 19(1)  27(1)  2(1)  -13(1)  -5(1)
N(L)  24(1) 17(1)  20(1)  3(1) -2(1) 0(1)
NQ2)  22(1) 16(1)  15(1)  1(1) 01  -2(1)
N@3)  19(1) 18(1)  15(1)  4(1)  -1(D) 0(1)
N@4)  22(1) 26(1)  16(1)  5(1) 2(1) 6(1)
NG)  18(1) 15(1)  18(1)  1(1) -3(1) 0(1)
c() 27(1) 26(1)  45(2)  14(1)  11(Q1) 3(1)
c2) 27(1) 38(1)  30(1)  13(1) 1(1) 2(1)
c(3) 28(1) 25(1)  28(1) 11) 41 -2
C(4)  19(1) 19(1)  26(1)  4Q)  -1(0) 1(1)
cG)  27(1) 24(1)  27(1) 0(1) o)  -1(1)
c)  31(1) 22(1)  42(2)  -2(1) (1) -3(0)
c(7)  23(1) 23(1)  29(1) 5(1) 6(1)  -2(1)
c(8)  26(1) 17(1)  19(1) 2(1) 1) 21
c(O)  29(1) 17(1)  17(1) 6(1) 21)  2(1)
C(10) 43(2) 19(1)  18(1) 5(1) 6(1)  3(1)
C(11) 55(2) 20(1)  16(1) 3(1) 3(1)  9(1)
C(12) 43(2) 32(1)  20(1) o(1)  11(1)  15(1)
c(13) 32(1) 25(1)  21(1) 9(1) 3(1)  4Q1)
C(14) 29(1) 18(1)  11(1) 5(1) 0(1)  4(1)
C(15) 23(1) 22(1)  18(1) 2(1) o(1) -7(1)
c(16) 19(1) 17(1)  18(1) 2(1) 1) -1(0)
C(l7) 45(2)  42(2)  32(1)  20(1) 5(1)  15(1)
C(18) 32(1) 22(1) 21(1) 5(1) 5(1)  11(1)
C(19) 26(1) 25(1)  33(1)  13(1)  11(1) 5(1)
C(20)  21(1) 21(1)  33(1) 9(1) 3(1) 2(1)
c(2l) 22(1) 16(1) 17(1) 4(1) 0(1) 3(1)
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C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)

20(1)
22(1)
20(1)
25(1)
19(1)
24(1)
22(1)
28(1)
44(2)
45(2)
26(1)
26(1)
22(1)
24(1)
33(1)
38(2)
26(1)
26(1)

21(1)
26(1)
20(1)
20(1)
26(1)
19(1)
26(1)
29(1)
22(1)
23(1)
20(1)
41(1)
26(1)
36(1)
38(1)
29(1)
33(1)
37(1)

20(1)
21(1)
17(1)
16(1)
18(1)
14(1)
21(1)
31(1)
27(1)
17(1)
16(1)
26(1)
19(1)
24(1)
20(1)
30(1)
42(2)
28(1)

2(1)
2(1)
2(1)
2(1)
9(1)
4(1)
8(1)
10(1)
4(1)
2(1)
6(1)
9(1)
4(1)
6(1)
9(1)
12(1)
9(1)
5(1)

1(1)
-1(1)
-1(1)
0(1)
-1(1)
-4(1)
-2(1)
-7(1)
-11(1)
-1(1)
-2(1)
5(1)
4(1)
1(1)
-2(1)
10(1)
6(1)
-3(1)

0(1)
7(1)
3(1)
4(1)
0(1)
0(1)
2(1)
-7(1)
-6(1)
6(1)
3(1)
15(1)
9(1)
3(1)
4(1)
8(1)
2(1)
7(1)
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Table D2.4: Hydrogen coordinates ( x 10"4) and isotropic displacement parameters

(A*2 x 1073) for Ly.PFs.

X y z U(eq)
H(1B)  -128 74 1921 37
H(2B) 909 1674 2725 37
H(3A) 1389 3311 2281 33
H(5A) -224 1744 237 33
H(6A) =724 119 687 39
H(7A) 560 3629 406 31
H(7B) 302 4347 1193 31
H(8A) 2521 5405 1941 25
H(10A) 2693 2456 -204 32
H(11A) 4925 2155 -719 36
H(12A) 7069 3233 -238 36
H(13A) 7071 4690 797 30
H(15A) 5359 6759 1762 26
H(15B) 6529 5846 1905 26
H(16A) 4252 6587 2832 22
H(16B) 5282 5576 2957 22
H(17A) 4950 10951 735 56
H(17B) 3361 11104 1038 56
H(17C) 3654 10004 456 56
H(19A) 6773 10446 1584 32
H(20A) 7517 9580 2562 29
H(22A) 3273 8439 2577 25
H(23A) 2564 9288 1587 28
H(24A) 8560 7290 3540 23
H(24B) 8121 6102 3014 23
H(25A) 6973 5478 3972 25
H(25B) 8679 5837 4231 25
H(26A) 5094 6511 4707 25
H(28A) 10256 7705 4804 27
H(29A) 11167 9348 5619 36
H(30A) 9640 10415 6381 38
H(31A) 7148 9879 6383 34
H(33A) 3637 8119 5364 36
H(33B) 4558 9093 5943 36
H(35A) 6132 7960 6966 33
H(36A) 5504 7141 7935 36
H(37A) 3114 6414 946 37
H(38A) 1359 6420 6948 40
H(39A) 2004 7209 5960 37
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APPENDIX E: Plot of molar conductance, An, versus mole ratio, [L1.Br]/[M™]; for
Ag’, Hg?*, Ni**, Pd?* and Zn* in MeOH-H,0 binary solvent ((A) 100% MeOH, (B)
63.72% MeOH, (C) 39.73% MeOH, (D) 22.66% MeOH, (E) 9.90% MeOH, (F) 0%
MeOH) at different temperature (¢ 15 °C, 0 25 °C, A 35 °C, x 45 °C).

APPENDIX E1: Plot of molar conductance, An versus mole ratio, [L1.Br]/[M""]; for
Ag’
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APPENDIX E2: Plot of molar conductance, A, versus mole ratio, [L;.Br]/[M™]; for

2+
Hg
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APPENDIX E3: Plot of molar conductance, A, versus mole ratio, [L;.Br]/[M™]; for

-0+
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APPENDIX E4: Plot of molar conductance, An, versus mole ratio, [L1.Br]y/[M""]; for

Pd?*
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APPENDIX E5: Plot of molar conductance, A, versus mole ratio, [L;.Br]/[M™]; for

2+
Zn
B
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APPENDIX F1: Matematical model applied for the curve fitting using GENPLOT
software

The general reaction for 1:1 complex formation can be stated by equestion 1 and the

corresponding equilibrium constant (K, ), is given by equation 2.

M™ +L,.Br< L.Br—M" (1)

_ [L.Br—=M™1f o e @
[M ”+][LlBr] f(MfH) f(Ll.Br)

f

The equation represents the equilibrium molar concentration of the complex
[L,.Br—M™], the free cation [M™] , the free ligand [L,.Br], and the activity
coefficients of the species, f . Since the dilute condition was used in this work, the
activity coefficient of the uncharged ligand, f, g, reasonably assumed to be unity.

Dilute condition is where the ionic strength is less than 0.001 M. Based on the Debye-

Huckel limiting law of electrolytes, it can be concluded that f(L.Br—M"*) =~ f(MM). Thus,

the above equation can be simplified as equation 3 (Christy and Shrivastav, 2011).

[L.Br-M™]

~ [M™][L,.Br] ®)

f

The specific conductivity (K) in each point of titration process is the value of the

combination of conductivity of both metal salts, K(Mm)and L1.Br-M™ complex,

K ... can be seen in following equation 4.
(Ly.Br—=M"*)

K= K(M"*) + K(Ll.Br—M”*) 4)
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The equations 5, 6 and 7 show the molar conductance of metal salt before the addition

of L;.Br ligand, A(MM), molar conductance of L;.Br-M™ complex, A(L_BrMm)and

observed molar conductance during titration, A.

K
_ (M'H)

A(M'H) - [M I’H—] (5)
A = (L.Br-mM"™) 6
(ML™) [Ll.Br—M'”] ( )

K
A,.=——— 7
Obs [M |"|+]t ( )

Where the total analytical concentration of the metal cations [M "], is the sum of the

concentration of metal salts, [M ™ Jand L;.Br-M™ complex, [L,.Br —M ™] as shown in

equation 8.
[M™] =M™ ]+[L.Br—-M™] (8)

By combining and simplifying the equations 4, 5, 6 and 7, the following equation is

obtained:

AObS[M n+]t = A(Mn+)[M n+] + A(Ll_Br_MrH)[Ll'Br - M n+] (9)

Then, the observed molar conductance of solution can be represented as equation 10 by

substituting equation 3 to equation 9.

Aow[M™ 1, = A 4y [M™]+ A K, [M™ 1L, Br] (10)

(M™) (L.Br—-M"™)

The equation 11 can be obtained by combining equations 3 and 8.

[M™], =[M™]+K,[L,.Br - M™][L,Br] = [M "]+ K, [L,.Br]) (1)
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Thus, the observed molar conductance of solution can be simplified as equation 12 by
substituting equation 11 into equation 10.

_ M n+]A<M“+) * KfA(Ll,BrfM“w[M L Br] _ A(M"*) * KfA(Ll.Br—M "*)[Ll'Br]

Povs = [M™]@1+K,[L,.Br]) 1+K,[L,.Br]

(12)

In contrast, the total concentration of L;.Br ligand, [L,.Br], can be described as in
equation 13.

[L .Br], =[L,.Br]+[L,.Br—M™] (13)
The substitution equation 3 for equation 13 gave the following equation.

[L,-Br], =[L,.Br]+ K, [M™][L,.Br] =[L,.Br]@+ K, [M"]) (14)
Then, the combination of equations 11 and 14 resulted equation 15:

K, [M™][L,.Br] \ [L.Br]+K,[L.Br]* + K [L,.Br][M "],

.Br], =[L,.Br 15
(L, Brl =[L Brl+ 1+ K, [L,.Br] 1+ K, [L,.Br] (15)
Rearranging the equation 15 gave the equation 16:

K, [Ly.BrI + L+ K [M™], - K, [L,.Br])[L,.Br]-[L,.Br], =0 (16)

With obtaining [L,.Br —M ™ Jand[L,.Br],, the values of other species have been

involved by using the appraised amount of the formation constants at the current
iteration step of the program. Refinement of the parameters is continued until the sum-
of-squares of the residuals between calculated and observed values of the conductance
for all experimental points is minimized. The output of the program GENPLOT
comprises refined parameters, the sum-squares and the standard deviation of the data

(Genplot, 1989)
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APPENDIX G1: Stability constant (log K;) of complexes in MeOH-H,O binary

solvent system (mol% MeOH; 0.00, 9.99, 22.66, 39.73, 63.72 and 100.00%) at different
temperatures (¢ = 15 °C, m=25 °C, A =35 °C, o= 45 °C) for Hg**, Ni?*, Pd** and Zn*
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APPENDIX H1: Van’t Hoff plot for L;.Br-M"™ complex for Hg?*, Ni**,Pd** and Zn?*

cations in MeOH-H,0 binary solvent system (mol% MeOH; ¢ = 100, m = 63.72,

39.73, x =22.66, x = 9.90,
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APPENDIX I: FT-IR spectra of bis-NHC metal complexes

APPENDIX 11: FT-IR spectrum of L;.HgBr
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APPENDIX 12: FT-IR spectrum of L,.HgBr
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APPENDIX 13: FT-IR spectrum of L3.HgBr
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APPENDIX 14: FT-IR spectrum of L;.HgPFg
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APPENDIX 1I5: FT-IR spectrum of L,.HgPFg
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APPENDIX 16: FT-IR spectrum of L3.HgPFg
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APPENDIX 17: FT-IR spectrum of L;.AgBr
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APPENDIX 18: FT-IR spectrum of L,.AgBr
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APPENDIX 19: FT-IR spectrum of L3.AgBr
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APPENDIX 110: FT-IR spectrum of L;.AgPFs
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APPENDIX 111: FT-IR spectrum of L,.AgPFs
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APPENDIX J: *H-NMR spectra of bis-NHC metal complexes

APPENDIX J1: *H-NMR spectrum of L;.HgBr

water
) H-1
H-aromatic
DMSO
H-6
H-7
™ : e JJT _A T I\ 1
10 18 6 4 2 ppm
\ -/ -
1

Enlargement
of spectrum

H-13
8.2 8 7.8

H-position Integrations Chemical shift, 6 ppm multiplicity Jun (H2)

1 3H 2.32 S -

6 4H 3.72 S -

7 4H 5.29 S -

15 4H 6.20 S -

3,18,19, 4 10H 7.21-7.30 m -

17 4H 7.39 d 4

10,11,12 6H 7.42-7.60 m -

13 2H 8.05 d 8
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APPENDIX J2: *H-NMR spectrum of L,.HgBr

water|

DMSO

H-aromatic

J'IJ H-6
R V. |
4

.I‘ I T “I_ T T 1
10 I 8 I 6 2 ppm
\ 1
Enlargement -‘"
of spectrum ! s
]
H-10,11,12, 17
H-4 i
H-13 I H-3
8.2 8 7.8 7.6 7.4 7.2 7
H-position Integrations Chemical shift, multiplicity Jun (H2)
S ppm
1 3H 2.34 S -
6 4H 3.74 s -
7 - - - -
15 - - - -
3 2H 7.27 d 8
4 2H 7.33 d 8
10,11,12, 17 10H 7.43-7.61 m -
18 4H 7.89 d 8
13 2H 8.06 d 8
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APPENDIX J3: *H-NMR spectrum of Ls.HgBr

water DMSO
H-1
H-aromatic
H-6
H-15 H-7 I I
1 AL
10 1 8 I 6 4 2 ppm
| 1
/] H-17.3
Enlargement | H-18.4
of spectrum v
H-11.12
H-13 H-10
8.2 8 7.8 7.6 7.4 7.2 7
H-position  Integrations  Chemical shift, 6 ppm multiplicity Jun (Hz)
1 3H 2.33 S -
6 4H 3.73 S -
7 4H 5.27 S -
15 4H 6.25 S -
3,17,18, 4 12H 7.22-7.35 m -
10,11,12 6H 7.51-7.64 m -
13 2H 8.08 d 8
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APPENDIX J4: 'H-NMR spectrum of L;.HgPFs

H-aromatic

10

water

DMSO

2 ppm

1 8
\

— e —

Enlargement M

of spectrum 1
]

H-3.4,17.18.19

H-11.12
H-13
H-10
8.2 8 7.8 7.6 7.4 7.2 7
H-position Integrations Chemical shift, multiplicity Jun (H2)
d ppm
1 3H 2.34 S -
6 4H 3.75 S -
7 4H 5.21 S -
15 4H 6.14 S -
3,4,17,18,19 14H 7.24-7.38 m -
10, 11,12 6H 7.52-7.64 m -
13 2H 8.12 d 8
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APPENDIX J5: 'H-NMR spectrum of L,.HgPFs

water DMSO
H-1
H-aromatic
H-6
H-15 H-7 ‘i
. . A U "W
10 v 8 I 6 4 2 ppm
R —
[]
Enlargement !
of spectrum  H-18 H-3
H-17
H-13 H-10,11,12
8.2 8 7.8 7.6 7.4 7.2 7
H-position Integrations Chemical shift, multiplicity Jun (H2)
d ppm
1 3H 2.35 S -
6 4H 3.76 S -
7 4H 5.24 S -
15 4H 6.38 S -
3 2H 7.33 d 4
17 4H 7.43 d 8
4 2H 7.56 d 8
10,11,12 6H 7.62-7.66 m -

18 4H 7.94 d 8
13 2H 8.14 d 8
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APPENDIX J6: *H-NMR spectrum of L3.HgPFs

H-aromatic water DMSO
H-1
H-6
H-15 H-7 L
LA h L
T I T l— T T T
10 | 8 I 6 4 2 ppm
¥ T
u H-3, 4,17, 18
Enlargement 1
of spectrum !
H-10,11,12
8.2 8 7.8 7.6 7.4 7.2 7

H-position  Integrations  Chemical shift, 6 ppm multiplicity Jun (H2)

1 3H 2.34 S -

6 4H 3.74 S -

7 4H 5.20 S -

15 4H 6.19 S -
3,17,18, 4 12H 7.25-7.33 m -
10,11,12 6H 7.56-7.67 m -

13 2H 8.12 d 8
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APPENDIX J7: *H-NMR spectrum of L;.AgBr

water
DMSO
H-aromatic -
H-15
H-6
H-7
: l.. I : L A IJ’J . : A .
10 B | © 4 2 ppm
l L
v _l
Enlargement | ! ! !
- -3 ' H-19,18
of spectrum : H-10,11,12.4 | H-3 :
| l |
| | I
I | I
I | I
I | I
I | I
I | I
I | I
I | I
I | I
I |
8 7.8 7
H-position Integrations Chemical shift, multiplicity Jun (H2)
O ppm
1 3H 2.31 S -
6 4H 3.76 t 8
7 4H 4.82 S -
15 4H 5.74 S -
18,19 6H 7.19-7.21 m -
H-3 2H 7.29 d 8
4,10,11,12 8H 7.34-7.50 m -
13,17 6H 7.59-765 m 8,8
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APPENDIX J8: *H-NMR spectrum of L,.AgBr

H-aromatic H-15

H-1

) L[J‘ A

T - T I T
10 18 | 6 2 ppm
i
]
H-17,18
CDCl;——
H-10,13 Enlargement ‘ i
of spectrum H-3.4.11
H-12
8.2 8 7.8 7.6 7.4 7.2 7
H-position Integrations Chemical shift, multiplicity Jun (H2)
O ppm
1 3H 2.28 S -
6 4H 3.80 t 8
7 4H 4,94 t 8
15 4H 574 S -
3,4,11 6H 7.14-7.24 m -
12 2H 7.34 t 8
17,18 8H 7.59-7.64 m -
10, 13 4H 7.97 d 12




APPENDIX J9: *H-NMR spectrum of Ls.AgBr

H-aromatic

H-15

H-1

|
10 |8 6 ppm
- q' —
Enlargement
—
of spectrum CDCl H-17, 11, 12, 4,3
8 7.8
H-position Integrations Chemical shift, multiplicity Jun (H2)
S ppm
1 3H 2.28 S -
6 4H 3.81 t 8
7 4H 4.96 S -
15 4H 5.58 S -
3,4,11,12,17 12H 7.07-7.20 m -
18 4H 7.31 d 8
10, 13 4H 7.58-7.64 d, d 8,8
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APPENDIX J10: *H-NMR spectrum of L;.AgPFs

water ~DMSO
H-aromatic H-1
H-15 H-7 H:6
' { |L L r L L L 1 . Py _JI
10 18 I 6 4 2 ppm
—
# o
Enlargement ‘
of spectrum
H-17,10,11,12.4,3,19.18
H-13
7
H-position Integrations ~ Chemical shift, multiplicity Jun (Hz)
d ppm

1 3H 240 S -

6 4H 3.76 S -

7 4H 5.02 S -

15 4H 5.86 S -

19,18,3,4,12,11,10,17 20H 7.33-7.49 m -

13 2H 7.70 d 12
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APPENDIX J11: *H-NMR spectrum of L,.AgPFg

water DMSO
H-aromatic
H-15 H-1
H-7 H6
, Al | J
10 || 8 I 6 4 2 ppm
-, =1
)
Enlargement
of spectrum
H-17.18
H-11,12.4

H-position Integrations Chemical shift, multiplicity Jun (H2)
S ppm

1 3H 241 S -
6 4H 3.78 S -
7 4H 5.03 S -
15 4H 6.04 S -
3 2H 7.38 d 8
4,11,12 6H 7.44-7.51 m -
17,18 8H 7.64 d 8
10, 13 4H 8.05 d 8
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APPENDIX J12: *H-NMR spectrum of L3 AgPFg

water DMSO
H-aromatic
H-15 H-1
H-7 H-6
T - T 1 T l l L T e
10 18 : 6 4 2 ppm
‘ Il
- =, =1
Enlargement
of spectrum
H-aromatic
8 7.8 7.6 7.4 7.2 7
H-position Integrations Chemical shift, multiplicity Jun (H2)
d ppm
1 3H 2.33 S -
6 4H 3.70 S -
7 4H 4.98 s -
15 4H 6.04 S -
All aromatic 20H 7.29-791 m -
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APPENDIX K: "*C-NMR spectra of bis-NHC metal complexes

APPENDIX K1: C-NMR spectrum of L.HgBr

200 180 160 140 120 100 80 60 40 20

ppm




APPENDIX K2: *C-NMR spectrum of L,.HgBr
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APPENDIX K3: *C-NMR spectrum of Ls.HgBr
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APPENDIX K4: *C-NMR spectrum of Li.HgPFs
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APPENDIX K5: *C-NMR spectrum of L,.HgPFs
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APPENDIX K6: "*C-NMR spectrum of Ls.HgPFs
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APPENDIX K7: C-NMR spectrum of L;.AgBr
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APPENDIX K8: *C-NMR spectrum of L,.AgBr
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APPENDIX K9: *C-NMR spectrum of Ls.AgBr
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APPENDIX K10: *C-NMR spectrum of L. AgPFe
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APPENDIX K11: **C-NMR spectrum of L,.AgPFe
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APPENDIX K12: **C-NMR spectrum of Ls.AgPFe
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APPENDIX L1: Crystallographic data for L;.AgBr

Table L1.1: Crystal data and structure refinement for L;.AgBr.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.39
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

C78H74Ag6BrsN1004S;..(CH3),SO
2406.25

100(2) K

0.71073 A

Monoclinic, 12/m

a=18.1542(6) A  alpha =90.000(4) deg.

b =19.6346(12) A beta=101.50 deg.

C=26.272 A gamma = 90.0(6) deg.

9176.4(6) A"3
4, 1.855 Mg/m”3
4.014 mm~-1
5008
3.0x0.3x0.25 mm
3.03 to 30.39 deg.
-23<=h<=24, -27<=k<=27, -34<=I<=36
60180 / 12989 [R(int) = 0.0563]
91.2 %
Full-matrix least-squares on F 2
12989 /18 /575
1.047
R1=0.0492, wR2 = 0.1204
R1 =0.0805, wR2 = 0.1383
2.318 and -1.349 e.A"-3
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Table L1.2: Atomic coordinates ( x 10"4) and equivalent isotropic displacement

parameters (A2 x 10"3) for L;.AgBr. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

X y z U(eq)
Ag(1) 1370(1)  5865(1) 5677(1)  36(1)
Ag(2) -348(1) 5000 5476(1)  44(1)
Br(1) 778(1) 5000 6271(1)  32(1)
Br(2) 0 3781(1) 5000 26(1)
Br(3) -1776(1) 5000 5162(1)  28(1)
S(1) 4934(1) 5000 6087(1)  21(1)
O(1) 5041(2)  4377(2) 5835(2)  44(1)
N(1) 2083(2)  7318(2) 5947(2)  21(1)
N(2) 2939(2) 6581(2) 5871(2)  19(1)
N(3) 4088(3) 5000 6196(2) 17(1)
C(@) 1559(3)  7413(3)  6939(2)  39(1)
C(2) 1502(3)  7613(4)  7430(2)  49(2)
C(3) 1203(4)  8221(4)  7509(3)  60(2)
C(4) 945(5) 8648(4) 7101(4)  68(2)
C(5) 1000(4)  8461(3) 6604(3)  48(2)
C(6) 1312(3)  7836(3)  6520(2) 27(1)
C(7) 1358(3)  7626(3)  5974(2)  26(1)
C(8) 2190(2) 6650(2) 5848(2)  19(1)
C(9) 2760(2)  7678(2) 6032(2)  20(1)
C(10) 2934(3) 8358(2) 6130(2) 27(1)
C(11) 3679(3) 8541(3) 6174(2)  32(1)
C(12) 4230(3) 8066(3) 6128(2) 32(1)
C(13) 4059(3)  7387(2) 6030(2)  26(1)
C(14) 3313(2)  7204(2) 5980(2)  20(1)
C(15) 3313(2) 5950(2) 5785(2)  21(1)
C(16) 3739(3) 5649(2) 6290(2) 21(1)
C(17) 5552(4) 5000 6687(3)  33(2)
C(18) 5324(6) 5000 7149(4)  67(3)
C(19) 5884(7) 5000 7602(4)  86(4)
C(20) 6570(6) 5000 7606(4)  128(8)
C(21) 6817(7) 5000 7144(5)  106(6)
C(22) 6299(6) 5000 6669(5)  83(4)
C(23) 7184(2) 5000 8108(6)  137(7)
Ag(3) 8552(1)  858(1) 5155(1) 35(1)
Ag(4) 10401(1) O 5565(1)  43(1)
Br(4) 10000 1229(1) 5000 25(1)
Br(5) 9169(1) 0 5946(1)  38(1)
Br(6) 11855(1) O 5711(1)  28(1)
S(2) 5466(1) 0 5864(1)  30(1)
0(2) 5105(2) -637(3)  5705(2)  58(1)
N(4) 7947(2) 2325(2)  5324(2) 20(2)
N(5) 7036(2) 1601(2)  5207(2) 19(1)
N(6) 6240(3) 0 5650(2) 19(2)
C(24) 8992(4) 2152(4)  6334(3) 59(2)
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C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
S(3)

0(3)

C(45)
C(46)
S(4)

0(4)

C(47)

9287(5)
9617(4)
9665(4)
9358(3)
9013(3)
8709(3)
7788(2)
7309(2)
7198(3)
6475(3)
5886(3)
5993(3)
6723(2)
6632(2)
6665(3)
5716(4)
5830(4)
6057(6)
6140(8)
6348(12)
6881(2)
6917(9)
7480(7)
6050(8)
2771(2)
3099(4)
2105(5)

2213(4)
2811(4)
3328(4)
3277(3)
2684(3)
2614(2)
1658(2)
2692(2)
3379(2)
3567(3)
3095(3)
2416(3)
2228(2)
952(2)
635(3)
0
615(4)
601(5)
0

0
2610(2)
2076(5)
3224(6)
3094(8)
5000
5000
4327(4)

6862(3)
7059(3)
6737(3)
6212(2)
6009(2)
5438(2)
5230(2)
5372(2)
5467(2)
5494(2)
5429(2)
5334(2)
5303(2)
5146(2)
5678(2)
6542(3)
6807(2)
7340(3)
7608(3)
8205(4)
6664(1)
7001(5)
6840(5)
6789(6)
7695(1)
7236(2)
7601(3)

71(2)
54(2)
57(2)
45(2)
28(1)
27(1)
20(1)
21(1)
27(1)
32(1)
32(1)
27(1)
20(1)
19(1)
31(1)
37(2)
51(2)
76(3)
70(3)
117(7)
49(1)
151(9)
53(4)
76(5)
50(1)
58(2)
69(2)
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Table L1.3: Bond lengths [A] and angles [deg] for L;.AgBr.

Ag(1)-C(8)
Ag(1)-Br(2)
Ag(1)-Br(2)#1
Ag(1)-Br(3)#1
Ag(2)-Br(3)
Ag(2)-Br(1)
Ag(2)-Br(2)#1
Ag(2)-Br(2)
Ag(2)-Ag(2)#1
Br(1)-Ag(1)#2
Br(2)-Ag(2)#1
Br(2)-Ag(1)#1
Br(2)-Ag(1)#2
Br(3)-Ag(1)#1
Br(3)-Ag(1)#3
S(1)-0(2)
S(1)-0(1)#2
S(1)-N(3)
S(1)-C(17)
N(1)-C(8)
N(1)-C(9)
N(1)-C(7)
N(2)-C(8)
N(2)-C(14)
N(2)-C(15)
N(3)-C(16)#2
N(3)-C(16)
C(1)-C(2)
C(1)-C(6)
C(1)-H(1)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(7)-H(7A)
C(7)-H(7B)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)

2.128(12)
2.672(7)
2.840(6)
2.988(4)
2.5592(9)
2.6140(10)
2.829(5)
2.829(5)
3.0198(15)
2.672(7)
2.829(5)
2.840(6)
2.840(6)
2.987(4)
2.987(4)
1.423(4)
1.423(4)
1.618(5)
1.743(7)
1.357(6)
1.398(8)
1.463(8)
1.357(6)
1.400(8)
1.453(8)
1.465(7)
1.465(7)
1.372(8)
1.380(8)
0.9500
1.346(12)
0.9500
1.367(12)
0.9500
1.381(10)
0.9500
1.386(9)
0.9500
1.512(7)
0.9900
0.9900
1.385(7)
1.395(9)
1.381(8)
0.9500
1.392(10)
0.9500
1.380(8)
0.9500
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C(13)-C(14)
C(13)-H(13)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(16)-H(16A)
C(16)-H(16B)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-C(23)
C(21)-C(22)
C(21)-H(21)
C(22)-H(22)
C(23)-H(23A)
C(23)-H(23B)
Ag(3)-C(31)
Ag(3)-Br(5)
Ag(3)-Br(6)#4
Ag(3)-Br(4)
Ag(3)-Ag(3)#5
Ag(4)-Br(6)
Ag(4)-Br(5)
Ag(4)-Br(4)#4
Ag(4)-Br(4)
Ag(4)-Ag(4)#4
Br(4)-Ag(3)#6
Br(4)-Ag(4)#4
Br(5)-Ag(3)#5
Br(6)-Ag(3)#4
Br(6)-Ag(3)#6
S(2)-0(2)
S(2)-O(2)#5
S(2)-N(6)
S(2)-C(40)
N(4)-C(31)
N(4)-C(32)
N(4)-C(30)
N(5)-C(31)
N(5)-C(37)
N(5)-C(38)
N(6)-C(39)
N(6)-C(39)#5
C(24)-C(29)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(25)-H(25)

1.384(7)
0.9500
1.514(7)
0.9900
0.9900
0.9900
0.9900
1.358(13)
1.366(13)
1.404(15)
0.9500
1.242(16)
0.9500
1.376(16)
1.549(12)
1.405(17)
0.9500
0.9500
0.980(2)
0.9800(6)
2.129(11)
2.735(7)
2.810(4)
2.835(7)
3.3698(8)
2.5905(10)
2.6255(10)
2.850(6)
2.850(6)
3.0336(15)
2.835(7)
2.850(6)
2.735(7)
2.810(4)
2.810(4)
1.434(7)
1.434(7)
1.615(5)
1.746(8)
1.354(6)
1.392(8)
1.468(8)
1.360(5)
1.400(8)
1.462(8)
1.460(8)
1.460(8)
1.355(9)
1.388(10)
0.9500
1.371(12)
0.9500



C(26)-C(27)
C(26)-H(26)
C(27)-C(28)
C(27)-H(27)
C(28)-C(29)
C(28)-H(28)
C(29)-C(30)
C(30)-H(30A)
C(30)-H(30B)
C(32)-C(37)
C(32)-C(33)
C(33)-C(34)
C(33)-H(33)
C(34)-C(35)
C(34)-H(34)
C(35)-C(36)
C(35)-H(35)
C(36)-C(37)
C(36)-H(36)
C(38)-C(39)
C(38)-H(38A)
C(38)-H(38B)
C(39)-H(39A)
C(39)-H(39B)
C(40)-C(41)
C(40)-C(41)#5
C(41)-C(42)
C(41)-H(41)
C(42)-C(43)
C(42)-H(42)
C(43)-C(42)#5
C(43)-C(44)
C(44)-H(44A)
C(44)-H(44B)
C(44)-H(44C)
S(3)-0(3)
S(3)-C(45)
S(3)-C(46)
C(45)-H(45A)
C(45)-H(45B)
C(45)-H(45C)
C(46)-H(46A)
C(46)-H(46B)
C(46)-H(46C)
S(4)-0(4)
S(4)-C(4T)#2
S(4)-C(47)
C(47)-H(47A)
C(47)-H(47B)
C(47)-H(47C)

1.337(11)
0.9500
1.384(9)
0.9500
1.377(9)
0.9500
1.498(7)
0.9900
0.9900
1.384(9)
1.394(7)
1.378(8)
0.9500
1.401(10)
0.9500
1.377(7)
0.9500
1.394(7)
0.9500
1.520(6)
0.9900
0.9900
0.9900
0.9900
1.389(8)
1.389(8)
1.378(9)
0.9500
1.368(10)
0.9500
1.368(10)
1.539(12)
0.9800
0.9800
0.9800
1.367(9)
1.628(14)
1.865(16)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.448(6)
1.775(12)
1.775(12)
0.9800
0.9800
0.9800
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C(8)-Ag(1)-Br(2)
C(8)-Ag(1)-Br(2)#1
Br(1)-Ag(1)-Br(2)#1
C(8)-Ag(1)-Br(3)#1
Br(1)-Ag(1)-Br(3)#1
Br(2)#1-Ag(1)-Br(3)#1
Br(3)-Ag(2)-Br(1)
Br(3)-Ag(2)-Br(2)#1
Br(1)-Ag(2)-Br(2)#1
Br(3)-Ag(2)-Br(2)
Br(1)-Ag(2)-Br(2)
Br(2)#1-Ag(2)-Br(2)
Br(3)-Ag(2)-Ag(2)#1
Br(1)-Ag(2)-Ag(2)#1
Br(2)#1-Ag(2)-Ag(2)#1
Br(2)-Ag(2)-Ag(2)#1
Ag(2)-Br(1)-Ag(1)#2
Ag(2)-Br(1)-Ag(1)
Ag(1)#2-Br(1)-Ag(1)
Ag(2)#1-Br(2)-Ag(2)
Ag(2)#1-Br(2)-Ag(1)#1
Ag(2)-Br(2)-Ag(1)#1
AgQ(2)#1-Br(2)-Ag(1)#2
Ag(2)-Br(2)-Ag(1)#2
Ag(1)#1-Br(2)-Ag(1)#2
Ag(2)-Br(3)-Ag(1)#1
Ag(2)-Br(3)-Ag(1)#3
Ag(1)#1-Br(3)-Ag(1)#3
0O(1)-S(1)-O(1)#2
O(1)-S(1)-N(3)
O(1)#2-S(1)-N(3)
O(1)-S(1)-C(@17)
O(1)#2-S(1)-C(17)
N(3)-S(1)-C(17)
C(8)-N(1)-C(9)
C(8)-N(1)-C(7)
C(9)-N(1)-C(7)
C(8)-N(2)-C(14)
C(8)-N(2)-C(15)
C(14)-N(2)-C(15)
C(16)#2-N(3)-C(16)
C(16)#2-N(3)-S(1)
C(16)-N(3)-S(1)
C(2)-C(1)-C(6)
C(2)-C(1)-H(1)
C(6)-C(1)-H(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)

133.1(2)
116.3(2)
96.7(3)
107.63(14)
104.87(6)
89.5(3)
146.97(4)
99.1(5)
98.4(4)
99.1(5)
98.4(4)
115.49(3)
107.23(4)
105.81(3)
57.75(17)
57.75(17)
82.8(3)
82.8(3)
78.89(3)
64.51(3)
76.2(4)
79.9(4)
79.9(4)
76.2(4)
151.67(3)
81.7(3)
81.7(3)
69.26(2)
118.6(4)
107.7(5)
107.7(5)
107.4(4)
107.4(4)
107.6(3)
111.4(5)
125.0(6)
123.7(4)
111.3(6)
125.0(6)
123.7(4)
120.7(5)
119.2(5)
119.2(5)
120.3(6)
119.9
119.9
120.5(7)
119.8
119.8
120.6(7)
119.7
119.7
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C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-C(7)
C(5)-C(6)-C(7)
N(1)-C(7)-C(6)
N(L)-C(7)-H(7A)
C(6)-C(7)-H(7A)
N(L)-C(7)-H(7B)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
N(2)-C(8)-N(1)
N(2)-C(8)-Ag(1)
N(1)-C(8)-Ag(1)
C(10)-C(9)-C(14)
C(10)-C(9)-N(1)
C(14)-C(9)-N(1)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(9)
C(13)-C(14)-N(2)
C(9)-C(14)-N(2)
N(2)-C(15)-C(16)
N(2)-C(15)-H(15A)
C(16)-C(15)-H(15A)
N(2)-C(15)-H(15B)
C(16)-C(15)-H(15B)

H(15A)-C(15)-H(15B)

N(3)-C(16)-C(15)
N(3)-C(16)-H(16A)
C(15)-C(16)-H(16A)
N(3)-C(16)-H(16B)
C(15)-C(16)-H(16B)

H(16A)-C(16)-H(16B)

C(18)-C(17)-C(22)
C(18)-C(17)-S(1)
C(22)-C(17)-S(1)
C(17)-C(18)-C(19)

120.0(7)
120.0
120.0
119.7(7)
120.2
120.2
118.9(6)
121.4(5)
119.6(5)
112.3(4)
109.1
109.1
109.1
109.1
107.9
105.6(7)
126.1(4)
128.3(4)
121.4(5)
132.7(6)
105.9(4)
116.7(7)
121.7
121.7
121.8(5)
119.1
119.1
121.6(5)
119.2
119.2
116.7(7)
121.7
1217
121.8(5)
132.3(6)
105.9(4)
111.8(4)
109.3
109.3
109.3
109.3
107.9
110.8(5)
109.5
109.5
109.5
109.5
108.1
120.8(9)
123.5(6)
115.7(7)
117.4(10)
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C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-C(23)
C(21)-C(20)-C(23)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(17)-C(22)-C(21)
C(17)-C(22)-H(22)
C(21)-C(22)-H(22)
C(20)-C(23)-H(23A)
C(20)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(31)-Ag(3)-Br(5)
C(31)-Ag(3)-Br(6)#4
Br(5)-Ag(3)-Br(6)#4
C(31)-Ag(3)-Br(4)
Br(5)-Ag(3)-Br(4)
Br(6)#4-Ag(3)-Br(4)
C(31)-Ag(3)-Ag(3)#5
Br(5)-Ag(3)-Ag(3)#5
Br(6)#4-Ag(3)-Ag(3)#5
Br(4)-Ag(3)-Ag(3)#5
Br(6)-Ag(4)-Br(5)
Br(6)-Ag(4)-Br(4)#4
Br(5)-Ag(4)-Br(4)#4
Br(6)-Ag(4)-Br(4)
Br(5)-Ag(4)-Br(4)
Br(4)#4-Ag(4)-Br(4)
Br(6)-Ag(4)-Ag(4)#4
Br(5)-Ag(4)-Ag(4)#4
Br(4)#4-Ag(4)-Ag(4)#4
Br(4)-Ag(4)-Ag(4)#4
Ag(3)#6-Br(4)-Ag(3)
Ag(3)#6-Br(4)-Ag(4)
Ag(3)-Br(4)-Ag(4)
Ag(3)#6-Br(4)-Ag(4)#4
Ag(3)-Br(4)-Ag(4)#4
Ag(4)-Br(4)-Ag(4)#4
Ag(4)-Br(5)-Ag(3)#5
Ag(4)-Br(5)-Ag(3)
Ag(3)#5-Br(5)-Ag(3)
Ag(4)-Br(6)-Ag(3)#4
Ag(4)-Br(6)-Ag(3)#6
Ag(3)#4-Br(6)-Ag(3)#6
0(2)-S(2)-0(2)#5
0(2)-S(2)-N(6)
O(2)#5-S(2)-N(6)

121.3
121.3
124.2(11)
117.9
117.9
119.7(10)
123.9(10)
116.4(10)
120.4(11)
119.8
119.8
117.5(11)
121.2
121.2
91(3)
111(10)
109.4(5)
124.0(2)
116.54(13)
104.32(7)
117.6(3)
90.9(3)
98.0(3)
137.5(3)
51.97(19)
53.15(12)
104.9(5)
149.71(4)
102.9(5)
92.9(4)
102.9(5)
92.9(4)
115.68(3)
114.90(4)
95.40(3)
57.8(2)
57.8(2)
150.25(3)
73.1(4)
81.7(4)
81.7(4)
73.1(4)
64.31(3)
87.8(3)
87.8(3)
76.06(3)
77.6(3)
77.6(3)
73.69(3)
121.3(4)
106.0(4)
106.0(4)
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0(2)-S(2)-C(40)
0(2)#5-S(2)-C(40)
N(6)-S(2)-C(40)
C(31)-N(4)-C(32)
C(31)-N(4)-C(30)
C(32)-N(4)-C(30)
C(31)-N(5)-C(37)
C(31)-N(5)-C(38)
C(37)-N(5)-C(38)
C(39)-N(6)-C(39)#5
C(39)-N(6)-5(2)
C(39)#5-N(6)-S(2)
C(29)-C(24)-C(25)
C(29)-C(24)-H(24)
C(25)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(26)-C(27)-C(28)
C(26)-C(27)-H(27)
C(28)-C(27)-H(27)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
C(27)-C(28)-H(28)
C(24)-C(29)-C(28)
C(24)-C(29)-C(30)
C(28)-C(29)-C(30)
N(4)-C(30)-C(29)
N(4)-C(30)-H(30A)

C(29)-C(30)-H(30A)

N(4)-C(30)-H(30B)
C(29)-C(30)-H(30B)

H(30A)-C(30)-H(30B)

N(4)-C(31)-N(5)
N(4)-C(31)-Ag(3)

N(5)-C(31)-Ag(3)

C(37)-C(32)-N(4)

C(37)-C(32)-C(33)
N(4)-C(32)-C(33)

C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(32)-C(33)-H(33)
C(33)-C(34)-C(35)
C(33)-C(34)-H(34)
C(35)-C(34)-H(34)
C(36)-C(35)-C(34)
C(36)-C(35)-H(35)
C(34)-C(35)-H(35)
C(35)-C(36)-C(37)

108.0(2)
108.0(2)
106.7(3)
111.5(5)
124.6(6)
123.3(4)
111.0(6)
123.6(6)
125.0(3)
117.2(6)
118.1(5)
118.1(5)
120.6(7)
119.7
119.7
120.3(7)
119.8
119.8
119.3(7)
120.4
120.4
120.8(7)
119.6
119.6
120.7(6)
119.7
119.7
118.3(6)
120.6(5)
121.0(5)
112.5(4)
109.1
109.1
109.1
109.1
107.8
105.3(7)
127.7(4)
127.0(5)
106.2(4)
121.8(5)
132.0(6)
116.1(7)
121.9
121.9
122.0(5)
119.0
119.0
122.1(5)
119.0
119.0
115.9(7)
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C(35)-C(36)-H(36)
C(37)-C(36)-H(36)
C(32)-C(37)-C(36)
C(32)-C(37)-N(5)
C(36)-C(37)-N(5)
N(5)-C(38)-C(39)
N(5)-C(38)-H(38A)
C(39)-C(38)-H(38A)
N(5)-C(38)-H(38B)
C(39)-C(38)-H(38B)
H(38A)-C(38)-H(38B)
N(6)-C(39)-C(38)
N(6)-C(39)-H(39A)
C(38)-C(39)-H(39A)
N(6)-C(39)-H(39B)
C(38)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
C(41)-C(40)-C(41)#5
C(41)-C(40)-S(2)
C(41)#5-C(40)-S(2)
C(42)-C(41)-C(40)
C(42)-C(41)-H(41)
C(40)-C(41)-H(41)
C(43)-C(42)-C(41)
C(43)-C(42)-H(42)
C(41)-C(42)-H(42)
C(42)#5-C(43)-C(42)
C(42)#5-C(43)-C(44)
C(42)-C(43)-C(44)
C(43)-C(44)-H(44A)
C(43)-C(44)-H(44B)
H(44A)-C(44)-H(44B)
C(43)-C(44)-H(44C)
H(44A)-C(44)-H(44C)
H(44B)-C(44)-H(44C)
0O(3)-S(3)-C(45)
0O(3)-S(3)-C(46)
C(45)-S(3)-C(46)
S(3)-C(45)-H(45A)
S(3)-C(45)-H(45B)
H(45A)-C(45)-H(45B)
S(3)-C(45)-H(45C)
H(45A)-C(45)-H(45C)
H(45B)-C(45)-H(45C)
S(3)-C(46)-H(46A)
S(3)-C(46)-H(46B)
H(46A)-C(46)-H(46B)
S(3)-C(46)-H(46C)
H(46A)-C(46)-H(46C)
H(46B)-C(46)-H(46C)
O(4)-S(4)-C(47)#2
O(4)-S(4)-C(47)

122.0
122.0
122.1(5)
106.0(4)
131.9(6)
109.1(4)
109.9
109.9
109.9
109.9
108.3
112.4(4)
109.1
109.1
109.1
109.1
107.9
120.7(8)
119.6(4)
119.6(4)
118.5(7)
120.7
120.7
121.3(8)
119.4
119.4
119.4(9)
120.3(5)
120.3(5)
109.5
109.5
109.5
109.5
109.5
109.5
116.1(7)
102.3(7)
95.2(8)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
105.4(4)
105.4(4)
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C(47)#2-S(4)-C(47) 96.3(6)

S(4)-C(47)-H(47A) 109.5
S(4)-C(47)-H(47B) 109.5
H(47A)-C(47)-H(47B)  109.5
S(4)-C(47)-H(47C) 109.5

H(47A)-C(47)-H(47C) 109.5
H(47B)-C(47)-H(47C) 109.5

Symmetry transformations used to generate equivalent atoms:
#1 -x,-y+1,-z+41 #2x,-y+1,z #3-X)y,-z+1
#4 -X+2,-y,-2+1 #5X,-y,z #6 -x+2)y,-z+1
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Table L1.4: Anisotropic displacement parameters (A2 x 10"3) for L;.AgBr. The
anisotropic displacement factor exponent takes the form: -2 pi*2 [ h"2 a*"2 U1l + ... +
2hka*b*Ul2]

Ull U22 U33 U23 U13 U12
Ag(l)  22(1) 26(1) 58(1) -3(1) 2(1) -6(1)
Ag(2)  34(1) 32(1) 62(1) 0 3(1) 0
Br(l)  34(1) 31(1) 31(1) 0 10(1) 0
Br2)  18(1) 26(1) 35(1) 0 4(1) 0
Br(3)  29(1) 21(1) 32(1) 0 0(1) 0
S(1) 15(1) 24(1) 25(1) 0 5(1) 0
o)  242) 50(2) 58(3) -29(2) 11(2) 2(2)
N(L)  20(2) 19(2) 23(2) 1(2) 2(2) 3(1)
NQ@)  19(2) 13(2) 25(2) -1(2) 5(2) 0(1)
N@)  14(2) 11(2) 25(3) 0 4(2) 0
C(l)  34(3) 51(4) 30(3) -2(3) 3(2) 11(3)
c(2)  3503) 79(5) 31(3) -8(3) 3(2) 0(3)
C(3)  58(4) 78(5) 47(4) -33(4) 17(3)  -18(4)
C(4)  82(5) 44(4) 90(6) -32(4) 45(5)  -2(4)
C(5)  58(4) 30(3) 60(4)  -10(3) 27(3)  2(3)
c)  20(2) 29(3) 33(3)  -6(2) 3(2) 2(2)
c())  23(2) 27(2) 27(3)  -1(2) -1(2) 9(2)
c(e)  19(2) 19(2) 19(2) 1(2) 1(2) 3(2)
CO)  24(2) 18(2) 17(2) 3(2) 3(2) 1(2)
C(10)  39(3) 15(2) 25(2) 3(2) 4(2) 1(2)
C(1l)  46(3) 20(2) 30(3) 1(2) 720 -12(2)
C(12) 32(3) 33(3) 32(3) 4(2) 7020 -11(2)
C(13)  23(2) 24(2) 30(3) 3(2) 82  -1(2)
C(14)  25(2) 13(2) 20(2) 2(2) 52)  -1(2)
c(15)  21(2) 18(2) 22(2) -5(2) 1(2) 4(2)
C(16)  23(2) 17(2) 23(2) -2(2) 5(2) 2(2)
cl7) 17(3) 56(5) 26(4) 0 4(3) 0
C(18)  50(6) 107(10)  43(6) 0 9(5) 0
C(19)  76(8) 148(13)  29(5) 0 1(5) 0
C(20)  28(5) 330(30)  25(5) 0 7(4) 0
C(21)  42(6) 220(20)  50(7) 0 -3(5) 0
C(22)  46(6) 142(13)  62(7) 0 16(5) 0
C(23)  111(9) 187(11)  110(9) 0 17(8) 0
Ag(3)  22(1) 25(1) 61(1) -6(1) 18(1)  3(1)
Ag(4)  36(1) 33(1) 59(1) 0 5(1) 0
Br(4)  15(1) 22(1) 39(1) 0 9(1) 0
Br(5)  50(1) 36(1) 31(1) 0 16(1) 0
Br(6)  32(1) 18(1) 32(1) 0 -2(1) 0
S(2) 15(1) 49(1) 27(1) 0 8(1) 0
0Q) 4312 91(4) 38(2) 3(2) 3(2) -48(2)
N@4)  17(2) 18(2) 26(2)  -1(2) 7(2) -3(1)
NG)  14(2) 18(2) 26(2) 2(2) 5(1) -3(1)
NG)  16(2) 18(2) 24(3) 0 9(2) 0
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C(24) 76(5) 39(4) 52(4) 4(3) -12(4) -3(3)

C(25) 88(6) 60(5) 53(5) 17(4) -13(4)  3(4)
C(26) 38(3) 81(5) 39(4) -11(4) 0(3) 6(3)
C(27) 55(4) 69(5) 49(4) -24(4) 16(3)  -29(4)
C(28) 47(3) 49(4) 44(4) -13(3) 18(3)  -21(3)
C(29) 18(2) 30(3) 35(3) -2(2) 42) 002
C(30) 20(2) 25(2) 39(3) 7(2) 112)  -6(2)
C(3l) 14(2) 21(2) 25(2) 1(2) 8(2)  0(2)
C(32) 19(2) 23(2) 20(2) 1(2) 72 2(2)
C(33) 36(3) 20(2) 29(3) 2(2) 112) 1)
C(34) 39(3) 27(3) 33(3) 2(2) 13(2)  12(2)
C(35) 25(2) 36(3) 38(3) 8(2) 13(2)  15(2)
C(36) 16(2) 33(3) 34(3) 4(2) 72 5(2)
C(37) 19(2) 21(2) 21(2) 4(2) 6(2)  5(2)
c(38) 17(2) 19(2) 23(2) 0(2) 42)  -4Q2)
C(39) 33(3) 33(3) 23(2) 5(2) 02) -18(2)
C(40)  30(4) 60(5) 26(4) 0 183) 0
C(4l) 61(4) 67(4) 28(3) -4(3) 16(3)  30(3)
C(42) 128(8) 74(5) 28(4) -4(4) 19(4)  27(5)
C(43) 110(10) 80(8) 18(5) 0 11(5) 0
C(44) 230(20) 87(10)  29(6) 0 1909) 0
S@3)  60(2) 50(2) 35(2) 5(1) 1) -52)
O(3)  300(20) 83(9) 110(11) -35(8) 139(14) -128(13)
C(45) 35(6) 91(11) 28(6) 14(7) 05)  10(7)
C(46) 71(10) 117(15)  48(9) 1(9) 30(8)  -22(10)
S@4)  80(2) 45(1) 30(1) 0 23(1) 0
O@4) 110(6) 33(3) 41(4) 0 40(4) 0

C(47) 91(6) 57(5) 63(5) 20(4) 25(4)  -11(4)
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Table L1.5: Hydrogen coordinates ( x 1074) and isotropic displacement parameters
(A2 x 10"3) for L;.AgBr.

X y z U(eq)
H(1) 1769 6982 6886 47
H(2) 1675 7319 7716 59
H(3) 1170 8355 7851 72
H(4) 729 9075 7160 82
H(5) 825 8758 6320 57
H(7TA) 952 7296 5843 32
H(7B) 1278 8031 5745 32
H(10) 2559 8683 6164 32
H(11) 3818 9005 6237 39
H(12) 4737 8212 6164 39
H(13) 4436 7063 5999 31
H(15A) 3667 6037 5551 25
H(15B) 2934 5617 5613 25
H(16A) 4132 5972 6456 25
H(16B) 3389 5575 6529 25
H(18) 4806 5000 7164 80
H(19) 5730 5000 7927 103
H(21) 7341 5000 7146 127
H(22) 6462 5000 6347 99

H(23A) 7048(3) 4535(9) 8190(20) 205
H(23B) 7690(40) 5000 8030(70) 205

H(Q24) 8774 1733 6200 71
H25) 9260 1840 7087 85
H(26) 9809 2857 7421 65
HQ27) 9912 3736 6869 69
H(28) 9386 3653 5990 55
H(30A) 8701 3067 5272 32
H(30B) 9048 2317 5285 32
H(33) 7598 3700 5511 33
H@34) 6374 4030 5558 39
H@35) 5396 3247 5451 38
H(36) 5593 2095 5292 33
H(38A) 6864 641 4926 23
H(38B) 6102 1028 4973 23
H(39A) 7197 544 5841 37
H(39B) 6462 962 5901 37
H41) 5754 1035 6625 61
H42) 6157 1018 7524 91
H(44A) 5960 -242 8345 175
H(44B) 6384 471 8332 175
H(44C) 6833 -228 8318 175
H@45A) 7505 3329 7208 79
H@45B) 7318 630 6630 79

H(45C) 7977 3083 6788 79
H(46A) 5636 2777 6799 114
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H(46B)
H(46C)
H(47A)
H(47B)
H(47C)

5892
6184
1773
1806
2369

3427
3331
4375
4344
3889

6510
7122
7260
7873
7619

114
114
104
104
104
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APPENDIX L2: Crystallographic data for L3.HgBr

Table L2.1: Crystal data and structure refinement for L3.HgBr.

Empirical formula CrsH70Hg2BrsClI4N1004S,.2H,0

Formula weight 2138.19

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system, space group  Triclinic, P1

Unit cell dimensions a=10.2023(3) A alpha = 78.934(3) deg.

b=11.6351(3) A beta =83.730(3) deg.
c=17.8431(6) A gamma = 80.391(3) deg.

Volume 2042.99(11) A"3
Z, Calculated density 17, 1.861 Mg/m”3
Absorption coefficient 6.440 mm~-1
F(000) 1115

Crystal size 0.3x0.2x0.1 mm

Theta range for data collection 2.91 to 26.50 deg.

Limiting indices - 12<=h<=12, -14<=k<=14, -22<=I<=20
Reflections collected / unique 20592 / 8465 [R(int) = 0.0457]
Completeness to theta = 26.00 99.9%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8465 /0 /500

Goodness-of-fit on F*2 1.152

Final R indices [I1>2sigma(l)] R1=0.0684, wR2 = 0.1620

R indices (all data) R1=0.0724, wR2 = 0.1641
Largest diff. peak and hole 1.655 and -4.929 e. A™-3
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Table L2.2: Atomic coordinates ( x 10"4) and equivalent isotropic displacement
parameters (A"2 x 10"3) for L3.HgBr. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

X y z U(eq)

Hg(2) 4773(1) 1833(1)  3555(1)  11(1)
Br(1) 5000 0 5000 16(1)
Br(2) 1944(1) 2039(1)  3846(1)  25(1)
CI(1) 2071(4) 538(4)  -735(2)  48(1)

S(3) 7648(3) 2081(2)  2243(1)  14(1)
CI(5) 3783(6)  7007(6)  -74(3) 95(2)
0@3) 7141(8) 4138(7)  2420(5)  21(2)
0(5) 6837(8) 2372(7)  1897(5)  21(2)
C(5AA) 12292(14) 3972(14)  -60(8) 36(3)
C(2) 10271(13) 2970(13) 397(7)  32(3)
N(OAA)  4822(9)  -234(8)  2631(5)  15(2)
N(5) 6736(9)  -242(7) 3078(5)  15(2)
N(8) 4223(9) 4562(7)  3631(5)  13(2)
C(9) 5471(10)  339(8) 3044(6)  11(2)

C(12) 7709(16)  -2983(10)  2249(7)  33(3)
C(13) 6860(11)  5448(10)  4431(6)  18(2)
C(15) 4821(11)  5424(9)  3849(6)  16(2)
C(18) 7960(14)  -2070(9)  2603(6)  24(3)
C(20) 0223(12)  2714(11)  944(7) 25(3)
C(LAA)  3076(10)  209(9) 1706(6)  15(2)

N(3) 6069(8) 3660(7)  4093(5)  10(2)
C(6) 3593(11)  819(10)  353(7) 24(2)
c(7) 4987(10)  3509(9)  3790(6)  11(2)
C(0AA)  5455(13) -2097(10)  2054(6)  23(2)
C(3AA)  7776(10)  -5(9) 3503(6)  16(2)

C(14) 3157(12)  5372(10) 2416(7)  23(2)
C(74) 4142(13)  4874(14)  1952(7)  33(3)
C(54) 4363(15)  5348(18)  1166(8)  49(5)
C(16) 3525(19)  6340(18)  881(8) 54(5)
C(46) 2480(20)  6855(14)  1335(10)  58(6)
C(43) 2280(16)  6373(12)  2106(8)  37(3)
C(4AA)  2953(11)  4849(10) 3259(6)  19(2)
C(2AA)  6870(12) -1213(9)  2701(6) 18(2)
C(22) 8632(10)  897(9) 3032(6) 16(2)
C(23) 9101(11)  3131(9)  1620(6) 18(2)
C(26) 1919(11)  -138(11)  1552(7) 23(2)
c(27) 5645(11)  -1189(9)  2415(6) 16(2)
C(29) 6007(11)  4844(9)  4139(6) 16(2)
C(32) 4391(12)  6632(10) 3848(6) 20(2)
N(33) 8032(9) 2142(7)  3057(5) 14(2)
C(35) 11186(12)  3636(12)  528(7) 26(3)
C(38) 3900(11)  710(10)  1096(6) 19(2)
C(39) 6436(12)  6641(10) 4425(6)  23(2)
C(42) 11072(13)  4001(13)  1231(8)  35(3)
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C(47)
C(50)
C(51)
C(55)
C(58)
C(60)
C(64)
C(66)
Br(0A)
0O(1)
0(2)

8334(10)
6497(15)
1593(12)
7201(10)
5216(12)
3383(11)
2448(12)
10027(13)
919(2)
8751(12)
9954(12)

2682(10)

-2983(10)
-31(12)

2745(9)
7218(9)
48(11)
436(12)
3782(14)
7943(2)
528(10)
3810(11)

3683(6)
1983(7)
799(8)

4322(6)
4143(6)
2526(7)
212(7)

1774(8)
3628(1)
5206(8)
4992(9)

16(2)
29(3)
30(3)
14(2)
21(2)
22(2)
27(3)
34(3)
62(1)
61(4)
64(4)
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Table L2.3: Bond lengths [A] and angles [deg] for L3.HgBr

Hg(2)-C(9)
Hg(2)-C(7)
Hg(2)-Br(2)
Hg(2)-Br(1)
Br(1)-Hg(2)#1
CI(1)-C(64)
S(3)-0(5)
S(3)-0(3)
S(3)-N(33)
S(3)-C(23)
CI(5)-C(16)
C(5AA)-C(35)
C(5AA)-H(5AA)
C(5AA)-H(SAB)
C(5AA)-H(5AC)
C(2)-C(35)
C(2)-C(20)
C(2)-H(2)
N(0AA)-C(9)
N(OAA)-C(27)
N(0AA)-C(60)
N(5)-C(9)
N(5)-C(2AA)
N(5)-C(3AA)
N(8)-C(7)
N(8)-C(15)
N(8)-C(4AA)
C(12)-C(50)
C(12)-C(18)
C(12)-H(12)
C(13)-C(39)
C(13)-C(29)
C(13)-H(13)
C(15)-C(29)
C(15)-C(32)
C(18)-C(2AA)
C(18)-H(18)
C(20)-C(23)
C(20)-H(20)
C(LAA)-C(26)
C(LAA)-C(38)
C(LAA)-C(60)
N(3)-C(7)
N(3)-C(29)
N(3)-C(55)
C(6)-C(38)
C(6)-C(64)
C(6)-H(6)
C(0AA)-C(50)

2.100(10)
2.121(10)
2.8544(11)
3.0167(4)
3.0167(4)
1.752(12)
1.430(8)
1.440(8)
1.634(9)
1.764(11)
1.744(14)
1.503(16)
0.9600
0.9600
0.9600
1.373(17)
1.397(16)
0.9300
1.367(12)
1.368(14)
1.474(14)
1.356(13)
1.402(13)
1.460(14)
1.336(13)
1.391(13)
1.480(13)
1.37(2)
1.404(17)
0.9300
1.381(16)
1.403(15)
0.9300
1.385(15)
1.400(15)
1.385(16)
0.9300
1.371(16)
0.9300
1.381(15)
1.397(15)
1.499(15)
1.332(13)
1.387(13)
1.469(13)
1.373(17)
1.381(17)
0.9300
1.365(18)
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C(0AA)-C(27)
C(0AA)-H(0AA)
C(3AA)-C(22)
C(3AA)-H(3AA)
C(3AA)-H(3AB)
C(14)-C(74)
C(14)-C(43)
C(14)-C(4AA)
C(74)-C(54)
C(74)-H(74)
C(54)-C(16)
C(54)-H(54)
C(16)-C(46)
C(46)-C(43)
C(46)-H(46)
C(43)-H(43)
C(4AA)-H(4AA)
C(4AA)-H(4AB)
C(2AA)-C(27)
C(22)-N(33)
C(22)-H(22A)
C(22)-H(22B)
C(23)-C(66)
C(26)-C(51)
C(26)-H(26)
C(32)-C(58)
C(32)-H(32)
N(33)-C(47)
C(35)-C(42)
C(38)-H(38)
C(39)-C(58)
C(39)-H(39)
C(42)-C(66)
C(42)-H(42)
C(47)-C(55)
C(47)-H(47A)
C(47)-H(47B)
C(50)-H(50)
C(51)-C(64)
C(51)-H(51)
C(55)-H(55A)
C(55)-H(55B)
C(58)-H(58)
C(60)-H(60A)
C(60)-H(60B)
C(66)-H(66)
O(1)-H(LA)
0(1)-H(1B)
0(2)-H(2A)
0(2)-H(2B)

1.388(15)
0.9300
1.542(14)
0.9700
0.9700
1.356(19)
1.406(18)
1.515(16)
1.414(18)
0.9300
1.36(3)
0.9300
1.39(3)
1.39(2)
0.9300
0.9300
0.9700
0.9700
1.394(16)
1.482(13)
0.9700
0.9700
1.385(16)
1.397(17)
0.9300
1.370(16)
0.9300
1.465(14)
1.387(17)
0.9300
1.408(18)
0.9300
1.382(17)
0.9300
1.537(15)
0.9700
0.9700
0.9300
1.376(18)
0.9300
0.9700
0.9700
0.9300
0.9700
0.9700
0.9300
0.8501
0.8501
0.8500
0.8500
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C(9)-Hg(2)-C(7)
C(9)-Hg(2)-Br(2)
C(7)-Hg(2)-Br(2)
C(9)-Hg(2)-Br(1)
C(7)-Hg(2)-Br(1)
Br(2)-Hg(2)-Br(1)
Hg(2)-Br(1)-Hg(2)#1
0O(5)-S(3)-0(3)
O(5)-S(3)-N(33)
O(3)-S(3)-N(33)
0O(5)-S(3)-C(23)
0O(3)-S(3)-C(23)
N(33)-S(3)-C(23)
C(35)-C(2)-C(20)
C(35)-C(2)-H(2)
C(20)-C(2)-H(2)
C(9)-N(0AA)-C(27)
C(9)-N(0AA)-C(60)
C(27)-N(0AA)-C(60)
C(9)-N(5)-C(2AA)
C(9)-N(5)-C(3AA)
C(2AA)-N(5)-C(3AA)
C(7)-N(8)-C(15)
C(7)-N(8)-C(4AA)
C(15)-N(8)-C(4AA)
N(5)-C(9)-N(0AA)
N(5)-C(9)-Hg(2)
N(0AA)-C(9)-Hg(2)
C(50)-C(12)-C(18)
C(50)-C(12)-H(12)
C(18)-C(12)-H(12)
C(39)-C(13)-C(29)
C(39)-C(13)-H(13)
C(29)-C(13)-H(13)
C(29)-C(15)-N(8)
C(29)-C(15)-C(32)
N(8)-C(15)-C(32)
C(2AA)-C(18)-C(12)
C(2AA)-C(18)-H(18)
C(12)-C(18)-H(18)
C(23)-C(20)-C(2)
C(23)-C(20)-H(20)
C(2)-C(20)-H(20)
C(26)-C(LAA)-C(38)
C(26)-C(1LAA)-C(60)
C(38)-C(LAA)-C(60)
C(7)-N(3)-C(29)
C(7)-N(3)-C(55)
C(29)-N(3)-C(55)
C(38)-C(6)-C(64)
C(38)-C(6)-H(6)
C(64)-C(6)-H(6)

151.5(4)
109.2(3)
97.4(3)
81.9(3)
109.8(3)
88.00(3)

179.999(14)

120.4(5)
106.9(5)
105.7(5)
106.9(5)
106.6(5)
110.1(5)
120.7(11)
119.6
119.6
110.8(9)
124.0(9)
124.7(9)
109.1(9)
126.8(8)
123.8(9)
109.6(9)
128.1(9)
122.3(8)
106.9(8)
123.2(7)
129.9(7)
122.3(12)
118.8
118.8
116.3(11)
121.9
121.9
106.0(9)
122.2(10)
131.8(10)
114.8(12)
122.6
122.6
119.9(11)
120.0
120.0
118.9(10)
118.3(10)
122.8(10)
109.6(8)
126.6(8)
123.7(8)
119.3(11)
120.4
120.4
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N(3)-C(7)-N(8)
N(3)-C(7)-Hg(2)
N(8)-C(7)-Hg(2)
C(50)-C(0AA)-C(27)
C(50)-C(0AA)-H(0AA)
C(27)-C(0AA)-H(0AA)
N(5)-C(3AA)-C(22)
N(5)-C(3AA)-H(3AA)
C(22)-C(3AA)-H(3AA)
N(5)-C(3AA)-H(3AB)
C(22)-C(3AA)-H(3AB)

H(3AA)-C(3AA)-H(3AB)

C(74)-C(14)-C(43)
C(74)-C(14)-C(4AA)
C(43)-C(14)-C(4AA)
C(14)-C(74)-C(54)
C(14)-C(74)-H(74)
C(54)-C(74)-H(74)
C(16)-C(54)-C(74)
C(16)-C(54)-H(54)
C(74)-C(54)-H(54)
C(54)-C(16)-C(46)
C(54)-C(16)-CI(5)
C(46)-C(16)-CI(5)
C(43)-C(46)-C(16)
C(43)-C(46)-H(46)
C(16)-C(46)-H(46)
C(46)-C(43)-C(14)
C(46)-C(43)-H(43)
C(14)-C(43)-H(43)
N(8)-C(4AA)-C(14)
N(8)-C(4AA)-H(4AA)
C(14)-C(4AA)-H(4AA)
N(8)-C(4AA)-H(4AB)
C(14)-C(4AA)-H(4AB)

H(4AA)-C(4AA)-H(4AB)

C(18)-C(2AA)-C(27)
C(18)-C(2AA)-N(5)
C(27)-C(2AA)-N(5)
N(33)-C(22)-C(3AA)
N(33)-C(22)-H(22A)
C(3AA)-C(22)-H(22A)
N(33)-C(22)-H(22B)
C(3AA)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(20)-C(23)-C(66)
C(20)-C(23)-S(3)
C(66)-C(23)-S(3)
C(LAA)-C(26)-C(51)
C(LAA)-C(26)-H(26)
C(51)-C(26)-H(26)
N(OAA)-C(27)-C(0AA)

108.3(8)
121.0(7)
130.5(7)
118.1(12)
120.9
120.9
113.2(9)
108.9
108.9
108.9
108.9
107.8
119.4(12)
121.4(11)
119.2(12)
122.6(15)
118.7
118.7
117.0(16)
1215
1215
122.0(13)
119.4(16)
118.6(14)
120.0(15)
120.0
120.0
118.9(16)
120.5
1205
111.9(9)
109.2
109.2
109.2
109.2
107.9
123.2(11)
129.9(11)
106.9(9)
112.8(9)
109.0
109.0
109.0
109.0
107.8
120.5(11)
119.1(8)
120.0(9)
120.9(11)
1195
1195
133.7(11)
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N(OAA)-C(27)-C(2AA)
C(0AA)-C(27)-C(2AA)
C(15)-C(29)-N(3)
C(15)-C(29)-C(13)
N(3)-C(29)-C(13)
C(58)-C(32)-C(15)
C(58)-C(32)-H(32)
C(15)-C(32)-H(32)
C(47)-N(33)-C(22)
C(47)-N(33)-S(3)
C(22)-N(33)-S(3)
C(2)-C(35)-C(42)
C(2)-C(35)-C(5AA)
C(42)-C(35)-C(5AA)
C(6)-C(38)-C(1AA)
C(6)-C(38)-H(38)
C(LAA)-C(38)-H(38)
C(13)-C(39)-C(58)
C(13)-C(39)-H(39)
C(58)-C(39)-H(39)
C(66)-C(42)-C(35)
C(66)-C(42)-H(42)
C(35)-C(42)-H(42)
N(33)-C(47)-C(55)
N(33)-C(47)-H(47A)
C(55)-C(47)-H(47A)
N(33)-C(47)-H(47B)
C(55)-C(47)-H(47B)
H(47A)-C(47)-H(47B)
C(0AA)-C(50)-C(12)
C(0AA)-C(50)-H(50)
C(12)-C(50)-H(50)
C(64)-C(51)-C(26)
C(64)-C(51)-H(51)
C(26)-C(51)-H(51)
N(3)-C(55)-C(47)
N(3)-C(55)-H(55A)
C(47)-C(55)-H(55A)
N(3)-C(55)-H(55B)
C(47)-C(55)-H(55B)
H(55A)-C(55)-H(55B)
C(32)-C(58)-C(39)
C(32)-C(58)-H(58)
C(39)-C(58)-H(58)
N(OAA)-C(60)-C(1AA)
N(OAA)-C(60)-H(60A)
C(LAA)-C(60)-H(60A)
N(OAA)-C(60)-H(60B)
C(LAA)-C(60)-H(60B)
H(60A)-C(60)-H(60B)
C(51)-C(64)-C(6)
C(51)-C(64)-CI(1)

106.4(9)
119.7(11)
106.5(9)
121.4(10)
132.0(10)
116.4(11)
121.8
121.8
118.2(8)
119.6(7)
116.9(7)
118.1(11)
122.2(12)
119.7(11)
120.8(10)
119.6
119.6
121.9(10)
119.1
119.1
122.2(11)
118.9
118.9
113.5(8)
108.9
108.9
108.9
108.9
107.7
121.7(11)
119.2
119.2
118.5(11)
120.7
120.7
112.4(8)
109.1
109.1
109.1
109.1
107.9
121.9(10)
119.0
119.0
113.3(9)
108.9
108.9
108.9
108.9
107.7
121.6(11)
118.9(10)
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C(6)-C(64)-CI(1)

C(42)-C(66)-C(23)
C(42)-C(66)-H(66)
C(23)-C(66)-H(66)
H(1A)-O(1)-H(1B)
H(2A)-0(2)-H(2B)

119.5(10)
118.5(11)
120.7
120.7
109.5
109.5

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+1
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Table L2.4: Anisotropic displacement parameters (A2 x 10"3) for L3.HgBr. The
anisotropic displacement factor exponent takes the form: -2 pi*2 [ h"2 a*"2 U1l + ... +

2 hka*b* U12]

U1l u22 U33 u23 U13 U12
Hg(2) 10(1)  10(1)  12(1)  -3(1) A1) -1(D)
Br(l) 22(1)  13(1)  12(1)  0(1) 2(1)  -4(1)
Br2)  11(1)  17(1)  46(1)  -3(1) 3(1)  -3(1)
Cl(l) 352) 88(3)  18(2) 9(2) 10(1)  -20(2)
S(3) 13(1)  17(1)  121)  1(D) 1) -2(1)
CI(5) 102(4) 153(6) 34(2)  53(3)  -41(2) -91(4)
0B)  20(4)  13(4)  26(4)  -1(3) 2(3)  2(3)
0(G)  18(4)  27(4)  19(4)  2(3) 33)  -8(3)
C(5AA) 34(7)  50(9) 25(7)  -6(6) 16(6)  -20(7)
C(2) 26(7)  53(8)  23(6)  -24(6) 13(5)  -14(6)
N(OAA) 20(5) 17(4)  12(4)  -8(3) 03) -6(4)
N(5) 18(5)  9(4) 15(4)  -2(3) 03) 1(3)
N(8) 17(4)  9(4) 12(4)  -3(3) 13)  0(3)
C(9) 12(5)  10(4)  10(5)  -2(4) 0(4)  -4(4)
C(12) 65(10) 13(5)  18(6)  -10(5) 46)  6(6)
C(13) 22(6) 17(5)  15(5)  -2(4) 14)  -7(4)
C(15) 23(6) 15(5)  11(5)  -4(4) 14)  -3(4)
C(18)  44(7) 10(5)  14(55)  2(4) 0(5)  2(5)
C(20)  17(6)  33(7)  28(6)  -12(5) 3(5)  -9(5)
C(1AA) 13(5) 15(5)  18(5)  -6(4) A(4)  -2(4)
N@)  13(4)  7(4) 12(4)  -3(3) 13) -1(3)
C(6) 15(5)  24(6)  26(6)  5(5) 5(5)  1(4)
c(7) 11(5)  10(4)  10(5)  0(4) 3(4)  -1(4)
C(0AA) 40(7) 17(5)  15(5)  -5(4) 4(5)  -17(5)
C(3AA) 12(5) 15()  17(5) 0(4) 2(4) 3(4)
C(14)  28(6) 19(5)  26(6)  -2(5) 12(5)  -15(5)
C(74) 26(7) 5809  16(6)  5(6) -6(5)  -16(6)
C(54)  28(7) 104(14) 17(6)  7(8) -8(6)  -32(8)
C(16) 66(11) 86(13) 16(7)  22(8) 22(7)  -55(10)
C(46)  99(15) 32(8)  47(10)  17(7) -49(11)  -25(9)
C(43) 58(9) 24(6)  35(8)  -1(6) 24(7)  -12(6)
C(4AA) 18(5)  16()  23(6)  -3(4) 9@4)  -1(4)
C(2AA) 27(6) 13(5)  12(5)  -2(4) 3(4) -2(4)
C(22) 13(5) 13(5)  23(6)  0(4) A4)  -3(4)
C(23) 17(5) 16(5)  19(5) -1(4) 14)  -5(4)
C(26)  14(5) 30(6)  23(6) -1(5) 04)  -2(5)
C27) 26(6) 16(5) 8()  -1(4) 2(4)  -9(4)
C(29) 20(5) 17(5)  11(5) -3(4) 3(4)  -3(4)
C(32) 25(6) 18(5)  14(5)  0(4) 14)  -2(4)
N@33)  14(4)  10(4)  13(4)  3(3) 23)  -2(3)
C(35) 23(6) 35(7)  23(6)  -4(5) 4(5)  -13(5)
C(38) 19(6)  19(5)  20(6)  1(4) 2(4)  -6(4)
C(39) 33(7)  21(6) 17(6)  -2(4) 3(5)  -15(5)
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C(42)
C(47)
C(50)
C(51)
C(55)
C(58)
C(60)
C(64)
C(66)
Br(0A)
O(1)
0(2)

29(7)
8(5)

61(9)
19(6)
15(5)
38(7)
20(6)
20(6)
25(7)

56(1)
42(6)
39(6)

55(9)
19(5)
14(5)
42(8)
14(5)
11(5)
33(6)
35(7)
58(9)
64(1)
28(6)
51(7)

29(7)
23(6)
13(5)
31(7)
15(5)
14(5)
20(6)
20(6)
27(7)
67(1)
105(11)
118(12)

-19(6)
-2(4)
-5(4)
-1(6)
-4(4)
-6(4)
-12(5)

5(5)

-24(6)
-16(1)

30(6)

-57(8)

10(5)
-4(4)
3(5)

-10(5)
-6(4)

11(5)
5(4)

-9(5)

9(5)

-6(1)
-30(7)
-20(7)

-30(6)
-4(4)
-8(6)
-9(5)
-4(4)
-8(5)
-16(5)

2(5)

-19(6)
-3(2)
-18(5)

9(6)
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Table L2.5: Hydrogen coordinates ( x 1074) and isotropic displacement parameters

(A2 x 10"3) for L3.HgBr.

X y z U(eq)

H(5AA) 12386 3490 -449 54
H(5AB) 13111 3851 182 54
H(AC) 12085 4791 -290 54
H(2) 10349 2687 -62 38
H(12) 8389 -3608 2194 40
H(13) 7666 5068 4617 22
H(18) 8793 -2044 2759 29
H(20) 8610 2261 850 30
H(6) 4149 1148 -50 29
H(0AA) 4641 -2102 1867 27
H(3AA) 8352 -742 3669 19
H(3AB) 7363 294 3958 19
H(74) 4694 4193 2159 40
H(54) 5049 5000 857 59
H(46) 1913 7522 1122 69
H(43) 1578 6707 2411 45
H(4AA) 2341 5409 3515 22
H(4AB) 2554 4134 3312 22
H(22A) 9507 750 3227 20
H(22B) 8750 780 2504 20
H(26) 1349 -449 1955 28
H(32) 3589 7016 3657 24
H(38) 4666 973 1195 23
H(39) 6972 7076 4614 27
H(42) 11720 4406 1340 41
H(47A) 8520 3478 3475 20
H(47B) 9133 2230 3901 20
H(50) 6382 -3603 1747 35
H(51) 815 -270 697 36
H(55A) 6894 1981 4462 17
H(55B) 7542 2912 4771 17
H(58) 4962 8019 4158 25
H(60A) 3025 769 2722 27
H(60B) 2938 -585 2825 27
H(66) 9948 4066 2233 41
H(1A) 9016 842 5543 91
H(1B) 8411 -84 5422 91
H(2A) 10099 3109 5244 96
H(2B) 10073 4299 5266 96
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Table L2.6: Torsion angles [deg] for Ls.HgBr.

C(9)-Hg(2)-Br(1)-Hg(2)#1
C(7)-Hg(2)-Br(1)-Hg(2)#1
Br(2)-Hg(2)-Br(1)-Hg(2)#1
C(2AA)-N(5)-C(9)-N(0AA)
C(3AA)-N(5)-C(9)-N(0AA)
C(2AA)-N(5)-C(9)-Hg(2)
C(3AA)-N(5)-C(9)-Hg(2)
C(27)-N(0AA)-C(9)-N(5)
C(60)-N(0AA)-C(9)-N(5)
C(27)-N(0AA)-C(9)-Hg(2)
C(60)-N(0AA)-C(9)-Hg(2)
C(7)-Hg(2)-C(9)-N(5)
Br(2)-Hg(2)-C(9)-N(5)
Br(1)-Hg(2)-C(9)-N(5)
C(7)-Hg(2)-C(9)-N(0AA)
Br(2)-Hg(2)-C(9)-N(0AA)
Br(1)-Hg(2)-C(9)-N(0AA)
C(7)-N(8)-C(15)-C(29)
C(4AA)-N(8)-C(15)-C(29)
C(7)-N(8)-C(15)-C(32)
C(4AA)-N(8)-C(15)-C(32)
C(50)-C(12)-C(18)-C(2AA)
C(35)-C(2)-C(20)-C(23)
C(29)-N(3)-C(7)-N(8)
C(55)-N(3)-C(7)-N(8)
C(29)-N(3)-C(7)-Hg(2)
C(55)-N(3)-C(7)-Hg(2)
C(15)-N(8)-C(7)-N(3)
C(4AA)-N(8)-C(7)-N(3)
C(15)-N(8)-C(7)-Hg(2)
C(4AA)-N(8)-C(7)-Hg(2)
C(9)-Hg(2)-C(7)-N(3)
Br(2)-Hg(2)-C(7)-N(3)
Br(1)-Hg(2)-C(7)-N(3)
C(9)-Hg(2)-C(7)-N(8)
Br(2)-Hg(2)-C(7)-N(8)
Br(1)-Hg(2)-C(7)-N(8)
C(9)-N(5)-C(3AA)-C(22)
C(2AA)-N(5)-C(3AA)-C(22)
C(43)-C(14)-C(74)-C(54)
C(4AA)-C(14)-C(74)-C(54)
C(14)-C(74)-C(54)-C(16)
C(74)-C(54)-C(16)-C(46)
C(74)-C(54)-C(16)-CI(5)
C(54)-C(16)-C(46)-C(43)
CI(5)-C(16)-C(46)-C(43)
C(16)-C(46)-C(43)-C(14)
C(74)-C(14)-C(43)-C(46)
C(4AA)-C(14)-C(43)-C(46)

-31(14)
176(14)
79(14)
-1.8(11)
-175.4(9)
178.3(7)
4.7(14)
1.4(11)
173.7(9)
-178.7(7)
-6.4(15)
46.1(13)
-156.0(7)
-71.0(8)
-133.8(9)
24.1(10)
109.1(9)
1.0(11)
-177.1(9)
-175.6(11)
6.3(17)
3.6(17)
0(2)
0.4(11)
-177.4(9)
175.9(7)
-1.9(13)
-0.9(11)
177.1(9)
-175.7(7)
2.2(16)
-53.8(12)
147.2(7)
56.7(8)
120.5(10)
-38.5(9)
-129.0(9)
-90.4(12)
96.9(11)
2.5(19)
-179.4(12)
-1(2)
-1(2)
177.3(11)
1(2)

-177.4(11)

1(2)
-2.5(18)
179.4(11)
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C(7)-N(8)-C(4AA)-C(14)
C(15)-N(8)-C(4AA)-C(14)
C(74)-C(14)-C(4AA)-N(8)
C(43)-C(14)-C(4AA)-N(8)
C(12)-C(18)-C(2AA)-C(27)
C(12)-C(18)-C(2AA)-N(5)
C(9)-N(5)-C(2AA)-C(18)
C(3AA)-N(5)-C(2AA)-C(18)
C(9)-N(5)-C(2AA)-C(27)
C(3AA)-N(5)-C(2AA)-C(27)
N(5)-C(3AA)-C(22)-N(33)
C(2)-C(20)-C(23)-C(66)
C(2)-C(20)-C(23)-S(3)
0(5)-S(3)-C(23)-C(20)
0(3)-5(3)-C(23)-C(20)
N(33)-S(3)-C(23)-C(20)
0(5)-S(3)-C(23)-C(66)
0(3)-S(3)-C(23)-C(66)
N(33)-S(3)-C(23)-C(66)
C(38)-C(1AA)-C(26)-C(51)
C(60)-C(1AA)-C(26)-C(51)
C(9)-N(0AA)-C(27)-C(0AA)
C(60)-N(0AA)-C(27)-C(0AA)
C(9)-N(0AA)-C(27)-C(2AA)
C(60)-N(0AA)-C(27)-C(2AA)
C(50)-C(0AA)-C(27)-N(0AA)
C(50)-C(0AA)-C(27)-C(2AA)
C(18)-C(2AA)-C(27)-N(0AA)
N(5)-C(2AA)-C(27)-N(0AA)
C(18)-C(2AA)-C(27)-C(0AA)
N(5)-C(2AA)-C(27)-C(0AA)
N(8)-C(15)-C(29)-N(3)
C(32)-C(15)-C(29)-N(3)
N(8)-C(15)-C(29)-C(13)
C(32)-C(15)-C(29)-C(13)
C(7)-N(3)-C(29)-C(15)
C(55)-N(3)-C(29)-C(15)
C(7)-N(3)-C(29)-C(13)
C(55)-N(3)-C(29)-C(13)
C(39)-C(13)-C(29)-C(15)
C(39)-C(13)-C(29)-N(3)
C(29)-C(15)-C(32)-C(58)
N(8)-C(15)-C(32)-C(58)
C(3AA)-C(22)-N(33)-C(47)
C(3AA)-C(22)-N(33)-S(3)
0(5)-S(3)-N(33)-C(47)
0(3)-S(3)-N(33)-C(47)
C(23)-S(3)-N(33)-C(47)
0(5)-S(3)-N(33)-C(22)
0(3)-5(3)-N(33)-C(22)
C(23)-S(3)-N(33)-C(22)
C(20)-C(2)-C(35)-C(42)

-99.4(12)

78.3(12)
46.8(14)

-135.1(10)
-5.3(16)

174.7(11)

-178.4(11)
-4.6(17)

1.6(11)
175.4(9)
85.3(11)

2(2)

171.0(10)
1.7(11)

-128.2(10)

117.5(10)
174.4(10)
44.4(12)
-69.8(12)
2.1(18)
-178.8(11)
173.7(11)
1.5(18)
-0.4(12)
-172.7(10)
-174.5(11)
-0.9(16)
179.3(10)
-0.7(11)
4.2(16)
-175.8(9)
-0.7(11)
176.3(10)
-178.6(9)
-1.6(16)
0.2(11)
178.0(9)
177.8(11)
-4.4(17)
1.2(16)
-176.0(11)
0.6(16)
176.7(11)
87.6(11)
-118.3(8)
-153.6(8)
-24.2(9)
90.6(8)
52.8(8)

-177.8(7)
-63.0(8)

3(2)
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C(20)-C(2)-C(35)-C(5AA)
C(64)-C(6)-C(38)-C(1AA)
C(26)-C(1AA)-C(38)-C(6)
C(60)-C(1AA)-C(38)-C(6)
C(29)-C(13)-C(39)-C(58)
C(2)-C(35)-C(42)-C(66)
C(5AA)-C(35)-C(42)-C(66)
C(22)-N(33)-C(47)-C(55)
S(3)-N(33)-C(47)-C(55)
C(27)-C(0AA)-C(50)-C(12)
C(18)-C(12)-C(50)-C(0AA)
C(LAA)-C(26)-C(51)-C(64)
C(7)-N(3)-C(55)-C(47)
C(29)-N(3)-C(55)-C(47)
N(33)-C(47)-C(55)-N(3)
C(15)-C(32)-C(58)-C(39)
C(13)-C(39)-C(58)-C(32)
C(9)-N(0AA)-C(60)-C(1AA)
C(27)-N(0AA)-C(60)-C(LAA)
C(26)-C(1AA)-C(60)-N(0AA)
C(38)-C(LAA)-C(60)-N(0AA)
C(26)-C(51)-C(64)-C(6)
C(26)-C(51)-C(64)-CI(1)
C(38)-C(6)-C(64)-C(51)
C(38)-C(6)-C(64)-CI(1)
C(35)-C(42)-C(66)-C(23)
C(20)-C(23)-C(66)-C(42)
S(3)-C(23)-C(66)-C(42)

-177.4(13)
0.5(18)
-2.2(17)
178.7(11)
0.0(16)
-4(2)
175.8(15)

-102.1(10)

104.6(9)

-0.7(17)

-0.7(19)
0(2)
93.2(11)

-84.2(11)
-73.7(11)

0.7(16)

-1.0(17)

130.5(10)

-58.3(14)

146.3(10)

-34.6(15)
-1(2)

178.3(10)
1.3(19)

-178.4(9)

3(2)
0(2)
-172.5(12)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y,-z+1
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