
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Synthesis and Structural Analysis 
of Mononuclear to Polymeric 2,2'- 
Bipyridyl Lanthanide, Main Group 
and Transition Metal Complexes

Niamh Kelly
B.A. {Mod.), P. Grad. Dip. (Stat.)

A thesis submitted to the University of Dublin for the degree of 
Doctor o f Philosophy

School of Chemistry 
University of Dublin 

2006



TRINITY C O L L E G ^

^ 2  1 NOV 2007

LIBRARY DUBLIN ^



Declaration

This thesis has not been submitted as an exercise for a degree at any other University. 

Except where othenA/ise indicated, the work described herein has been carried out by 

the author alone. I, the undersigned, do also give permission to the Libraries of Trinity 

College, Dublin, to lend or copy this thesis in whole or in part without further reference to 

me.

Niamh Kelly



For my parents, Hilary and Peter



Acknowledgements

First and foremost, I wish to express my sincerest gratitude to my supervisor, Dr. Paul 

Kruger, for giving me the opportunity to carry out my postgraduate studies within this lab. 

Also thank you for all your encouragement, help and for making this such an enjoyable 

experience. I thank Enterprise Ireland, Science Foundation Ireland (SFI) and the Trinity 

College Postgraduate Award for supplying the finances to allow me to carry out this 

study.

I wish to offer a special thank you to everyone who helped and taught me to learn 

the tricks of the trade in carrying out my research. Firstly, thanks to Dr. Paul Jensen for 

introducing me to the often daunting world of crystallography and especially thanks to 

Dr. Sandrine Goetz (Durran!) for her time, effort and expertise in making it all that little bit 

clearer for me. Thank you to Dr. Chris Fitchett for helping us out when it became a little 

too difficult for us!

I wish to express my thanks to all the academic, technical and secretarial staff 

within the School of Chemistry at Trinity College for all their help over the past seven 

years. Especially thank you to Dr. John O’Brien and Dr. Manuel Ruether for the NMR 

studies. Dr. Martin Feeney for the mass specs, Trevor Woods for the TGA studies and 

last but not least Gar Keeley and Fran for help with electrochemical measurements.

A big big thank you must be given to all the past and present members of the 

Kruger group; Eithne, Michelle, Murray, Sylvie, Jen, Lin, Jensen, Sandrine, Claire, 

Carlos, Elsa and all of the project students that we’ve had along the way. Also, I cannot 

forget to thank the pseudo group members, Colin and Sarath, and all the Draper group 

crew.

Thanks to all the friends I’ve made in Trinity over the years. A special thank you 

must be made to Ciaran, Fran, Jen, Murray and especially Ger, Con and Claire, without 

whom I would have probably gone insane - 1 couldn’t ask for better friends! Thanks also 

to all of my non college friends, especially the Ard Scoil Rls boys and Niamh D.

I want to say a huge thank you to my two bessie buds, Niamho and Ali, you guys 

are like a second family to me. Finally (leaving the best until last), I would like to express 

the biggest thank you to my Mam, Dad and brother Paul for everything, but especially 

their love, support and constant faith in me. If it wasn’t for my family I would never have 

come this far. Thank you!



Table of Contents

Declaration.............................................................................................. ii

Acknowledgements..............................................................................iv

Table of Contents...................................................................................v

Summary................................................................................................ xi

Abbreviations...................................................................................... xiv

Chapter One.............................................................................................1

1.1 Supramolecular Chemistry......................................................................... 2

1.2 Hydrogen Bonding........................................................................................3

1.2.1 Structures of hydrogen bonds................................................................... 4

1.2.2 Strengths of hydrogen bonds....................   5

1.2.3 Self assembly and molecular recognition................................................6

1.3 Crystal Engineering......................................................................................8

1.3.1 Organic crystal engineering....................................................................... 9

1.3.2 Inorganic crystal engineering................................................................... 13

1.4 Po lym ers......................................................................................................14

1.4.1 Coordination Polym ers............................................................................. 14

1.4.2 Metal-Organic Frameworks......................................................................17

1.4.3 Hydrogen bonded networks of coordination complexes....................21

1.4.4 Networks...................................................................................................... 25

1.4.5 Interpenetration.......................................................................................... 28

1.5 Solvothermal Synthesis............................................................................ 30

1.5.1 /n S/f/7 Synthesis.........................................................................................31

1.6 Present study.............................................................................................. 33

Chapter Two.......................................................................................... 36

2.1 Introduction........................................................................................................... 37

V



2.2 Synthesis and structural characterisation of 4,4',6,6'-tetramethyl-

2,2 '-b ipyrid ine............................................................................................ 37

2.2.1 Synthesis of 4,4',6,6'-tetramethyl-2,2'-bipyridine (4,4',6,6'-tmbp) ....37

2.2.2 Crystal structure determination of 4,4',6,6'-tetramethyl-2,2'-

bipyridine (1).............................................................................................. 38

2.3 Synthesis and structural characterisation of 4,4',6,6'-tetracarboxy-

2,2'-bipyridine............................................................................................ 40

2.3.1 Synthesis of 4,4',6,6'-tetracarboxy-2,2'-bipyridine (4,4',6,6'-H4tcbp).40

2.3.2 Crystal structure determination of 4,4',6,6'-tetracarboxy-2,2'-

bipyridine (2)..............................................................................................40

2.4 Mononuclear Ln(lll) and heteronuclear Ln(lll) and Cu(ll) complexes

with 4,4',6,6'-tetracarboxy-2,2'-bipyridine............................................ 43

2.4.1 Introduction................................................................................................43

2.4.2 Reaction of Yb(CF3S03)3  with 4,4',6,6'-H4tcbp....................................44

2.4.3 Crystal structure determination of

{[Yb(dmcdcbp)2] H20 Me0H H3 0 } (3)..................................................45

2.4.4 Reaction of Gd(Cp3S03)3  with 4,4',6,6'-H4tcbp................................... 51

2.4.5 Crystal structure determination of

{[Gd(dmcdcbp)2]-2H20 H3O} (4)............................................................ 51

2.4.6 Reaction of Sm(CF3S03)3  with 4,4',6,6'-H4tcbp...................................53

2.4.7 Crystal structure determination of

{[Sm(dmcdcbp)2]-2H2G H3 0 } (5) ...........................................................53

2.4.8 Reaction of Yb(CF3S03)3 and Cu(0Ac)2 with 4.4',6,6'-H4tcbp.........56

2.4.9 Structural determination of

{Yb2(dmcdcbp)4Cu(0Me)2(H20)2]-3H20'4Me0H} (6)....................... 56

2.5 Polymeric Ln(lll) complexes with 4,4',6,6'-tetracarboxy-2,2'-

bipyridine.................................................................................................... 59

2.5.1 Introduction............................................................................................... 59

2.5.2 Reaction of La(CF3S03)3  with 4,4',6,6'-H4tcbp................................... 59

VI



2.5.3 Crystal Strucutre determination of

{[La(4 ,4 ',6 .6 '-Htcbp)(H20 )3] H20 } (7)...................................................... 60

2.5.4 Reaction of La(0 Ac )3 with 4 ,4 ',6 ,6'-H4tcb p ............................................ 66

2.5.5 Crystal structure determination of {[La(4 ,4 ',6 ,6'-Htcbp)(H2 0 )]}

(8) ..................................................................................................................66

2.5.6 Reaction of EU2O3 with 4 ,4 ',6 ,6 '-H4tcbp................................................... 74

2.5.7 Structural determination of {[Eu(4 ,4 ',6 ,6'-Htcbp)(H20 )]-2H20 }

(9)................................................................................................................. 75

2.5.8 Reaction Gd203 with 4 ,4 ',6 ,6'-H4tcbp.......................................................79

2.5.9 Structural determination of

{[Gd(4 ,4 ',6 ,6 '-Htcbp)(H2 0 )]-2H20 }(10) ................................................... 80

2.5.10 Reaction of EU2O3 with 4 ,4 ',6 ,6'-H4tcbp.................................................85

2.5.11 Structural determination of 

{[Eu(4 ,4 ',6 ,6’-tcbp)(H20 )](Me2NH2) } ( 11) ...............................................86

2.6 Conclusions................................................................................................ 93

Chapter Three........................................................................................96

3.1 Introduction..................................................................................................97

3.2 Reaction of Ba(ll) and Sr(ll) with 4,4',6,6'-tetracarboxy-2,2'-

bipyridine.....................................................................................................97

3.2.1 Reaction of Ba(N03)2 with 4 ,4 ',6 ,6 '-H4tcbp^...........................................97

3.2.2 Structural characterisation of [Ba2(4 ,4 ',6 ,6'-tcbp)(H2 0 )2] (12)........... 97

3.2.3 Reaction of Sr(0 Ac)2 and Cu(0 Ac)2 with 4 ,4 ',6 ,6 '-H4tcbp,............. 104

3.2.4 Structural characterisation of [CuSr(4 ,4 ',6 ,6 '-tcbp)(H2 0 )2] (13).... 104

3.2.5 Thermal analysis of 1 3 ........................................................................ 109

3.3 Reaction of Ba(ll), Sr(ll) and Ni(ll) with

4,4'-dicarboxy-2,2'-bipyridine............................................................... 110

3.3.1 Reaction of Ba(N03 ) with 4 ,4 '-H2dcbp.............................................. 110

3.3.2 Structural characterisation of

{[Ba(4,4'-dcbp)(H20)o.4] 0.6H20} (14)............................................. 110

3.3.3 Reaction of Sr(0 Ac)2 with 4 ,4 '-H2dcbp...................................................... 116



3.3.4 Structural characterisation of {[Sr(4,4'-dcbp)] H20} (1 5 ).............. 117

3.3.5 Thermal analysis of 14 and 1 5 ...........................................................121

3.3.6 Reaction of Ni(N03)2 with 4,4'-H2dcbp............................................... 122

3.3.7 Structural characterisation of [Ni(4,4'-dcbp)(H20)2] (16)................123

3.3.8 Thermal analysis of 1 6 ......................................................................... 128

3.4 Conclusions.............................................................................................129

Chapter Four....................................................................................... 131

4.1 Introduction..............................................................................................132

4.2 In Situ Solvothermal synthesis and structural characterisation of a

Cu(ll) complex with 4,4'-dicarboxy-2,2'-bipyridine.........................132

4.2.1 Synthesis of 4-methyl, 4'-carboxy-2,2'-bipyridine (4,4'-Hmcbp).. 132

4.2.2 Reaction of Cu(0Ac)2 with 4,4'-Hmcbp.............................................133

4.2.3 Crystal structure determination of [Cu(4 ,4 '-dcbp)(N0 3 )] (17).......133

4.3 In Situ solvothermal oxidation of methyl substituted 2,2'-bipyridine

molecules............................................................................................... 137

4.3.1 General synthesis of carboxylic acid substituted 2,2'-bipyridines.137

4.3.2 Oxidation of 4,4'-dmbp (L I) to 4,4'-dcbp (L5)................................. 138

4.3.3 Oxidation of 6,6'-dmbp (L2) to 6,6'-dcbp (L6)................................. 138

4.3.4 Synthesis of 5,5',6,6'-tmbp (L3)..........................................................139

4.3.5 Oxidation of 5,5',6,6'-tmbp (L3) to 5,5'-dcbp (L7)........................... 139

4.3.6 Crystal structure determination of 5,5'-dcbp (L7)........................... 140

4.3.7 Oxidation and di-decarboxylation of 4,4',6,6'-tmbp (L3) to 4,4'-dcbp

(L7)...........................................................................................................142

4.4 In Situ solvothermal Cu(ll) complexation and ligand isolation of

4,4',6-tricarboxy-2,2'-bipyridinium (4,4',6-tcbpm)...........................142

4.4.1 Reaction of Cu(0Ac)2 with 2 ............................................................... 142

4.4.2 Crystal Structure determination of ...........................................................

{[Cu(4,4',6-tcbp)(H20)] H20} (18)......................................................143

4.4.3 Thermal analysis of 18......................................................................... 149

Vlll



4.4.4 In situ synthesis of 4,4',6-tricarboxy-2,2'-bipyridinium

(4,4',6-tcbpm).......................................................................................... 149

4.4.5 Crystal structure determination of [4,4',6-tricarboxy-2,2'-

bipyridinium](N0 3 ) (19)..........................................................................149

4.5 Conclusions............................................................................................ 153

Chapter Five........................................................................................ 155

5.1 Introduction..............................................................................................156

5.2 Effect of solvent on the complexation of 4,4',6,6'-tetramethyl-2,2'-

bipyridine with C u(ll).............................................................................. 156

5.2.1 Reaction of 4,4',6,6'-tmbp with Cu(ll) in methanol..........................156

5.2.2 Crystal structure determination of

{[Cu(tmbp)2(Me0 H)](CI0 4 )2'H2 0 } (20)............................................... 157

5.2.3 UV-vis titration of Cu(CI04)2  with 4,4',6,6'-tmbp..............................160

5.2.4 Reaction of 4,4',6,6'-tmbp with Cu(ll) in acetonitrile.......................161

5.2.5 Crystal structure determination of

{[Cu(tmbp)2(MeCN)](CI0 4 )2-2 MeCN} (21).........................................161

5.2.6 Reaction of 4,4',6,6'-tmbp with Cu(ll) in acetonitrile.......................163

5.2.7 Crystal structure determination of

{[Cu(tmbp)(H2 0 )2(MeCN)](CI0 4 )2} (22) ..............................................163

5.2.8 Reaction of Cu(CI04)2  with 4,4',6,6'-tmbp........................................ 167

5.2.9 Crystal structure determination of {[Cu(tmbp)2](CI0 4 )} (23).........167

5.2.10 UV-vis titration of Cu(CI04)2  with 4,4',6,6'-tmbp...............................169

5.2.11 Electrochemical studies of 23............................................................. 172

5.3 Effect of metal salt on complexation of 4,4',6,6'-tetramethyl-2,2'-

bipyridine with C u(ll).............................................................................. 173

5.3.1 Reaction of 4,4',6,6'-tmbp with Cu(0Ac)2 in acetonitrile............... 173

5.3.2 Crystal Structure determination of ..........................................................

{[Cu(tmbp)(0Ac)2] (2 4 )......................................................................... 173

5.3.3 Reaction of 4,4',6,6'-tmbp with Cu(N03)2  in acetonitrile............... 175



5.3.4 Crystal structure determ ination of {[C u(tm bp)2(N 0 3 )](N 0 3 ) H20}

(25) . ................................................................................................................ 175

5.3.5 Reaction of 4 ,4 ',6,6 '-tm bp with Cu(CF3S03)2  in acetonitrile  (26 ) 177

5.3.6 E lectrochem ical studies of 26 ................................................................ 178

5.4 C onclusions................................................................................................. 179

Chapter 6 Materials & Methods. Experimental......................... 181

6.1 M aterials and m ethods.............................................................................182

6.1.1 R eagents...................................................................................................... 182

6.1.2 Elemental ana lysis.....................................................................................182

6.1.3 Nuclear m agnetic resonance spectroscopy.......................................182

6.1.4 Infrared spectroscopy...............................................................................182

6.1.5 Therm ogravim etric analysis (TG A )...................................................... 182

6.1.6 Single crystal X-ray d iffraction...............................................................183

6.1.7 Solvo(hydro)therm al synthesis..............................................................184

6.1.8 Electrochem ical ana lysis......................................................................... 185

6.1.9 Ultraviolet visible spectroscopy............................................................. 185

6.1.10 Electrospray mass spectrom etry............................................................185

6.2 Experim ental............................................................................................... 186

6.2.1 Chapter 2 , ................................................................................................... 186

6.2.2 Chapter 3 ..................................................................................................... 190

6.2.3 Chapter 4 ..................................................................................................... 192

6.2.4 Chapter 5 ..................................................................................................... 196

Appendix.............................................................................................200

References...........................................................................................203

X



Summary

The main body of work within this thesis lies within the field of supramolecular 

chemistry and m ore specifically concerns the synthesis of coordination complexes  

involving 2,2'-bipyridyl ligands. A  range of coordination complexes have been  

synthesised that encom pass monomeric to polymeric metal species. Carboxylic acid 

substituted 2,2'-bipyridyl ligands, with two potentially coordinating functional groups 

(carboxylic acid and bipyridyl groups), have been employed in the synthesis of these  

complexes, thereby allowing for complexation with an array of metal ions, including 

lanthanide, main group (alkaline earth) and transition metals.

Following on from the successful utilisation of the ligand 4,4'-dicarboxy-2,2'- 

bipyridine (4,4'-H2dcbp) by Kruger and Tynan et g / 27,141,206-208 synthesis of

transition m etal coordination polymers, chapter two includes the synthesis and 

developm ent of a novel ligand, 4,4',6,6'-tetracarboxy-2,2'-bipyridine (4,4',6,6'-H4tcbp). 

Akin to 4,4'-H2dcbp this new ligand contains the potentially secondary binding peripheral 

carboxylic acid groups at the 4 and 4' positions, but differs in the additional carboxylic 

acid groups at the 6 and 6' positions, rendering the bipyridyl primary coordination site 

tetradentate (N2O2), rather than bidentate (N2). This allows for this ligand to have greater 

accessibility to coordination with large metals, such as lanthanide metals. Chapter two 

contains the synthesis and structural characterisation of lanthanide and mixed 

lanthanide-transition metal complexes that include the 4,4',6,6'-H4tcbp ligand. The  

com plexes range from the monomeric isostructural {[Yb(dm cdcbp)2] H 2 0  M e 0 H  H 3 0 }, 

{[Gd(dm cdcbp)2]-2H20 H3O} and {[Sm (dm cdcbp)2]-2H20 H30} (3 -  5) in which the 

peripheral carboxylic acid groups were in situ methyl esterified during the solvothermal 

reaction. Following on from this, a trinuclear mixed lanthanide-transition metal complex 

is discussed, {Yb2(dm cdcbp)4C u(0M e)2(H 20)2]'3H 20-4M e0H } (6), in which two 

monomeric lanthanide units (wherein the peripheral groups of the ligand w ere once  

again methyl esterified) are linked to one another through a bridging copper metal. Next, 

a series of polymeric lanthanide com plexes are exam ined that range from one to three  

dimensions through coordination and hydrogen bonds. Two La(lll) polymers are  

discussed, {[La(4,4',6,6'-H tcbp)(H20)a] H 20} (7) and {[La(4,4 ',6 ,6 '-H tcbp)(H 20)]} (8), that 

are ID  and 2D, respectively, but expand to 3D when hydrogen bonding is considered. 

This is followed by a series of Eu(lll) and G d(lll) complexes, {[Eu(4,4 ',6 ,6 '-



Htcbp)(H20)]-2H20}, {[G d(4 ,4 ',6 ,6 '-H tcbp)(H 20)]-2H 20} and {[Eu(4,4 ',6 ,6 '-

tcbp)(H20)](Me2NH2)} ( 9 - 1 1 ,  respectively). The highly planar com plexes 9 and 10 are 

2D  through coordination, whereas 11, although it is also 2D  through coordination, is a 

3D polymeric network when hydrogen bonding is taken into consideration. The  main 

analytical technique used in the characterisation of all the complexes in this chapter is 

single crystal X -ray crystallography. The topology of the polymeric species are further 

exam ined and described in terms of Schlafli notation.

C hapter three com pares the alkaline earth metal (Ba(ll) and Sr(ll)) that involve 

either the 4,4'-H2dcbp or 4,4',6,6'-H4tcbp ligands. The additional carboxylic acid groups 

on the 4,4',6,6'-H4tcbp ligand resulted in producing the highly coordinated 3D Ba(ll) and 

Sr(ll) coordination polymers, [Ba2(4,4',6,6'-tcbp)(H20)2] and [Sr2(4,4',6,6'-tcbp)(H20)2], 12 

and 13, respectively. W hen the alkaline earth metal, Sr(ll), with the sm aller atomic radius 

is used, the 4,4',6,6'-H4tcbp chelates in a tridentate (N 2 O) rather than tetradentate (N 2 O 2 ) 

fashion, as was the case for the Ba(ll) (12) complex. The 3D  coordination complexes 

({[Ba(4,4'-dcbp)(H20)o.4] 0 .6H 20} and {[Sr(4,4'-dcbp)] H20}, 14 and 15, respectively) 

produced when 4,4'-H2dcbp, with less carboxylic acid functionality than 4,4',6,6'-H4tcbp, 

was used displayed a lesser degree of coordination than 12 and 13. The  Ba(ll) m etal- 

organic fram ework (14), in the absence of both the coordinated and uncoordinated water 

molecules, proved to have a calculated porosity or void space of ~14  %. Although 15 

also contains water containing channels running through the structure, it proved to be 

non-porous (no calculated void space). Furthermore, a 3D  Ni(ll) coordination polymer, 

[Ni(4,4'-dcbp)(H20)2] (16), was synthesised in order to aid the completion of a series of 

first row transition metal com plexes in combination with the 4,4'-H2dcbp ligand.

Whilst the aim of this thesis is to form and structurally characterise metal 

complexes incorporating bipyridyl carboxylic acid ligands, chapter four discusses the 

serendipitous discoveries of in situ, oxidation and/or decarboxylation of the ligand or 

molecule, solvothermal synthesis that was obtained. Firstly, in situ solvothermal 

oxidation of the methyl group in the 4-m ethyl-4'-carboxylic acid-2,2'-bipyridine molecule 

(4,4'-Hm cbp) to form the 1D coordination polymeric chain, [Cu(4 ,4 '-dcbp)(N 0 3 )] (17) is 

presented. This solvothermal in situ oxidation process was then exploited in order to 

synthesise a series of carboxylate 2,2'-bipyridine molecules (L5 -  L7) from their methyl 

group derivatives (L I -  L4). Following on from this, a 3D 3-fold interpenetrated hydrogen 

bonded C u(ll) polymer, {[C u(4,4',6-tcbp)(H 20)] H 20} (18), was synthesised from the 

4,4',6,6'-H4tcbp precursor molecule. This organic molecule was in situ solvothermally



m ono-decarboxylated to form the 4,4',6-tricarboxy-2,2'-bipyridine ligand. Through a 

com parable solvothermal reaction, the closely related organic molecule, [4,4 ',6- 

tricarboxylic-2 ,2 '-bipyridinium](N0 3 ) (19), was isolated. The new approach of in situ  

oxidation and decarboxylation solvothermal synthesis offers a new, simple and 

environmentally friendly approach to the synthesis of crystalline organic and inorganic 

molecular products.

Finally, whilst the interest of this thesis lies with the complexation of carboxylate- 

2,2'-bipyridine ligands, their precursor methyl derivative molecules also boast an 

interesting coordination chemistry, especially with regard to C u(ll)/C u(l) coordination. For 

this reason, chapter five discusses a series of Cu(ll) and Cu(i) com plexes incorporating 

the 4,4',6 ,6'-tm bp ligand that w ere synthesised. The effect of solvent on the product 

produced resulted in the isolation of the com plexes {[Cu(tm bp)2(M e0 H)](C I04)2 H2O} 

(20) and {[Cu(tm bp)2(M eC N )](C I0 4 )2'2 M eC N } (21), when the reactions w ere carried out 

in methanol and acetonitrile, respectively. Upon use of acetonitrile as solvent, a series of 

complexes were synthesised whereby the production of a particular product could be 

controlled by the reaction stoichiometry and solvent. Reaction in a 1:1 metal to ligand 

molar ratio resulted in the 1D hydrogen bonded polymeric chain 

{[C u(tm bp)(M eC N )(H 2 0 )2](C I0 4 )2} (22) being produced. The C u(ll) metal could also be 

reduced to Cu(l) when the reaction was carried in acetonitrile in a 1:2 metal to ligand 

molar ratio to produce the {[Cu(tm bp)2](C I0 4 )} (23) complex. These reactions w ere  

further studied by m eans of UV-vis titrations and the electrochemistry of the Cu(l) 

complex 23 was investigated. The effect of the metal salt on both the oxidation state of 

the copper metal and the complex formed was also exam ined to produce the com plexes  

{[Cu(tm bp)(0Ac)2] (24), {[Cu(tm bp)2(N 0 3 )](N 0 3 ) H 20} (25) and {[Cu(tm bp)2](C F 3S 0 3 )} 

(26) when the acetate, nitrate or triflate salt of the metal was utilised, respectively. 

Electrochemical m easurem ents w ere carried out on the Cu(l) complex 26, in order for a 

comparison to be m ade between the affect of the counterions, perchlorate and triflate, 

on the redox process for the Cu(l) com plexes 23 and 26.
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1.1 Supramolecular Chemistry-
The field of supramolecular chemistry has been defined by Lehn^ as “chemistry 

beyond the molecule” and it involves investigating new molecular systems in which the 

most important feature is that the components are held together reversibly by 

intermolecular forces and not by covalent bonds.^ For this reason, Lehn has further 

described the field as “the chemistry of molecular assemblies and of the intermolecular 

bond”.̂  Supramolecular chemistry may also be described as a philosophy and strategy 

for the controlled assembly of complex matter.'' The intermolecular forces within these 

systems can be thought of as the ‘supramolecular glue’ that holds together the 

covalently bonded molecular building blocks. As the ‘supramolecular glue’ used to hold 

molecules together is non-covalent, there are several non-covalent interactions that can 

be exploited for this use. These non-covalent interactions include; electrostatic (ion-ion, 

ion-dipole and dipole-dipole), hydrogen bonding between complementary substituents, 

7t-7i stacking between aromatic rings, dispersion and induction forces (van der Waals), 

hydrophobic and solvatophobic effects through association of appropriate functional 

groups, steric repulsion and other donor-acceptor interactions between Lewis acids and 

Lewis bases. In comparison with covalent bonds, these weaker non-covalent 

intermolecular forces allow for 'supermolecules’ that are thermodynamically less stable, 

kinetically more labile and dynamically more flexible.

Supramolecular chemistry may be thought of as a multidisciplinary field whereby 

Nature and biology provide the inspiration (wherein a plethora of the non-covalent 

interactions discussed are in existence), organic and inorganic chemistry are required for 

the synthesis of the pre-designed supramolecular components, and physical chemistry is 

needed in order to fully understand the properties and behaviours of the entities 

produced. Finally, technical expertise is necessary to allow for functionalisation of these 

devices for application in the real world.^ According to Menger,® the area of 

supramolecular chemistry is destined to have a prolonged lifetime for several reasons 

such as, supramolecular systems currently playing a role in almost all major industries 

and intense interest in the non-covalent bond. Furthermore, increasing knowledge in the 

assembly of components of a cell, due to the mastering of the phenomenon of the non- 

covalent bond, will naturally lead to an advancement and understanding of the biological 

sciences.

Finally, since macrocyclic and macropolycyclic ligand research in the 1960s 

initiated a link between coordination chemistry and supramoleculer chemistry, a new
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branch of ‘applied coordination supramolecular chemistry’ has emerged.®  ̂ This has led 

to a grander view of supramolecular chemistry in which the controlled assembly of 

multiple chemical components can involve standard intermolecular (weak and long) 

interactions and / or metal coordination (strong and short)."* The focus of this study is to 

deliberately design and synthesise novel species that utilise both non-covalent 

interactions and metal coordination as tools.

1.2 Hydrogen bonding.
The hydrogen bond is the most predominantly encountered intermolecular force 

within this work. Furthermore, it is the most prevalent directional non-covalent interaction 

found within nature. It is a vitally important topic of scientific research as a consequence 

of its role in the determination of structure, function and dynamics of an immense range 

of chemical systems.® Despite the vast existence and a surfeit of examples of hydrogen 

bonding systems, a definitive answer to the question of ‘what constitutes a hydrogen 

bond?’ does not exist.

Since Latimer and Rodebush in the 1920s^ hypothesised that “a hydrogen 

nucleus held between two octets constitutes a weak bond”, definitions of this “weak 

bond”, the hydrogen bond, have been in a constant state of flux. In the 1940s, Pauling® 

recognised that “under certain conditions an atom of hydrogen is attracted by rather 

strong forces to two atoms, instead of only one, so that it may be considered to be acting 

as a bond between them”. Pauling put forward that “the hydrogen bond is largely ionic in 

character and is formed only between the most electronegative atoms”, furthermore, “it 

has great significance in determining the properties of substances”. Although many 

hydrogen bonds do fall within this definition, it is too restrictive and excludes many 

examples of intermolecular bonding now known to be hydrogen bonds.® In the 1960s, 

Pimental and McClellan’” proposed the general definition that “a hydrogen bond exist 

between a functional group A-H and an atom or a group of atoms B in the same or a 

different molecule when; (a) there is evidence of bond formation (association or 

chelation), (b) there is evidence that this new bond linking A-H and B specifically 

involves the hydrogen atom bonded to A”. The critical problems pertaining to this 

definition include the fact that it leaves the chemical nature of the participants 

unspecified and no restriction is made on the interaction geometry except that the 

hydrogen atom is somehow “involved”. In addition, the definition includes both pure van 

der Waals contacts and “agostic interactions” and consequently does not differentiate
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between these contacts and hydrogen bonding interactions.® Zeegers-Huyskens and 

Huyskens^’ in the early 1990s offered the definition that “hydrogen bonding constitutes a 

particular case of specific interactions where the weakened chemical bond involves a 

hydrogen atom and a more electronegative one (in general O, N, S, halogens)”. Yet 

another, simpler, textbook-type definition was provided by Atkins^^ as “a link formed by a 

hydrogen atom lying between two strongly electronegative atoms”. Finally, Steiner® 

suggested that “an X-H••■A interaction is called a “hydrogen bond”, if (i) it constitutes a 

local bond, and (ii) X-H acts as proton donor to A”. This definition offers the advantage 

that it excludes pure van der Waals contacts and agostic interactions.

For the purpose of this thesis a hydrogen bond is represented as D-H - A, 

whereby D and A represent the proton donor and acceptor, respectively, and usually 

occurs when D is sufficiently electronegative to enhance the acidic nature of the proton 

and A has a region of high electron density which can interact strongly with the acidic 

hydrogen.

1.2.1 Structures of hydrogen bonds.

A hydrogen bond occurs as the hydrogen atom has no inner core of electrons. 

Consequently, the side facing away from the D-H bond represents a virtually naked 

nucleus. The positive charge is attracted to a region of high electron density (i.e. an 

atom in a nearby molecule) and it is this electron deficient side of the hydrogen atom that 

can get close to and interact strongly with the neighbouring electron rich atom. A simple 

hydrogen bond constitutes a donor atom interacting with one acceptor atom. A hydrogen 

atom can also interact with two or three acceptors (‘bifurcated’ and ‘trifurcated’, 

respectively) as a result of the long range of the hydrogen bond. Figure 1.1 displays the 

different types of hydrogen bonds. Figure 1.2 shows and example of hydrogen bonds 

between water molecules.

A A

D H

A A

(a) Simple (b) Bifurcated (c) Trifurcated

Figure 1.1 -  Common hydrogen bond arrangements.
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2.82 A

109.47

Figure 1.2 -  Schematic representation of hydrogen bonding between water molecules with ideal

bond lengths and angles (O, red; H, grey).’^

1.2.2 Strengths of hydrogen bonds.

Hydrogen bonds exist within a range of strengths that have been classified by 

Jeffrey^"* into the classes of ‘strong’, ‘moderate’ and ‘weak’. For neutral molecules, the 

strength of a hydrogen bond usually lies within the range of 10 -  65 kJmol'\ which is 

greater than that found for van der W aals interactions (< 8 kJmol'^), but weaker than 

conventional covalent bonds.® Strong hydrogen bonds, commonly referred to as ‘ionic 

hydrogen bonds’, are formed between ions and molecules as a result or either an 

electron deficiency in the donor group (eg. - 0 * -H ) ,  thereby deshielding the proton 

leaving it with a significant positive charge, or an excess of electron density in the 

acceptor group (eg. Cr, COO ), which increases the negative charge and the interaction 

with the deshielded proton. Interactions with neutral donor (eg. 0 -H ,  N -H ) and acceptor 

groups (eg. C = 0 ) may be referred to as ‘normal’ or moderate hydrogen bonds. They 

result as a consequence of high electronegativity of the donor atoms relative to the 

hydrogen atom whilst the acceptor atoms have a lone-pair of unshared electrons. Weak 

hydrogen bonds, that are commonly referred to as ‘non-conventional’ hydrogen bonds, 

may form when the hydrogen atom is covalently bonded to a slightly more electroneutral 

atom, as in C -H  for instance, or when the acceptor group has no lone pairs but has n 

electrons, such as an aromatic ring.

These classifications are designed to act as guidelines only in categorising 

hydrogen bonds, but ultimately as shown in Table 1.1, geometric, energetic and
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functional properties also play an important role in the determination of the strength of a 

hydrogen bond.

Table 1.1 -  Strong, moderate and weak hydrogen bonds following the classification by Jeffrey.^"*

Strong Moderate Weak

Interaction type Quasi-covalent Mainly Electrostatic/

electrostatic dispersion

Bond lengths D-H = H -A D-H < H A D-H «  H A

H A (A) -1.2 -  1.5 -1 .5 -2 .2 2 .2 -3 .2

D-A(A) 2.2 -2 .5 2 . 5 - 3 2 3.2 -4 .0

Bond angles (°) 175-180 130-180 9 0 -150

Directionality Strong Moderate Weak

Bond energy (kcal.mol'^) 1 4 -4 0 4 - 1 5 < 4

1.2.3 Self assembly and molecular recognition.

Non covalent bonds, such as hydrogen bonds, are capable of ‘holding together’ 

molecules to form well defined complexes that may be referred to as supramolecular 

assemblies. The concept of self assembly is the process by which these structurally 

organised supramolecular assemblies are generated. Self-assembling systems may be 

thought of, very generally, as comprising of two or more elements that may associate 

reversibly in such a way that the resulting aggregate represents the most 

thermodynamically stable structure available to the system under the prevailing 

conditions.^® Upon mixing different, appropriately designed, components, the 

intermolecular forces that exist between them control their orientation, leading to the 

assembly of a specific ‘supermolecule’.̂  Many examples of self-assembling biological 

systems are found throughout Nature, of which the formation of the DNA double helix 

from two complementary deoxyribonucleic acid strands is a striking example. A single 

DNA strand is composed of purine and pyrimidine bases linked to a backbone of 

phosphorylated sugars. The DNA double helix combines two antiparallel strands which 

are held together by complementary hydrogen bonds between pairs of bases. The 

hydrogen bond donors and acceptors on the nucleic acid bases are arranged such that
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adenine (A) forms two hydrogen bonds with thymine (T), whereas guanine (G) 

complements cytosine (C) with the formation of three hydrogen bonds, therefore only A - 

T and G-C base pairs form.

Figure 1.3 -  (a) Schematic representation of the double helix assembled from the molecular 

recognition and self-assembly of the nucleotide base pairs.'® (b) Watson-Crick hydrogen bonding 

(represented by dashed lines) in DNA between complementary base pairs.

As can be seen, some of the most elegant examples of complementary 

molecular systems are biological in origin. They assist in providing a source of 

inspiration as well as laying down the standard for the supramolecular chemist to 

attempt to match. Hydrogen bonds are suitable interactions to consider when designing 

novel molecular building blocks due to their directional, selective and highly cooperative 

nature. They are capable of driving self-assembly to form supramolecular species with 

well defined structure. Although chemists have produced some beautiful self-assembled 

synthetic systems, there is still a long way to go before individual systems match the 

biological ones in both subtlety and function.

ADENINETHYMINE

 ̂ GUANINE
N  H ” ” Q

CYTOSINt H

(a) (b)
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1.3 Crystal Engineering.
In molecular chemistry, the fundamental building block or synthon is the atom. 

Atoms interact with other atoms via the formation of covalent bonds to give molecules. 

The field of self-assembly may, in simple terms, be described as the supramolecular 

equivalent of this view of molecular chemistry, where the building blocks/synthons are 

molecules and ions and the molecules interact with one another via the formation of non- 

covalent bonds. The term ‘crystal engineering’, which utilises this concept of self 

assembly, was first introduced by G. Schmidt’® in the 1970s in work concerning the 

subject of organic solid-state photochemistry. He lay down the foundations upon which 

the field of ‘crystal engineering’ was built by recognising that crystals may be thought of 

as the sum of a series of molecular recognition events (i.e. self-assembly) rather than 

the result of the need to ‘avoid a vacuum’. I n  accordance with Desiraju,^° crystal 

engineering is the “aiming to establish reliable connections between molecular and 

supramolecular structure on the basis of intermolecular interactions”; as such it is said to 

be a new organic synthesis, using intermolecular rather than valence interactions. 

Supramolecular synthons replace molecular synthons for this “new task”. Formally, 

crystal engineering may be described as the rational design and preparation of a 

crystalline material based on knowledge of the steric, topological and intermolecular 

bonding capabilities of the constituent building blocks.’® Since the 1990s, this area of 

chemistry has flourished as a result of an immense interest in combination with 

increasingly more accessible analytical tools such as crystallography, crystal structure 

analysis and computational methods.

Braga et al.̂  ̂ have recognised that modern crystal engineering is a strategy to 

construct crystals with purpose, whereby design principles are utilised to synthesise 

predefined crystal structures with desired characteristics and tuneable properties^^^^ 

with applications in areas such as c a t a l y s i s , s t o r a g e , N L O  devices,^’ and 

separat i on .Al though crystal engineering has emerged from the study of organic 

materials, the major interest in this area has now shifted to include organometallic and 

inorganic moieties, thereby incorporating the magnetic, electronic, photochemical and 

catalytic properties associated with the incorporated metal.®’ The prediction of crystal 

structures still remains a difficult task despite the vast range of networks published so 

far. Although it is not possible to predict the crystal structure down to the space group 

and unit cell dimensions, it is possible to predict the architecture and stoichiometry of the
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network. As offered by Ball,^® the science of crystallisation still remains a ‘black art’ and 

serendipity continues to play a significant role in crystal engineering.

Many different non-covalent intermolecular forces may be present in a single 

network, but for the rational design of these networks, hydrogen bonds and coordination 

bonds have proved, thus far, the most reliable tools for designing molecular aggregrates 

due to their strength and high directionality.

The following is an account of crystal engineering strategies from hydrogen 

bonded networks to coordination polymers. The main focus will be on structures that are 

most relevant to this thesis.

1.3.1 Organic crystal engineering.

The hydrogen bond has been described by Lehn^® as the ‘master key’ within the 

fields of supramolecular chemistry, molecular recognition and crystal engineering. This 

may be attributed to its strength and directionality as compared with other intermolecular 

forces. It is an indispensable tool in the crystal engineering of organic molecules as 

hydrogen bond interactions between organic molecules occur selectively in patterns that 

reflect hydrogen bond affinities of the competing functional g ro u p s .E tte r  et al.^  ̂carried 

out extensive studies on organic hydrogen-bonded solid state structures and it was 

through this work that hydrogen bonding patterns of several functional groups such as 

diaryl u re a s ,im id e s ‘'° and 2-aminopyrimidines^’  ̂were identified.

Self-complementary, or homomeric, interactions have been studied in great 

detail. The well known and easily identifiable monocarboxylic acid dimer is included in 

this group, although other homomeric synthons have also been employed in crystal 

engineering (Figure 1.4).''^ More recently, heteromeric hydrogen bonded interactions 

have been employed in supramolecular synthesis (Figure 1.5).

Figure 1.4 -  Examples of self-complementary (homomeric) hydrogen bonding interactions with

graph set descriptions.

H

R

H

R"2(8) R^2(8)
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Figure 1.5 -  Example of a cx)mplentary (heteromeric) hydrogen bonding interaction with graph set

description.

Based upon observed correlations between hydrogen bonding patterns and functional 

groups, Etter et al. developed the following set of general ‘rules’ as a guide in the 

deliberation of hydrogen-bonded organic solids;

(i) All good proton donors and acceptors are involved in hydrogen

bonding.

(ii) Six-membered ring intramolecular hydrogen bonds form in preference 

to intermolecular hydrogen bonds.

(iii) The best proton donor and acceptor remaining after intramolecular

hydrogen bond formation will form intermolecular hydrogen bonds.

Typically, protons in functional groups such as carboxylic acids, amides, ureas, anilines, 

imides and phenols are nearly always used in hydrogen bonding, whereas less acidic 

protons such as those in acetylenes, aldehydes or activated aromatic or aliphatic 

compounds may be used in hydrogen bonding if proton acceptor groups still remain after 

all the more acidic protons have found an acceptor.^®
Etter further introduced a language based on graph theory for describing and 

analysing hydrogen bonded networks. Assigning a graph set begins with identifying the 

number of different types of hydrogen bonds present, followed by defining the bonds by 

the nature of the donors and acceptors. The annotation used for graph set descriptors is 

G®d(n). A set of molecules connected through hydrogen bonds in a repeat unit can be 

characterised by one of four designators (G), C (chain), R (ring), D (dimer) or S (self, for 

intramolecular hydrogen bonds). The number of donors and acceptors are assigned as 

subscripts (d) and superscripts (a), respectively, and the total number of atoms in the 

repeat unit is denoted in brackets (n).

One of the most commonly encountered functional groups within both crystal 

engineering and this thesis is the carboxylic acid group, with the dimer and catemer
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motifs being the most widely observed in the solid state.'*^ O f these two motifs, it is the  

carboxylic dimer (R^2(8 )) that predominantly forms. As illustrated in Figure 1.6, this 

supramolecular synthon may be used to assem ble a variety of supermolecules ranging 

from zero to three dimensions. Benzoic acid, with one carboxylic acid, forms zero  

dimensional dimers.'*^ Incorporation of a second carboxylic acid group, with a linear 

predisposition, to form 1,4-benzenedicarboxylic acid (BDC) results in the formation of a 

1D chain. Inclusion of a third carboxylic acid group to form 1 ,3,5-benzenetricarboxylic  

acid (BTC ) produces a 2D  sheet due to the threefold symmetry of the organic molecule. 

A 3D  diamondoid network is formed when the tetrahedrally disposed 1 ,3 ,5 ,7 - 

adam antatetetracarboxylic acid (ATC ) with four carboxylic acid groups is used.

(a)

(b) H   a

(C) (d)

Figure 1.6 -  The hydrogen bonded dimer zero dimensional motif (a) and the precursor organic 

molecules for the construction of one-, two- and three- dimensional networks (b, c and d, 

respectively, in which hydrogen atoms have been omitted for clarity). C, dark grey; O, red; H, light

grey.

In addition to structures based on homomeric interactions, such as the carboxylic 

acid dimer, an array of assemblies based on heteromeric interactions are widely  

k n o w n . A n  elegant case of this type of assem bly was exemplified by Tynan (Figure



1.7) in the 4,4'-dicarboxylic acid-2,2'-bipyridine cation, (4,4'-H3dcbp)(CI).‘*̂  Further 

examples of heteromeric pyridine carboxylic acid co crystals are displayed in Figure 1.8. 

The chicken-wire grid formed by [H3BTC][4,4'-bipy]i 5 resembles that of H3BTC but 

contains larger holes in the structure due to the inclusion of 4,4'-bipy in the network.

R6̂ (26)
R2^(9)

R 2 (2 2

Figure 1.7 -  Hydrogen bonded ladder of (4 ,4 '-H3dcbp)(CI) showing some of the graph sets 

formed for heteromeric hydrogen bonding interactions. Upon expansion this forms a 2D hydrogen 

bonded sheet. Dashed lines represent hydrogen bonding interactions (C, black; O, red; N, blue;

Cl, green; H; brown).

■ %

%

(b)

!  > K' i

t -  'W y 'A. <!- >vy

i  }  i  }  i  >

"ixiT \iiT

Figure 1.8 -  (a) Detail of the cavaties formed by [H3BTC][4 ,4 '-bipy]i 5. (b) Network formed by 

[NH2(Bu')2]3[BTC], Bu* groups have been omitted for clarity. Note that both are expanded versions 

of the honeycomb network of H3BTC (C, black; O, red; H, grey; N, blue).
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1.3.2 Inorganic Crystal Engineering.

Despite the field of crystal engineering originating within the area of organic 

chemistry, in recent years interest has shifted towards organometallic and inorganic 

crystal engineering resulting in a thriving area of material science/*® Transition metals 

can provide access to properties that are not readily accessible through crystal 

engineering of organic molecular solids. Many magnetic, electronic and catalytic 

materials are formed by virtue of the presence of transition metal ions. The use of 

transition metal ions to direct molecular assembly affords the following advantages;

(i) Metal -  ligand dative bonds are thermodynamically strong interactions but 

have varying degrees of lability, thereby providing a range of kinetic 

stabilities.

(ii) Due to ligand field effects, transition metal ions have very specific 

geometric requirements in their coordination sphere, therefore giving the 

metal ions the ability to control and direct the molecular assembly 

precisely.

(ill) Allows for the production of a class of materials with a variety of

photochemical, electronic and magnetic properties.

To date, focus in this area has mostly been on transition metals, but recently 

lanthanide metals have been employed within the field of crystal engineering, in the 

formation of 4f°®® or mixed 3d-4f®̂ ®° inorganic networks. Incorporation of lanthanide 

metals into molecular assemblies has received much interest in recent years due to their 

unusual coordination characteristics and exceptional optical and magnetic properties. 

Furthermore, bimetallic arrangements (3d-4f assemblies) promise new and exciting 

opportunities for practical applications in the fields of material science and catalysis.®® 

The design and control over the high dimensional lanthanide based assemblies has so 

far proved to be a formidable task. Difficulties encountered may be attributed to the low 

stereochemical preferences of the lanthanide ions. On the other hand, the high and 

variable coordination numbers and flexible coordination environments offers a unique 

opportunity for the discovery of unusual network topologies. Further difficulties have 

been encountered in the synthesis of mixed 3d-4f metal assemblies as competition 

reactions between the 3d and 4f metals chelated to the same organic ligand can often 

result in homometallic complexes rather than heterometallic ones.®^
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A vast array of supramolecular assemblies that incorporate metal ions have been 

established thus far, some of which are illustrated in Figure 1.9. A stunning array of 

molecular architectures such as catenanes,® '̂®  ̂ rotaxanes,®'* helices,®®'®® chains,®®'̂  ̂

molecular cubes^^ and ladders^^^® that employ supramolecular crystal engineering 

methodologies in their synthesis are now widely available. With the vast range of 

building blocks and synthetic techniques available, the designing chemist or ‘molecular 

architect’ can create a wide range of systems that employ innovative design features.

Figure 1.9 -  Some examples of metallosupramolecular architectures: (a) a molecular ladder 7® 

(b) a molecular railroad/® (c) a 1D linear chain,^® (d) a zigzag chain with guest MeOH (space 

filling model)/® (e) a discrete molecular helicate.^^

1.4 Polymers.
1.4.1 Coordination Polymers.

The birth of organometallic crystal engineering with regard to coordination 

polymers can be attributed to the insightful proposal of Robson that “a new and 

potentially extensive class of scaffolding-like material may be afforded by linking 

together centres with either a tetrahedral or an octahedral array of valences by rod-like 

connecting units.” ®̂'̂ ® Although coordination polymers have been known for many years, 

it was perhaps the building block modular approach to the synthesis of these materials
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that first developed an appreciation of not only the range of materials®® that might be 

prepared but also the properties of the materials that could be targeted.®^ Coordination 

polymers constitute a class of metal-ligand complexes that extend “infinitely” in one, two 

or three dimensions via covalent metal-ligand bonding.

1D architectures

chain

2D architectures

ladder zig-zag chain

square grid 

3D architectures

brick wall honeycomb

octahedral diamondoid

Figure 1.10 -  Schematic representation of some 1D, 2D and 3D networks available for the 

construction of coordination polymers with the metal ion (red) as the node and a linear 

bifunctional ligand (green) as a spacer. The metal geometry, metal-to-ligand ratio, solvent and 

reaction conditions ultimately play a role in the determination of the network formed.

The combination of the strong and directional metal ligand bonds and the 

preferred geometry of the metal centre allow for a reliable prediction of the structure, 

although weaker non-covalent interactions, such as hydrogen bonding and %-n stacking, 

cannot be dismissed as they play a key role in the packing of these coordination 

polymers. These polymers offer the advantage over organic molecules in the
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construction of unprecedented architectures as the metal ion can provide a set of 

geometries, such as octahedral and tetrahedral, that are not commonly available to 

organic molecules. According to Kitagawa et al. the key to success in this area is to 

design molecular building blocks which direct the formation of the desired architectural, 

chemical and physical properties of the resulting solid-state materials.®^

The synthesis or self-organisation of coordination polymers is achieved by 

combining the appropriate metal salt and ligand in a suitable solvent under mild or at the 

most solvothermal conditions. Subtle factors involved in the reaction such as solvent, 

temperature, time, concentration, anions and pH can result in one particular metal-ligand 

combination giving rise to several different structures.®^ This is termed polymorphism or 

supramolecular isomerism and is often encountered within the field of coordination 

polymers.^®

The ligands used in the construction of coordination polymers have to bridge 

between metal ions and thereby requires the use of multi-dentate ligands with two or 

more donor atoms. Generally, nitrogen and oxygen-donor l i g a n d s , s u c h  as 4,4'- 

bipyridine^®'®  ̂®̂ with its two linearly disposed coordination sites, feature prominently in 

the construction of these polymeric complexes. Examples of some of the ligands 

commonly encountered are displayed in Figure 1.11. Another important factor to be 

considered is that the ligand should be rigid. By reducing the conformational freedom of 

the ligand, the degrees of freedom of the ligand in the system are reduced and therefore 

allowing for a more accurate network prediction. For this reason aromatic, in particular 

bipyridyl, ligands are widely exploited in the synthesis of these networks.

Figure 1.11 -  Examples of frequently encountered ligands used in the synthesis of coordination

polymers.

0 0

0 0

0 0
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1.4.2 Metal-Organic Frameworks.

Over the past few decades, a myriad of solids that contain metal ions linked by 

molecular species have been published. The structures of inorganic frameworks can be 

divided into two subclasses; one being zeolitic material®®‘ °̂̂ ' in which their frameworks 

are based on four-connected tetrahedral networks due to the sp^ hybridisation of silicon 

producing tetrahedrally disposed Si-O bonds.Structures pertaining to the second 

sub-class are non-oxide materials that are not restricted to the tetrahedral network 

topologies of the zeolites. Although zeolites (aluminosilicates) have been extremely 

successful in industry for processes such as gas separation and cata lys is , the second 

class of materials offer compounds that could have quite different polarity, geometry, 

functionality and reactivity to the aluminosilicates. This second class can be further 

divided and described by a variety of terms such as metal-organic frameworks, 

coordination polymers and hybrid organic-inorganic materials and naturally there has 

been unavoidable overlap in the use of these terms. According to Roswell and Yaghi^°® 

for a solid to be labelled a metal-organic framework it should display the inherent 

attributes that this term implies: strong bonding providing robustness, linking units that 

are available for modification by organic synthesis and a geometrically well-defined 

structure (i.e. highly crystalline). Although many coordination polymers fall within the 

realms of this definition, the term metal-organic framework is usually, though not 

exclusively, synonymous with coordination polymers that exhibit porosity.’®̂ Porous 

compounds have attracted the attention of chemists, physicists and materials scientists 

because of interest in the creation of nanometer-sized spaces and the novel phenomena 

in them.®  ̂Furthermore, there is commercial interest in their application in separation, 

storage^ '̂̂ ®'̂ ^ ’̂’ ^̂  and c a t a l y s i s . A n  intriguing example of a porous metal- 

organic framework reported by Tynan and Kruger et is presented in Figure 1.12. 

The 3D framework is constructed from Mn(ll) metal and 4,4'-dicarboxylate-2,2'-bipyridine 

(4,4'-dcbp) building blocks. At room temperature, water is contained within the voids of 

the network, but upon heating the water molecules are lost whilst the structural integrity 

of the network is maintained, thereby producing a truly porous material. Often metal- 

organic frameworks are mislabelled as porous when in reality they are open frameworks. 

The term open framework is given to materials that contain disordered, unbound solvent 

molecules that appear to flow freely through the void spaces of a framework, but upon 

removal of the solvent molecules, the structural integrity of the network is lost.̂ °® A truly
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porous metal-organic framework is one in which solvent may be removed or exchanged 

without loss of the framework integrity.

Figure 1.12 -  View of the porous {[Mn(4,4'-dcbp)] 2H20}« metal-organic framework with 

the water molecules contained within the voids of the framework. Upon heating followed by 

cooling the framework is dehydrated and rehydrated, respectively, without loss of the structural 

integrity (Mn, pink; C, black; N, blue; 0 , red).

An exciting advantage of the plethora of metal-organic structures known thus far 

is that it is now possible to deconstruct the complexity of these frameworks in order to 

identify trends within them. This renders it possible to recognise principles that govern 

the design and assembly of target complexes (i.e. reticular s y n t h e s i s ) . A  common 

approach in the reticular design of metal-organic frameworks is to construct secondary 

building units (SBUs) composed of inorganic clusters or coordination spheres and link 

them to one another via organic linkers (typically linear) to form the framework. The 

success of a SBU in the design of the framework relies on the rigidity and directionality 

of the bonding, which must be reliably maintained during the assembly process.
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(a)

Molecular Complexes Extended Solids

Expanded Frameworks

(b)

KX

Decorated-Expanded Framework 
Figure 1.13 -  Assembly of metal-organic frameworks (M OFs) by the copolymerisation of metal 

ions with organic linkers to give (a) flexible metal-bipyridine structure with expanded diamond 

topology (M,orange; C.grey; N, blue) and (b) rigid metal carboxylate cluster linked to form a cubic

topology (M, purple; O, red; C, grey). 143

A large proportion of the reported structures adopt what may be viewed as the 

simplest, most symmetrical, topologies.Thus, as displayed in Figure 1.13 (a), if a 

tetrahedral node is employed, the most commonly observed structure is the diamond-
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net.̂ '*® Similarly, octahedrally-connected nets have a tendency to form a primitive cubic 

structure '̂*® (Figure 1.13 (b)). For other building block connectivities such as trigonal, 

square planar and trigonal bipyramidal there is less significant preference for a particular 

structure and consequently a greater diversity in structural topologies is encountered. 

Lanthanide based frameworks '̂* '̂^®® demonstrate a large variety of topologies due to the 

metal’s absence of a favoured geometrical arrangement for either the molecular 

component (metal and ligand) or for the whole framework. Lanthanide metals (which 

offer geometric flexibility) in combination with N-oxide donor ligands (that offer 

coordinative flexibility) have recently produced a diverse family of compounds with 

unusual topological structures and c o n n e c t i v i t i e s . A n  elegant example of a 

lanthanide based metal-organic framework synthesised by Long et is displayed in 

Figure 1.14 (a).

Figure 1.14 -  (a) Lanthanide(lll) cations and 4,4'-bipyidyl-N,N'-dioxide linked to form a 3D  

coordination framework including the six connected bilayer structure (Ln(lll), green; C, black; N, 

blue; 0 , red).'®® (b) 3D metal organic framework (M O F-505) based on Cu2(C02)4 “paddlewheel” 

SBUs linked to one another through the organic 3,3',5,5'-biphenyltetracarboxlate ligand with a 

pore diameter of 8.30 A and high hydrogen-storage capacity (Cu, blue; C, black; O, red).'^'*

One of the most promising applications of metal-organic frameworks is gas 

storage. Interest in gas sorption of MOFs is now focused on increasing their uptake of 

fuel gases such as met hane , car bo n  dioxide^® and h y d r o g e n . A n  

exceptional example of a metal-organic framework (Figure 1.14(b)) with high hydrogen- 

storage capacities is one synthesised by Yaghi et al. (MOF-SOS).^^"* MOF-505 was
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shown to display an unprecedented 2.47 wt% hydrogen uptake at 750 Torr and 77 K. An 

additional application of metal organic frameworks lies in the area of catalysis and 

enantioselective separation. ’^6,ii7,i38-i4o -phege applications may be realised from the 

construction of porous chiral metal-organic frameworks from either achiral components 

or by the employment of chiral multifunctional ligands as linkers. A  sophisticated 

example of one such network (named POST-1) was synthesised by Seo et from 

enantiopure chiral organic building blocks (carboxylate anions) and (Figure 1.15 

(a)). This was the first example of asymmetric catalysis (transesterificaton of 2,4- 

dinitromethylbenzoate) using a homochiral metal-organic framework. Furthermore, 

binding sites may be incorporated into the MOF, thereby rendering them capable of 

guest recognition. This is exemplified in the MOF, created by Custelcea et (Figure 

1.15 (b)), in which the channels contained free carboxylic sites that allowed for the 

selective inclusion of the CI(H2 0 )4‘ cluster.

(b)

A  \  / -

'  Y  ■ ■ ‘ ( '

, :6:'' i):"-

- .A i .  
! ■

Figure 1.15 -  (a) Hexagonal homochiral framework, POST-1, containing chiral trigonal channels 

(Zn, green; O, red; N, blue; C, white; C atoms in pyridyl groups that are exposed to the pore, 

y e l l o w ) . ( b )  View of {[CuCI(binicotinic acid)] CI(H20)4} showing the square grid network 

containing channels decorated with COOH groups that bind Cr(H20)2 clusters (Cu, pale blue; N,

dark blue; C, grey; O, red; Cl, green; H, white). 159

1.4.3 Hydrogen bonded networks of coordination complexes.

As discussed in previous sections, the inorganic crystal engineering of 

coordination complexes involves exploiting coordination bonds to link together metal-
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containing building blocks (i.e. SBUs) which results in the formation of rigid networks 

when rigid ligands are employed to link the building blocks to one another. An alternative 

approach that may be taken in the field of inorganic crystal engineering is to use 

hydrogen bonds to link together the metal containing SBUs.^®^ As previously discussed, 

hydrogen bonds are strong and directional non-covalent interactions, yet are weaker 

than coordination bonds. The use of hydrogen bonding to link units to one another 

results in the formation of a class of networks that are more flexible than networks built 

solely from coordination bonds. Furthermore, a combination of coordination polymers 

and ligand-based hydrogen bonds may be used. This method combines both the 

strength of the coordination network and the flexibility provided by the softer hydrogen 

bond interactions. The exploitation of both approaches in the synthesis of networks 

results in the production of a vast array of crystalline materials with a broad range of 

applications.^®^ Subunits (SBUs) may be generated independently in solution and then 

assembled via intermolecular interactions. This offers higher solubility than coordination 

polymers thereby allowing for a more predictable and controllable network generation. 

The strong intermolecular interactions discussed earlier (i.e. strong hydrogen bonding 

donors such as amide nitrogen and hydroxyl oxygen atoms and good hydrogen bonding 

acceptors such as pyridine and imidazole nitrogen atoms and carboxylate and 

carboxamide oxygen atoms) can also be applied to coordination complexes. By reaction 

of metals with ligands that contain both efficient metal coordination sites and peripheral 

hydrogen bonding functionalities assembly that is dictated by intermolecular hydrogen 

bonding interactions is conceivable.^®^ In this way the peripheral groups are not affected 

by metal coordination and therefore retain their capacity to participate in further 

intermolecular bonding.

The first hydrogen bonded coordination complexes built with this strategy in mind 

were assembled by Mingos et a/.̂ ®'* They synthesised metal complexes containing DNA  

base-pair-1 ike hydrogen bond functionalities on one or more ligands to produce 

polymeric architectures through co-crystallisation with organic molecules. Since then 

many other hydrogen bonded polymers based on nicotinic acid and nicotinamide 

derivatives have been assembled. The combination of the pyridyl nitrogen metal 

coordination site and the carboxylic or carboxamide peripheral groups (with hydrogen 

bonding functionality) renders them ideal ligands in the formation of hydrogen bonded 

metal based networks. Examples of commonly encountered synthons in the construction 

of these networks are displayed in Figure 1.16.^®®
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Figure 1.16 -  Commonly encountered non-covalent organic synthons for the construction of 

coordination networks, (a) Carboxylic acid dimer, (b) cations bridging two carboxylate groups, 

(c) amide-amide interaction, (d) carboxylic acid-pyridine interaction, (e) carboxylic acid catemer 

motif, (f) carboxylic acid chain arrangement, (g) halogen-halogen interaction, (h) face to face 

aromatic interaction, (i) edge to face aromatic interaction.

The dimension of a hydrogen bonded coordination network may be controlled 

through the employment of both an appropriate metal centre and ligands with hydrogen 

bonding functionality. The inherent geometry of the metal centre (i.e. linear, square 

planar or octahedral) may favour or dictate the dimensions of the network by orientating 

the organic linkers in a certain way that renders a specific supramolecular architecture 

more plausible. This is shown in Figure 1.17.

(a)

+ + + 
+ + +

Figure 1 .1 7 - Schematic representation of two types of architectures that may be formed from 

hydrogen bonded complexes, (a) When a metal with a preference for square planar geometry 

(blue circle) is used a 2D sheet may be formed, (b) When a metal that prefers octahedral 

geometry (green circle) a 3D network may be generated.
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Linear, 1D, hydrogen bonded networks have been synthesised using the Ag(l) 

metal, that shows a preference for a coordination number of two, in combination with 

pyridine based ligands bearing amide, oxime or carboxyl groups that are capable of 

forming networks through self-recognition via hydrogen bonding (Figure 1.18)̂ ®®'̂ ®̂

(b)

(c)

Figure 1.18 -  Exam ples of I D  hydrogen bonded coordination networks, (a) Ag(nicotinic

acid)(nicotinate) (Ag, brown; N, blue; C , grey; 0 ,  red; H, w h i t e ) . ( b )  {[Ag(nicotinic ac id)2](N 0 3 )}

(Ag, brown; N, blue; O , red; H, white), (c) [(4,4'-bipy)H2][PtCl4] (C , blue; Pt and Cl, red).

Aakeroy et reported a 2D hydrogen bonded coordination polymer (Figure 

1.19 (b)). This time a square grid 2D network was favoured by employing the transition 

metal Pt(ll) with a preference for square planar geometry and nicotinic acid as the 

organic linker. Hydrogen bonding connecting adjacent metal containing units was 

facilitated via charge assisted OH - 0  interactions between the peripheral groups of the 

nicotinic acid and nicotinate ligands (Figure 1.19 (a)).
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Figure 1.19 -  (a) Carboxylic acid -  carboxylate charge assisted hydrogen bonding synthon. (b) 

2D hydrogen bonded square grid network of Pt(isonicotinic acid)2 (isonicotinate) 2  that is 

assembled through the carboxylic acid -  carboxylate hydrogen bonding synthon depicted In (a) 

(Pt, purple; N, blue; C, grey; O, red; H, white).

With a view to the construction of 3D hydrogen bonded networks, six pyridine- 

based ligands on an octahedral metal centre appears to be ideal, but steric constraints 

usually prevent the formation of hexapyridyl complexes. When three bidentate chelating 

ligands are coordinated to an octahedral metal centre, propeller-like complexes that 

assemble in two dimensions (e.g. hexagonal sheets) tend to form.’®̂ It is for this reason 

that 3D assemblies constructed from ligand based hydrogen bonds are rarely 

encountered in comparison with the commonly encountered 1D and 2D assemblies. 

Aakeroy et al. provided an example of a 3D network based on Ag(l)isonicotinimide units 

that were linked to one another via catemeric amide-amide interactions.^®®

Other commonly encountered and exploited non-covalent interactions that may 

be used in the design of coordination polymers that assemble through non-covalent 

interactions include van der Waals, halogen - halogen bonds^^° and aromatic ring 

interactions (e.g. edge-face and face-face)^®®.
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1.4.4 Networks.

The analysis of network topology is an important tool in the design and 

interrogation of crystal structures. In the 1970s, a large number of these topologies were 

elucidated by Wells in his classic monographs on n e tw o rks .A lth o u g h  the compilation 

of networks described within this work is not a completely comprehensive study, it does 

provide an extremely useful catalogue of networks relevant to the chemist.

The topology of a given net can be described by the general symbol {n, p) where 

n is the number of nodes in the smallest closed circuit in the net and p  is the number of 

connections to neighbouring nodes that radiate from any centre or node. A ‘shortest 

circuit’ is defined for each pair of links from a node, and is the circuit with the smallest 

number of nodes which can be constructed to include the nominated links. In other 

words, if a given network is assigned the notation (6,3) this infers that there are six 

nodes within the shortest circuits and that each node is connected to three further 

nodes. As depicted by the two examples of (6,3) nets in Figure 1.20, if networks are 

given a particular notation this signifies that they are topologically but not necessarily 

geometrically identical. This illustrates the point that although nets may be geometrically 

deformed, provided no connections are broken, the topology is considered to remain 

unchanged.

Figure 1.20 -  (a) Schematic representation of a (4,4) net. (b) Schematic representation of two 

topologically equivalent but geometrically different (6,3) nets.^^^

For each p-connected node, there are (p-1) further links via which to return to the 

node and for any node there are p(p-1)/2 'shortest circuits’. In order that each ‘shortest
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circuit’ is only counted once, the factor p(p-1) is halved. This (n, p) notation is only 

applicable to nets where all the ‘shortest circuits’ originating from any node are all n- 

gons (i.e. all of the ‘shortest circuits’ within the network contain the same number of 

nodes). When a network contains either different nodes (i.e. not all nodes are linked to 

the same number of nodes) or the ‘shortest circuits’ for a given node are not all the same 

size, the {n, p) notation no longer suffices and the more complete Schlafli notation 

must be used instead.

A number of 3D nets are often described by the names of materials displaying 

the relevant topology.^^  ̂ Figure 1.21 displays several examples (namely; diamond, 

ThSi2 , NbO and primitive cubic (a-polonium/NaCI)) of nets that all contain nodes that are 

connected in the same way. For instance, all the nodes in diamond are 4-connecting 

with a tetrahedron coordination figure. ThSi2 is an example of a 3-connecting net where 

all nodes adopt a triangular coordination figure. NbO is a rare example of a 4-connecting 

net with square-planar coordination at the vertices. The primitive cubic (also known as 

the a-polonium or NaCI net) is an example of a 6-connecting net where an octahedral 

coordination figure is adopted.

Figure 1.21 -  Exam ples of three-dim ensional nets: (a ) D iam ond (4-connecting net), (b) Si net of 

T hS i2 (3-connecting net), (c) NbO  (4-connecting net), (d) Primitive cubic (6-connecting n et).’"*®
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There are also som e exam ples of networks that contain more than one type of 

node geometry. Two such exam ples are the cooperite (or PtS) and Pt30 4  nets (Figure 

1.22). PtS is a 4,4-connecting net where two different types of 4-connected vertices are  

evident (square and tetrahedral). Pt forms PtS4 rectangles and S forms SPt4 tetrahedra. 

Pt304  is an exam ple of a 3,4-connecting net, in which all 4-connected vertices (Pt) are 

attached to 3-connecting vertices (O). The  four connected vertices are in a square  

coordination and the three connected vertices are in an equilateral triangular 

coordination.

Figure 1.22 -  Exam ples o f three-dim ensional nets with different vertices: (a) C ooperite  or PtS  

(square and tetrahedral 4 ,4-connecting net), (b) Pta0 4  (3,4-connecting net).'"*^

1.4.5 Interpenetration.

The design and synthesis of open coordination networks can often result in the 

formation of multiple interpenetrating s t r u c t u r e s . T y p i c a l l y  a second polymer 

network interpenetrates in the first in order to fill up the potential cavities thereby 

reducing or possibly removing the porosity of the network. The intergrowth of two or 

m ore fram eworks has long been a topic of interest in m etal-organic r e s e a r c h . I t  is 

allowed for many high symmetry default topologies and is often observed when long 

organic linkers are used to connect the metal based secondary units to one another. 

Increasing the length of the bridging ligand leads to larger natural cavity sizes but also 

results in increasing the numbers of networks mutually interpenetrating one another. 

Interpenetration can be thought of as a form of catenation where the fram eworks are  

maximally displaced from each other and differs from another form of catenation, 

interweaving, whereby the fram eworks are minimally displaced from each other and
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exhibit many close contacts.Examples of interpenetrated networks are displayed in 

Figure 1.23.

(a)

Figure 1.23 -  Examples of interpenetrated metal-organic frameworks, (a) Schematic of the first 

heterometallic 3d-4f (Cr(lll) and Ln(lll)) 3D two-fold interpenetrated polymeric f r a m e w o r k . ( b )  

Five-fold interpenetrated {[Cu(1,2-frans-bipyridylethene)2]BF4} complex.’ ®̂

There are several ways that interpenetration may be avoided. Firstly, charged 

frameworks must contain counterions for charge balance. The presence of the 

counterions within the cavities renders it increasingly difficult for further networks to 

mutually interpenetrate one another. Robson et al7  ̂ amply displayed this concept by 

synthesising the charged non-interpenetrating framework, [N(CH3)4][CuZn(CN)4] that 

was a derivative of their doubly interpenetrated neutral Cd(CN)2 and Zn(CN)2 

frameworks. Another method of avoiding interpenetration was elegantly demonstrated by 

Yaghi et al. They synthesised a series of interpenetrated frameworks when the organic 

linker was lengthened, but when the original reactions were repeated under more dilute 

conditions, their noninterpenetrating counterparts were g e n e r a t e d . A n  alternative 

method in avoiding interpenetration is in the careful design of the framework. In order to 

interpenetrate, the size of the vertex or the diameter of the polymer strand must be less 

than the size of the cavity, therefore the use of bulkier vertices would make it more 

difficult to interpenetrate as long as the ‘natural’ cavity size of the structure is 

c ont r o l l ed . For  this reason metal clusters and cages are commonly exploited as 

building blocks in the generation of metal-organic frameworks.
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Although the immediate consequence of interpenetration is the reduction of the 

free diameter of the pores, recently, interpenetration has proved to be advantageous in 

the area of hydrogen gas s to rage. In te rpene t ra t ion  may be utilised to strengthen 

the interaction between the gaseous molecule and the framework by an entrapment 

mechanism in which a hydrogen molecule is in close proximity with several aromatic 

rings or metal centres from interpenetrating networks (Figure 1.24).̂ ®̂

Figure 1.24 -  (a) Schematic representation of the repeat unit of a crystalline, single M O F with 

secondary building units (SBUs) and linkers depicted as cubes and rods, respectively. The yellow 

sphere represents the large pore defined within the framework, (b) Two identical frameworks 

mutually interpenetrating thereby reducing the pore dimensions but allowing for a large proportion

of the framework atoms to remain exposed.

1.5 Solvothermal Synthesis.
The building blocks exploited in this thesis for the synthesis of coordination and 

hydrogen bonded polymers and metal-organic frameworks are metal ions and organic 

bipyridyl carboxylic acid derivative ligands that are virtually insoluble in common 

laboratory solvents. For this reason the solvothermal experimental technique has been 

exploited for the complexation of these ligands with metal ions. Alternative complexation 

methods exist for the synthesis of inorganic polymeric materials such as solvent-free 

grinding m e th o d s ,b u t  with regard to this thesis, solvothermal synthesis proved the 

most successful and superior method.

In solvothermal synthesis chemical reactions or transformations typically take 

place in a sealed heated solution in a teflon® container within the temperature range of 

120 -  200 °C under autogenous pressure (generally 1 0 - 3 0  atm).^®'' The reaction 

mechanism is thought to follow a liquid nucleation model which differs from the 

mechanism for solid state reactions that normally involve the diffusion of atoms or ions at 

the interface between reactants.^®  ̂ Under such conditions, metastable kinetic phases,
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rather than the thermodynamic phases, are most likely to be isolated.^®'* Small changes 

in one or more of the reaction variables such as reaction time, temperature, pH value 

and stoichiometry can have a profound influence on the reaction outcome. This 

technique has mainly been developed in the following areas:

(i) The synthesis of new materials.

(ii) The development of new processes for preparing functional materials.

(iii) The shaping of materials (i.e. crystal growth).

The supercritical conditions encountered in solvothermal reaction may allow for the 

isolation of a product that would not otherwise be produced under normal reflux 

conditions. Another important advantage in solvothermal reactions is that poor solubility 

of reactants poses less of a problem as under these conditions reactants are usually 

sufficiently soluble to allow for a reaction to take place and for a solid product to be 

isolated.

Hydrothermal synthesis has undergone rapid development in recent years and 

consequently a whole new sub-area, namely solvothermal synthesis, has emerged. 

Hydrothermal synthesis has been found to be an effective route for the rational synthesis 

and crystal engineering of microporous materials (e.g. zeolites), ionic conductors, 

complex oxides and fluorides, low-dimensional aluminophosphates and inorganic- 

organic hybrid materials.^®® These materials have provoked much interest in new 

structural architectures with potential applications in many fields such as photochemistry, 

electromagnetism, catalysis and biology.

1.5.1 In Situ Solvothermal Synthesis.

A further area of hydro(solvo)thermal synthesis involving in situ ligand synthesis 

has also rapidly developed, over the past few years, in the areas of coordination and 

organic chemistry for the preparation of crystalline complexes and for the discovery of 

new organic reactions. I n  situ ligand synthesis allows for a new route in the 

preparation and isolation of novel coordination polymers from metal ions and organic 

precursors that would normally not be accessible from a direct reaction of the metal ions 

and ligands. Use of in situ synthesis as an approach in the engineering of complexes 

offers the following benefits:

(i) It simplifies the synthesis of ligands by reducing the number of synthetic 

steps and thereby provides a useful pathway to organic ligands that are 

difficult to obtain by routine synthetic methods.
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(ii) The slow formation of ligands enhances the likelihood that single crystals, 

sufficiently large to allow for a single crystal X-ray diffraction study, will be 

produced.

(iii) It is an environmentally friendly synthetic procedure.

The concept of in situ ligand synthesis as a new tool in the engineering of 

coordination complexes was first proposed by Champness and Schroder in 1997̂ ®® 

when they unexpectedly observed in situ cyclisation of 1,2-frans-(4-pyridyl)ethane to 

yield the ligand 1,2,3,4-tetrakis(4-pyridyl)cyclobutane. Following this study, a variety of 

novel coordination complexes involving in situ ligand synthesis have been documented, 

most of which were prepared by hydro(solvo)thermal methods.

More than ten types of in situ ligand reactions have been reported, which include 

carbon-carbon bond formation,’®®"''®® hydroxylation,’®®'̂ ®° tetrazole’®’ and triazole’®̂ 

formation, substitution,’®̂ alkylation,’®'* ether bond formation,’®® hydrolysis,’®®’®® 

oxidation -  hydrolysis,acylation,^°’ '̂ °̂  amination^°^ and d e c a r b o x y la t io n .S e v e r a l  

examples of/n situ ligand reactions are displayed in Figure 1.25.

Figure - 1 . 2 5  -  (a) Schematic of the in situ oxidation-hydrolysis mechanism of 1,10- 

phenanthroline-5,6-dione to 3,3'-dicarboxcylic acid-2,2'-bipyridine.^°° (b) Helical chain produced 

the reaction of Ni(ll) metal with the in situ synthesised 3,3'-dicarboxylic acid-2,2'-bipyridine.“ ° (c)

Schematic of the mono decarboxylation of 1,3,4-benzene-tricarboxylic acid to yield 1,4-benzene-

dicarboxylic acid.^°^

(b)

2,2’-hpy

205Schematic of the mono decarboxylation of 2-pyrazinecarboxylic acid to yield pyrazine. (d)
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1.6 Present Study.
It has been shown in this introduction that the rational and predictable design of a 

molecular crystal can lead to the occurrence of a series of specific, favourable 

interactions than can direct the formation of the desired supramolecular assembly. By 

drawing inspiration from Nature and the extensive database of chemical knowledge, 

crystalline solids may be prepared containing desired structural and physical properties.

The aim of this thesis is to study the formation of extended networks by exploiting 

the LEGO® approach where metal ions (main group, transition and lanthanide metals) 

and dual functional 2,2'-bipyridyl carboxylate ligands act as the LEGO® or molecular 

building blocks. The incorporation of functionalised poly-pyridines in the formation of 

extended networks is particularly attractive as both the coordination chemistry and 

physicochemical properties of these ligands are extremely rich and versatile. With the 

dual coordination capabilities of these ligands, in theory they should be able to 

coordinate to each and every metal ion in the periodic table and hence the scope for the 

preparation of new extended networks is enormous. The majority of the ligands used in 

the construction of these networks involve either nitrogen or oxygen or a combination of 

the two in their donor sites. Although the combined use of carboxylate and 2,2'-bipyridyl 

functionalities in the organic linkers has been utilised previously, a vast range of building 

block combinations involving these functionalities still remain unexplored.

(a ) ,  -  - -

Figure 1.26 -  Structure of (a) 4,4'-dicarboxylic acid-2,2'-bipyridine (4,4'-H2dcbp) and (b) 4,4',6,6'- 

tetracarboxylic acid-2,2'-bipyridine (H^cbp) displaying their primary coordination sites (blue 

arrows) and exodentate sites (red arrows).
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The main body of this work involves using the novel ligand, 4,4',6,6'- 

tetracarboxylic acid-2,2'-bipyridine (4,4',6,6'-H4tcbp). The idea for the development of 

this ligand stems from the successful employment of the ligand 4,4'-dicarboxylic acid- 

2,2'-bipyridine (4,4'-H2dcbp) in the synthesis of extended networks (Figure 

Both offer the advantage of having both a primary coordination site (bipyridyl core) 

available for metal binding and a secondary exodentate site that, when deprotonated, is 

capable of further coordination (Figure 1.26).

Figure 1.27 -  Example of a 4,4'-H2dcbp, {[Cu(4 ,4 '-H2dcbp)(S04 )] V3H20}, 3D hydrogen 

bonded polymer (Cu, dark blue; N, light blue; C, black; O, red; S, yellow; H, light brown).

When the exodentate sites are deprotonated, the carboxylate groups are able to 

coordinate to metal ions in a range of diverse modes and provide the potential for the 

formation of metal-carboxylate clusters or bridging units (Figure 1.28). A further 

advantage is that both ligands can also participate in hydrogen bonding interactions 

through the carboxylic acid groups.

To date, the bidentate chelating core of 4,4'-H2dcbp has proved ideal for 

coordination with transition metal ions. Additionally, for complexation with metal ions in 

the +2 oxidation state, the carboxylate moiety can provide the charge balance thus 

obviating the need for counterions, until this study, to the best of our knowledge,

complexation of 4,4'-H2dcbp with main group II metals has not been explored. These 

metals, in particular Sr(ll) and Ba(ll), are ideal for complexation with this ligand. 

Furthermore, main group metals offer the advantage of potentially producing interesting 

and diverse materials as, unlike the transition metals, they do not have a preferred
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geometry and coordination number. The tetradentate chelating core of 4,4',6,6'-H4tcbp 

renders this ligand accessible and capable for coordination with lanthanide ions. 

Furthermore, in comparison with bidentate ligands, it allows for greater control in the 

prediction of the possible lanthanide based networks that may form. The incorporation of 

lanthanide ions, allows the networks to benefit from the unique properties pertaining to 

these metals.^^ '̂^^^

M M

unidentate

bidentate bridging:

monoatomic bidentate
bridging chelating

0 - ^ 0  “ ' 0 - ^ 0 ' “
I I I

M M  M

syn-syn anti-anti anti-syn

Figure 1.28 -  Examples of some of the various coordination modes of the carboxylate group.

To begin with chapter 2 contains the synthesis and characterisation of the novel 

4,4',6,6'-H4tcbp molecule. This is followed by a detailed discussion of a series of multi- 

nuclear and polymeric lanthanide and mixed metal coordination complexes based on 

this ligand. Chapter 3 concentrates on the coordinating abilities of either 4,4'-H2dcbp or 

4,4',6,6'-H4tcbp in combination with main group and transition metals. Chapter 4 focuses 

on the synthesis of complexes and organic molecules that may be formed in situ by 

means of solvothermal synthesis. Chapter 5 contains a series of Cu(ll) and Cu(l) 

complexes that involve the 4,4',6,6'-methyl-2,2'-bipyridine (4,4',6,6'-tmbp) ligand (the 

precursor molecule in the synthesis of 4,4',6,6'-H4tcbp) and focuses on their 

spectroscopic characteristics. Finally, chapter 6 provides the experimental synthetic 

details of the products described herein.
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Chapter Two

Synthesis, Characterisation and Structural 
Analysis of Mononuclear, Trinuclear and 

Polymeric Lanthanide Based Complexes 

Incorporating 4,4',6,6'-Tetracarboxy-2,2'-
Bipyridine.
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2.1 Introduction
The primary focus of this chapter is the synthesis of lanthanide based 

coordination polymers. The idea behind this work stems from that previously carried out 

within the Kruger group, whereby coordination polymers were synthesised from a 

combination of transition metals and bipyridine carboxylate ligand precursors.

More specifically, the ligand exploited in this work was 4,4'-dicarboxy-2,2'-bipyridine 

(4,4'-H2dcbp). This ligand offers the versatility of having both a bidentate primary 

coordination site and a carboxylate secondary coordination site, rendering the ligand 

potentially capable of binding with any metal on the periodic table. For the present study, 

the ligand was further functionalised by the addition of two carboxylic acid groups at the 

6 and 6' positions to form 4,4',6,6'-tetracarboxy-2,2'-bipyridine (4,4',6,6'-H4tcbp). In 

comparison with 4,4'-H2dcbp, the tetradentate primary coordinating core (N2O2) of the 

novel 4,4',6,6'-H4tcbp ligand allows it to be more accessible to incorporating lanthanide 

metals into coordination polymers, whilst still maintaining the capacity for further 

coordination through the carboxylic acid groups at the 4 and 4' positions.

2.2 Synthesis and structural characterisation of 4,4',6,6'- 

tetramethyl-2,2'-bipyridine.
2 .2 . 1  Synthesis o f 4,4', 6,6'-tmbp.

Previously this ligand was synthesised by LinnelP^^ by means of a sodium 

coupling reaction with a low yield of 2.3 %. In this present study, this method was 

improved upon using a palladium coupling technique. 2,4-Lutidine (b.p. = 159 °C) and 10 

% Pd/C were refluxed for three days. After addition of toluene and filtering off the 

palladium catalyst, 4,4',6,6'-tmbp was isolated by evaporating the solution to dryness 

and upon recrystallisation from ethyl acetate crystals of 4,4',6,6'-tmbp suitable for a 

single crystal X-ray diffraction study were produced in a 21.5 % yield. 4,4',6,6'-tmbp was 

further characterised by NMR and ESMS spectroscopy.

The simple NMR spectrum contained the bipyridyl proton peaks, which are 

consistent with the proposed structure, at 8.01 and 7.0 ppm. Two singlets at 2.61 and 

2.4 ppm were also present and are representative of the methyl groups on the 4,4',6 and 

6' - positions of the pyridine rings. ESMS further confirms that the molecule is 4,4',6,6'- 

tmbp with a characteristic peak at 213.14 m/z.
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2.2.2 Crystal structure determination of 4,4',6,6'-tmbp (1).

The structure of 4,4',6,6'-tmbp was refined in the orthorhombic Cmca space 

group. Crystallographic data are shown in Table 2.1. The atomic numbering scheme and 

atom connectivity for the asymmetric unit of tmbp are shown in Figure 2.1.

Figure 2.1 -  Asymmetric unit and atomic labelling for 1 (C, black; N, blue; H, cream).

The asymmetric unit contains five non hydrogen atoms. Generation of the mirror plane 

symmetry, that lies in the yz plane and is perpendicular to the plane formed by the atoms 

C3, C2, N1/C1, C4 and C5, creates half the molecule. Application of an inversion 

symmetry (that lies in the centre of the C4-C4A bond) results in the rest of the molecule 

being generated. As the carbon atoms C3 and C4 lie on the mirror plane, they are 

modelled at only half occupancy. Disorder is evident within the crystal structure with the 

molecule flipping between alternative positions. Consequently, as X-ray diffraction sees 

the average asymmetric unit, the carbon atoms C l, C2 and C5 and the nitrogen atom 

N1 only partially occupy the sites. In 50 % of the unit cells the atoms are N1, C2 and C5 

and in the remaining 50 % of the unit cells the atoms are C l, C2A and C5A. The two 

orientations of the ligand are highlighted in Figure 2.2.

X

N1/C1

(a) (b)

C3 C3A

Figure 2.2 -  The structural anti conformations (a and b) of 1 (C, black; N, blue).
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Table 2.1 -  Crystal data and structure refinement for 1 and 2.

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

Crystal size (mm)

Theta range for data collection 

Reflections collected 

Independent reflections 

Completeness to theta = 24.99° 

Max. and min. transmission

Refinement method

Data / Restraints / Parameters

Final R indices [l>2sigma(l)]

R indices (all data)

1

C 1 4 H 1 6 N 2

212.29 

153(2) K 

0.71073 A 
Orthorhombic 

Cmca

a = 15.792(1) A 
b = 6.3149(5) A 
c = 11.972(1) A 
a = 90“ 

i8 = 90°

K = 90°

1193.9(2) A3 

4

1.181 mg/m3

0.070 mm’ "'

0.42

0.23

0.09

2.58 to 24.99°

4377

551 [Rin,=0.0205] 

100.0 %

1.0000 and 0.7538

Full-matrix least- 

551 / 0 / 4 0  

R1 = 0.0544 

wR2 = 0.1252 

R1 = 0.0555 

wR2 = 0.1260

C 1 4 H 1 2 N 2 O 1 0  

368.26 

153(2) K 

0.71073 A 
Monoclinic 

P2/C

a = 9.065(1) A 
b = 7.164(1) A 
c =  11.730(2) A 
a = 90°

jS= 102.472(3)°

/  = 90°

743.8(2) A3

2

1.644 mg/m3

0.143 mm'"'

0.17

0.06

0.04

2.30 to 25.00° 

5487

1314 [Rint=0.0350] 

99.9 %

1.0000 and 0.7193

squares on F^ 

1 3 1 4 / 6 / 1 3 0  

R1 = 0.0430 

wR2 = 0.1099 

R1 = 0.0659 

wR2 = 0.1221

39



2.3 Synthesis and Structural Characterisation of 4,4',6,6'- 

tetracarboxy-2,2'-bipyridine.
2.3.1 Synthesis of 4 ,46 ,  G'-H^cbp.

The synthesis of 4,4',6,6'-H4tcbp has yet to be reported in the literature. It was 

prepared by modification of the sodium dichromate oxidation method used for the 

synthesis of H2 dcbp.^^® The molecule was characterised by elemental analysis, NMR 

and IR spectroscopy. Furthermore, it was recrystallised from boiling concentrated HNO3 

yielding crystals suitable for a single crystal X-ray diffraction study in a 63 % yield. It was 

found to be a highly insoluble molecule in common laboratory solvents. Partial elemental 

analysis was consistent with the proposed molecule and 2.5 water molecules per 

4,4',6,6'-H4tcbp molecule present. In order to obtain NMR data, the sodium salt, 4,4',6,6'- 

Na4 tcbp, was synthesised by means of dissolution in an aqueous solution of NaOH 

followed by isolation of the 4,4',6,6'-Na4tcbp molecule by rotary evaporation. The simple 

NMR spectrum consists of singlets at 8.5 and 8.17 ppm, respectively. Both are 

characteristic of the aromatic hydrogen atoms. An infrared spectrum of 4,4',6,6'-H4tcbp 

further showed the presence of the carboxylic acid (vas(CO) 1705 and Vs(CO) 1364 cm‘ )̂.

2.3.2 Crystal structure determination of 4,4', 6,6 '-H4tcbp dihydrate (2).

The crystal structure of 2 was refined in the monoclinic P2/c space group. 

Crystallographic data are shown in Table 2.1. The atomic numbering scheme and atom 

connectivity for 2 are shown in Figure 2.3. As the 4,4',6,6'-H4tcbp molecule is 

symmetrical, the asymmetric unit contains only half the 4,4',6,6'-H4tcbp molecule and 

one water molecule, with the complete molecule generated through a % rotation. The two 

pyhdine rings within the 4,4',6,6'-H4tcbp molecule are twisted with respect to each other, 

about the C5-C5A axis, at an angle of approximately 38° from the anti confirmation.

The overall structure of H4 tcbp dihydrate consists of hydrogen bonded chains 

mediated between carboxylic acid groups from adjacent molecules (04-• 0 3  2.622(2) A). 
As shown in Figure 2.4, water molecules assist in linking the chains through additional 

hydrogen bonding, hence forming 2D sheets (02  •01W  2.515(2) A, 0 1W  -01 2.813(2) 

A). The 2D sheets formed are wavelike as a result of the 4,4',6,6'-H4tcbp molecule being 

twisted about the C5-C5A bond.
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01A

02AC6A
OWIAl

CIA
N1A1

C2A
04

04 CSA
C5C3

03

03A
C4AC2’

Cl C7A

02 01 04AI

Figure 2.3 -  Molecular structure and atomic numbering scheme for 2 (C, black; N, blue; O, red; H, 

white). Bipyridyl hydrogen atoms are omitted for clarity.

11.3 A

/ 1 " ^ X
z

Figure 2.4 -  Packing diagram of 2 showing the 1D hydrogen bonded chains linked to adjacent 

chains through water molecules to form a 2D hydrogen bonded sheet (C, black; N, blue; O, red; 

H, white). Bipyridyl hydrogen atoms are omitted for clarity.
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The wavelike 2D sheets are linked to further 2D sheets through hydrogen 

bonding between water molecules (that reside between the sheets) and two carboxylic 

acid groups from different 2D sheets (01- 01W 2.881(2) A, 02 -01W  2.515(2) A) to 

form a 3D hydrogen bonded network (Figure 2.5).

Figure 2 .5  -  3D  Hydrogen bonded network of H4tcbp. The w avelike 2D  sheets are  viewed side-on  

(down the ca xz  p lane) and coloured blue. T h e  w ater m olecules are  coloured in grey. The dashed

blue lines represent hydrogen bonds.

Although the network appears to be porous it was found to be non-porous as it is 

3-fold interpenetrated (Figure 2.6). The blue network in Figure 2.5 is presented as the 

blue network in Figure 2.6. Two further networks that interpenetrate are presented in red 

and green, respectively.

The interpenetrated networks further interact with each other through hydrogen 

bonding between carboxylic acid groups and the water molecules that reside between 

the networks (0 1 -0 1 W  2.881(2) A, 02 -01W  2.515(2) A). Full details of all hydrogen 

bonding interactions are given in Table 2.2.
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Figure 2.6 -  3-fold interpenetrated 3D 4,4',6,6'-H4tcbp network. The three individual networks are 

presented in blue, green and red. W ater molecules are presented as grey atoms. Bipyridyl

hydrogen atoms are omitted for clarity.

Table 2.2 -  Parameters of hydrogen bonding interactions for 2 [A and °].

D-H A d(D-H) d(H -A) d (D -A ) <(DHA)

0(2)-H(2) ••■0(1W)' 0.91(1) 1.62(2) 2.515(2) 170(3)

0 (4 )-H (4 )-0 (3 )" 0.89(1) 1.74(2) 2.622(2) 177(3)

0 (1W )-H (1W A )-0(iy" 0.88(1) 1.93(1) 2.813(2) 174(3)

0 (1W )-H (1W B )-0(1) 0.88(1) 2.04(2) 2.881(2) 160(3)

Symmetry Codes: i = x,-y,z-1/2; ii = -x+2,-y+1,-z; iii = -x,-y,-z.

2.4 Mononuclear Ln(lll) and heteronuclear Ln(lll) and Cu(ll) 

complexes with 4,4',6,6'-tetracarboxy-2,2'-bipyridine.
2.4.1 Introduction

As discussed in section 2.1, the overall aim of this work is to incorporate 4,4',6,6'- 

tcbp into coordination polymers. The initial approach taken was to react the ligand with a 

lanthanide metal ion in a 2:1 stoichiometric ratio. In doing so, the coordination sphere of 

the lanthanide metal is filled as each ligand is tetradentate, giving the lanthanide(lll) 

centre a coordination number of 8 (Figure 2.7). As denoted by the red arrows in Figure 

2.7, this would leave the peripheral (secondary binding sites) carboxylic acid groups at
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the 4  and 4' positions free for binding to further metals. For exam ple, a M (ll) metal would 

be capable of binding at the 4  and 4' positions and thereby link adjacent 1 :2 lanthanide  

4,4',6,6'-H4tcbp groups (secondary building units) to one another to form extended  

networks. A  second possibility would be that the M (ll) metal could bind to the non

coordinated oxygen atoms at the tetradentate binding site (as denoted by the speckled  

arrows in Figure 2 .7) and link the secondary building units to one another to form  

coordination polymers.

Generally, in the solvothermal complexation reactions, a combinatorial approach  

w as adopted. There are several variables such as metal, metal salt, stoichiometry, 

solvent system, volume, tem perature, reaction time and bomb size (23m l or 45m l) 

pertaining to each reaction that need to be considered. With each successive reaction a 

single variable is changed in order to investigate if this is the critical factor in the  

synthesis or crystallisation of one particular product.

Figure 2.7 -  1:2 Ln : 4,4',6,6'-H2tcbp secondary building unit (Ln(lll), pink; C, grey; O, red; N, 

blue; H, white). The red and speckled arrows denote where further coordination to the 

carboxylate and carboxylic acid groups may occur.

2.4.2 Reaction of 4,4',6,6'-H4cbp with Y^CFsSOsjs

Y b (C F 3S 0 3 )3  and 4,4',6,6'-H4tcbp (1:2) were reacted in a 45  ml teflon®-lined 

stainless steel solvothermal bomb in methanol. It was heated to 150 °C for 3 days and 

upon slow cooling colourless needle-like crystals suitable for a single crystal X -ray  

diffraction study were obtained in a 41 % yield. The IR  spectrum contained characteristic

A

V
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carboxyl peaks at 1733, 1643, 1611 (vas(CO)) cm ' and 1396, 1270 and 1251 (vs(CO)) 

cm''.

2.4.3 Crystal structure determination 0 f{[Yb(dmcdcbp)2](l-l3 0 ) H20 Me0i-i} (3).

The structure of 3 was refined in the triclinic P-1 space group. Crystallographic 

data are shown in Table 2.5. The atomic numbering scheme and atom connectivity for 3 

are shown in Figure 2.8. As expected two ligand molecules are chelated, through their 

tetradentate binding cores, to one Yb(lll) metal ion, rendering the lanthanide centre eight 

coordinate. It is interesting to note that the peripheral carboxylic acid groups have been 

esterified to form methyl ester groups, as a consequence of using methanol as a solvent 

in the synthesis. Although esterification was perhaps unforeseen, in hindsight it is not a 

totally unexpected result as under solvothermal conditions in situ ligand syntheses have 

been observed to occur.'®'* As a result the secondary binding 4 and 4' carboxylic acid 

sites are rendered incapable of further coordination.

06‘
oejC15|

C14
07C2C3

C16
08C4|

015 C31014N1 C18C5 C17016| C19
C32

N3. C30YblC6, 013bN2 N4
C2204

C23C13 C8|
C26Old*

C2801
C12l 012C24CIO C25

C11C9
011

03 C2902

X

4

Figure 2.8 -  Molecular structure and atomic numbering scheme for 3 (Yb, turquoise; N, blue; O, 

red; C, black). Bipyridyl and methyl group hydrogen atoms are omitted for clarity. Shaded atoms

represent disordered atoms.
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Disorder is present in the complex at the oxygen atoms 06 and 013; 06 being 

disordered over two positions modelled at 55 % and 45 % occupancy at 06 and 06', 

respectively and 013 being disordered over three positions modelled at 24 %, 38 % and 

38 % occupancy at 013a, 013b and 013c, respectively. In Figure 2.8 this is portrayed 

through shaded atoms at the disordered positions. In addition, both a methanol and a 

water molecule are present in the asymmetric unit along with a HsO"̂  cation for charge 

balance.

As can be seen from the selected torsion angles in Table 2.3, one of the 

chelating ligands (01-N2-N1-02) is only slightly distorted from planarity, whereas the 

second chelating group is more distorted from planarity. Of the two coordinating 

carboxylate groups, (within the latter ligand) one is distorted from the plane of the 

pyridine ring to which it is attached considerably more that the other (N(3)-C(17)-C(32)- 

0(16) 6.4(9)° and N(4)-C(26)-C(27)-0(9) 3(1)°) and the bipyridyl group is twisted about 

the C(21)-C(22) bond (N(3)-C(21)-C(22)-N(4) -4.5(9)°). Selected torsion angles and 

bond lengths of 3 are given in Table 2.3. Also, it is interesting to note that the methyl 

groups on the ester groups at the 4 and 4' positions of the near planar ligand are located 

the ‘internal’ oxygen atoms (04 and 05), whereas the methyl groups on the more 

distorted ligand are located on the ‘external’ oxygen atoms (O il and 014).

Table 2.3 -  Selected torsion angles [°] and bond lengths [A] for 3.

N(1)-C(5)-C(6)-N(2) 0.2(8) Yb(1)-0(16) 2.252(5)

N(1)-C(1)-C(16)-0(8) 2.4(9) Yb(1)-0(8) 2.255(4)

N(2)-C(10)-C(11)-0(1) -1.4(9) Yb(1)-(09) 2.258(5)

N(3)-C(17)-C(32)-0(16) 6.4(9) Yb(1)-0(1) 2.277(5)

N(4)-C(26)-C(27)-0(9) 3(1) Yb(1)-N(4) 2.416(5)

N(3)-C(21)-C(22)-N(4) -4.5(9) Yb(1)-N(3) 2.424(6)

Yb(1)-N(1) 2.442(5)

Yb(1)-N(2) 2.446(5)

Furthermore, adjacent units are linked through hydrogen bonding between the 

water molecule 01W and the carboxylate oxygen atoms 02 and 015 (0W1 •■•02 

2.870(8) A, 0W1 •••015 2.850(7) A) to form a ID  chain (Figure 2.9).
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01W

% 015
02

Figure 2.9 -  1D hydrogen bonded chain of 3 (Yb, turquoise; N, blue; O, red; C, black; H, white).

A 2D sheet is evident when further hydrogen bonding between the hydronium ion 

oxygen atom 018 and the water molecule and the carboxylate oxygen atoms 01W and 

010, respectively(01W•••018 2.907(9) A and 010 -018 2.736(9) A) are considered. 

These bonds link the ID  chains to one another to form the 2D sheet as depicted in 

Figure 2.10.

010

•  01W

Figure 2.10 -  Packing diagram of 3 showing the 2D hydrogen bonded network (Yb, turquoise; N, 

blue; O, red; C, black; H, white). The blue and white dashed bonds depict hydrogen bonds. 

Hydrogen atoms not involved in hydrogen bonds have been omitted for clarity.
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The 2D sheet hydrogen bonds to another 2D sheet through a bond between the 

H3O* cation (018) and the carboxylate oxygen atom 09  on another sheet (018-■ 09  

2.892(8) A). This bilayer is depicted in Figure 2.11, where the 2D sheet in Figure 2.10 is 

coloured in green and the second 2D sheet is coloured in blue for clarity. A full list of 

hydrogen bonding is shown in Table 2.4.

Figure 2.11 -  Packing diagram of 3 showing the 2D sheet (green) hydrogen bonding to another 

2D sheet (blue) to form a bilayer (O, red; H, white). The blue and white dashed bonds depict 

hydrogen bonds. Hydrogen atoms not involved in hydrogen bonding are omitted for clarity.

Table 2.4 - Parameters of hydrogen bonding interactions for 3 [A and °].

D-H A d(D-H) d(H- A) d(D -A ) <(DHA)

0(17)-H (17)-0(1 ) 0.84 2.04 2.827(7) 155.5

0(1W )-H(1W 1)-0(15) 0.84(1) 2.01(2) 2.850(7) 175(9)

0(1W )-H(2W 1)-0(2)' 0.84(1) 2.12(5) 2.870(8) 148(9)

0(18)-H (18B)-0(10)“ 0.85(1) 1.88(2) 2.730(9) 174(11)

0(18)-H(18C)-0(1W)''' 0.85(1) 2.07(2) 2.907(9) 170(10)

0(18)-H (18D)-0(9) 0.85(1) 2.06(3) 2.892(8) 167(11)

Symmetry codes: i = x+1,y,z; ii = -x,-y,-z+1; iii = -x+1,-y+1,-z+1.

48



Table 2.5 - Crystal data and structure refinement for 3 and 4.

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

Crystal size (mm)

Theta range for data collection 

Reflections collected 

Independent reflections 

Completeness to theta 

Max. and min. transmission

Refinement method

Data / Restraints / Parameters

Final R indices [l>2sigma(l)]

R indices (all data)

C 3 3 H 2 9 N 4 0 ig Y b

958.64 

153(2) K 

0.71073 A 

Triclinic 

P-1

a = 10.2706(9) A 
b = 10.8551(9) A 
c = 16.487(1) A 
0 = 99.169(2)°

)8= 103.656(2)°

K = 94.272(2)° 

1751.2(3) a '

2

1.818 mg/m3 

2.763 mm-l 

0.19 

0.07 

0.04

1.91 to 24.00°

12476

5501 [Rint=0.0488]

= 24.00°, 99.7 %

1.000 and 0.7903

Full-matrix least- 

5501 / 21 / 543 

R1 = 0.0453 

wR2 = 0.0909 

R1 =0.0616 

wR2 = 0.0958

C 3 2 H 2 e G d N 4 0 i9

927.82 

153(2) K 

0.71073 A 
Triclinic 

P-1

a = 10.4012(6) A 
b = 10.5076(6) A 
c=  16.5788(9) A 
a = 97.012(1)°

)S= 105.144(1)°

K = 94.794(1)° 

1723.3(2) A^

2

1.788 mg/m3

2.017 mm'"'

0.11

0.08

0.04

1.97 to 25.00° 

13800

6043 [Rin,=0.0478] 

=25.00°, 99.5 %

1.000 and 0.7296 

squares on f2 

6043 / 0 / 504 

R1 = 0.0554 

wR2 = 0.1195 

R1 = 0.0724 

wR2 = 0.1262
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Network connectivity or topology may be described in terms of Schafli notation as 

defined by Wells nearly 30 years ago.^^  ̂ The overall network connectivity resulting from 

hydrogen bonding interactions in 3 can be represented by the schematic diagram in 

Figure 2.12.

Figure 2 . 1 2 -  Schematic representation of the 2D hydrogen bonded network of 3. The atoms that 

were chosen as nodes are the metal centre Yb(lll) (turquoise), uncoordinated water molecule 

(0 1 W ) (red 2-connecting node) and the H3O* counterion (0 1 8 ) (red 3-connecting node).

The nodes chosen to construct the schematic diagram were the Yb(lll) atom positions 

(representing the discrete mono-nuclear units) and both the solvent water molecule 

(01W) and (018) counterion, as it is through these oxygen atoms that the

mononuclear units link to one another through hydrogen bonding to form the 2D sheet of 

3 (see Figure 2.10). As the schematic represents the 2D sheet, all connectivity is 

representative of hydrogen bonding. The network consists of two different types of 

nodes, one being a 2-connecting node (018) and the other being a 3-connecting node 

(Yb(lll) and 01W). The shortest circuit for the 2-connector node involves eight nodes 

and the three shortest circuits for the 3-connector nodes also all involve eight nodes. 

This therefore gives rise to the Schlafli notation (8^)(8^).
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2.4.4 Reaction o f 4,4', 6, d'-HJcbp with Gd(CF3S03)3-

An identical procedure to that of complex 3 was followed with the exception of 

Gd(lll) being used in place of Yb(lll). Gd(CF3S0 3 ) 3  and 4,4',6,6'-H4tcbp were reacted in a 

1:2 stoichiometric ratio in a 45 ml teflon®-lined stainless steel solvothermal bomb in 

methanol. It was heated to 150 °C for 3 days and upon slow cooling colourless needle

like crystals suitable for a single crystal X-ray diffraction study were obtained in a 33 % 

yield. The IR spectrum contained characteristic carboxyl peaks at 1729, 1642, 1609 

( v a s ( C O ) )  cm ' and 1398, 1268 and 1249 ( v s ( C O ) )  cm V

2.4.5 Crystal structure determination o f {[Gd(dmcdcbp)J(l~i30)-2 l-l20}  (4).

The structure of 4 was refined in the triclinic P-1 space group. Crystallographic 

details are shown in Table 2.5 and the atomic numbering scheme, with atom 

connectivity, is shown in Figure 2.13.

03 02

C13 C9
C12

C11C8 CIO ,C29
04 O i l01

010 |012€25
^ 2 7  225N2 028C7(

09 C23

013CT |C20N3G dl

Cl!C9i N1
C31C18016 015 014

C4<

08

05 C3|
016

014^ 02C li 07

oei
4

Figure 2.13 -  Molecular structure and atomic numbering scheme for 4  (Gd, purple; N, blue; O, 

red; C, black). Bipyridyl and methyl group hydrogen atoms are omitted for clarity. Shaded atoms

represent disordered atoms.

As can be seen from Figure 2.13, a 1:2 Gd(lll) 4,4',6,6'-H4tcbp complex has formed with 

the ligand chelating to the metal centre through its tetradentate bipyridyl-dicarboxylate 

binding core (N2O2), rendering the lanthanide centre eight coordinate. Akin to complex 3, 

the carboxylic acid groups in the 4 and 4' positions have esterified to form peripheral
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methyl ester groups. Disorder is present in 4 at the oxygen atom 03; with 03  disordered 

over two positions modelled at an occupancy of 50 % at each position (03 and 0 3 ’). 

Complex 4 is very similar to complex 3. They appear to differ just by their lanthanide(lll) 

centre and solvent molecules. As may be seen from Table 2.5 their unit cell dimensions 

and volume are very alike. Unfortunately, hydrogen atoms on the water molecules and 

the H3 O* counterion in 4 could not be modelled. For this reason hydrogen bonding 

between the discrete complex and solvent molecules is not discussed in detail, but 

examination proved it to be similar to complex 3. Hydrogen atoms could not be modelled 

at fixed positions despite estimating where the positions could be by looking at the 

packing of the complex and seeing where potential hydrogen bonds lay. The two water 

molecules and the H3 O* counterion are labelled 017, 018 and 019, but as to which are 

the water molecules or the counterion cannot be determined in the absence of the 

hydrogen atoms.

Table 2.6 -  Selected torsion angles [°] and bond lengths [A] for 4.

N(1)-C(5)-C(6)-N(2) 0 .1 (8 ) Gd(1)-0(16) 2.324(5)

N(1)-C(1)-C(16)-0(8) 1.4(9) Gd(1)-0(8) 2.347(5)

N(2)-C(10)-C(11)-0(1) 0.3(9) Gd(1)-(09) 2.327(5)

N(3)-C(17)-C(32)-0(16) -2 ( 1 ) Gd(1)-0(1) 2.340(5)

N(4)-C(26)-C(27)-0(9) -7.5(9) Gd(1)-N(4) 2.495(5)

N(3)-C(21)-C(22)-N(4) 4.6(9) Gd(1)-N(3) 2.493(5)

Gd(1)-N(1) 2.513(5)

Gd(1)-N(2) 2.506(5)

As can be seen from the selected torsion angles in Table 2.6, as with complex 3, 

greater distortion from planarity is more evident in one of the chelating ligands (016-N3- 

N4-09) more so than the other (01-N2-N1-08). Of the two coordinating carboxylate 

groups on the more distorted ligand, one is distorted from the plane of the ring to which it 

is attached considerably more than the other (N(3)-C(17)-C(32)-0(16) -2(1)°) and N(4)- 

C(26)-C(27)-0(9) -7.5(9)°) and the bipyridyl group is twisted about the C(21)-C(22) bond 

(N(3)-C(21)-C(22)-N(4) 4.6(9)°). Furthermore, just as was the case for 3, it is interesting 

to note that the methyl groups within the ester group functionality at the 4 and 4' 

positions of the less distorted ligand are located at the ‘internal’ oxygen atoms (04 and

52



0 5 ), whereas the methyl groups on the more distorted ligand are located on the 

‘external’ oxygen atoms (011 and 014).

2.4.6 Reaction of 4,4', 6,6'-HJcbp with Sm(CF3S03 ) 3.

Sm(CF3S0 3 )3  was reacted with 4,4',6,6'-H4tcbp (1 :2) in a 50:50 solvent mixture of 

methanol and acetonitrile in a 45ml teflon®-lined stainless steel solvothermal bomb. It 

was heated to 150°C for 4 days and upon slow cooling a colourless solution was 

obtained. Upon filtering and leaving to slowly evaporate at room temperature colourless 

block crystals suitable for a single crystal X-ray diffraction study were obtained in a 15 % 

yield. The IR spectrum contained characteristic carboxyl peaks at 1733, 1644, 1608 

(vas(CO)) cm'  ̂ and 1405, 1272 and 1241 (vs(CO)) cm \  The solvent mixture of methanol 

and acetonitrile was chosen as methanol to this point proved to be a good solvent for 

yielding a crystalline product, but also succeeded in esterifying the peripheral carboxylic 

acid groups. Furthermore, reaction in pure acetonitrile did not yield pure product, 

therefore reaction in a 50:50 methanol acetonitrile mixture was carried out in order to 

reduce the possibility of esterification.

2.4.7 Crystal structure determination of {[Sm(dmcdcbp)2](l-l30 )-2 H20} (5).

The structure of 5 was refined in the triclinic P-1 space group. Crystallographic 

details are shown in Table 2.7.
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Figure 2.14 -  Asymmetric unit and atomic numbering scheme of 5 (Sm, pink; N, blue; O, red; C, 

black). Bipyridyl and methyl group hydrogen atoms are omitted for clarity.

53



Table 2.7 - Crystal data and structure refinement for 5 and 6.

Identification code 5 6

Empirical formula C32H27N40igSm C7oH74CuNs043Yb2

Formula weight 921.93 2124.99

Temperature 153(2) K 153(2)K

Wavelength 0.71073 A 0.71073 A

Crystal system Triclinic Triclinic

Space group P-^ P-1

Unit cell dimensions a = 10.3547(7) A a = 10.4424(6) A

b = 10.6536(7) A b = 12.9331(7) A

c = 16.651(1) A c = 15.4313(9) A

a = 97.717(2)° a = 79.426(1)°

)8= 104.506(2)° P = 87.329(2)°

y = 94.626(2)° /=  74.204(1)°

Volume 1749.7(2) A3 1971.3(2) A3

Z 2 1

Density (calculated) 1.750 mg/m3 1.790 mg/m3

Absorption coefficient 1.770 mm-l 2.728 mm"''

Crystal size (mm) 0.08 0.13

0.04 0.12

0.03 0.04

Theta range for data collection 1.28 to 25.00° 1.94 to 25.00°

Reflections collected 14042 15903

Independent reflections 6144 [Rin,=0.0814] 6935 [Rint=0.0529]

Completeness to theta = 25.00° 99.8 % 99.7 %

Max. and min. transmission 1.0000 and 0.6946 1.0000 and 0.7718

Refinement method Full-matrix least-squares on F^

Data / Restraints / Parameters 6144/0/505 6935 / 4 /574

Final R indices [!>2sigma(l)] R1 = 0.0605 R1 = 0.0436

wR2 = 0.1234 wR2 = 0.0974

R indices (all data) R1 = 0.0993 R1 = 0.0635

wR2 = 0.1444 wR2 = 0.1052
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The atomic numbering scheme, with atom connectivity, is shown in Figure 2.14. 

As can be seen from Figure 2.14, a 2:1 4,4',6,6'-H4tcbp Sm(lll) complex has formed with 

a coordination number of eight about the lanthanide centre. Once again, despite carrying 

out the reaction in the methanol acetonitrile mixture, the peripheral carboxylic acid 

groups at the 4 and 4' positions of both ligands have esterified yielding methyl ester 

groups. Although the possibility of esterification was reduced with the presence of 

acetonitrile, it is unsurprising that it occurred, as methanol was still present in a large 

excess. Complex 5 is similar to both 3 and 4. The complex has an overall charge of -1, 

hence a +1 cation must be present for charge balance. Due to the complex diffracting 

relatively weakly, the data obtained wasn’t sufficiently good enough for hydrogen atoms 

on solvent water molecules or the counterion to be modelled. Consequently, it 

wasn’t possible to distinguish between the uncoordinated water molecules and the HaO  ̂

counterion. As with 4, in the absence of hydrogen atoms on the water molecules and the 

hydronium counterion, hydrogen bonding between the discrete Sm(dmcdcbp)2  units 

through the solvent and counterion molecules could not be investigated.

Table 2.8 -  Selected torsion angles [°] and bond lengths [A] for 5.

N(1)-C(5)-C(6)-N(2) 5(1) Sm(1)-0(16) 2.370(6)

N(1)-C(1)-C(16)-0(8) -8(1) Sm(1)-0(8) 2.345(6)

N(2)-C(10)-C(11)-0(1) -3(1) Sm(1)-(09) 2.350(6)

N(3)-C(17)-C(32)-0(16) 3(1) Sm(1)-0(1) 2.340(6)

N(4)-C(26)-C(27)-0(9) -1(1) Sm(1)-N(4) 2.526(6)

N(3)-C(21)-C(22)-N(4) -1(1) Sm(1)-N(3) 2.550(6)

Sm(1)-N(1) 2.534(7)

Sm(1)-N(2) 2.517(7)

As can be seen from the selected torsion angles in Table 2.8, as was discussed 

for complexes 3 and 4, one of the chelating ligands (09-N4-N3-016) is near planar (only 

a slight distortion is evident), whereas the second chelating ligand is far more distorted 

from planarity. Once again, of the two coordinating carboxylate groups on the more 

distorted ligand, one is distorted from the plane of the ring to which it is attached 

considerably more than the other (N(1)-C(1)-C(16)-0(8) -8(1)°) and N(2)-C(10)-C(11)- 

0(1) -3(1)°) and the bipyridyl group is twisted about the C(5)-C(6) bond (N(1)-C(5)-C(6)-
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N(2) 5(1)°). Selected torsion angles and bond lengths of 5 are given in Table 2.8. Also, 

just as was the case for 3 and 4, it is interesting to note that the methyl groups on the 

ester functionality at the 4 and 4' positions of the near planar ligand are located on the 

‘internal’ oxygen atoms (011 and 012), whereas the methyl groups on the more 

distorted ligand are located at the 'external’ oxygen atoms (03 and 06).

2.4.8 Reaction o f 4,4',6, e'-HJcbp with Yb(CF3S03 )3  and Cu(0Ac)2-

After synthesising complexes 3 - 5 ,  various approaches were undertaken with a 

view to coordinating Cu(ll) to the peripheral secondary binding sites of the 1:2 lanthanide 

ligand unit. There were several unsuccessful attempts explored before a complex could 

be successfully and fully characterised. Firstly, attempts were made to hydrolyse the 

peripheral ester groups of 3 solvothermally in the presence of Cu(ll) in order to 

coordinate the lanthanide units to one another via a Cu(ll) atom. A second unsuccessful 

attempt involved repeating an identical synthesis for 3 in the presence of Cu(ll), in order 

to investigate if Cu(ll) coordination to the peripheral carboxylate groups would occur 

prior to esterification. Finally crystals were obtained from reacting Yb(CF3 S0 3 )3 , 4,4',6,6'- 

H4 tcbp and Cu(OAc) 2  (1:2:2) in a 45 ml teflon®-lined stainless steel solvothermal bomb in 

methanol. It was heated to 140 °C for 3 days and upon slow cooling colourless prism-like 

crystals suitable for a single crystal X-ray diffraction study were obtained in a 27 % yield. 

These crystals were separated under the microscope from a powder that was also 

present in the product mixture. The IR spectrum contained characteristic carboxyl 

stretching frequencies at 1611 ( v a s ( C O ) )  and 1380 ( v s ( C O ) )  cm \  The only differences for 

this synthesis and the synthesis of 3 were the temperature (150 °C and 140 °C, 

respectively) and the presence of Cu(ll). Interestingly, reaction at 150 “C in the presence 

of Cu(ll) didn’t produce any crystals.

2.4.9 Structural detenvination 0f{[Yb2(dmcdcbp)4Cu(0Me)2(l-l20)2]-3H20-4Me0H} (6).

The structure of 6 was refined in the triclinic P-1 space group. Crystallographic

details are given in Table 2.7 and the atomic numbering scheme and atom connectivity 

are given in Figure 2.15. As with complexes 3 and 4, two 4,4',6,6'-H4tcbp ligands are 

chelated to the lanthanide Yb(lll) centre and once again methyl esterification of the 

peripheral carboxylic acid groups occurred.
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Figure 2.15 - Molecular structure and atomic numbering scheme for 6 (Yb, turquoise; Cu, dark 

blue; N, light blue; C,black; O, red). Bipyridyl and methyl group hydrogen atoms and solvent

molecules are omitted for clarity.

Esterification in effect resulted in the partial ‘blocking’ of the 4 and 4' carboxylate 

groups to copper coordination. The Cu(ll) atom is coordinated to the carboxylate oxygen 

atom 010, one of the uncoordinated oxygen atoms of the chelating carboxylate groups, 

as was depicted it may do by the speckled arrows in Figure 2.7. As shown in Figure 

2.16, upon expansion of the asymmetric unit, it is evident that the copper links two 2:1 

4,4',6,6'-H4tcbp Yb(lll) units to form a trinuclear species. The Cu(ll) metal centre is lying 

on the inversion centre and as a result is modelled at 50 % occupancy within the 

asymmetric unit. The coordination sphere of the octahedral Cul atom is completed by 

two methanol and two water molecules.
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Figure 2.16 -  Expanded trinuclear complex 6. Solvent molecules and hydrogen atoms are

omitted for clarity.

A list of selected angles, torsion angles and bond lengths for 6 are given in Table 

2.9. As can be seen from Table 2.9, upon comparison of the two chelating ligands, one 

is slightly more distorted about its tetradentate core at the Yb(lll) metal centre. All four 

chelating carboxylate groups are twisted from the plane of the bipyridyl ring to which 

they are attached and both bipyridine rings are twisted about the C5-C6 and C21-C22 

bonds (N(1)-C(5)-C(6)-N(2) 1.7(8)° and N(3)-C(21)-C(22)-N(4) -2.4(8)°). The Cu(ll) atom 

coordination sphere is distorted from its octahedral symmetry (see Table 2.9 Cu1 bond 

lengths and angles). Jahn-Teller tetragonal elongation is evident along the 010-Cu1- 

01 OA axis. Furthermore, when comparing this structure to 3, 4 and 5, it differs to all 

three with respect to the position of the peripheral methyl ester groups. This time the 

methyl groups are located on both an ‘internal’ oxygen atom (04 and 013) and an 

‘external’ oxygen atom (06 and 011) of each ligand.
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Table 2.9 -  Selected torsion angles, bond angles [°] and bond lengths [A] for 6.

N(1)-C(5)-C(6)-N(2) 1.7(8) Yb(1)-0(16) 2.244(4)

N(1)-C(1)-C(16)-0(8) -5.5(9) Yb(1)-0(8) 2.277(4)

N(2)-C(10)-C(11)-0(1) -2.4(8) Yb(1)-(09) 2.270(4)

N(3)-C(17)-C(32)-0(16) 3.7(9) Yb(1)-0(1) 2.251(4)

N(4)-C(26)-C(27)-0(9) -7.1(8) Yb(1)-N(4) 2.437(5)

N(3)-C(21)-C(22)-N(4) -2.4(8) Yb(1)-N(3) 2.412(5)

0(18)-Cu(1)-0(17) 91.9(2) Yb(1)-N(1) 2.441(5)

0(10)-Cu(1)-0(17) 91.1(2) Yb(1)-N(2) 2.433(5)

0(18)-Cu(1)-0(10) 88.4(2) Cu(1)-0(10) 2.329(4)

Cu(1)-0(17) 1.968(5)

Cu(1)-0(18) 2.006(4)

2.5 Polymeric ianthanide(lll) complexes with 4,4',6,6'-

tetracarboxy-2,2'-bipyridine.
2.5.1 Introduction

As with section 2.4, the aim of this section is to incorporate 4,4',6,6'-H4tcbp into 

lanthanide coordination polymers. This time a different approach was taken. Rather than 

forming the secondary building unit (Figure 2.7) and coordinating these discrete units to 

one another through a linking motif {i.e. Cu(ll) metal ion) to form coordination polymers, 

the approach taken was to investigate if coordination polymers could form directly from 

the reaction of 4,4',6,6’-H4tcbp and a lanthanide metal.

2.5.2 Reaction o f La(CF3 8 0 3 ) 3  with 4,4 ' 6 ,6'-H4cbp.

La(CF3S0 3 )3  was reacted with 4,4',6,6'-H4tcbp (1:1) in a solvent mixture of water 

with 0.1 ml of HNO3 in a 45 ml teflon®-lined stainless steel solvothermal bomb. It was 

heated to 160 °C for 4 days and upon slow cooling pale red block crystals suitable for a 

diffraction study were obtained in a 63 % yield. The ligand and metal were reacted in a 

1.1 ratio so that the coordination sphere of the La(lll) metal would not be completed, 

therefore allowing for secondary binding through the 4 and 4' carboxylate groups to 

nearby La(lll) metals. The methanol solvent system of 3 , 4 , 5 and 6 was replaced by a 

new solvent system (water and nitric acid) in order to prevent esterification of the ligand.

59



Although many solvent systems (eg. alcohols, water, acetonitrile, DMF, sulphuric acid 

and various combinations of these solvents) were examined for the above reaction 

conditions, this proved to be the preferred system for crystal growth. Precedence for this 

solvent system was discovered in work by Qin et al.,®̂  whereby they found it successful 

for the production of both single crystalline material and 3D polymeric frameworks. 

Furthermore, upon reaction of La(0Ac)3 and 4,4',6,6'-H4tcbp (1;1) under the same 

conditions (i.e. changing the metal salt), an identical product forms. An infrared spectrum 

showed the presence of a carboxylic acid function (v a s (C O ) 1709 cm \  V s (C O ) 1351 cm'^) 

and several carboxylate group function (v a s (C O ) 1586 and 1567 cm \  and V s (C O ) 1434 

and 1229 cm'^) suggesting that the carboxylate groups are in differing coordination 

environments.

2.5.3 Crystal Structure determination o f {[La(4,4',6 ,6 '-l-ltcbp)(H2 0 )a] H2 0 }  (7).

The structure of 7 was refined in the triclinic P-1 space group. Crystallographic 

details are given in Table 2.12 and the atomic numbering scheme and atom connectivity 

of the asymmetric unit are shown in Figure 2.17.

Figure 2.17 -  Molecular structure and atomic numbering scheme of 7 (La, green; N, blue; O, red; 

C, black; H, white). Bipyridyl hydrogen atoms are omitted for clarity.

05

La1B

04W

y

60



The crystals were found to be non-merohedral twins. This was confirmed by the 

GEMINI program,which found two separate twin domains. As can be seen in Figure 

2.17, a 1:1 La(lll) 4,4',6,6'-Htcbp complex has formed. One of the carboxylic acid groups 

at the 4 position has remained protonated hence negating the need for a counterion to 

be present. Furthermore, three water molecules, 01W, 02W and 03W, are coordinated 

to the La(lll) metal centre and one uncoordinated water molecule, 04W, is present. The 

coordination sphere of the La(lll) centre is completed by the carboxylate oxygen atoms 

02 and 07 coordinating from an adjacent ligand within the network rendering it nine 

coordinate.

Upon examination of the chelating tetradentate core about the La(lll) centre, it is 

evident that the ligand is distorted from planarity. It is twisted about the C5-C6 bond 

(~3°) and both chelating carboxylate groups are distorted from the plane of the aromatic 

ring to which they are attached (N(1)-C(1)-C(14)-0(8) -9.8(3)° and N(2)-C(10)-C(11)- 

0(1) 15.6(3)°). When comparing the carboxylate groups at the 4 and 4' positions, one is 

twisted from the bipyridine plane (C(4)-C(3)-C(13)-0(5) -3.6(3)°) whereas the other one 

is almost in plane with respect to the aromatic ring (C(9)-C(8)-C(12)-(03) -0.3(3)°). 

Selected torsion angles and bond lengths are displayed in Table 2.10.

Table 2.10 -  Selected torsion angles [°] and bond lengths [A] for 7.

N(1)-C(5)-C(6)-N(2) -2.8(3) La(1)-0(1) 2.505(1)

N(1)-C(1)-C(14)-0(8) -9.8(3) La(1)-0(8) 2.576(1)

N(2)-C(10)-C(11)-0(1) 15.6(3) La(1)-(07)' 2.485(1)

C(4)-C(3)-C(13)-0(5) -3.6(3) La(1)-(02)'' 2.583(1)

C(4)-C(3)-C(13)-0(6) 176.7(2) La(1)-0(1W) 2.520(2)

C(9)-C(8)-C(12)-0(4) 179.8(2) La(1)-0(2W) 2.516(2)

C(9)-C(8)-C(12)-(03) -0.3(3) La(1)-0(3W) 2.578(2)

La(1)-N(1) 2.723(2)

La(1)-N(2) 2.704(2)

Symmetry codes: i = -x+2, -y+1, -z; ii = -x+1, -y+1, -z+1.

As can be seen from Figure 2.18, the 01-C11-02 and 07-C14-08 carboxylate groups 

bridge two metal centres. These are related to one another by an inversion centre that
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lies between the bridging carboxylate groups. This extends in one direction to form a 1D 

coordination poiymeric chain.

Figure 2.18 1D coordinated polymeric chain in 7. Hydrogen bonds are depicted with a dashed 

blue bond. Bipyridyl hydrogen atoms are omitted for clarity.

Considering that there are three coordinated water molecules and a lattice water 

molecule within the structure, it is perhaps unsurprising that there is a considerable 

degree of hydrogen bonding within the compound. Included in Figure 2.18 are hydrogen 

bonds (dashed blue lines) that are contained within the 1D chain. They exist between 

adjacent carboxylate and carboxylic acid groups (0 6 --OS 2.550(2) A) and also between 

a coordinated water molecule (03W) and an oxygen atom (01) of the tetradentate 

chelating core (03W - 01 2.775(2) A). This picture represents only a part of the overall 

network and can be extended into the second dimension when a further three hydrogen 

bonds are taken into consideration (Figure 2.19). In Figure 2.19, the ID  coordination 

chain of Figure 2.18 is viewed from a different perspective (i.e. rotated ca 90° about the 

horizontal z axis). The three hydrogen bonds that link each chain to two further adjacent 

chains are, firstly, a bond between a coordinated water molecule (01W) of one chain 

and a carboxylate oxygen atom of an adjacent chain (08) (01W■■•08 2.934(2) A). 
Secondly, the uncoordinated water molecule (04W) hydrogen bonds to a carboxylate 

oxygen atom (07) (04W ■07 2.887(3) A) of one chain and a coordinated water
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molecule of a second adjacent chain (02W) (04W•■•02W 2.652(3) A), thereby linking 

the two chains to one another to form the 2D hydrogen bonded network.

01W

07,

Figure 2.19 -  Packing diagram showing the 1D chains of 7 linked through hydrogen bonding to 

form a 2D network. Bipyridyl hydrogen atoms are omitted for clarity.

This can once again be expanded upon to generate the complete network, when all 

hydrogen bonds are taken into consideration. Four further hydrogen bonds complete the 

list yielding a total of nine hydrogen bonds which give rise to a 3D hydrogen network as 

shown in Figure 2.20. It displays how the 2D network of Figure 2.19 interacts with further 

2D networks to expand into the third dimension giving rise to the 3D hydrogen bonded 

network. Hydrogen bonds between the uncoordinated water solvent molecule (04W) 

and a carboxylate oxygen atom (04) (04W - 04 2.742(3) A), a coordinated water 

molecule (01W) and the carboxylate oxygen atom (03) (01W - 03 2.811(2) A), a 

second La(lll) coordinated water molecule (02W) and the carboxylic acid oxygen atom 

(05) (02W - 05 2.850(2) A) and finally between the third La(lll) coordinated water 

(03W) and the carboxylate oxygen atom (04) (03W -■04 2.709(2) A), all contribute to 

expanding the polymer into the third dimension. A complete list of the hydrogen bonding 

for complex? is displayed in Table 2.11.
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Figure 2.20 -  3D hydrogen bonded network of 7. Dashed blue lines depict hydrogen bonding. 

Bipyridyl hydrogen atoms are omitted for clarity.

Table 2.11 -  Parameters for hydrogen bonding interactions for 7 [A and °].

D-H -A d(D-H) d(H^^A) d(D^A) <(DHA)

0(6)-H(6)-0(3)' 0.83(4) 1.74(4) 2.550(2) 166(4)

0(1W)-H(1W1)- •0(3)'' 0.83(1) 2.00(1) 2.811(2) 167(3)

0(1W)-H(2W1)- •0(8)''' 0.83(1) 2.12(1) 2.934(2) 167(3)

0(2W)-H(1W2) •••0(5)''' 0.83(1) 2.11(2) 2.850(2) 147(3)

0(2W)-H(2W2)- •0(4W) 0.84(1) 1.83(1) 2.652(3) 165(3)

0(3W)-H(1W3)- •0(4)'' 0.83(1) 1.89(1) 2.709(2) 168(3)

0(3W)-H(2W3)- •0(1)''' 0.83(1) 2.05(2) 2.775(2) 146(3)1X1O

•0(7)"' 0.85(1) 2.18(3) 2.887(3) 141(3)

0(4W)-H(2W4)- •0(4)''' 0.85(1) 1.90(1) 2.742(3) 175(4)

Symmetry codes: I = x+1,y,z-1. ii = -x+1,-y.-z+1, iii = -x+1,-y+1,-z, Iv = x-1,y+1,z, v = -x+2,-y,-z+1, 
vi = -x+1,-y+1,-z+1.
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The overall network resulting from coordination and hydrogen bonding is represented by 

the diagram in Figure 2.22. Connectivity through coordination bonds (i.e. the chain in 

Figure 2.18) is represented in red, hydrogen bond connectivity is presented in blue (x 

direction) and green (ca. y  direction). The nodes chosen for the red connectivity are the 

La(lll) metals. The nodes chosen for hydrogen bond connectivity represent the strongest 

hydrogen bond in a particular direction. Hence for blue connectivity, La(lll) atoms were 

chosen as nodes and for green connectivity, La(ill) and C12 were chosen as nodes. The 

network consists of both 2-connector and 5-connector nodes. The ‘shortest circuit’ for 

the 2-connector nodes includes four nodes. Analysis of the 5-connector nodes gives rise 

to three circuits involving six nodes, six circuits involving eight nodes and one circuit 

involving four nodes. Therefore the Schlafli notation for the network is (4^)(6^.8®.4^).

Figure 2.22 -  Schematic representation of the 3D network of 7. Connectivity displayed in red 

represents connectivity through coordination bonds. Hydrogen bond connectivity is displayed in 

blue (2"‘‘ dimension) and green (3̂ '* dimension). La(lll) atoms and the carbon atom C12 were

chosen as nodes.

To aid visualisation Figure 2.23 highlights examples of the ‘shortest circuits’ of 7. In this 

figure, Figure 2.22 is coloured in blue with a circuit of six nodes coloured in yellow, a 

circuit of four nodes coloured in green and a circuit of eight nodes coloured in red.
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X

Figure 2.23 -  Schematic of the network of 7. A circuit consisting of 6 nodes is coloured in yellow, 

a circuit of 4 nodes is coloured in green and a circuit of 8 nodes is coloured in red.

2.5.4 Reaction of La(O/Acjs with 4,4\ 6,6-1-1 Jcbp.

La(0Ac)3 was reacted with 4,4',6,6'-H4tcbp and sodium acetate (1:1:2) in a 

solvent mixture of water with a drop of HNO3  in a 23 ml teflon®-lined stainless steel 

solvothermal bomb. It was heated to 160 °C for 4 days and upon slow cooling colourless 

block crystals suitable for a diffraction study were obtained in a 57 % yield. The 

approach taken here was to investigate if the carboxylic acid group (05-C13-06) of 

complex 7 would be deprotonated by the sodium acetate and therefore render it capable 

of further coordination. Even though HNO3 was used in the reaction to aid crystallisation, 

sodium acetate is in a greater excess and thereby should be able to deprotonate the 

carboxylic acid groups. In this way a coordination polymer with greater dimensionality 

than 7 may result. An infrared spectrum showed the presence of a carboxylic acid 

function (vas(CO) 1644 cm \  Vs(CO) 1268 cm"*) and several carboxylate group functions 

(vas(CO) 1595 and 1548 cm'^ and Vs(CO) 1353 and 1242 cm'^) suggesting that the 

carboxylate groups are in differing coordination environments.

2.5.5 Crystal Structure determination of {[La(4,4\6,6'-Htcbp)(H20)]} (8).

The structure of 8 was refined in the triclinic P-1 space group. Crystallographic 

details are given in Table 2.12 and the atomic numbering scheme and atom connectivity 

of the asymmetric unit are shown in Figure 2.24.
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Table 2.12 - Crystal data and structure refinement for 7 and 8.

Identification code 7 8

Empirical formula C i4 H i3 L a N 2 0 i2 C i4 H g L a N 2 0 io

Formula weight 540.17 504.14

Temperature 153(2) K 153(2) K

Wavelength 0.71073 A 0.71073 A

Crystal system Triclinic Triclinic

Space group P-1 P-1
Unit cell dimensions a = 6.9628(3) A a = 7.2471 (5) A

b = 11.0010(3) A b = 9.9563(6) A

c=  11.5319(5) A c = 11.0922(7) A

a = 79.856(1)“ a = 71.432(1)°.

p = 73.862(2)°. )8 = 75.006(1)°.

K= 76.865(2)°. K = 78.665(1)°.

Volume 820.27(5) A3 727.14(8) A3
Z 2 2

Density (calculated) 2.187 mg/m^ 2.303 mg/m3

Absorption coefficient 2.682 mm-'* 3.007 mm"”!

Crystal size (mm) 0.09 0.06

0.07 0.05

0.04 0.03

Theta range for data collection 1.85 to 30.49° 1.98 to 25.00°

Reflections collected 4505 5729

Independent reflections 4505 [Rin,=0.0000] 2554 [Rin,=0.0225]

Completeness to theta = 30.49° 90.2 % 99.4 %

Max. and min. transmission 1.000 and 0.7814 1.000 and 0.7375

Refinement method Full-matrix least-squares on F^

Data / Restraints /Parameters 4505/40/290 2554/12/259

Final R indices [l>2sigma(l)] R1 = 0.0228 R1 =0.0311

wR2 = 0.0606 wR2 = 0.0718

R indices (all data) R1 = 0.0241 R1 = 0.0332

wR2 = 0.0612 wR2 = 0.0728
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Figure 2.24 -  Molecular structure and atomic numbering scheme of 8 (La, green; N, blue; C, 

black; O, red; H, white). Bipyridyl hydrogen atoms are omitted for clarity.

As displayed in Figure 2.24, a 1:1 La : Htcbp complex has formed. Once again, 

as with 7, one of peripheral carboxylic acid groups of the 4,4',6,6'-Htcbp ligand has 

remained protonated hence negating the need for the presence of a counterion for 

charge balance. Two water molecules are also coordinated to the metal centre. The 

coordination sphere of the La(lll) centre is completed by coordination of the oxygen 

atoms 03, 04 and 07  (all from separate adjacent units) hence rendering the La(lll) nine 

coordinate.

Upon examination of the chelating tetradentate core about the La(lll) centre, it is 

evident that the ligand is distorted from planarity. Both chelating carboxylate groups are 

considerably distorted from the plane of the aromatic ring to which they are attached 

(N(1)-C(1)-C(14)-0(8) -14.7(6)" and N(2)-C(10)-C(11)-0(1) 16.4(6)°). This carboxylate 

group distortion is greater than that observed for 7, but there is barely a twist about the 

C5-C6 bond (^0.5°) in 8. When comparing the carboxylic acid groups at the 4 and 4’ 

positions, one is twisted from the bipyridine plane to which it is attached (C(4)-C(3)-
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C(13)-0(5) -3.6(3)°), whereas the other one is almost in plane with respect to the 

aromatic ring (C(9)-C(8)-C(12)-(03) -0.3(3)°). Unsurprisingly, when comparing the 

carboxylic acid groups at the 4 and 4' positions, the carboxylate group that is 

coordinating to further La(lll) centres (03-C 12-04) is twisted (~10°) more from the plane 

of the aromatic ring compared with the non-coordinating carboxylic acid group. Selected 

torsion angles and bond lengths are displayed in Table 2.13

Table 2.13 -  Selected torsion angles [°] and bond lengths [A] for 8.

N(1)-C(5)-C(6)-N(2) 0.5(6) La(1)-0(1) 2.469(3)

N(1)-C(1)-C(14)-0(8) -14.7(6) La(1)-0(8) 2.548(3)

N(2)-C(10)-C(11)-0(1) 16.4(6) La(1)-(07)' 2.504(3)

C(7)-C(8)-C(12)-0(4) 10.5(6) La(1)-(02)" 2.582(3)

C(7)-C(8)-C(12)-0(3) -170.6(4) La(1)-0(4)“' 2.515(3)

C(2)-C(3)-C(13)-0(5) -172.7(5) La(1)-0(1W ) 2.498(3)

C(2)-C(3)-C(13)-(06) 6.7(7) La(1)-0(2W) 2.573(4)

La(1)-N(1) 2.773(4)

La(1)-N(2) 2.759(4)

Symmetry codes: i = -x-2, -y+1, -z+1; ii = -x-1, -y+1, -z; ill = X, y+1, z.

As can be seen in Figure 2.25, a ID  chain is formed, which links adjacent La(lll) 

centres to one another through carboxylate bridging bonds from the 0 1 -C l 1-02 and 0 7 -  

C14-08 carboxylate groups of the 4,4',6,6'-Htcbp ligand. Hydrogen bonds are also 

present in this ID  chain. Firstly, one is present between the carboxylic acid oxygen atom 

0 6  and the carboxylate oxygen atom 0 3  of an adjacent ligand within the network 

(06-■03 2.507(5) A) (as represented by the blue dashed line in Figure 2.25). A second 

hydrogen bond exists between a coordinated water molecule (0 1 W) and an oxygen 

atom of the tetradentate binding core (01) of a nearby molecule (01W  - 01 2.661(5) A).
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Figure 2.25 -  Packing diagram showing the 1D coordination chain of 8. Hydrogen bonds are 

depicted as blue dashed lines. Bipyridyl protons are omitted for clarity.

When the coordination sphere of the La(lll) centre is completed, it is evident that 

8 is a 2D coordination polymer. This is shown in Figure 2.26, where the 1D chains 

coordinate to one another through the carboxylate oxygen atom 04 of one chain to the 

La(lll) centres of an adjacent chain.

Figure 2.26 -  Packing diagram showing 1D chains of 8 coordinating to one another to form a 2D  

coordination polymer. Blue dashed bonds depict hydrogen bonds. Bipyridyl hydrogen atoms are

omitted for clarity.

A further hydrogen bond is also present within this 2D polymer and exists 

between a coordinated water molecule (01W) of one chain and an oxygen atom of a 

carboxylic acid group (05) of an adjacent chain (01W - 05 2.641(5) A). When all of the
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hydrogen bonds present within this complex are considered, it is apparent that the 

complex is 2D when coordination bonds are considered and expands into 3''̂  dimension 

when hydrogen bonds are taken into account. Figure 2.27 displays the complete picture 

of 8, where the interaction between the 2D polymers of 8 is clearly evident. The 2D 

polymeric sheets interact with one another through two hydrogen bonds, both of which 

involve the coordinated water molecule (02W). The first exists between 02W and a 

carboxylic acid oxygen atom (05) (02W - 05 2.916(5) A). Secondly, a hydrogen bond 

between the 02W water molecule of one 2D sheet and a carboxylate oxygen atom of 

the tetradentate chelating core (08) of a nearby 2D sheet (02W - 08 2.722(5) A) 
expands the 2D coordination polymer to become a 3D hydrogen bonded polymer. A full 

list of hydrogen bonds is given in Table 2.14.

Figure 2.27 -  Packing diagram showing the 3D hydrogen bonded polymer of 8, Dashed blue lines 

represent hydrogen bonds and bipyridyl hydrogen atoms are omitted for clarity.
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Table 2.14 -  Parameters of hydrogen bonding interactions for 8 [A and °].

D-H-A d(D-H) d(H-A) d(D -A) <(DHA)

0(6)-H(6)-^(S)' 0.8(1) 1.7(1) 2.507(5) 169(11)

0(1W)-H(1W1)-0(5y' 0.82(1) 1.86(3) 2.641(5) 157(7)

0(1W)-H(2W1) •••0(1)'" 0.82(1) 1.93(3) 2.661(5) 147(6)

0(2W)-H(2W2)-0(5)''' 0.82(1) 2.11(2) 2.916(5) 166(6)

0(2W)-H(1W2)-0(8)'' 0.83(1) 1.90(2) 2.722(5) 171(6)

Symmetry Codes: i = x-1,y,z+1; ii = -x-2,-y,-z+1; Hi = -x-1,-y+1,-z; iv = -x-1,-y,-z+1; v = -x-1,-y+1,-z+1-

For the sake of argument if 8 is considered a 2D coordination polymer, the 

network that results can be represented by the schematic in Figure 2.28. The schematic 

consists of two types of nodes, namely, a 2-connecting node representing the 

carboxylate oxygen atoms 04 and a 4-connecting node representing the lanthanide 

metal centre La1. The shortest circuit for the 2-connecting node involves six nodes. Of 

the six shortest circuits for the 4-connectors, four involve six nodes, one involves eight 

nodes and one involves ten nodes. Therefore, the Schlafli notation for the 2D 

coordination network is (6^)(6‘'.8\10^).

X

z

Figure 2.28 -  Schematic representation of the 2D  coordination network of 8. The four connecting 

nodes represent La(lll) atoms and the two connecting nodes represent the coordinating oxygen

atom, 0 4 .
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This is representative of the connectivity of 8 when only coordination bonds are 

considered, but in reality it is actually a 3D network when hydrogen bonds are taken into 

consideration. Therefore, the overall network resulting from both coordination and 

hydrogen bonding interactions is represented by the schematic diagram in Figure 2.29.

Figure 2.29 -  Schematic diagram for the overall 3D network of 8. Connectivity that represents 

coordination bonds is presented in red and connectivity that is representative of hydrogen 

bonding is presented in blue. 5-connector nodes represent La1 atoms and 2-connector nodes 

represent a coordinating oxygen atom (04 ).

There are two different types of nodes within this network, a 2-connecting node and a 5- 

connecting node. The shortest circuit arising from the 2-connecting node involves six 

nodes. Analysis of the ten shortest circuits for the 5-connector nodes gives eight circuits 

involving six nodes, one circuit involving eight nodes and one circuit involving ten nodes. 

Therefore, the Schlafli notation for the network is (6^)(6®.8\10^). For clarity. Figure 2.30 

highlights examples of the shortest circuits involving six (yellow), eight (green) and ten 

(red) nodes.
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Figure 2.30 -  Schematic of the connectivity of 8 highlighting examples of the shortest circuits 

involving 6 nodes (yellow), 8 nodes (green) and 10 nodes (red).

2.5 . 6  Reaction o f EU2 O 3  with 4 , 4 6 ,  d'-HJcbp.

The polymers discussed in previous sections, whilst some have expanded to 3D  

through hydrogen bonding, the maximum dimension obtained in several of the polymers 

was 2D through coordination bonds. To expand on this, a new approach was undertaken 

to explore if it was possible to synthesise 3D coordination polymers using lanthanide 

metals and the ligand 4 ,4 ',6 ,6 '-H 4 tcbp as precursors. This time the EU2 O 3  salt was used 

and the reaction was carried out in aqueous solution in the presence of HNO3, in hope 

that the lanthanide ions would be slowly released during reaction with HNO3 hence 

lowering the polymerization rate and potentially producing a coordination polymer with 

increased dimensionality, as was achieved by Qin et More specifically EU2 O 3  and 

4 ,4 ',6 ,6 '-H 4 tcbp (1:1) were reacted in a 45 ml teflon®-lined stainless steel solvothermal 

bomb in water and HNO3. It was heated to 140 °C for 5 days and upon slow cooling 

colourless prism-like crystals suitable for a single crystal X-ray diffraction study were 

obtained in a 75 % yield. An infrared spectrum showed the presence of a carboxylic acid 

function (vas(CO) 1706 cm '\ Vs(CO) 1371 cm"’) and several carboxylate group functions 

(vas(CO) 1675 and 1582 cm \  and Vs(CO) 1408 and 1242 cm’’) suggesting that the 

carboxylate groups are in differing coordination environments. Upon examination of the 

peak separation (A) of the carboxylate groups it is plausible to attribute Vas(CO) and 

Vs(CO) at 1582 and 1408 cm \  respectively, with a A value of 174 cm'^ to represent a
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bridging carboxylate group. Furthermore, Vas(CO) and Vs(CO) at 1675 and 1242 cm \  

respectively, with a A value of 433 cm'^ is consistent with unidentate binding carboxylate 

groups.

2.5.7 Structural determination of {[Eu(4,4',6,6'-Htcbp)(l~l20)l2H20} (9).

The structure of 9 was refined in the orthorhombic Pnma space group. 

Crystallographic details are given in Table 2.16 and atomic numbering scheme and atom 

connectivity of the asymmetric unit are shown in Figure 2.31.
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Figure 2.31 -  Asymmetric unit and atomic numbering scheme for 9 (Eu, pink; N, blue; C, black; 

O, red). Bipyridyl hydrogen atoms are omitted for clarity.

A 1:1 Eu(lll) ; Htcbp complex has formed. One of the peripheral carboxylic acid 

group oxygen atoms has remained protonated and subsequently the overall complex is 

neutral thus negating the need for a counterion for charge balance. The coordination 

sphere of the Eu(lll) centre is completed by the generation of the symmetry equivalent of 

01W  (01WA) and coordination of two carboxylate oxygen atoms (03) from separate 

adjacent units. Hence the Eu(lll) metal centre is eight coordinate.

Selected torsion angles and bonds lengths for 9 may be viewed in Table 2.15. As 

can be seen from this table, the tetradentate chelating core is completely planar. The 

N(2)-C(10)-C(11)-0(1) torsion angle is not included due to the C11 atom being
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disordered. The non-coordinating carboxylic acid group (04-C13-05) is also planar, with 

respect to the ring to which it is attached, whereas the coordinating carboxylate group 

(03-C12-03A) is twisted from the plane of the aromatic ring (~91°). This is quite a 

significant twist about the carboxylate bond attached to the aromatic ring. It is relatively 

common for a carboxylate or carboxylic acid group to twist from the plane of the ring to 

which it is attached, but to date this is one of the most extreme twists that has been 

encountered within similar systems.̂ °®'̂ ° '̂̂ °®'̂ °̂'̂ ”

The difficulty in solving this structure arose due to the presence of 

pseudosymmetry caused by the majority of the atoms within the complex lying on the 

mirror plane that is perpendicular to the b axis. Problems were encountered in solving 

the structure when a space group couldn’t be determined. The actual space group is 

Pnma, but if the mirror plane perpendicular to the b axis is absent, the symmetry within 

the complex is closely related to the symmetry associated with both the Pnma and the 

P2i2i2i (a maximal non-isomorphic subgroup of Pnma) space group symmetry but is not 

an exact match for either. Pnma also contains the three 2i screw axes of P2i2i2i, in 

addition to a diagonal glide plane, an a glide plane and a mirror plane perpendicular to 

the b axis (the mirror upon which 9 is lying). When solving the structure, from the 

systematic absences it was clear that there was a 2i screw axes associated with each 

one of the a, b and c axes. Therefore, by inputing a known space group, P2i2i2i and 

then searching for higher symmetry through P L A T O N , t h e  correct space group 

Pnma could be determined.

As a result of the molecule lying on the mirror plane all non -  disordered atoms, 

with the exception of 03, 01W and 02W, are all modelled at 50 % occupancy. The 

remaining 50 % of the atoms are generated by the symmetry about the mirror plane. In 

the case of the disordered atoms, C11 and 03W, they are disordered about the mirror 

plane, and upon generation of the mirror symmetry, their disordered counterpart is 

generated. Both of the disordered molecules are modelled with an occupancy of 50 %. 

The average of the disorder in both cases lies on the mirror plane (the position it would 

occupy if they were 100 % occupancy). The resulting structure upon generation of the 

mirror symmetry on the asymmetric unit is displayed in Figure 2.32. Disordered atoms 

are shaded.

76



05

0 2 W A H §

C13

04
C2 C306

C14 C l
04

06 C7
OIW i 03A

C8Eul
N2 |C12

C l
CIO 03C9

01W

02

y

Figure 2.32 -  Generation of the mirror plane symmetry on the asymmetric unit in 9. Disordered 

atoms are shaded and bipyridyl hydrogen atoms are omitted for clarity.

Figure 2.33 views 9 lying on the mirror plane and highlights the planarity of the 

overall complex. All atoms that are not lying on the mirror plane (0 3 , 0 1 W  and 0 2 W )  

are labelled and all disordered atoms (C 11 and 0 3 W ) are shaded.
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Figure 2.33 -  Asymmetric unit of 9 viewed lying on the mirror plane. Labelled atoms represent 

atoms not lying on the mirror plane. Disordered atoms are shaded. Bipyridyl hydrogen atoms are

omitted for clarity.
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Table 2.15 -  Selected torsion angles [°] and bond lengths [A] for 9.

N(1)-C(5)-C(6)-N(2) 0.000(2) Eu(1)-0(1) 2.34(1)

N(1)-C(1)-C(14)-0(7) 0.000(1) Eu(1)-0(7) 2.36(1)

C(9)-C(8)-C(12)-0(3) 91(1) Eu(1)-(03)" 2.31(1)

C(9)-C(8)-C(12)-0(3)' -91(1) Eu(1)-0(1W) 2.48(1)

C(2)-C(3)-C(13)-0(4) 180.000(2) Eu(1)-N(1) 2.53(1)

C(2)-C(3)-C(13)-(05) 0.000(2) Eu(1)-N(2) 2.52(1)

Symmetry codes: i = x, - /̂2-y, z; ii = V2-X, y-2, - /̂2+z.

Figure 2.34 shows how upon expansion of the asymmetric unit, a 2D sheet is 

apparent. One of the peripheral potentially secondary binding carboxylic acid groups at 

the 4 position (04-C13-05) is not involved in further coordination due to it still being 

protonated, whereas the 03-C12-03A carboxylate group is coordinating further through 

both the 03 and 03A carboxylate oxygen atoms. As can be viewed in the y axial 

direction in Figure 2.34, coordination through the carboxylate group bridges between two 

Eu(lll) metal centres. It is through this coordination that the 2D polymeric sheet is 

formed.

i
y

Figure 2.34 -  Packing diagram showing the 2D  coordination sheet of 9. All hydrogen atoms and 

uncoordinated water molecules are omitted for clarity.
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The overall network connectivity of the 2D polymer in 9 is displayed in Figure 

2.35. Simple (n,p) Schlafli notation suffices to describe the connectivity of the network as 

all of the ‘shortest circuits' originating from any of the nodes in the network are all n- 

gons. In other words, all of the shortest circuits originating from the 3-connector nodes 

all involve six nodes. Hence, the Schlafli notation is simply (6,3).

2

y

Figure 2.35 -  Schematic representation of the connectivity in 9. The atoms used as nodes for this 

schematic are the Eu(lll) atoms (pink) and the carbon atoms (black) C12 (from which the 

secondary coordinating 0 3  and 03A  atoms radiate). All nodes are 3-connectors,

2.5 . 8  Reaction o f GCI2 O3  with 4,4 \ 6 , d'-HJcbp.

The approach for the reaction of Gd(lll) with 4,4',6,6'-H4tcbp was identical to that 

of complex 9. As with 9, Gd203  and 4,4',6,6'-H4tcbp (1:1) were reacted in a 45 ml teflon®- 

lined stainless steel solvothermal bomb in water and conc. HNO3. It was heated to 160 

°C for 4 days and upon slow cooling small pale yellow crystals that were unsuitable for a 

single crystal X-ray diffraction study were obtained. This solvent and crystal mixture 

were directly transferred back into the solvothermal bomb and reheated to 180 °C for 4 

days. Upon slow cooling, this time colourless block crystals suitable for an X-ray 

diffraction study were obtained in a 54 % yield. An infrared spectrum showed the
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presence of a carboxylic acid function (vas(CO) 1706 cm"\ Vs(CO) 1370 cm"̂ ) and several 

carboxylate group functions (vas(CO) 1675 and 1582 cm'"'; and Vs(CO) 1409 and 1242 

cm'^) suggesting that the carboxylate groups are in differing coordination environments. 

Upon examination of the peak separation (A) of the carboxylate groups it is plausible to 

attribute Vas(CO) and Vs(CO) at 1582 and 1409 cm '\ respectively, with a A value of 173 

cm'  ̂ to represent a bridging carboxylate group. Furthermore, Vas(CO) and Vs(CO) at 1675 

and 1242 cm \  respectively, with a A value of 433 cm'  ̂ is consistent with unidentate 

binding carboxylate groups.

2.5.9 Structural determination of{[Gd(4,4’A 6 ’-Htcbp)(H20)]'2H20} (10).

The structure of 10 was refined in the orthorhombic Pnma space group. 

Crystallographic details are given in Table 2.16 and atomic numbering scheme and atom 

connectivity of the asymmetric unit are shown in Figure 2.36.
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Figure 2.36 -  Asymmetric unit and atomic numbering scheme of 10 (Gd, purple; N, blue; C, black; 

O, red). Shaded atoms represent disordered atoms. Bipyridyl hydrogen atoms are omitted for

clarity.
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Table 2.16 - Crystal data and structure refinement for 9 and 10.

Identification code 9 1 0

Empirical formula C 1 4H-11EUN2O13 C i4 H i iG d N 2 0 i3

Formula weight 567.21 572.50

Temperature 153(2) K 153(2)K

Wavelength 0.71073 A 0.71073 A

Crystal system Orthorhombic Orthorhombic

Space group Pnma Pnma

Unit cell dimensions a = 21.957(1) A a = 21.920(1) A

b = 6.6188(3) A b = 6.6040(3) A

c = 11.3669(5) A c = 11.3592(5) A

Q II CD 0
0 Q II CO 0
0

/S = 90° /3 = 90°

II CD 0
0 II CD 0
0

Volume 1651.9(1) A3 1644.3(1) A3

Z 4 4

Density (calculated) 2.281 m g /m 3 2.313 m g /m 3

Absorption coefficient 3.881 m m 'l 4.118 m m '”!

Crystal size (mm) 0 . 1 0 0.14

0.06 0.09

0.03 0.05

Theta range for data collection 1.85 to 24.99° 1.86 to 25.00°

Reflections collected 12755 12536

Independent reflections 1 5 9 6  [Rin,= 0 .0 3 1 1 ] 1588 [Rin,=0.0225]

Completeness to theta = 24.99° 1 0 0 .0 % 1 0 0 .0 %

Max. and min. transmission 1.0000 and 0.7820 1.0000 and 0.8325

Refinement method Full-matrix least-squares on F^

Data / Restraints / Parameters 1596/136 /163 1 5 8 8 /0 /1 2 5

Final R indices [l>2sigma(l)] R1 =0.0651, R1 = 0.0650,

wR2 = 0.1619 wR2 = 0.1657

R indices (all data) R1 = 0.0659, R1 = 0.0651

wR2 = 0.1622 wR2 = 0.1657
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When comparing the cell parameters and asymmetric units of 9 and 10, it is 

apparent that the two complexes are isostructural. They differ only by their metal 

centres, Eu(lll) and Gd(lll), respectively. As can be seen in Figure 2.36, a 1:1 Gd(lll) 

Htcbp complex has formed and just like 9 one of the oxygen atoms (04) of a peripheral 

carboxylic acid group (04-C13-05) is still protonated. This renders the complex neutral, 

once again negating the need for a counterion for charge balance.

0 2 W A ^ U

03WA

Figure 2.37 -  View of 10 displaying both the planarity of the molecule and its position on the 

mirror plane. Labelled atoms represent atoms that do not lie on the mirror plane or disordered 

atoms (shaded atoms). Bipyridyl hydrogen atoms are omitted for clarity.

This complex is also almost completely planar, with the majority of the molecule 

lying directly on the special position of the mirror plane (Figure 2.37). The only atoms 

that are lying out of plane are a peripheral carboxylate oxygen atom (03), a coordinated 

water molecule (01W) and a solvent water molecule (02W). Consequently these atoms 

have an occupancy of 100 % with the exception of 01W as it is disordered, hence 01W 

and 01W’ both have an occupancy modelled at 50 %, which together adds up to a 100 

% occupancy. The uncoordinated water molecule (03W), although it appears to lie out 

of the plane, it is actually lying on the plane as the average of the disorder of the 

molecule lies on the mirror plane. Overall the water molecule has a total occupancy of 

100 %, with 03W and 03WA having individual occupancies modelled at 50 %. The 

remaining atoms of the asymmetric unit all have an occupancy modelled at 50 % as a 

result of lying on the mirror plane. This is highlighted in Figure 2.38, in which the 

asymmetric unit is expanded upon by applying the mirror plane symmetry.
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Figure 2.38 -  Generation of the mirror plane symmetry upon the asymmetric unit in 10. Bipyridyl

hydrogen atoms are omitted for clarity.

The same problem encountered in 9 when solving the structure occurred in the 

solving of 10. Once again it was difficult to determine in which space group the 

symmetry of the complex lay. The method of solving 9 did not work in this case, hence a 

different approach needed to be taken. From the systematic absences, it was evident 

that the three 2i screw axes were present and both an a and an n glide were present. 

The problem was that both the a and n glides were corresponding to the wrong axes, 

therefore a transformation matrix was input into the programme (XPREP^^^) in order to 

switch the axes such that the a and n glides corresponded to the correct axes and from 

this the correct Pnma space group could be determined.

As expected for isostructural species, the coordination sphere of the Gd(lll) metal 

centre in 10 is identical to that of Eu(lll) in 9, with the coordination sphere being 

completed through generation of a symmetry equivalent of the coordinated water, 

01WA, and coordination of two further symmetry equivalents of 03 from adjacent 

molecules. Thus an eight coordinate Gd(lll) metal centre is generated.

Selected torsion angles and bonds lengths for 10 may be viewed in Table 2.17. 

As was observed for 9, the tetradentate chelating core is completely planar. The non

coordinating carboxylic acid group (04-013-05) is also planar, whereas the coordinating 

carboxylate group (03-012-03A) is twisted from the plane of the aromatic ring (~92°).
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Table 2.17 -  Selected torsion angles [°] and bond lengths [A] for 10.

N(1)-C(5)-C(6)-N(2) 0.0 Gd(1)-0(1) 2.331(13)

N(1)-C(1)-C(14)-0(7) 0.000(1) Gd(1)-0(7) 2.35(1)

N(2)-C(10)-C(11)-0(1) 0.000(1) Gd(1)-0(1W) 2.40(2)

C(9)-C(8)-C(12)-0(3) 91(1) Gd(1)-(03)" 2.31(1)

C(9)-C(8)-C(12)-0(3)' -92(1) Gd(1)-N(1) 2.53(1)

C(2)-C(3)-C(13)-0(4) 180.0 Gd(1)-N(2) 2.52(1)

C(2)-C(3)-C(13)-(05) 0.000(1)

Symmetry codes: i = x, V2 -y, z; 11 = V2 -X, -y, V2 +Z.

Figure 2.39 shows that upon expansion of the asynnmetric unit, a 2D coordination 

sheet that is identical to that of its isostructural complex 9 is generated. Once again, the 

2D sheet is established through the carboxylate group (03-012-03A) bridging two 

Gd(lll) metal centres to one another.

y

Figure 2 .3 9  -  2D  sheet of 10 generated through a  bridging carboxylate group. Bipyridyl protons

are omitted for clarity.
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The overall network resulting from the 2D coordination polymer 10 is displayed in 

Figure 2.40. As can be seen from Figure 2.40, unsurprisingly, the network is identical to 

its isostructural counterpart 9. As was applied to 9, simple Schlafli notation suffices to 

describe the connectivity of the network. The Gd(lll) atoms and C12 (from which the 

further coordinating 03  and 03A originate from) were chosen as the nodes. All nodes 

are 3-connector nodes and each of the shortest circuits originating from these nodes all 

involve six nodes. Consequently, the simple Schlafli notation is (6,3).

y

Figure 2.40 -  Schematic representation of the 2D coordination network of 10. The atoms used as 

nodes for this schematic are the Gd(lll) atoms (purple) and the carbon atoms (black) C12 (from 

which the secondary coordinating 0 3  and 0 3 A  atoms radiate). All nodes are 3-connectors.

2.5.10 Reaction of EU2 O 3  with 4,4',6,6'-l-l4cbp.

EU2 O3  and 4 ,4 ',6 ,6 '-H4 tcbp (1:1) were reacted in a 45 ml teflon®-lined stainless 

steel solvothermal bomb in a 50:50 solvent mixture of DMF and water. It was heated to 

160 °C for 3 days and upon slow cooling colourless block-like crystals suitable for an X- 

ray diffraction study were obtained in a 71 % yield. The reaction conditions used were 

similar to that of 9, except that in this instance a solvent system of DMF and water was 

chosen over the solvent system of HNO3 and water in the reaction to form 9. The 

reasoning for this was to prevent peripheral carboxylic acid group remaining protonated
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(04-C13-05), as occurred in 9. Reaction in the presence of DMF should cause 

deprotonation of the carboxylic acid group in question and subsequently may result in 

the formation of a coordination polymer with greater dimensionality than complex 9. An 

infrared spectrum showed the presence of several carboxylate group functions (vas(CO) 

1710, 1669,1590 and 1562 cm '; and Vs(CO) 1401, 1305, 1261 and 1251 cm ') 

suggesting that the carboxylate groups are in differing coordination environments.

2.5.11 Structural determination of {[Eu(4,4',6,6'-tcbp)(H20)](Me2NH2)} ( 11).

The structure of 11 was refined in the monoclinic P2^/c space group. 

Crystallographic details are given in Table 2.18 and atomic numbering scheme and atom 

connectivity of the asymmetric unit are shown in Figure 2.41.

Eu1A|

04

03

EulB
C8

iC9C7

05
N3

CIO04 C6i
C5 02C13

C3 N2

06 01

02 Eu1

08
01W

014
07

EulO

Figure 2.41 -  Molecular structure and atomic numbering scheme of 11 (Gd, purple; N, blue; C, 

black; O, red; H, white). The blue and white dashed bond depicts a hydrogen bond. Bipyridyl

hydrogen atoms are omitted for clarity.
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Table 2.18 - Crystal data and structure refinement for 11

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient 
Crystal size (mm)

Theta range for data collection 
Reflections collected 
Independent reflections 
Completeness to theta = 25.00° 
Max. and min. transmission 
Refinement method 
Data / Restraints / Parameters 

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

11
C16H14EUN3O9
544.26 
153(2) K 
0.71073 A 
Monoclinic 
P2i/c
a = 8.2797(4) A 
b = 16.7532(9) A 
c = 12.7089(6) A 
a = 90°
)8 = 97.578(1)°
/= 9 0 °
1747.47(15) A3 
4
2.069 mg/m^

3.650 mm'"'
0.16
0.152

0.06
2.02 to 25.00°
13473
3064 [Rin,= 0.0311]
100.0 %

1.000 and 0.7486 
Full-matrix least-squares on F^ 
3064 / 3 / 278

R1 =0.0164, wR2 = 0.0400 
R1 =0.0172, wR2 = 0.0404

87



As shown in Figure 2.41, a 1:1 Eu(iii) : 4,4',6,6'-tcbp complex with one 

coordinated water molecule(01\/V) has been synthesised. All four of the carboxylic acid 

groups of the 4,4',6,6'-tcbp ligand are deprotonated and consequently the complex has 

an overall -1 charge. As a result a +1 charged dimethyl ammonium cation is present for 

charge balance. The cation is derived from decarbonylation of DMF solvent. The 

dimethyl ammonium cation is hydrogen bonded to an oxygen of a carboxylate group 

(N3 - 06 2.702(3) A). The coordination sphere of the Eu(lll) is completed by coordination 

of the carboxylate oxygen atoms 04, 07 and 05 from three separate adjacent ligands 

within the network hence rendering the Eu(lll) metal eight coordinate.

As can be seen from Table 2.19, the chelating carboxylate groups of the ligand in 

11 are twisted from the plane of the aromatic ring to which they are attached (N(1)-C(1)- 

C(14)-0(8) 10.5(3)° and N(2)-C(10)-C(11)-0(1) -2.8(3)°). The carboxylate group (07- 

C14-08) that bridges two Eu(lll) centres is twisted to a greater magnitude than the 

carboxylate group (01-C11-02) that is only coordinated to the one Eu(lll) atom. Both 

carboxylate groups at the 4 and 4' positions (03-C12-04 and 05-C13-06) are twisted 

from the plane of the aromatic ring (~35° and ~23°, respectively) to which they are 

attached.

Table 2.19 -  Selected torsion angles [°] and bond lengths [A

N(1)-C(5)-C(6)-N(2) -3.4(3) Eu(1)-0(1) 2.403(2)

N(1)-C(1)-C(14)-0(8) 10.5(3) Eu(1)-0(8) 2.395(2)

N(2)-C(10)-C(11)-0(1) -2.8(3) Eu(1)-0(1W) 2.389(1)

C(9)-C(8)-C(12)-0(3) 35,1(3) Eu(1)-(04)' 2.336(2)

C(9)-C(8)-C(12)-0(4) -143.1(2) Eu(1)-0(5)'' 2.311(2)

C(2)-C(3)-C(13)-0(6) 23.0(3) Eu(1)-0(7)'" 2.378(2)

C(2)-C(3)-C(13)-(05) -155.9(2) Eu(1)-N(1) 2.576(2)

Eu(1)-N(2) 2.578(2)

for 11.

Symmetry codes: I = -x+1, -y+1, -z+1; 11 = -x+1, V2 +y, V2-Z, ill = x, /̂2-y, V2+Z

When coordination to further adjacent molecules is considered, a 2D sheet is 

formed. This can be viewed in Figure 2.42. The complex expands in one dimension as a 

result of the carboxylate group, 08-C14-07, bridging nearby Eu(lll) centres. In Figure 

2.42, these chains can be viewed in the direction perpendicular to the y axis.
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Furthermore, the peripheral carboxylate groups at the 4 and 4' positions, 03-C12-04 

and 05-C13-06, both coordinate to separate Eu(lll) centres through the deprotonated 

oxygen atoms, 04 and 05, which expands the complex in a second dimension along the 

crystallographic y axis.

Figure 2.42 -  2D coordination polymeric sheet of 11. Hydrogen bonds within the 2D sheet are 

depicted as blue dashed lines. Bipyridyl and methyl group hydrogen atoms are omitted for clarity.

Also present within this 2D sheet is the hydrogen bond within the asymmetric unit 

along with two further hydrogen bonds. Firstly, one is present between the coordinated 

water molecule (01W) and a non-coordinated carboxylate oxygen (02) (01W - 02 

2.655(2) A) and secondly, between the protonated nitrogen of the dimethyl ammonium 

cation (N3) and a carboxylate oxygen atom involved in the tetradentate chelating core 

(01) (N3 - 01 2.819(3) A). These hydrogen bonds are presented in Figure 2.42 as blue 

dashed bonds.

When all of the hydrogen bonds present in the complex are considered, it is 

evident that the 2D sheets interact with one another through hydrogen bonding, 

therefore expanding the complex into the third dimension resulting in a 3D hydrogen 

bonded polymer. This is evident in Figure 2.43, where the 2D sheets of Figure 2.42 are 

viewed side on in (down the y axis) order for the interaction between adjacent sheets to 

be apparent. A hydrogen bond between the coordinated water molecule (01W) and a 

carboxylate oxygen atom (03) (01W - 03 2.662(2) A), hydrogen bonds adjacent 2D 

sheets to one another. A full list of hydrogen bonds is given in Table 2.20.
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Table 2.20 - Hydrogen bonds for 11 [A and °].

D-H-A d(D-H) d(H •• A) d(D-A) <(DHA)

0(1W)-H(2W1)--0(3)' 0.82(2) 1.86(2) 2.662(2) 165(3)

0(1W)-H(1W1)-0(2y' 0.82(2) 1.84(2) 2.655(2) 170(3)

N(3)-H(1N3)-0(6) 0.92(3) 1.78(3) 2.702(3) 174(3)

N(3)-H(2N3)-0(1)"' 0.87(4) 2.08(4) 2.819(3) 141(3)

Symmetry Codes: i = -x,-y+1,-z+1; ii = x,-y+3/2,z-1/2; iii = -x+1,y-1/2,-z+1/2.

X

Figure 2,43 -  Interaction between the 2D  sheet of Figure 2.42 (blue) and two identical 2D  sheets 

(red) through hydrogen bonds giving rise to the 3D polymer (11). Bipyridyl hydrogen atoms and 

the dimethyl ammonium cations are omitted for clarity. Hydrogen bonds between sheets are 

depicted as blue and white dashed bonds.

For clarity reasons, the dimethyl ammonium cations were omitted in Figure 2.43, 

but in Figure 2.44 the complete picture of 11 is presented. As can be seen in Figure 

2.44, the dimethyl ammonium cations reside between the 2D sheets. They do not link
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two sheets to one another through hydrogen bonding, they are simply hydrogen bonded 

to one sheet through the N3--Oe and N3■■■01 bonds.

Figure 2.44 -  3D hydrogen bonded network of 11. Hydrogen bonds are depicted as blue and 

white dashed bonds. The 2D sheet in Figure 2.42 is coloured in blue and adjacent identical 2D 

sheets are coloured in red. Dimethyl ammonium cations reside between the sheets. Bipyridyl

protons are omitted for clarity.

When considering 11 as a 2D coordination polymer, the overall network consists 

of 5-connecting nodes (Eu atoms). The Schlafli notation was determined as 3^.4^.S'*. The 

schematic representation of 11 is shown in Figure 2.45. The ten shortest circuits for the 

5-connector nodes include three circuits involving three nodes, three circuits involving 

four nodes and four circuits involving five nodes.
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Figure 2.45 -  Schematic representation of the 2D coordination network of 11. The nodes

represent Eu(lll) atoms.

To expand upon this to include hydrogen bonding, 11 is a 2D coordination polymer, but 

is a 3D polymer when hydrogen bonds are considered. Figure 2.46 displays the 

schematic connectivity of the 3D hydrogen bonded network. All nodes are 7-connectors 

and represent the Gd(lll) atoms. Connectivity through coordination bonds are presented 

in purple and connectivity through hydrogen bonds are presented in blue. Analysis of the 

twenty-one ‘shortest circuits’ gives thirteen circuits involving four nodes, one circuit 

involving six nodes, four circuits involving five nodes and three circuits involving three 

nodes. This gives rise to the Schlafli notation (4^^.6\5''.3^) for the 3D hydrogen bonded 

network.
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X

Figure 2.46 - Schematic diagram for the overall 3D network of 11. Connectivity through 

coordination is presented in purple and connectivity through hydrogen bonding is presented in 

blue. All nodes are 7-connecting and represent the Gd(lll) atoms.

2.6 Conclusions
As a result of this study, novel mononuclear, hetero-nuclear and polymeric 

coordination com plexes have been synthesised. The use of solvothermal synthetic 

techniques has proved successful in the formation of crystalline products. High 

tem peratures and pressures present in the solvothermal bomb allow for ligands with low 

solubility, such as the extensively hydrogen bonded ligand 4,4',6,6'-H4tcbp, to be 

capable of participating in complexation reactions.

Firstly, reaction of this ligand with Y b (C F 3S 0 3 )3, G d (C p 3S 0 3 )3  and S m (C F 3S 0 3 )3  

in the presence of methanol, all produced mononuclear com plexes (3, 4, and 5) in which 

the peripheral carboxylic acid groups at the 4  and 4' positions of the ligand methyl 

esterified and therefore rendered these groups incapable of further coordination to metal 

centres. Repeating the above Yb(lll) reaction in the presence of C u(0A c)2 produced a 

trinuclear 3d-4f mixed metal complex (6), whereby the C u(ll) metal linked two 

monomeric Yb(lll) units to one another through coordination to a carboxylate oxygen 

atom. O nce again, in 6 methyl esterification of the carboxylate groups at the 4  and 4'
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positions occurred despite tlie presence of Cu(ll) and its capability of binding to the 

carboxylate groups prior to esterification occurring.

The next approach taken to synthesise coordination polymers proved more 

successful. This time different counterions and solvent systems were exploited for 

reacting the ligand with different La(lll) metals in a 1:1 ratio. Two La(lll) polymeric 

complexes (7 and 8) were produced with differing coordination and hydrogen bonding 

dimensionalities. Almost identical reaction procedures were followed for the two 

complexes, whereby the acetate salt of the metal was reacted with the ligand in an 

aqueous solution, but they differ in sodium acetate being present in the formation of 8 

and it being absent in the synthesis of 7. The presence of sodium acetate in 8 allowed 

for further coordination through one of its secondary binding carboxylate groups to 

produce a 2D coordination polymer but 3D hydrogen bonded polymer. Whereas, in the 

absence of sodium acetate, the peripheral carboxylic acid groups of the ligand did not 

coordinate to further metal atoms but they did contribute to the formation of hydrogen 

bonds, overall producing a ID  coordination polymer and 3D hydrogen bonded network.

Next, use of the oxide salt of the 4f metals in the presence of nitric acid, allowing 

for slow release of the metal atom, was exploited to investigate if this would produce 

coordination networks of higher dimensionality than those produced thus far. The 

isostructural complexes 9 and 10 that differ only by the metal they contain (Eu(lll) and 

Gd(lll), respectively) were produced. Under these conditions 2D coordination networks 

formed. Both complexes proved very interesting, from a crystallography point of view, as 

both asymmetric units were almost entirely planar, with this plane coinciding with the 

mirror plane within the Pnma space group. This allowed for a difficult yet interesting 

process for solving these complexes. Upon the synthesis of 9, the reaction was repeated 

with nitric acid being replaced by DMF to form 11. DMF was used in order to ensure both 

of the peripheral carboxylic acid groups of the ligand were deprotonated and therefore 

capable of further coordination. As predicted, further coordination to nearby Eu(lll) 

centres occurred through the carboxylate groups at the 4 and 4' positions, to produce a 

2D coordination polymer. Upon inclusion of the hydrogen bonding within the system, a 

3D hydrogen bonded network was synthesised.

The coordination polymers produced all display different coordination modes, 

proving 4,4',6,6'-H4tcbp to be an extremely versatile ligand in the synthesis of 

coordination polymers. As expected, in all the structures the ligand coordinates to the 

Ln(lll) metal centre through its carboxylate-bipyridine tetradentate chelating core, but
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they differ in their coordination modes through both the peripheral carboxylate groups 

and the oxygen atoms at the 6 and 6' positions that are not involved in the tetradentate 

binding core. Furthermore, the lanthanide metal centres display different coordination 

environments. The coordination polymers produced all have differing network topologies, 

as determined using Schlafli notation.

In conclusion, as can be seen from the complexes produced thus far, the scope 

for exploiting 4,4',6,6'-H4tcbp as an organic linker in the generation of lanthanide 

coordination polymers is enormous and extremely versatile as small alterations in 

reaction conditions can produce a wide range of diverse materials.
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Chapter Three

Synthesis and Structural Characterisation of 
Alkaline Earth and Transition Metal Coordination 

Polymers & Metal-Organic Frameworks 

Incorporating Carboxylic acid-2,2'>Bipyridine
ligands.
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3.1 Introduction
In Chapter 2, several coordination polymers were prepared by the use of 

lanthanide metal ions as nodes in combination with 4,4',6,6'-H4tcbp as the organic linker. 

The focus of this chapter is, once again, to synthesise coordination polymers, but the 

approach adopted in this work was to employ main group II metals (Sr(ll) and Ba(ll)) or 

transition metal ions as nodes and either 4,4',6,6'-H4tcbp or 4,4'-H2dcbp as the organic 

linker. The main group II and transition metals were exploited as nodes in the synthesis 

of these coordination polymers due to their 'hard acid’ characteristic and therefore 

consequential preference for N and O donor ligands (‘hard bases’), hence rendering 

them ideal for complexation with the aforementioned bipyridine carboxylate ligands. A 

main advantage in using 4,4'-H2dcbp is that, as an anionic ligand, it provides the charge 

balance required for the networks hence negating the need for a counterion to occupy 

potential void space within these networks. 4,4',6,6'-H4tcbp also provides the charge 

balance for the networks when it reacts with two M(ll) ions. Furthermore, unlike the 

transition metals, the main group metals do not have a predisposed preferred 

coordination geometry, therefore allowing them to be accessible for coordination with the 

tetradentate chelating 4,4',6,6'-H4tcbp ligand.

3.2 Reaction of Ba(ll) and Sr(ll) with 4,4',6,6'-tetracarboxy-2,2'- 

bipyridine.
3.2.1 Reaction o fB a (N 03)2  with 4,4',6,6'-H4tcbp.

Ba(N03)2  was reacted with 4,4',6,6'-H4tcbp in a 1:1 molar ratio in a 50:50 water: 

ethanol solvent mixture in a 45 ml teflon®-lined solvothermal acid digestion bomb. This 

was heated to 200 °C for 7 days and upon slow cooling, colourless needle crystals 

suitable for an X-ray diffraction study were produced in a 65 % yield. The IR spectrum 

contains several peaks that may be attributed to carboxyl stretching frequencies, 

therefore suggesting that there are different carboxyl group environments. Peaks at 

1653, 1596, 1571 and 1540 cm'^ may be assigned to Vas(CO) and peaks at 1422, 1396, 

1376 and 1229 cm'^ may be assigned to

3.2.2 Structural characterisation o f [Bb2(4,4\6,6'-tcbp)(H20)2] (12).

The structure of 12 was refined in the monoclinic C2/c space group and 

crystallographic details are shown in Table 3.1.
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Table 3.1 - Crystal data and structure refinement for 12 and 13.

Identification code 12 13

Empirical formula Ba2N20ioCi4H8 SrCuN20iiCi4Hio
Formula weight 638.90 533.40

Temperature 153(2) K 153(2) K

Crystal system C2/C P-^

Space group Monoclinic Triclinic

Unit cell dimensions a = 27.590(1 )A a = 9.2075(6) A

b = 9.7108(4)A b = 9.6199(6)

c = 13.211 7(5)A c = 10.2189(7) A

a = 90“ a =  107.787(1)“

iS = 117.092(1)“ )3 = 91.857(1)“

II CD O 0 / =  115.389(1)“

Volume 3151.3(2) A3 764.46(9) A3

Z 8 2

Density (calculated) 2.693 mg/m^ 2.317 mg/m3

Absorption coefficient 5.034 m m '”' 4.956 mm'"'

Crystal size (mm) 0.19 0.14

0.08 0.05

0.04 0.05

Theta range for data collection 1.66 to 29.98“ 2.13 to 30.47“

Reflections collected 16970 8484

Independent reflections 4491 [Rint=0.0255] 4256 [Rin,=0.0244]

Completeness to theta 97.8 % 91.4%

Max. and min. transmission 1.000 and 0.7531 1.000 and 0.5935

Refinement method Full-matrix least-squares on
Data / Restraints / Parameters 4491 /11 / 265 4256 / 9 / 280

Final R indices [l>2sigma(l)] R1 = 0.0227 R1 = 0.0336

wR2 = 0.0547 wR2 = 0.0769

R indices (all data) R1 = 0.0255 R1 = 0.0445

wR2 = 0.0558 wR2 = 0.0808
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The atomic numbering scheme and atom connectivity for 12 are shown in Figure 

3.1. There are two Ba(ll) environments, Ba1 and Ba2, that are eight and nine coordinate, 

respectively. Overall a neutral 2:1 Ba : 4,4',6,6'-tcbp complex has formed. The 4,4',6,6'- 

tcbp ligand coordinates in a tetradentate fashion (N2O 2) to the barium atom B al. Within 

the 4,4',6,6'-tcbp ligand, all of the carboxylic acid groups are deprotonated and 

furthermore, with the exception of the oxygen atom 0 7 , all of the carboxylate oxygen 

atoms are further coordinated to at least one of the Ba(ll) atoms, thus rendering it an 

extensively coordinated complex.

Ba2C

Ba1A

0 3

'04C12>
Ba2B

C8

Ba1B
,C7

>02
C I1

C6C III t05C4Ba2A
C5N2

01 C13C3

0 6

Ba2' C2 Ba1C'
Bal

Ba2E
C14

107
01W

,B«1D

Figure 3.1 -  Molecular structure and atomic numbering scheme for 12 (Ba, brown; N, 

blue; O, red; C, black; H, white). Symmetry equivalents of both barium atoms (Bal and Ba2) are 

included to show the further coordination of the carboxylate oxygen atoms. Bipyridyl hydrogen

atoms are omitted for clarity.

The coordination sphere of the barium atom, B a l, is completed with the four 

oxygen atoms, 0 4 , 0 5 , 0 6  and 0 8 , coordinating from separate 4,4',6,6'-tcbp molecules. 

Within the asymmetric unit, two water molecules, 0 1 W  and 02W , are coordinated to the 

second barium atom Ba2. The coordination sphere of this barium atom is completed with 

six oxygen atoms, 0 1 , two symmetry equivalent 0 2  atoms, 0 3 , 0 4  and 0 6  coordinated
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from five different 4,4',6,6'-tcbp ligands within the network. As is evident from Figure 3.1, 

the oxygen atoms 01, 04 and 06 all assist in bridging the two barium atoms to one 

another.

As can be seen from the selected torsion angles in Table 3.2, upon comparison 

of the two carboxylate groups within the tetradentate core of the ligand, one is distorted 

from the plane of the bipyridine ring considerably more than the other (N(2)-C(10)- 

C(11)-0(1) -28.5(3)° and N(1)-C(1)-C(14)-0(8) -1.3(4)°). Also the bipyridyl group is 

slightly twisted about the C5-C6 bond (N(1)-C(5)-C(6)-N(2) -2.3(3)°). The carboxylate 

groups at the 4 and 4' positions are also twisted from the plane of the bipyridyl group 

(C(9)-C(8)-C(12)-0(3) 15.8(4)° and C(2)-C(3)-C(13)-0(6) 32.4(4)°). Selected bond 

lengths and torsion angles are displayed in Table 3.2.

Table 3.2 -  Selected torsion angles [°] and bond lengths [A] for 12.

N(2)-C(10)-C(11)-0(1) -28.5(3) Ba(1)-0(8) 2.688(2)

N(1)-C(1)-C(14)-0(8) -1.3(4) Ba(1)-0(1) 2.781(2)

N(1)-C(5)-C(6)-N(2) -2.3(3) Ba(1)-N(2) 2.924(2)

C(9)-C(8)-C(12)-0(3) 15.8(4) Ba(1)-N(1) 3.003(2)

C(2)-C(3)-C(13)-0(6) 32.4(4) Ba(1)-0(5)' 2.691(2)

Ba(2)-0(1W) 2.722(2) Ba(1)-0(4)" 2.757(2)

Ba(2)-0(2W) 2.766(2) Ba(1)-0(8)"' 2.764(2)

Ba(2)-0(3)'' 2.756(2) Ba(1)-0(6)''' 2.776(2)

Ba(2)-0(2)''' 2.775(2)

Ba(2)-0(6)''' 2.779(2)

Ba(2)-0(4)" 2.812(2)

Ba(2)-0(2)''" 2.835(2)

Ba(2)^(1) 2.931(2)

Ba(2)-0(1)''" 2.934(2)

Symmetry codes: i = -x+1/2 ,-y+3/2 ,-z; ii = x,y-1,z; ill = -x+1/2 ,-y+1/2 ,-z; iv = -x+1/2 ,y-1 /2 ,-z+1/2; 
V = -x+1,y-1,-z+1/2; vi = x ,-y+1,z+1/2; vii = -x+1,y ,-z+1/2 .

As displayed in Figure 3.2, upon expansion of the asymmetric unit, it is useful to 

consider to network as a 2D polymeric sheet when coordination of the oxygen atoms 01 

and 02 to the barium atom Ba2A, 03 to Ba2C, 06 to Ba2E and finally the oxygen atom 

04 to the BalA barium atom are considered.
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This 2D sheet expands further to include all coordination bonds, resulting in the 

formation of a 3D coordination network. Figure 3.3 displays the 3D network of 12 and the 

hydrogen bonds included within this network. Figure 3.4 focuses in on one section of the 

3D network (of Figure 3.3) in order to highlight exactly where both the coordination and 

hydrogen bonds that form the 3D network exist. Coordination of the oxygen atoms 06 

and 04 to the BalC and Ba2D barium atoms, respectively, expands the network in the z 

axial direction. Coordination of the oxygen atoms 02, 05 and 08 to the Ba2B, Ba1B and 

Ba1D barium atoms, respectively, further expands network in the z direction, hence 

rendering the network 3D.

Figure 3.2 -  Packing diagram of 12 showing the 2D polymeric sheet viewed ca. down the z axis. 

Bipyridyl hydrogen atoms are omitted for clarity.
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Figure 3.3 -  Packing diagram of 12 showing the 3D coordination network. The 2D sheet of Figure 

3.2 expands down the z axis and its interaction with further sheets is viewed here down the y 

axis. Hydrogen bonds contained within this network are presented as dashed blue bonds.

Bipyridyl protons are omitted for clarity.

Ba1C'

Ba1B'

Figure 3.4 -  Packing diagram of 12 highlighting how the 2D sheets coordinate to further sheets to 

form the 3D network. Hydrogen bond interactions are presented as blue dashed bonds. Bipyridyl

hydrogen atoms are omitted for clarity.

Furthermore, due to the presence of the coordinated water molecules (0 1 W  and 

0 2 W ) to the Ba2 barium atoms, several hydrogen bonds are contained within the overall 

network. A full list of hydrogen bonding interactions is presented in Table 3.3.
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Table 3.3 -  Parameters of hydrogen bonding interactions for 12 [A and °],

D-H A d(D-H) d ( H - A ) d ( D - A ) <(DHA)

0 1 1 I 1 ■0(3)' 0.84(1) 1.96(2) 2.780(3) 164(4)

0(2W )-H (1W 2)- ■0(7)'' 0.85(1) 1.91(2) 2.748(3) 169(3)

0(2W )-H (2W 2)- ■0(5)"' 0.85(1) 2.24(3) 2.934(3) 139(3)

Symmetry Codes: i = x,-y+1,z+1/2; ii = x+1/2,-y+1/2,z+1/2; ill = x+1/2,-y+3/2,z+1/2

Figure 3.5 -  Schematic diagram for the 3D network of 12. The ten connector nodes (presented in 

blue) represent the barium atoms B al and the eight connector nodes (presented in red) represent

the barium atom Ba2.

The overall network resulting from coordination is represented by the schematic 

diagram in Figure 3.5. Within this schematic diagram there are two different types of 

nodes, namely, 10-connecting nodes representing Bal and 8-connecting nodes Ba2. 

Due to the highly coordinated nature of the complex, it is unsurprising that both nodal 

types have a high connectivity number. Analysis of the twenty-eight ‘shortest circuits’ for 

the 8-connectors yields sixteen circuits involving four nodes, nine circuits involving three 

nodes and three circuits involving five nodes. Furthermore, analysis of the fourty-five 

‘shortest circuits’ for the 10-connectors gives eleven circuits involving three nodes, 

twenty-five circuits involving four nodes, six circuits involving five nodes, two circuits 

involving six nodes and finally, one circuits involving seven nodes. Therefore the Schlafli 

notation for the network is (4 '^ 3 ^ 5 ')(3 '^ 4 "^ 5 ^ 6 l7 Y

103



3.2.3 Reaction ofSr(OAc ) 2  and Cu(0Ac)2 with 4,4',6,6'-H4tcbp.

Sr(0Ac)2 was reacted with 4,4',6,6'-H4tcbp and Cu(0Ac)2 in a 1:1:1 molar ratio in 

a 50:50 water : ethanol solvent mixture in a 45 ml teflon®-lined solvothermal acid 

digestion bomb. This was heated to 160 °C for 4 days and upon slow cooling, very pale 

green needle crystals suitable for a single crystal diffraction study were produced in a 75 

% yield. The IR spectrum contains peaks at 1650, 1603 and 1569 cm'^ (vas(CO)) and 

1383, 1350 and 1285 cm'^ (v s (C O )) that may be representative of carboxyl group 

stretching frequencies.

3.2.4 Structural characterisation o f [SrCu(4,4',6,6'-tcbp)(i-i20)3] (13).

The crystal structure of 13 was refined in the triclinic P-1 space group and 

crystallographic details are given in Table 3.1. The atomic numbering scheme and atom 

connectivity are displayed in Figure 3.6.
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orC9l
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01C11,
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Figure 3.6 -  Molecular structure and atomic numbering scheme for 13 (Cu, dark blue; Sr, 

green; N, pale blue; C, black; O, red; H, white). Symmetry equivalents of both the strontium and 

copper atoms (Sr1 and Cu1) are included to show the further coordination of the carboxylate 

oxygen atoms. Bipyridyl hydrogen atoms are omitted for clarity.
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There are two metal environments, Cu1 and Sr1, within this mixed-metal 1:1:1 

4,4',6,6'-tcbp : Cu(ll) : Sr(ll) crystal structure. The 4,4',6,6'-tcbp ligand is chelating to the 

copper atom Cu1 through its bipyridyl moiety and one carboxylate group rendering the 

ligand tridentate (N2O). The smaller atomic radius and predetermined preferential 

coordination geometry of the copper atom, compared with that of main group and 

lanthanide atoms, may account for why 4,4',6,6'-tcbp is a tridentate rather than a 

tetradentate (N2 O2 ) ligand in this instance. The coordination sphere of the copper metal 

Cul is completed by a coordinated water molecule 01W and the carboxylate oxygen 

atom 07, hence rendering the metal centre five coordinate arranged in a trigonal 

bipyramidal geometry. The strontium atom Sri is coordinated to two water molecules, 

02W and 03W, and the carboxylate oxygen atoms, 03 and 04. Upon expansion of the 

asymmetric unit, the eight coordinate strontium atom, Sr2, is completed by coordination 

of the carboxylate oxygen atoms 02, 03, 05 and 08. Selected torsion angles and bond 

lengths are displayed in Table 3.4.

Tab le  3 .4  -  Selected torsion angles [°] and bond lengths [A] for 13.

N(2)-C(10)-C(11)~0(1) 6.8(3) Cu(1)-N(1) 2.166(2)

N(1)-C(1)-C(14)-0(8) 46.4(4) Cu(1)-N(2) 1.911(2)

C(7)-C(8)-C(12)-0(4) 26.3(4) Cu(1)-0(1) 2.028(2)

C(4)-C(3)-C(13)-0(5) -7.7(4) Cu(1)-0(1W) 2.386(2)

N(1)-C(5)-C6)-N(2) -0.8(3) Cu(1)-0(7)‘ 1.901(2)

Sr(1)-(02W) 2.688(2)

Sr(1)-0(3W) 2.635(2)

Sr(1)-0(3) 2.733(2)

Sr(1)-0(4) 2.627(2)

Sr(1)-0(3)'" 2.474(2)

Sr(1)-0(2)''' 2.572(2)

Sr(1)-0(8)" 2.580(2)

Sr(1)-0(5)'' 2.629(2)

Symmetry Codes: i = -x+3,-y+3,-z+3; ii = -x+2,-y+2,-z+2; iii = -x+2,-y+1,-z+1; iv = x,y,z-1; v = -x+2,-y+2,-z+1

Upon examination of the torsion angles within the tridentate chelating core, the 

chelating carboxylate group is distorted from the plane of the bipyridine ring to which it is
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attached by approximately 7°, whereas the chelating bipyridyl nitrogen group is almost 

planar (N(1)-C(5)-C6)-N(2) -0.8(3)°). Furthermore, the 4,4' and 6'-carboxylate groups 

are also distorted from the plane of the bipyridyl ring to which they are attached (N(1)- 

C(1)-C(14)-0(8) 46.4(4)°, C(7)-C(8)-C(12)-0(4) 26.3(4)° and C(4)-C(3)-C(13)-0(5) - 

7.8(4)°). It is interesting to note that firstly, the 6'-carboxylate group is significantly more 

twisted than the 4 and 4'-carboxylate groups. Also, of the two 4 and 4'-carboxylate 

groups, the more highly coordinating group positioned on the carbon atom C8 is twisted 

from the bipyridyl ring to a greater extent than the carboxylate group situated at the 

carbon atom C3.

When the asymmetric unit is expanded to examine further coordination within the 

crystal structure, it is useful to firstly consider a 2D sheet in order to understand the 

network structure. As shown in Figure 3.7 it is the carboxylate oxygen atom 03 that 

bridges two strontium atoms (Sr1 and Sr1B) to expand this sheet at an angle to the 

crystallographic be plane (yz plane). The carboxylate oxygen atoms 03 and 04 that 

chelate to the strontium atom Sr1 and the carboxylate oxygen atoms 05 and 07 that 

coordinate to the copper atom Cu1 all assist in expanding this 2D sheet within the 

aforementioned crystallographic plane. Hydrogen bonding between a water molecule 

03W and a carboxylate group oxygen atom 04 (03W -•04 3.014(3) A) and a further 

water molecule 01W and carboxylate oxygen atom 05 (01W- 05 2.870(3) A) are also 

present within the 2D sheet.

Figure 3.7 -  Packing diagram of 13 showing the 2D  sheet viewed down the crystallographic a 

axis (x axis). Bipyridyl hydrogen atoms are omitted for clarity. Hydrogen bonds are presented as

blue dashed lines.
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When all coordination bonds are considered, it is apparent that 13 is a 3D  

coordination polymer. The 3D network of 13 is displayed in Figure 3.8.

r

Figure 3.8 -  Packing diagram showing the 3D network of 13 viewed down the crystallographic y 

axis. Bipyridyl hydrogen atoms are omitted for clarity.

Figure 3.9 focuses on one section of 13 in order to highlight exactly where both the 

coordination and hydrogen bonds, that expand the 2D sheet into the 3D network, exist. 

The 2D sheets of 13 interact with one another through coordination of the oxygen atoms 

0 2 , 0 3  and 0 8  to the strontium atoms S ri A, Sr1B and S rID , respectively. A complete 

list of hydrogen bonds within the 3D network of 13 is given in Table 3.5.

I3W
IW

Figure 3.9 -  Packing diagram of 13 highlighting how the 2D sheets coordinate to further sheets to 

form the 3D network. Hydrogen bond interactions are presented as blue dashed bonds. Bipyridyl

hydrogen atoms are omitted for clarity.
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Table 3.5 -  Parameters of hydrogen bonding interactions for 13 [A and °],

D-H -A d(D-H) d(H^-A) d(D^-A) <(DHA)

p 1 I •0(5)' 0.81(2) 2.07(2) 2.870(3) 168(3)
0(1W)-H(1W1)- •0(6)" 0.83(2) 2.01(2) 2.840(3) 175(3)
0(2W)-H(1W2)- •0(1W)"' 0.84(2) 2.09(2) 2.912(3) 166(4)
0(2W)-H(2W2)- •0(1)''' 0,85(2) 1.94(2) 2.712(3) 150(3)

0(3W)-H(2W3)- •0(4)'' 0.82(2) 2.22(2) 3.014(3) 162(3)

0(3W)-H(1W3)- •0(7)''' 0.82(2) 2.01(2) 2.810(3) 165(4)

Symmetry Codes: i = -x,-y+1,-z+1; ii = x,y+1,z; ill = -x,-y+2,-z+1; iv = x,y,z+l; v = -x+1,-y+2,-z+2; 
vi = x+1,y+1,z+1

The overall network connectivity for 13 is represented by the schematic in Figure 

3.10. Within this schematic diagram there are two different types of nodes, namely, 6- 

connecting nodes representing Cul (blue) and 5-connecting nodes representing Sri 

(red). Analysis of the fifteen 'shortest circuits’ arising from the 6-connector Cul nodes 

yields eight circuits involving four nodes, six circuits involving six nodes and one circuit 

involving eight nodes. Analysis of the ten ‘shortest circuits’ arising from the 5-connector 

Sr1 nodes (red) yields two circuits involving six nodes and eight circuits involving four 

nodes. Altogether this gives rise to the Schlafli notation (4®.6®.8̂ )(6̂ .4®) for the 3D 

network of 13.
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X

Figure 3.10 - Schematic diagram for the overall 3D network connectivity of 13. The blue nodes 

represent the 6-connecting Cu1 atoms and the red nodes represent the 5-connecting Sr1 atoms.

3.2.5 Thermal Analysis of 13.

The thermal behaviour of 13 was investigated by thermogravimetric analysis 

(Figure 3.11). The curve reveals a weight loss of ca. 9.9 % at 200 °C. This is consistent 

with the loss of the three coordinated water molecules, 01W (coordinated to the copper 

atom Cul), 02W and 03W (both coordinated to the strontium atom Sri). No further 

weight loss is observed until complete decomposition begins at ca. 325 °C.
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Figure 3.11 -  Thermogravimetric analysis curve for 13. A 9.9 % weight loss is observed at ca. 

200°C with complete decomposition following at ca. 325°C.

3.3 Reaction of Ba(ll), Sr(ll) and Ni(ll) with 4,4',-dicarboxy-2,2'- 

bipyridine.
3.3.1 Reaction o f Ba(N03)2 with 4,4 '-Hzdcbp.

Ba(N03)2  was reacted with 4,4'-H2dcbp^^® in a 1:1 molar ratio in a 50:50 water: 

ethanol solvent mixture in a 45 ml teflon®-lined solvothermal acid digestion bomb. This 

was heated to 200 °C for 36 hours and upon slow cooling, small pale yellow plate 

crystals suitable for an X-ray diffraction study were produced in a 79 % yield. The IR 

spectrum displays peaks at 1595, 1576 and 1540 cm"’ (vas(CO)) and at 1421, 1396 and 

1376 cm"* (vs(CO)) that may be attributed to carboxyl stretching frequencies.

3.3.2 Structural characterisation o f {[Ba(4,4 '-dcbp)(H20)o4]-0.6H2O} (14).

The crystal structure of 14 was refined in the monoclinic P2i/c space group and 

crystallographic details are shown in Table 3.6. The atomic numbering scheme and atom 

connectivity for 14 are shown in Figure 3.12. The crystals were found to be non- 

merohedral twins. This was confirmed by the GEMINI program^’® which found two 

separate twin domains.
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Figure 3.12 - Molecular structure and atomic numbering scheme for 14 (Ba, brown; N, blue; O, 

red; C, black). Symmetry equivalents of the barium atom Bal are included to show further 

coordination of the carboxylate oxygen atoms. Bipyridyl hydrogen atoms are omitted for clarity.

Only one position for the disordered water molecules 0 1 W  and 0 2 W  are included.

As is evident from Figure 3 .12, a 1:1 Ba(ll) : 4,4'-dcbp complex has formed with 

the 4,4'-dcbp ligand chelating through its bidentate bipyridyl core (N 2). Disorder is 

present within the complex at the water oxygen atoms 0 1 W  and 0 2 W , with 0 1 W  being 

modelled at 40  % occupancy and 0 2 W  and 0 2 W ’ both modelled at 30 % occupancy. As 

a consequence of these w ater molecules being disordered their hydrogen atoms could 

not be modelled. Upon expansion of the asymmetric unit to include further coordination, 

it is evident that the barium atom Ba1 is ten coordinate, with the carboxylate oxygen 

atoms 0 1 , 0 2  and 0 3 ,  0 4  chelating, along with three further symmetry equivalents of 

the oxygen atoms 0 1 , 0 3  and 0 4 . It is immediately apparent that upon comparison with 

12, the reaction of barium with 4,4'-H2dcbp yields a complex with a far lesser degree of 

coordination than reaction with 4,4',6,6'-H4tcbp.
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Table 3.6 - Crystal data and structure refinement for 14 and 15.

Identification code 14 15
Empirical formula B a N 2 C i2 0 5 H 8 S rC i2 N 2 0 5 tH 8

Formula weight 395.53 347.82
Temperature 153(2) K 153(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group P 2 i / c Cc
Unit cell dimensions a = 9.696(1) A a = 17.284(1) A

b = 19.241(2) A b = 9.9314(8) A
c = 7.2146(7) A c = 7.0022(6) A

Q II CD o o Q II CD O o

/8= 107.827(3)° j8 = 97.462(2)°

II CD O o II CD O 0

Volume 1281.3(2) A3 1191.7(2) A3
Z 4 4
Density (calculated) 2.050 mg/m^ 1.939 mg/m3
Absorption coefficient 3.120 mm-'' 4.546 mm'"'
Crystal size (mm) 0.14 0.16

0.14 0.04
0.04 0.03

Theta range for data collection 2.12 to 26.00° 2.37 to 24.98°
Reflections collected 4782 4546
Independent reflections 4782 [R(int)=0.000] 2075 [R(in,)=0.031]

Completeness to theta = 26.00° 100.0% 100.0%
Max. and min. transmission 1.000 and 0.7684 1.000 and 0.7061

Refinement method Full-matrix least-squares on F^
Data / Restraints / Parameters 4782/0 /184 2075/2/180

Final R indices [l>2sigma(l)] R1 = 0.0694 R1 = 0.0263
wR2 = 0.1825 wR2 = 0.0577

R indices (all data) R1 = 0.0746 R1 = 0,0287

wR2 = 0.1864 wR2 = 0.0588
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Of the two 4 and 4'-carboxylate groups, the one that is coordinating to three 

further symmetry equivalent barium centres (C(7)-C(8)-C(12)-0(3) 46.5(11)°) is twisted 

considerably more from the plane of the bipyridine ring to which it is attached compared 

to the carboxylate group that is only coordinating to two further barium centres (C(2)- 

C(3)-C(11)-0(1) 3.7(14)°). Selected bond lengths and torsion angles are given in Table 

3.7.

Table 3.7 -  Selected torsion angles [°] and bond lengths [A] for 14.

N(1)-C(5)-C6)-N(2) -10(1) Ba(1)-0(3)' 2.740(6)

C(2)-C(3)-C(11)-0(1) 4(1) Ba(1)-0(4)" 2.748(5)

C(7)-C(8)-C(12)-0(3) 46(1) Ba(1)-0(iy'' 2.791(6)

Ba(1)-N(1) 2.948(6) Ba(1)-0(1)''' 2.871(6)

Ba(1)-N(2) 2.879(6) Ba(1)-0(2)''' 2.896(8)

Ba(1)-0(1W) 2.84(3) Ba(1)-0(3)'' 2.945(5)

Ba(1)-0(4)'' 2.809(5)

Sym metry Codes: i = -x-1,-y,-z+1; ii = -x-1,-y,-z+2; ill = x+1,-y+1/2 ,z+1/2; iv = x+1,y,z+1; 
V = -x-1 ,y+1/2 ,-z+3/2 .

X

Figure 3.13 -  Packing diagram of 14 showing the 2D  sheet viewed down the ca. z axis. BIpyridyl

hydrogen atoms are omitted for clarity.
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Upon expansion of the asymmetric unit to investigate further coordination within 

the crystal structure, as shown in Figure 3.13, it is evident that a 2D sheet is present. 

This sheet is formed as a result of both the carboxylate groups coordinating through the 

oxygen atoms 01, 02, 03  and 04  to adjacent barium centres (Ba1B and BalD). 

Coordination through the oxygen atoms 01, 02  and 03, 04  expands the sheet in the x 

and y  directions, respectively. When all coordination bonds are considered it is evident 

that 14 is a 3D coordination polymer (Figure 3.14).

Figure 3.14 -  Packing diagram showing the 3D coordinated network of 14. The uncoordinated 

water molecule 02W and bipyridyl hydrogen atoms are omitted for clarity.

Figure 3.15, focuses on one section of this 3D network to highlight the remainder of the 

coordination bonds that exist within the polymer. The carboxylate oxygen atoms 01 and 

03  further coordinate to barium atom centres (BalA  and BalC  respectively) along the z 

axial direction. With the absence of the hydrogen atoms on the water molecules 01W  

and 02W, potential hydrogen bonding within this 3D network could not be investigated.
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3.15 -  Packing diagram of a section of 14 highlighting the coordination bonds that link 2D sheets 

to further sheets to form the 3D network. Water molecules and bipyridyl hydrogen atoms are

omitted for clarity.

Furthermore, Figure 3.16 gives a different perspective (viewed down the z axis) on the 

3D packing diagram of 14 in order to highlight the channels within the structure that 

expand down the z direction.

Figure 3.16 -  Packing diagram of 14, viewed down the z axis showing the water containing 

channels. Uncoordinated water molecules 02W and bipyridyl hydrogen atoms are omitted for

clarity.
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The uncoordinated water molecules (02W / 02W’) are contained within these channels. 

The overall dehydrated network (i.e. in the absence of 01W, 02W and 02W’) has a 

porosity (void space) of 14.3% as calculated using PLATON.̂ ^®'̂ ^®

The overall network resulting from coordination in 14 is shown in Figure 3.17, 

and consists of one type of 8-connecting node representing the barium atoms Bal. 

Analysis of the twenty-eight ‘shortest circuits’ arising from the 8-connector node yields 

four circuits involving six nodes and twenty-two circuits involving four nodes. This gives 

rise to the Schlafli notation (6''.4^ )̂.

X

Figure 3.17 - Schematic diagram for the overall 3D network connectivity of 14. All nodes are 8- 

connecting and represent the barium metal centres B a l. Examples of shortest circuits containing 

four and six nodes are highlighted in yellow and green, respectively.

3.3.3 Reaction of Sr(OAc) 2  with 4,4 '-H2 dcbp.

Sr(0Ac)2 was reacted with 4,4'-H2dcbp in a 1:1 molar ratio in a 50:50 water: 

ethanol solvent mixture in a 23 ml teflon®-lined solvothermal acid digestion bomb. This 

was heated to 160 °C for four days and upon slow cooling, colourless needle crystals 

suitable for an X-ray diffraction study were produced in a 61 % yield. The IR spectrum
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contains peaks at 1732, 1608, 1538 cm"' (vas(CO)) and 1397, 1365 and 1294 cm"' 

(vs(CO)) that may be attributed to carboxyl group stretching frequencies.

3.3.4 Structural characterisation of {[Sr(4,4'-dcbp] hl20} (15).

The crystal structure of 15 was refined in the monoclinic Cc space group and 

crystallographic details are given in Table 3.6. The atomic numbering scheme and atom 

connectivity are displayed in Figure 3.18.
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Figure 3.18 -  Molecular structure and atomic numbering scheme for 15. Symmetry equivalents of 

the strontium atom (S ri) are included to show the further coordination of the carboxylate oxygen 

atoms. Bipyridyl hydrogen atoms are omitted for clarity. Disordered atoms are shaded.

As can be seen from Figure 3.18, a 1:1 Sr(ll): 4,4'-dcbp complex has formed. As 

expected, the 4,4'-dcbp ligand has coordinated to the strontium atom Sr1 through its 

bidentate chelating bipyridyl core with a twist of ~3° (N(1)-C(5)-C6)-N(2) 3.4(5)°). A 

disordered uncoordinated water molecule is also present within the asymmetric unit and 

has been modelled as the oxygen atoms 01W and 01W’ having an occupancy of 60 % 

and 40 %, respectively. As a consequence of the disorder, the hydrogen atoms on the 

water molecule could not be modelled. The coordination sphere of the eight coordinate 

strontium atom Sri is completed by the carboxylate oxygen atoms 01 and 02 chelating,
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in addition to coordination of further symmetry equivalents of the oxygen atoms 01, 02, 

03 and 04.

Once again, upon examination of the angles between the carboxylate groups and 

the bipyridyl ring to which they are attached, it is the carboxylate group that is 

coordinating to a greater number of strontium atoms that experiences a greater twist 

(C(2)-C(3)-C(11)-0(1) 40.8(5)“ and C(9)-C(8)-C(12)-0(4) 18.7(6)°). A list of selected 

torsion angles and bond lengths is given in Table 3.8.

Table 3.8 -  Selected torsion angles [°] and bond lengths [A] for 15.

N(1)-C(5)-C6)-N(2) 3.4(5) Sr(1)-0(4)‘ 2.525(3)

C(2)-C(3)-C(11)-0(1) 40.8(5) Sr(1)-0(1)'‘ 2.540(3)

C(9)-C(8)-C(12)-0(4) 18.7(6) Sr(1)-0(1)'" 2.573(3)

Sr(1)-N(1) 2.717(3) Sr(1)-0(3)''' 2.583(3)

Sr(1)-N(2) 2.734(3) Sr(1)-0(2)'' 2.677(3)

Sr(1)-0(2)'" 2.805(3)

Symmetry Codes: i = x+1/2,-y+1/2,z-1/2; ii = x,-y+1,z+1/2; ill = x,y-1,z; iv = x+1/2,y-1/2,z; v = x,-y+1,z-1/2.

S rlD

Figure 3.19 -  Packing diagram of 15 showing the 2D sheet viewed down the z axis. The 

disordered water molecule (0 1 W  and 0 1 W )  and bipyridyl hydrogen atoms are omitted for clarity.
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When the asymmetric unit is expanded upon to investigate further coordination a 2D 

sheet is apparent (Figure 3.19).The sheet is evident when both chelation of the 

carboxylate oxygen atoms 01 and 02 to the strontium metal centre SrIA and 

coordination of the carboxylate oxygen atom 03 to strontium metal centre Sr1D are 

considered.

Figure 3.20 -  Packing diagram showing the 3D network of 15 viewed down the y axis. 

Uncoordinated water molecules and bipyridyl hydrogen atoms are omitted for clarity.

Furthermore, as viewed in Figure 3.20, upon analysis of all coordination bonds, 

complex 15 contains a 3D coordination network. In addition to the coordination bonds 

contained within the 2D sheet, coordination to further strontium metal centres (Sr1B and 

SrIE) through the carboxylate oxygen atoms 01 and 04 in the z direction renders 15 a 

3D coordination polymer. Figure 3.21 views the 3D network of 15 down the 

crystallographic c axis in order to display the water containing channels that run through 

the complex. Although channels are present within the structure, no solvent accessible 

void space could be calculated. As the hydrogen atoms on the water molecule 01W 

could not be modelled, potential hydrogen bonding within the polymeric network could 

not be investigated.
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Figure 3.21 -  Packing diagram of 15, viewed down the z axial direction showing the water 

containing channels. Uncoordinated water molecules and bipyridyl hydrogen atoms are omitted

for clarity.

The overall network resulting from coordination in 15 is shown in Figure 3.22. 

The atoms chosen as nodes were the strontium centres and the carboxylate carbon 

atoms C11 and C12. If the 4,4'-dcbp ligand is considered as two isonicotinic acid groups, 

choosing the carbon atoms C11 (from one isonicotinic acid group) and C12 (from the 

second isonicotinic acid group) as nodes highlights the differing coordination through 

both isonicotinic acid ‘halves’ of the ligand. Upon generation of the connectivity diagram, 

three nodal types are present, namely, 3-connecting (C12), 4-connecting (C11) and 7- 

connecting (Sri) nodes. Analysis of the three ‘shortest circuits’ from the 3-connector 

node yields two circuits involving six nodes and one circuit involving four nodes. Analysis 

of the six ‘shortest circuits’ from the 4-connector gives four circuits involving four nodes 

and two circuits involving six nodes. Finally, analysis of the twenty-one ‘shortest circuits’ 

arising from the 7-connector nodes gives ten circuits involving six nodes, eight circuits 

involving four nodes and three circuits involving eight nodes. Overall this can be 

described through the Schlafli notation (6^.4’)(4''.6^)(6^°.4®.8^).



y f

l i
Figure 3.22 - Schematic diagram for the overall 3D network connectivity of 14. The blue 

nodes represent the carbon atoms (C 11 and C12) and the red nodes represent the strontium 

atoms (Sr1). Examples of the ‘shortest circuits’ from the 7-connector nodes (yellow), 4-connector 

nodes (green) and 3-connector nodes (red) are highlighted within the Figure.

3.3.5 Thermal Analysis for 14 and 15.

The thermal behaviour of the polymers 14 and 15 (Figure 3.23 (a) and (b), 

respectively) were investigated by thermogravimetric analysis. Thermogravimetric 

analysis for the barium coordination polymer, 14, was performed on the same sample 

batch that was used for elemental analysis. As elemental analytical results inferred that

1.5 water molecules were present per molecular unit of 14, these water molecules were 

added to the molecular formula in the analysis of the thermogravimetric curve. The curve 

reveals a weight loss of ca. 4 % between 110 and 192 °C, consistent with one solvent 

water molecule and a further loss of ca. 2 % between 192 and 235 °C that is consistent 

with half a water molecule. A gradual loss of an additional ca. 3 %, between 235 and 470 

°C is consistent with the loss of both the lattice (modelled at 60 % occupancy) and the 

coordinated (modelled at 40 % occupancy) water molecules. This is immediately 

followed by decomposition. The thermogravimetric curve for the strontium coordination 

polymer, 15, displays a gradual weight loss of ca. 5.3 % between 100 and 230 °C, which
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is consistent with loss of the lattice water molecule, 01W. Complete decomposition 

begins at ca. 490 °C.
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Figure 3.23 -  (a) Thermogravimetric analysis curve for 14. (b) Thermogravimetric analysis curve

for 15.

3.3.6 Reaction o f Ni(N03)2 with 4,4'-l-l2dcbp.

Ni(0Ac)2 was reacted with 4,4'-H2dcbp in a 1:1 molar ratio in water in a 23 ml 

teflon®-lined solvothermal acid digestion bomb. This was heated to 120 °C for three days 

and upon slow cooling, small blue/green needle crystals suitable for a single crystal X-
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ray diffraction study were produced in a 65 % yield. The infrared spectrum showed the 

characteristic stretches of the deprotonated 4,4'-dcbp ligand at 1615 and 1383 cm'  ̂

(vas(CO) and Vs(CO), respectively). Also, partial elemental analysis was in agreement 

with the formation of a 1:1 N i: 4,4'-dcbp complex.̂ ^®'̂ ^®

3.3.7 Structural characterisation of [Ni(4,4'-dcbp)(H20)2] (16).^°^

To date, the coordination chemistry involving the 4,4’-H2dcbp ligand has proved 

very successful in the synthesis of both porous and non porous coordination 

polymers.^‘*̂ '̂ °®'̂ ^̂ The ligand has been exploited in combination with a series M(ll) 

metals but previous to the synthesis of 16, the coordination chemistry of 4,4'-H2dcbp in 

combination with Ni(ll) salts had not been reported. For this reason, in order to provide a 

fuller picture of the coordination chemistry of this ligand, this reaction combination was 

investigated. Interestingly, the coordination polymer 16 was found to be isomorphous 

with a Co(ll) coordination polymer that has been r e p o r t e d . T h e  crystal structure of 

16 was refined in the chiral P3221 trigonal space group with one half of the compound 

related to the other by a 2-fold rotation axis and adjacent units being related by a 32 

screw axis. However, crystal data of 16 was collected on a crystal of opposite 

handedness to the isomorphic Co(ll) compound, which was refined in the tngonal space 

group P3i21. The atomic numbering scheme and atom connectivity for compound 16 is 

shown in Figure 3.24. Crystallographic details are given in Table 3.9. As can be seen 

from Figure 3.24, a 1:1 Ni : 4,4'-dcbp complex has formed with the bipyridyl groups of 

the 4,4'-dcbp ligand chelating through its bidentate bipyridyl moiety. The nickel atom Nil 

centre is a slightly distorted octahedral geometry with the coordination sphere completed 

by two c/s-positioned water molecules 03 and 03A and frans-coordinated carboxylate 

oxygen atoms 02B and 02C from adjacent 4,4'-dcbp ligands.

A slight twist between each pyridyl ring of the 4,4'-dcbp ligand is apparent across 

the C1-C1A axis (~7°), which is slightly more than that found within the isostructural 

Co(ll) complex (~5°). The carboxylate groups that link in a monodentate fashion to the 

Ni(ll) centre, do not lie in the same plane as the pyridyl rings but rather are twisted to the 

pyridyl rings about C6 to a similar magnitude to the distortion found between the pyridine 

rings.
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Table 3.9 - Crystal data and structure refinement for 16.

Identification code 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient 
Crystal size (mm)

Theta range for data collection 
Reflections collected 
Independent reflections 
Completeness to theta = 27.50° 
Max. and min. transmission 
Refinement method 
Data / Restraints / Parameters 

Final R indices [l>2sigma(l)]

R indices (all data)

16
NiCi2HioN20e
336.93 
153(2) K 
0.71073 A 
Trigonal 
P3221

a = 11.8210(3) A 
b = 11.8210(3) A 
c = 8.2308(5) A 
a = 90°
)8 = 90°
K= 120°

996.05(7) A3 
3
1.685 mg/m^

1.490 mm"^
0.023
0.08
0.07
1.99 to 27.50°
12912
1540 [R(in,)=0.0374]
100.0 %

1.000 and 0.839
Full-matrix least-squares on p2
1 5 4 0 / 2 /  102

R1 = 0.0338
wR2 = 0.0810
R1 = 0.0348
wR2 = 0.0817
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Figure 3.24 -  Molecular structure and atomic numbering scheme for 16. Symmetry equivalents of 

the nickel atom N il are included to show further coordination. The blue and white dashed bonds 

depict the unique hydrogen bonds. Bipyridyl hydrogen atoms are omitted for clarity.

Upon expansion of the asymmetric unit to include all coordination bonds, a 3D network 

is generated. The carboxylate oxygen atom 02 is the only oxygen atom that further 

coordinates to a nickel centre. Figure 3.25 views the 3D network down the z axis in order 

for the channels that run through the crystal structure to be visible. Despite the presence 

of ‘channels’ within the complex, it is non-porous.
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Figure 3.25 -  Packing diagram of the 3D network of 16 viewed down the z axis along which the 

water-carboxylate double helices spiral. Bipyridyl and water molecule hydrogen atoms are

omitted for clarity.

Also present in Figure 3.24 are hydrogen bond interactions that exist between the 

coordinated water molecules and the uncoordinated carboxylate oxygen atoms 0 1 B and 

0 1 C. These hydrogen bond interactions give rise to water-carboxylate double helices 

that spiral down the crystallographic c axis (Figure 3.26).

Figure 3.26 -  Hydrogen bonded double helix in 16 formed by the interaction of the coordinated 

water molecules (03) and the uncoordinated carboxylate oxygen atoms (01).
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Details of hydrogen bonding interactions are given in Table 3.10.

Table 3.10 -  Parameters of hydrogen bonding interactions for 16 [A and °],

D-H- A d(D-H) d (H -A ) d ( D - A ) <(DHA)

0 (3 )-H (3 A )-0 (1 ) ' 0.84 1.92 2.756(3) 173

0 (3 )-H (3 B )-0 (1 ) '' 0.84 1.84

..  .' r;.............

2.599(4) 149

Symmetric Codes: i = 1-x,1-x-y,%-z; ii = l+x-y.l-y.Va-z.

In order to determine the topology of the network, the two halves of the 4,4'-dcbp 

ligand were considered as two separate isonicotinic acid units and only the Ni(ll) centres 

need to be considered as nodes. All nodes are 4-connector nodes and analysis of the 

six 'shortest circuits’ of the nodes gives four circuits involving six nodes and two circuits 

involving eight nodes. Overall, this can be describes in terms of Schlafli notation as a 

6'*8^-b (quartz-like) network. An important fact to note is that, as with the isomorphic 

Co(ll) complex, two interpenetrating 3D networks are present. The schematic diagram 

for the network connectivity of 16 is displayed in Figure 3.27.

Figure 3.27 -  Schematic of the two interpenetrating 3D networks of 16 shown in blue and red 

viewed ca. down the z axis. All nodes a 4-connectors and represent the Ni(ll) metal centres.
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Very few examples of interpenetrating quartz networks have been reported. 

Interestingly, one of the few known examples is that of [Zn(isonicotinate)2]-2 H2 0 ,̂ °̂ 

which is also two fold interpenetrated. If you consider that two isonicotinate units are 

equivalent to one 4,4'-dcbp unit plus two protons, it is not surprising that these two 

compounds form similar networks. Apart from the fact that they contain a different metal 

ion, they are almost identical in composition. If the coordinated water molecules (03 and 

03A) in 16 are considered to be dissociated from the metal ion, and the two halves of 

the 4,4'-dcbp ligands to be dissociated from each other, then you would be able to distort 

the networks in 16 to closely resemble the geometry found in [Zn(isonicotinate)2]-2 H2 0 . 

This would result in achieving tetrahedral metal centres, leaving the waters in larger 

hexagonal channels (i.e. shortening of c and lengthening of a and b). Apart from these 

alterations there is one significant difference between the two structures. As viewed 

along c (Figures 3.24 and 3.25) there exist ‘hexagonal’ helices’ containing six 

‘isonicotinates’ per turn. In 16 these helices are distorted to trigonal symmetry with the 

directions of the ‘isoniotinate’ linkers alternating along each helix. However in 

[Zn(isonicotinate)2]-2 H2 0 , all isonicotinates have the same direction along regular 

hexagonal helices giving the structure true hexagonal P64 symmetry.

3.3.8 Thermal Analysis of 16.

The thermal analysis of the nickel coordination polymer, 16, was examined by 

means of thermogravimetric analysis (Figure 3.28).
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Figure 3.28 -  Thermogravimetric analysis curve for 16.
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The thermogravimetric curve displays a weight loss of ca. 10.8% between 225 

and 270 °C that can be attributed to the loss of the two coordinated water molecules. 

Gradual complete decomposition is evident from ca. 380 °C.

3.4 Conclusions.
As a result of this study several novel coordination polymers involving either main 

group metals or transition metals in combination with 2,2'-bipyridine carboxylate ligands 

have been synthesised. Once again, the high temperatures and pressures present in the 

acid digestion bomb allow for the bipyridyl ligands, 4,4'-H2dcbp and 4,4',6,6'-H4tcbp, with 

low solubility to participate in complexation reactions.

The large coordination sphere of the main group metals, Ba(ll) and Sr(ll) were 

exploited in complexation reactions with the tetradentate chelating 4,4',6,6'-H4tcbp ligand 

to produce the complexes 12 and 13 , respectively. Upon generation of the highly 

coordinated 3D barium coordination polymer 12, the reaction was repeated with Sr(ll) 

replacing Ba(ll) (13) in order to successfully synthesise a polymer with a lesser degree 

of coordination. In both cases neutral complexes were generated with a 2:1 metal to 

ligand ratio. Neither network proved to be porous, most probably as a consequence of 

the high degree of coordination achieved by both products. Furthermore, 12 and 13 

generated complex topological networks.

Reaction of the 4,4'-H2dcbp with the main group metals Ba(ll) and Sr(ll) also 

proved successful in the generation of the 3D coordination polymers 14 and 15, 

respectively. The number of carboxylic acid groups within the ligand moiety was reduced 

with a view to lessen the degree of coordination to the metal centres. Upon comparison 

with 12 and 13, reaction of the main group metals in combination with a ligand with fewer 

potentially coordinating carboxylic acid groups proved more successful in the generation 

of porous polymeric material. As was the case for 12 and 13, once again the more highly 

coordinated product proved to be that of the barium complex 14. Although both products 

14 and 15 display channels within their structures, 15 proved to be non-porous whereas 

the dehydrated barium metal-organic / open framework 14 has a calculated 14.3% 

solvent accessible void space. We are currently investigating if the porous coordination 

polymer 14 has the ability to absorb guest molecules within its network.

In continuation of work previously carried within the Kruger group laboratory, the 

4,4'-H2dcbp ligand was reacted with the Ni(ll) transition metal as attempts on complexing 

this combination of metal and ligand had been unsuccessful prior to the current study.
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Interestingly, the 3D coordination polymer 16 was synthesised, which proved to be 

isostructural with a previously reported Co(ll) - 4,4'-dcbp c o m p l e x . C o m p l e x  16 

proved to be non-porous despite having channels running through it. This may be a 

consequence of it being two-fold interpenetrated.

In summary, this study shows that 2,2'-bipyridyl -carboxylate ligands are capable 

of being versatile ligands that can adopt a wide variety of coordination modes in 

combination with both main group and transition metals. The generation of 3D polymers 

displaying channels within their structure is also achievable whilst employing this 

reactant material system.
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Chapter Four

Solvothermal In Situ Synthesis of Coordination 

Polymers and a Series of Carboxyllc Acid -  2,2'- 
Bipyrldine Organic Molecules.
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4.1 Introduction.
The overall theme of this thesis is to form and structurally characterise metal 

complexes incorporating bipyridyl carboxylate ligands. The results pertaining to this aim 

have been discussed thus far. However, whilst investigating this theme a serendipitous 

discovery of in situ ligand synthesis was made. Hydrothermal synthesis that involves in 

situ ligand synthesis has developed over the past several years as it can provide an 

effective synthetic method for organic ligands that are difficult to synthesise under 

normal conditions and new routes for the development of inorganic -  organic networks 

that so far have not been successfully isolated. Hydrothermal in situ ligand synthesis has 

become a powerful and beneficial tool in organic synthesis and in the generation of 

coordination complexes. Firstly, this approach offers a simpler procedure for the 

synthesis of various organic ligands. Secondly, the slow formation of the organic ligands 

under hydrothermal conditions may allow for the growth of single crystals sufficiently 

large for an X-ray diffraction study. Finally, and perhaps more importantly, this is an 

environmental friendly synthetic procedure.^®'* As documented by Z h a n g , m o r e  than 

ten types of in situ ligand reactions have been detailed within the literature thus far, 

including oxidation^°° and decarboxylation^°^'^°® which will be discussed herein. This 

chapter will discuss the serendipitous discovery of two coordination complexes, one of 

which involves in situ oxidation of the ligand and the second involving in situ 

decarboxylation of the ligand. Following on from this, a series of bipyridine carboxylate 

organic molecules purposefully formed via in situ solvothermal synthesis will also be 

examined.

4.2 In situ solvothermal synthesis and structural 
characterisation of a Cu(ll) complex with 4,4'-dicarboxy- 

2,2'-bipyridine.

4.2.1 Synthesis of 4-methyl-4'-carboxy-2,2'-bipyridine (4,4'-Hmcbp).

This ligand was synthesised from the precursor 4,4'-dimethyl-2,2'-bipyridine in 

accordance with the method previously reported by McCafferty et aP '̂' with a yield of 19 

%. The molecule was characterised through NMR, IR and ESMS spectroscopy. The ^H 

NMR spectrum contained four doublets at 8.85, 8.57, 7.85 and 7.33 ppm and two 

singlets at 8.82 and 8.27 ppm representing the bipyndyl hydrogen atoms. A singlet at
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2.43 ppm was assigned to the methyl group at the 4 position of the bipyridyl ring. The IR 

spectrum displayed the carbonyl acid peaks (vas(COOH) 1713 cm'^ and Vs(COOH) 1601 

Finally ESMS displayed the characteristic peak at 214 m/z.

4.2.2 Reaction o f 4,4'-Hmcbp with Cu(0Ac)2.

Cu(0Ac)2 and 4,4'-Hmcbp were reacted in a 1:1 molar ratio in a solvent mixture 

of water and nitric acid. It was heated to 200 °C for 36 hours in a 45 ml teflon® - lined 

stainless steal solvothermal bomb and upon slow cooling blue block-shaped crystals 

suitable for a single crystal X-ray diffraction study were obtained in a 68 % yield. The IR 

spectrum displayed characteristic carboxylic acid peaks at 1736, 1614 (vas(CO)) and 

1403 and 1296 (vs(CO)), cm \  therefore suggesting that there are differing carboxylic 

acid / carboxylate group environments. Furthermore, peaks at 1557, 1348 and 1040 cm'^ 

with a peak separation value between the highest peaks (A) of 209 cm '\ may be 

attributed to a chelating nitrate group.^^®^^® This solvent system was chosen as it had 

proved to be a good medium for crystal growth of similar systems discussed in previous 

chapters. Furthermore, the combination of high temperature and a shorter reaction time 

for complexation reactions involving a similar ligand (4,4'-H2dcbp) proved successful in 

the generation of 3D polymeric networks.

4.2.3 Crystal structure determination o f [Cu(4,4 '-Hdcbp)(N03)] (17).

The structure of 17 was refined in the monoclinic F^^/c space group. The atomic 

numbering scheme and atom connectivity are shown in Figure 4.1 and crystallographic 

details are shown in Table 4.1. Surprisingly, single crystal X-ray analysis of 17 illustrates 

the presence the of 4,4'-Hdcbp ligand in the coordination environment of the Cu(ll) 

metal. As 4,4'-Hdcbp was not present in the starting reaction mixture, it must be derived 

from the 4,4'-Hmcbp molecule. The 4,4'-Hmcbp molecule was evidently oxidised in situ 

to form 4,4'-Hdcbp, most probably resulting from the water -  nitric acid solvent mixture.
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Table 4.1 - Crystal data and structure refinement for 17.

Identification code 

Empirical formula 

Formula weight 

Temperature 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

Crystal size (mm)

Theta range for data collection

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on

Final R indices [l>2sigma(l)]

R indices (all data)

17

CUC12H9N3O8 
386.76 

153(2) K 

Monoclinic 

P2i/c

a = 10.2324(9) A 

b = 11.027(1) A 

c =  13.5671(9) A 

a = 90°

P = 121.660(5)°

Y = 90°

1303.0(2) A3 

4

1.972 mg/m3

1.732 mm-l

0.13

0.1
0.05

2.34 to 25.00°

10038

2283 [Rin, = 0.0514]

99.8 %

1.0000 and 0.6906 

Full-matrix least-squares on 

2283 / 0 / 225 

1.242

R1 = 0.0857 

wR2 = 0.1961 

R1 = 0.0996 

wR2 = 0.2030

134



TCu1A

Figure 4.1 -  Molecular structure and atomic numbering scheme for 17 (Cu, dark blue; N, light 

blue; O, red; C, black). A symmetry equivalent of the copper atom (Cu1) is included to show 

further coordination of the carboxylate group oxygen atom. Bipyridyl hydrogen atoms are omitted

for clarity.

As can be seen from Figure 4 .1, a 1:1 Cu : 4 ,4 '-H dcbp complex has formed, with 

the 4,4'-Hdcbp ligand chelating to the copper centre (C u l)  through its bidentate (N 2) core 

with a very slight twist about the C 5  -  C 6 bond (~1°). The coordination sphere of the 

copper centre is completed by a m onodentate nitrate anion, a w ater molecule (0 1 W ) 

and a symmetry equivalent of the carboxylate oxygen atom 0 1  thereby rendering the 

metal centre five coordinate with a distorted trigonal bipyramidal geometry. Hydrogen 

atoms bonded to oxygen atoms could not be modelled within the crystal structure, but 

upon examination of the carbon -  oxygen bond lengths of the carboxylic acid groups of 

the 4,4'-Hdcbp ligand, It is apparent that one group is deprotonated ( 0 2 - C 1 1 - 0 1 )  and 

the other group is protonated ( 0 3 - 0 1 2 - 0 4 )  at the oxygen atom 0 4 . This is consistent 

with a neutral complex as there was no evidence of an additional counterion for charge  

balance. Both the carboxylate and carboxylic acid groups are slightly twisted from the 

plane of the bipyridyl ring to which they are attached by approximately 7 and 8°, 

respectively. Selected torsion angles and bond lengths are given in Table 4.2.
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Table 4.2 -  Selected torsion angles [°] and bond lengths [A] for 17.

C(9)-C(8)-C(11)-0(2) -7(1) Cu(1)-0(6) 2.183(6)

C(4)-C(3)-C(12)-0(3) 8(1) Cu(1)-0(iy 1.919(5)

N(1)-C(5)-C(6)-N(2) -1.0(9) C(11)-0(1) 1.282(9)

Cu(1)-N(1) 2.014(6) C(11)-0(2) 1.221(9)

Cu(1)-N{2) 1.987(6) C(12)-0(3) 1.19(1)

Cu(1)-0(1W) 2.029(6) C(12)-0(4) 1.33(1)

Symmetry Code: i = x+1,-y+1/2,z+1/2.

As shown in Figure 4.2, upon expansion of the asymmetric unit to investigate 

further coordination, it is evident that the structure of 17 consists of ID  polymeric chains. 

An alternating chain is formed through the oxygen atom 01 further coordinating to 

adjacent Cu(ll) centres and thereby linking repeating units to one another. As a 

consequence of not being able to model the carboxylic acid group and water molecule 

hydrogen atoms, hydrogen bonding interactions could not be investigated.

Within the final refinement of the crystal structure there is a residual electron 

density peak of 3.44 at 0.87 A from the copper metal centre Cu1. It could not be 

modelled as a disordered copper atom as the thermal parameters and bond lengths to 

the chelating ligand were not in agreement with this, despite the Ri value decreasing. It 

was further investigated to see if the crystal was slightly twinned. The GEMINI 

programme^’® found it to be a non-merohedral twin with two separate twin domains. 

Unfortunately, a solution could not be found when solving it as a twinned crystal 

structure. Therefore, the best model for 17 was found to be that with the residual 

electron density. The fact that it is slightly twinned may account for why the hydrogen 

atoms could not be modelled despite placing them at fixed positions where potential 

hydrogen bonds were considered to exist.
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Figure 4.2 -  Packing diagram of 17 showing the 1D alternating polymeric chain. Bipyridyl 

hydrogen atoms are omitted for clarity.

4.3 In situ solvothermal oxidation of methyl substituted 2,2'- 

bipyridine molecules.
Upon the serendipitous discovery of the oxidation process of the methyl group in 

the synthesis of 17 it was investigated to see if this oxidation process could be applied to 

a series of methyl substituted 2,2'-bipyridine molecules to produce carboxylic acid 

substituted molecules. This synthetic method could provide a simple route to molecules 

that are difficult to synthesise under normal conditions. Furthermore, it would be a vastly 

improved method with regard to 'green chemistry’ as standard oxidation conditions of 

these molecules involve either selenium,chromium^^® or permanganate^^^ reagents.

4.3.1 General synthesis o f carboxylic acid substituted 2,2'-bipyridines.

The general synthetic pathway to the synthesis of the carboxylic acid-2,2'- 

bipyridyl molecules successfully synthesised in situ under solvothermal conditions are 

outlined in Figure 4.3.
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R3 R3 Ra R3

Ri R2 R3 Ri R2 R3
L1 Me H H L5 COOH H H

L2 H H Me L6 H H COOH

L3 H Me Me L7 H COOH H

L4 Me H Me

Figure 4 .3  -  G eneral synthetic oxidation pathway of the carboxylic acid substituted 2,2'-bipyridine  

m olecules (L1 -  L7) w here R i, R 2 , and R 3  can be either H, M e or C O O H .

4.3.2 Oxidation of 4,4'-dmbp (L1) to 4,4'-dcbp (L5).
L1 was heated in a 23 ml teflon®-lined stainless steal bomb in an 8:1 (vol. %) 

water : conc. nitric acid solvent mixture to 180 °C for 36 hours and upon slow cooling 

large colourless needles suitable for a single crystal X-ray diffraction study were 

obtained in a 51 % yield. The product was further analysed by NMR and IR 

spectroscopy.

A unit cell check was sufficient to confirm that the product was L5 as the crystal 

structure of this molecule has already been reported .F urthe rm ore , the NMR 

spectrum was consistent with the reported NMR data of L5 with a doublet at 8.92 ppm 

integrating for one hydrogen atom, a singlet at 8.85 ppm integrating for one hydrogen 

atom and a doublet of doublets at 7.72 ppm also integrating for one hydrogen atom. 

There was no evidence of the methyl or bipyridyl hydrogen atoms of L1. The IR 

spectrum also displayed the characteristic carboxylic acid group stretches at 1717 and 

1364 cm'^ (vas(CO) and Vs(CO), respectively).^^®

4.3.3 Oxidation of 6,6'-dmbp (L2) to 6,6'-dcbp (L6).

L2 was heated in a 23 ml teflon®-lined stainless steal bomb in a 16:1 (vol. %) 

water conc. nitric acid solvent mixture to 180 °C for 36 hours and after slow cooling a 

colourless solution was obtained. After 2 days, upon slow evaporation at room 

temperature, a pale yellow powder precipitated out in a 31 % yield. The product was
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further analysed by NMR and IR spectroscopy. The stoichiometry of 16:1 (vol. %) for the 

w ater: conc. nitric acid solvent mixture proved better than 8:1 stoichiometry used in the 

synthesis of L5. When the 8:1 stoichiometry was used, nothing precipitated out of 

solution until it was rotary evaporated to dryness, at which point L6 could not be isolated.

The NMR spectrum was consistent with the reported NMR data of L6 with a 

doublet at 8.76 ppm integrating for one proton and a multiplet integrating for two 

hydrogen atoms at 8.17 ppm. Once again, there is no evidence of the peak in the 

NMR spectrum at 2.64 ppm representing the methyl group hydrogen atoms. An IR 

spectrum further confirmed that carboxylic acid groups were present with stretches at 

1742 and 1359 cm'^ (vas(CO) and Vs(CO), respectively).^^®

4.3.4 Synthesis of 5,5', 6,6'-tmbp (L3).

The synthesis of the novel L3 single molecule was based on the synthetic 

method employed in the synthesis of 4,4',6,6'-tmbp. 2,3-Lutidine (b.p. = 162-163 °C) and 

10 % Pd/C were refluxed for three days. After addition of toluene and filtering off the 

palladium catalyst, L3 was isolated by evaporating the solution to dryness and upon 

recrystallisation from ethyl acetate a cream coloured crystalline powder was obtained in 

a 7.2 % yield, L3 was characterised by NMR and ESMS spectroscopy.

The simple NMR spectrum is consistent with the proposed structure. It 

contained two doublets at 8.16 and 7.54 ppm, both of which integrate for one hydrogen 

atom each representing the bipyridyl protons. Two singlets at 2.61 and 2.34 ppm both 

integrating for three hydrogen atoms each, represent the methyl groups. An ESMS 

spectrum further confirms that the molecule is L3, with a peak at 213.14 m/z.

4.3.5 Oxidation of 5,5',6,6'-tmbp (L3) to 5,5'-dcbp (L7).

L3 was heated in a teflon®-lined stainless steal bomb in an 8:1 (vol. %) water : 

conc. nitric acid solvent mixture to 180 °C for 36 hours and upon slow cooling small 

colourless needles suitable for a single crystal X-ray diffraction study were obtained in a

29.5 % yield. The product was further analysed by NMR and IR spectroscopy. 

Furthermore, repeating the above experimental procedure in a 16:1 (vol. %) water : 

conc. nitric acid solvent mixture under identical conditions allowed for the yield to 

increase to 40 %.
The NMR spectrum is consistent with the L7 molecule with a singlet at 9.04 

ppm and two doublets at 8.35 and 8.25 ppm all integrating for one hydrogen atom each.
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There was no evidence of the methyl group hydrogen atoms. An IR spectrum further 

confirmed the proposed structure with characteristic carboxylic acid group stretches at 

1685 and 1355 cm'^ (vas(CO) and Vs(CO), respectively).^^® In this case not only did 

oxidation occur, but decarboxylation at the 6 and 6' positions also took place.

4.3.6 Crystal structure determination o f 5 ,5'-dcbp (L7).

The crystal structure of L7 was refined in the triclinic P-1 space group. 

Crystallographic details are shown in Table 4.3. The atomic numbering scheme and 

atom connectivity of the asymmetric unit are shown in Figure 4.3.

Figure 4 .3  -  Asym m etric unit atom ic labeling schem e for L7 (C , black; N, blue; O, red; H, white).

Bipyhdyl hydrogen atom s are omitted for clarity.

Half of the L7 molecule is contained within the asymmetric unit as a result of an 

inversion centre lying in the centre of the C l -  C IA  bond. The overall structure of L7 

consists of hydrogen bonded chains mediated between carboxylic acid groups from 

adjacent molecules (0 2  - 01 2.616(2) A ). Full details of hydrogen bonding are given in 

Table 4.4. In addition, a very weak n -  n stacking interaction exists between bipyridyl 

rings of nearby hydrogen bonded chains (CR - CR1 3.6(2) A, where CR and CR1 are 

defined as the centres of nearby pyridine rings). Both the chains and the 7t -  ti stacking 

interactions are evident in Figure 4.4.

Figure 4 .4  -  Packing diagram  of L7 showing hydrogen bonded chains m ediated betw een  

carboxylic acid groups from adjacent m olecules and w e a k n - K  stacking interactions between  

nearby chains viewed down the crystallographic x  axis. Bipyridyl hydrogen atom s are  omitted for

clarity.
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Table 4.3 - Crystal data and structure refinement for L7.

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

Crystal size (mm)

Theta range for data collection 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Max. and min. transmission 

Refinement method 

Data /  Restraints / Parameters 

Final R indices [l>2sigma(l)]

R indices (all data)

L7

C6H4NO2 
122.10 

153(2) K 

0.71073 A  

Triclinic 

P-1

a = 3.6725(8) A 
b = 6.330(1) A 
c =  10.746(2) A 
a  = 99.352(4)°

13 =  93 228(4)“

K = 90.493(4)°

246,04(9) A3 

1

0.824 mg/m^

0.063 m m '”!

0.29

0.06

0.04

1.92 to 25.00°

1912

864 [Rin, = 0.0153]

99.2 %

1.0000 and 0.7396

Full-matrix least-squares on F^

864 /1  / 86

R1 = 0.0464

wR2 = 0.1078

R1 = 0.0655

wR2 = 0.1144
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Table 4.4 -  Parameters of hydrogen bonding interactions for L7 [A and °],

D -H -A d(D-H) d (H -A ) d (D -A ) <(DHA)

0(2)-H(2) -OCI)' 0.92(2) 1.70(2) 2.616(2) 172(3)

Symmetry Codes ; i = -x+1 ,-y+1 ,-z+1

4.3 .7  Oxidation and di-decarboxylation of 4,4', 6,6'-tmbp (L4) to 4,4'-dcbp (L5).

L4 was heated in a 23 ml teflon®-lined stainless steal bomb in an 16:1 (vol. %) 

water : conc. nitric acid solvent mixture to 200 °C for 36 hours and upon slow cooling 

large colourless needles suitable for a single crystal X-ray diffraction study were 

obtained in a 42 % yield. The product was further analysed by NMR and IR 

spectroscopy. The same product was obtained when the reaction was carried out at 180 

°C. When the reaction was carried out at a lower temperature no reaction occurred.

A cell check was sufficient to confirm that the product was L5 as the crystal 

structure of this molecule had already been reported.^”® Furthermore, the  ̂ H NMR 

spectrum was consistent with the reported NMR data of L5 with a doublet at 8.92 ppm 

integrating for one hydrogen atom, a singlet at 8.85 ppm integrating for one hydrogen 

atom and a doublet of doublets at 7.92 ppm also integrating for one proton. There was 

no evidence of the methyl or bipyridyl hydrogen atoms of L1. An IR spectrum also 

displayed the characteristic carboxylic acid group stretches 1717 and 1364 cm'  ̂ (vas(CO) 

and Vs(CO), respectively).^^® Evidently, both oxidation of the methyl groups and 

subsequent decarboxylation at 6 and 6' positions occurred. Thus far it has not been 

possible to isolate the tetracarboxylic acid product using this method as upon variation of 

the reaction conditions either oxidation does not occur or oxidation and decarboxylation 

occur simultaneously.

4.4 In situ solvothermal Cu(ll) complexation and ligand 

isolation of 4,4',6,-tricarboxy-2,2'-bipyridinium.

4.4.1 Reaction o f Cu(0Ac)2 with 4,4', 6 ,6'-tcbp.

Cu(0A c)2 and 4,4',6,6'-tcbp were reacted in a 6:5 molar ratio in a water conc. 

nitric acid solvent mixture within a 45 mi teflon®-lined stainless steal bomb at 200 °C for
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36 hours. Upon slow cooling large green block crystals suitable for a single crystal 

diffraction study were obtained in an 80 % yield. The IR spectrum contains carboxyl 

stretching frequencies at 1720 ( v a s ( C O ) )  and 1348 ( v s ( C O ) )  cm ’ that may be attributed to 

a protonated carboxylic acid group. Further stretches at 1644, 1593 ( v a s ( C O ) ) ,  1295 and 

1249 (vs(CO)) cm'^ may be assigned to unidentate binding carboxylate groups as the 

peak separation values (A) are large.̂ ^®'̂ ^®

4.4.2 Crystal Structure determinatiori o f {[Cu(4,4 6-Htcbp)(H20)]-H2O} (18).

The crystal structure of 18 was refined in the orthorhombic Pna2i space group 

and crystallographic details are given in Table 4.7. The atomic numbering scheme and 

atom connectivity are displayed in Figure 4.5.
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C13C l

CI2'Cu1A C2
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Figure 4.5 -  Molecular structure and atomic numbering scheme for 18 (Cu, dark blue; N, 

light blue; O, red; C, black; H, white). A symmetry equivalent of the copper atom (Cu1) is included 

to show further coordination of the carboxylate group. Bipyridyl hydrogen atoms are omitted for

clarity.

As can be seen from Figure 4.5, a 1:1 Cu(ll) : 4,4',6-Htcbp complex has formed. 

It is immediately apparent that the ligand has been decarboxylated in situ at the 6' 

position to form 4,4',6-tricarboxy-2,2'-bipyridine (4,4',6-Htcbp). This newly formed ligand
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is chelating to the copper atom Cu1 through its tridentate (N2O) bipyridyl carboxylate 

core with a very slight twist of ~-1°. The five coordinate distorted square pyramidal 

copper metal centre is completed with a coordinated water molecule 01W  and a 

symmetry equivalent of the carboxylate oxygen atom 03. The overall complex is neutral, 

with the non-coordinating carboxylic acid group still being protonated. Furthermore, an 

uncoordinated water molecule 0 2W  is present in the asymmetric unit and it hydrogen 

bonds to the coordinated water molecule 0 1 W  (01W  - 02W  2.821(5) A). The 

carboxylate and carboxylic acid groups at the 4,4'-positions are twisted to a greater 

extent from the plane of the bipyridine ring to which they are attached (~11° and ~8°, 

respectively) compared with the carboxylate group coordinating to the Cu1 metal centre 

(~-3°). A list of selected torsion angles and bond lengths are given in Table 4.5.

Table 4.5 -  Selected torsion angles [°] and bond lengths [A] for 18.

N (1)-C (1)-C (13)-0(6) -1.4(5) C (11)-0(1) 1.195(5)

N (1)-C (5)-C (6)-N (2) -2.6(4) C (11)-0(2) 1.313(5)

C (7)-C (8)-C (11)-0(2) 7.7(5) C (12)-0(3) 1.254(6)

C (4)-C (3)-C (12)-0(3) 10.6(5) C (12)-0(4) 1.250(5)

Cu(1)-N(1) 1.962(3) C (13)-0 (5 ) 1.243(5)

Cu(1)-N(2) 2.057(3) C (13)-0(6) 1.260(5)

C u(1)-0(6) 2.028(3)

Cu(1)-0(1W ) 2.254(3)

Cu(1)-0(3)' 1.898(3)

As displayed in Figure 4.6, upon expansion of the asymmetric unit to examine 

further coordination, a polymeric chain that expands in the x axial direction is evident. 

This alternating polymeric chain is formed through coordination of the carboxylate 

oxygen atom 0 3  to the Cu(ll) metal centre of an adjacent molecule. These chains further 

interact with one another to form a 2D hydrogen bonded sheet, through a hydrogen bond 

between the carboxylic acid group oxygen atom 0 2  and the carboxylate oxygen atom 

0 5  (02  -0 5  2.581 (4)A).
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Figure 4.6 -  Packing diagram of 18 showing the 1D coordination polymeric chains (x axial 

direction) linking to one another through hydrogen bonds (z axial direction) to form a 2D hydrogen 

bonded sheet. Hydrogen bonds are depicted as blue and white dashed bonds. Bipyridyl hydrogen

atoms are omitted for clarity.

As the chain is alternating as it expands, it is clear that the exact same hydrogen 

bond exists between the carboxylic acid group oxygen atom 02  (lying in the yz plane in 

Figure 4.6) and the carboxylate oxygen atom 05  of a nearby 2D hydrogen bonded 

sheet, thus rendering 18 a 3D hydrogen bonded network. The 3D network of 18 is 

displayed in Figure 4.7. A full list of hydrogen bonding interactions are displayed in Table 

4.6.
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Figure 4.7 -  Packing diagram of 18 showing the 3D hydrogen bonded network. Adjacent 2D  

sheets are coloured in red and blue. Hydrogen bonding interactions are depicted as blue and 

white bonds. Bipyridyl hydrogen atoms are omitted for clarity.

Table 4.6 -  Parameters of hydrogen bonding interactions for 18 [A and “].

D-H • A d(D-H) d(H-A) d(D -A) <(DHA)

0(2)-H(2)-©(S)' 0.84(2) 1.79(4) 2.581(4) 157(8)
0(1W)-H(2W1)- ■0(2W) 0.85(1) 2.03(3) 2.821(5) 154(6)
0(1W)-H(1W1) ••■0(5)'' 0.85(1) 1.95(2) 2.798(4) 171(5)
0(2W)-H(1W2)-- ■0(4)"' 0.89(1) 2.26(4) 2.984(6) 138(5)

Symmetry Codes : i = -x+1/2,y+1/2,z+3/2; ii = x,y,z+1; ill =-x+1/2,y-1/2,z+1/2.

The network resulting from both coordination and hydrogen bonding is 

represented by the schematic diagram in Figure 4.8. Within this schematic diagram there 

is one type of 6-connecting node that represents the Cul atoms. Analysis of the fifteen 

‘shortest circuits’ yields twelve circuits involving four nodes and three circuits involving 

six nodes. This can be described in terms of Schlafli notation as a 4^ .̂6  ̂ (distorted a- 

Po/NaCI - like) network. Upon examination for porosity of the network, it was surprising 

to find that no solvent accessible void could be calculated despite it appearing that large 

channels expand down the crystallographic a axis (Figure 4.8). As depicted in Figure 

4.9, it was then discovered that the 3D structure of 18 is actually 3-fold interpenetrated.
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Figure 4.8 -  Schematic diagram for the 3D network of 18. All nodes are six connector nodes and

represent the copper atoms.

Figure 4.9 -  Schematic diagram representing the three interpenetrating 3D networks of 18 in red,

blue and yellow.
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Table 4.7 - Crystal data and structure refinement for 18 and 19.

Identification code 18 19

Empirical formula CUC13N2O 8H 10 C 13N3O 10H 11

Formula weight 385.77 369.25

Temperature 153(2) K 153(2) K

Wavelength 0.71073 A 0.71073 A

Crystal system Orthorhombic Monoclinic
Space group Pna2i P2,lc

Unit cell dimensions a = 17.3392(7) A a = 9.0411(7) A

b = 1 1 .4434(5) A b = 25.089(2) A

c = 6.7896(3) A c = 6.5439(5) A

Q II CD 0 0 Q II CO 0 0

)8 = 90° p  = 95.672(2)°

II CD 0
0 II CD 0 0

Volume 1347.2(1) A3 1477.1(2) A3

Z 4 4

Density (calculated) 1.902 mg/m^ 1.660 mg/m3

Absorption coefficient 1.673 mm*'! 0.146mm'^

Crystal size (mm) 0.31 0.24

0.18 0.14

0,1 0.04

Theta range for data collection 2.13 to 24.99° 1.62 to 25.00°

Reflections collected 10059 11608

Independent reflections 2354 [Rin,=0.0194] 2592 [Rin, =0.0522;

Completeness to theta = 24.99° 100.0% 100.0%

Max. and min. transmission 1.0000 and 0.7935 1.0000 and0.809‘

Refinement method Full-matrix least-squares on F^

Data / Restraints / Parameters 2354/13/231 2592 / 11 / 255

Final R indices [i>2sigma(i)] R1 = 0.0310 R1 = 0.0761

wR2 = 0.0852 wR2 = 0.1489

R indices (all data) R1 = 0.0312 R1 = 0.0961

wR2 = 0.0853 wR2 = 0.1568
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4.4.3 Thermal Analysis o f 18.

Thermal behaviour of the copper coordination polymer, 18, was investigated 

through thermogravimetric analysis (Figure 4.10). A gradual weight loss between 120 

and 195 °C of ca. 4.5 % may be attributed to the loss of the lattice water molecule, 02W. 

A further gradual weight loss of ca. 4.6 % reveals the loss of the coordinated water 

molecule, 01W. No further weight loss is evident until 330 °C, at which point complete 
decomposition occurs.

100

0 100 200 300 400 500 600 700 800 SOO

Temperature ®C

Figure 4.10 -  Thermogravimetric analysis curve for 18.

4.4.4 In situ synthesis of 4 ,4 6-tricarboxy-2,2'-bipyndinium (4 ,4 6-tcbpm).

4,4',6,6'-tcbp was heated to 160 °C for three days in a 45 ml teflon®-lined

stainless steal bomb in a 1:1 (vol. %) w a te r: conc. nitric acid solvent mixture. Upon slow 

cooling a colourless solution was obtained. After it was left to sit for one week, colourless 

plates suitable for a single crystal X-ray diffraction study crystallised out in a 41 % yield. 

Elemental analysis was consistent with the formation of the mono decarboxylated 

product. The IR spectrum contains characteristic carboxyl stretches with peaks at 1717 

and 1603 cm"  ̂ (vas(CO)) and 1269 and 1216 cm'^ (va(CO)).^^® The reaction was carried 

out at 160 °C as at higher temperatures previous studies proved that decarboxylation at 

both the 6 and 6' positions occurs; therefore in order to isolate the mono decarboxylated 

product a lower temperature was required. Furthermore, the use of a higher 

concentration of nitric acid in the reaction was found to increase the yield.

4.4.5 Crystal structure determination o f [4 ,4 6-thcarboxy-2,2'-bipyridinium](N03) (19). 

The crystal structure of 19 was refined in the monoclinic P2^/c space group and

149



crystallographic details are given in Table 4.7. The atomic numbering scheme and atom 

connectivity are displayed in Figure 4.11.
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Figure 4.11 -  Molecular structure and atomic numbering scheme for 19 (N, blue; C, 

black; O, red; H, white). Hydrogen bonds are depicted as blue and white dashed bonds. Bipyridyl

hydrogen atoms are omitted for clarity.

As can be seen in Figure 4.10, the 4,4',6,6'-tcbp molecule has in situ mono- 

decarboxylated at the 6' position to form 19. In addition, the molecule is lying in the syn 

orientation with respect to the bipyridinium core with a twist about the C5-C6 bond of 

-4° (N(1)-C(5)-C(6)-N(2) 4.0(5)°) with both nitrogen atoms being protonated. A nitrate 

molecule is also present within the asymmetric unit for charge balance of the +1 

bipyridinium molecule. Both of the carboxylic acid groups and the carboxylate group are 

twisted from the plane of the bipyridinium ring to which they are attached. A list of 

selected torsion angles is given in Table 4.8. Furthermore, within the asymmetric unit a 

hydrogen bond exists between solvate water molecule 01W and the carboxylate oxygen 

atom 04  (04 - 01W  2.531 (4)A). A second hydrogen bond is present between the nitrate 

oxygen atom 09  and the bipyridinium nitrogen atom N1 (09 - N1 2.874(4)A) with a 

weaker interaction of the nitrate oxygen atom to the other bipyridinium nitrogen atom N2 

(09- N2 2.762(4)A).
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Table 4.8 -  Selected torsion angles [°] for 19.

N(1)-C(5)-C6)-N(2) 4.0(5)

C(9)-C(8)-C(11)-0(1) -18.4(5)

C(2)-C(3)-C(12)-0(4) -4.5(5)

C(2)-C(1)-C(13)-0(5) -8.4(6)

01WA

Figure 4.12 -  Packing diagram of 19 showing a 2D hydrogen bonded sheet. Examples of atoms 

involved in hydrogen bonding are labelled. Hydrogen bonds are depicted as blue dashed bonds. 

Bipyridinium hydrogen atoms (with the exception of nitrogen bonded hydrogen atoms) are omitted

for clarity.

As can be seen in Figure 4.12, upon examination of further interactions, a 2D 
hydrogen bonded sheet is evident. Unlike what was seen in some of the structures 
discussed in previous chapters whereby carboxylic acid groups hydrogen bond through 
their well documented dimer motif, in 19, it hydrogen bonds through a catemer-like motif. 
This bond exists between the carboxylic acid oxygen atom 03 and the carboxylic acid 
oxygen atom 01 from an adjacent molecule (03 - 01 2.645(4) A). When both hydrogen
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bonds (03 -Ol and 04 - 01W) from this carboxylic acid group (03-C 12 -04 ) are 

considered together it is apparent that this group is hydrogen bonding to further groups 

in a syn-syn bonding mode. Furthermore, the solvate water molecule 01W  hydrogen 

bonds to the oxygen atom 010 from an adjacent nitrate molecule (01W  -OIO 2.799(4) 

A). These bonds form the 2D sheet that expands in the xy plane.

Figure 4.13 -  Packing diagram of 19 showing a 3D hydrogen bonded network. Hydrogen bonds 

are depicted as dashed blue bonds. Bipyridinium hydrogen atoms (with the exception of nitrogen 

bonded hydrogen atoms) are omitted for clarity.

When all hydrogen bonds are considered, as shown in Figure 4.13, it is clear that 

19 is in fact a 3D hydrogen bonded network. Figure 4.14 focuses on one section of this 

3D network in order to highlight exactly where the remaining hydrogen bond exists. The 

2D sheets link to one another through a relatively weak hydrogen bond between the 

water solvate molecule 01W  and the carboxylic acid oxygen atom 02 (01W ■ 02 

3.001 (4)A). A full list of hydrogen bonding interactions are given in Table 4.9.

01W

01 WA

Figure 4.14 -  Packing diagram of 19 highlighting how the 2D sheets further hydrogen bond to 

form the 3D network. Bipyridinium hydrogen atoms (with the exception of nitrogen bonded

hydrogen atoms) are omitted for clarity.
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Table 4.9 -  Parameters of hydrogen bonding interactions for 19 [A and °].

D -H -A d(D-H) d(H -A ) d(D--A) <(DHA)

N(1)-H(1A)-0(9) 0.82(1) 2.06(2) 2.874(4) 171(4)

N(2)-H(2)-0(9) 0.83(2) 1.94(2) 2.762(4) 168(4)

0(1)-H (1)-0(3)' 0.84(2) 1.81(2) 2.645(4) 172(4)

0(4)-H (4)-0(1W ) 0.84(2) 1.69(2) 2.531(4) 175(5)

0(1W )-H(1W 1)-0(10)" 0.84(1) 1.96(2) 2.799(4) 170(4)

0(1W )-H(1W 1)-0(8)'' 0.84(1) 2.62(3) 3.273(4) 135(4)

0(1W )-H(2W 1)-0(2)"' 0.84(1) 2.16(2) 3.001(4) 172(4)

Symmetry Codes: i = -x+1,-y+1,-z+1; ii = -x+2,y-1 /2 ,-z+3/2; Hi = -x+2,-y+1,-z+1

4.5 Conclusions.
As a result of the current study, not only have a series of novel metal complexes 

and organic molecules been synthesised, but a new experimental procedure that offers 

environmentally friendly conditions has been developed.

Firstly, the 1D coordination Cu(ll) polymer, 17, was synthesised. In the formation 

of 17 the methyl group of 4,4'-Hmcbp was oxidised to form the dicarboxylated 4,4'- 

Hdcbp ligand. This oxidation process under solvothermal conditions was then exploited 

in order to synthesise a series of carboxylate 2,2'-bipyridine organic molecules (L5 -  L7) 

from their methyl derivative molecules (LI -  L4). This new approach in the synthesis of 

these molecules presents the advantages of offering a simple synthetic procedure that 

yields pure products without requiring further purification steps, environmentally friendly 

conditions and a method by which growth of single crystals for an X-ray diffraction study 

is favoured.

Following on from this, a 3D 3-fold interpenetrated hydrogen bonded Cu(ll) 

polymer, 18, was synthesised in which one of the carboxylic acid groups of the 4,4',6,6'- 

H4tcbp molecule was decarboxylated to produce the tridentate tricarboxy 4,4',6-Htcbp 

ligand. Once again the experimental conditions that produced this ligand were exploited 

in order to develop a simple method of making this organic molecule. The closely related 

4,4',6-tcbpm molecule was produced using this method which, under normal 

experimental conditions, would be a difficult molecule to synthesise. This novel, 

potentially extremely interesting and versatile molecule with regard to its coordination
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chemistry was isolated in pure single crystal form, hence negating the need for further 

purification steps.

Although in situ solvothermal synthesis has been increasingly documented over 

the past few y e a r s , t h u s  far, to the best of our knowledge, methyl group oxidation of 

bipyridine substituted molecules has not been published and decarboxylation still 

remains a relatively rare phenomenon. To date, the processes by which oxidation and 

decarboxylation occur is still unknown. As these processes are relatively new, huge 

scope for both the development of new molecules that cannot be synthesised under 

normal conditions and for providing a new, simpler, and more efficient, route to the 

synthesis of known compounds now exists.
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Chapter Five

Structural and Spectroscopic Analysis of a Series 

of Cu(ll) I Cu(l) complexes Incorporating 4,4',6,6'< 

Tetramethyl-2,2'-Bipyridine.
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5.1 Introduction.
The overall them e of this thesis was to structurally characterise metal complexes  

incorporating bipyridyl carboxylate ligands. The novel 4,4',6,6'-H4tcbp ligand, that has 

been discussed in previous chapters, was synthesised from the 4 ,4',6 ,6'-tm bp precursor. 

An exhaustive study on the coordination chemistry of this precursor molecule has not 

been fully explored to date. For many years now electron transfer reactions involving 

C u(ll)/C u(l) centres have attracted much interest due to their great relevance to 

biologically important catalytical p r o c e s s e s . I t  has been found that coordinated 2 ,2 '- 

bipyridine ligands are distorted away from a planar configuration in [Cu(L)2]"  ̂ com plexes  

as a result of the repulsive interactions between the a - hydrogen atoms on the  

coordinating ligands. Introducing methyl groups at these positions can increase the  

dihedral angle between the coordinating ligand groups to the extent that the complex  

adopts a near tetrahedral geometry, which is thought to be favoured by Cu(l).^^®'^^^ 

McMillin et have reported the structural characterisation of three 4 ,4',6 ,6'-tm bp  

copper com plexes whereby two C u(ll) species w ere found to be five coordinate with a 

distorted trigonal bipyramindal geometry and of tetrahedral geom etry for the Cu(l) 

species. In the current study the copper coordination chemistry in combination with the  

4,4 ',6 ,6 '-tm bp ligand was further investigated by m eans of single crystal X-ray  

crystallography, UV-vis spectroscopy and cyclic voltammetry (CV).

5.2 Effect of solvent on the complexation of 4,4',6,6'- 

tetramethyl-2,2'blpyrdine with Cu(ll).
In the current study, the role that solvent plays in determining what product is 

formed was examined. For solubility reasons, the two solvent systems that were chosen 

to com pare with one another w ere methanol and acetonitrile. Furthermore, the effect of 

not only solvent but metal to ligand molar ratio on the oxidation state of the copper metal 

centre was investigated. Both solid state and solution study analysis was carried out on 

the complexes.

5 .2 .1 Reaction o f 4,4', 6 ,6 '-tmbp with Cu(ll) in methanol.

A  methanolic solution of C u(C I04 )2  and 4,4',6 ,6'-tm bp w ere reacted in a 1 :2 molar 

ratio at room tem perature. This green solution w as reduced in volum e by rotary 

evaporation and upon allowing to slowly evaporate at room tem perature, green block-
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shaped crystals suitable for a single crystal X-ray diffraction study were formed in a 63 % 

yield. The reaction was also monitored by means of a UV-vis spectroscopy 

complexiometric titration study. The green crystals were further analysed by IR 

spectroscopy. The IR spectrum was almost identical to that of the 4,4',6,6'-tmbp ligand 

with the exception of the emergence of new peaks at 1086 and 932 cm \  respectively, 

which may be attributed to the stretching frequencies of the ionic perchlorate 

counterions.^^® Furthermore, a peak at 1004 cm‘  ̂ may represent the v(CO) of a 

coordinating methanol group.

5.2.2 Crystal structure determination o f {[Cu(tmbp)2(Me0 l-i)](CI04)2 H20} (20).

The crystal structure of 20 was refined in the orthorhombic P2^2^2^ space group 

and crystallographic details are given in Table 5.1. The atomic numbering scheme and 

atom connectivity are displayed in Figure 5.1.

>
Figure 5.1 -  Molecular structure and atomic numbering scheme for 20 (Cu, dark blue; N, light 

blue; O, red; Cl, green; C, black). The uncoordinated water molecule 0 1 0  is disordered over the 

three positions, 010A , 010B  and 010C , but has been omitted for clarity. All hydrogen atoms 

bonded to the carbon atoms are omitted for clarity.
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As can be seen from Figure 5.1 a 1:2 Cu(ll) : 4 ,4',6 ,6'-tm bp complex has formed 

with both 4,4',6 ,6'-tm bp ligands chelating to the copper centre (C u l)  through their 

bidentate bipyridyl cores (N 2) with a twist about the C 5 -C 6  and C 1 9 -C 2 0  bonds of 

approximately 4  and 2°, respectively. The coordination sphere of the copper metal 

centre is completed with a methanol molecule, thereby rendering it five coordinate. Five 

coordinate com plexes may adopt square-pyramidal or trigonal-bipyramidal geometry, or 

more commonly they take on a geometric configuration that is interm ediate between the 

two. Addison, Reedijk et devised a structural index param eter (t ) in order to 

systemise these geom etries whereby for perfectly tetragonal geometry x is equal to zero  

and becomes unity for a perfectly trigonal-bipyramidal geometry. The geometric  

param eter t  may be defined as (p -  a)/60, with p being the greater of the basal angles 

and A  being the axial ligand (Schem atic 5.1). In complex 20, A, B, C, D, E and M are  

defined as the atoms 0 1 , N2, N4, N1, N3 and Cu1, respectively. The angles a and p 

w ere measured as being 108 .6(3 )° and 81.2(2)°, respectively, (N 1 -C u 1 -N 3  108.6(3)° 

and N 3 -C u 1 -N 4  81 .2 (2 )°) hence yielding a x value of 0 .46. This value infers that 

although the geometry of the structure is intermediate between the two geom etries it is 

slightly nearer to tetragonal rather than trigonal geometry.

A

B-----M— C

D
Schematic 5.1 -  A five coordinate system with M, A -  E and a as the metal centre, 

coordinating ligands and basal angle, respectively.

Two perchlorate counterions derived from the metal salt are present for charge 

balance. Finally, an uncoordinated water molecule 0 1 0  is present, which is modelled as 

being disordered over the three positions, 0 1 0 A , 0 1  OB and 0 1 OC, with an occupancy 

modelled at 33%  at each position. Hydrogen is most likely present between the 

protonated methanolic oxygen atom 0 1  and the uncoordinated water molecule 0 1 0 , but 

it cannot be definitively assigned due to the w ater molecule being disordered. Selected  

torsion angles and bond lengths are given in Table 5.2.
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Table 5.1 - Crystal data and structure refinement for 20 and 21 .

Identification code 2 0 2 1

Empirical formula CUC2 9N4 H38CI2O -10 CUN7C3 4H4 1CI2O8

Formula weight 737.07 810.18
Temperature 153(2) K 153(2) K
Wavelength 0.71073 A 0.71073 A

Crystal system Orthorhombic Monoclinic
Space group P2,2,2, P2i/c
Unit cell dimensions a = 8.6081(4) A a = 11.3317(5) A

b = 18.3770(9) A b = 25.674(1) A

c = 2 1 .2 2 2 (1 ) A c = 13.3443(5) A

Q II CO 0
0 Q II CO 0
0

) 8  = 90° )8 = 103.408(1)°

II CD 0
0 II CO 0
0

Volume 3357.1(3) A3 3776.5(3) A3
Z 4 4

Density (calculated) 1.458 mg/m3 1.425 mg/m3

Absorption coefficient 0.869 mm*"' 0.778 mm"'
Crystal size (mm) 0.18 0.24

0.17 0 . 1

0.09 0.05

Theta range for data collection 1.47 to 23.26° 1.59 to 25.00°

Reflections collected 22955 29724

Independent reflections 4830 [Rint=0.0535] 6656 [Rin,=0.0373]

Completeness to theta = 23.26° 99.7 % 1 0 0 .0 %

Max. and min. transmission 1 . 0 0 0 0  and 0.8161 1.0000 and 0.834'

Refinement method Full-matrix least-squares on p2

Data / Restraints / Parameters 4830 /1  / 359 6656 / 0 / 472

Final R indices [l>2sigma(l)] R1 = 0.0808 R1 = 0.0487

wR2 = 0.2045 wR2 = 0.1260

R indices (all data) R1 = 0.0832 R1 =0.0618

wR2 = 0.2066 wR2 = 0.1336
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Table 5.2 -  Selected torsion angles [°] and bond lengths [A] for 20.

N (1 ) -C (5 ) -C (6 ) -N (2 ) -3 .6 (10 ) C u (1 )-N (1 ) 2 .110(6 )

N (3 )-C (1 9 )-C (2 0 )-N (4 ) -2 .0 (10) C u (1 )-N (2 ) 1 .968(7)

C u (1 )-N (3 ) 2 .111(6 )

C u (1 )-N (4 ) 1 .986(7)

C u (1 )-0 (1 ) 2 .114(6 )

5 .2 .3  UV-vis spectroscopic titration o f C u (0 0 4 ) 2  with 4 , 4 6 , 6'-tmbp.

To further quantify the nature of the species in solution a complexiometric 

titration was conducted and the changes tracked by UV-vis spectroscopy. The titration 

was carried out by the addition of one equivalent of a methanolic solution of C u(C I04)2 in 

0.01 ml aliquots to two equivalents of a methanolic solution of 4,4',6,6'-tm bp. The  

spectra were recorded after each substoichiometric addition of C u(C I0 4 )2- Additions 

w ere continued until super-im posable spectra w ere obtained. As shown in Figure 5.2, 

the UV-vis absorption spectrum is indicative of complex formation by a characteristic red 

shift in the bipyridyl ligand transitions.

O ne of the main chromophores present is the aromatic bipyridyl group which 

typically undergoes n - n  transitions upon excitation. The band at 287 nm that red shifts 

upon Cu(ll) addition is representative of this transition. The  spectrum also contains two 

isosbestic points at 267 and 296  nm, which are consistent with only one species forming 

in solution and that any changes in absorbance are as a result of Cu(ll) addition. As 

confirmed by a mole ratio plot (inset in Figure 5.2), in which the change in absorbance of 

the 307 nm and 286  nm bands w ere used to dem onstrate that the resulting Cu(ll) 

complex indicates a 1:2 metal to ligand stoichiometry. These  bands w ere chosen to 

construct a mole ratio plot as they display the most significant change in absorbance 

upon Cu(ll) addition whereby the most significant increase and decrease in absorbance 

is evident at 307 nm and 286 nm, respectively. Furthermore, this stoichiometry is 

consistent with the crystal structure of complex 20, suggesting that solution and solid 

state results are coherent with one another.
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Figure 5.2 -  UV-vis titration spectrum of C u (C I04)2 and tm bp in methanol. Inset: a m ole ratio plot

taken at 307  and 28 6  nm, is also displayed

5.2.4 Reaction o f 4,4',6,6'-tmbp with Cu(ll) in acetonitrile.

An acetonitrile solution of Cu(CI04)2  and 4,4',6,6'-tmbp were reacted in a 1:2 

molar ratio at room temperature. Immediately upon mixing the solution turned a deep red 

colour. This was reduced in volume by rotary evaporation and allowed to slowly 

evaporate at room temperature. Initially red blocks crystallised out, but when all of the 

acetontrile had evaporated, only green block crystals were present. A  single crystal X- 

ray diffraction study was performed on the green block crystals. The complex was further 

characterised by means of IR spectroscopy. The two IR-active stretching frequencies of 

the perchlorate counterions were evident in the spectrum at 1073 and 936 cm \  A  very 

weak band at 2162 cm'^ may be attributed to v(CN) of a coordinating acetonitrile 

molecule.

5.2.5 Crystal structure determination of{[Cu(tm bp)2(MeCN)] (CI0 4 )2-2 MeCN} (21).

The crystal structure of 21 was refined in the monoclinic P2tlc  space group and

crystallographic details are given in Table 5.1. Figure 5.3 displays the molecular 

structure and atomic numbering scheme of 21. As can be seen from Figure 5.3, two
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4,4',6,6'-tmbp ligands are chelating to the copper metal centre through their bidentate 

bipyridyl cores (N2) with a twist about both the C 5 -C 6  and C 19-C 20  bonds of 

approximately 6°. The C u-N  distances are not equal, with the differences appearing to 

be associated with the degree of twist of the pyridine rings. A molecule of acetonitrile is 

also coordinating to the copper centre through the nitrogen atom N5, thus rendering it 

five coordinate. As anticipated by the green appearance of the crystals, the copper atom 

is in the +2 oxidation state and consequently two perchlorate anions derived from the 

metal salt are present for charge balance. A list of selected torsion angles and bond 

lengths are given in Table 5.3.

Figure 5.3 -  Molecular structure and atomic numbering scheme of 21 (Cu, dark blue; N, light 

blue; Cl, green; C, black; O, red). Bipyridyl hydrogen atoms and two non-coordinated solvent 

acetonitrile molecules are omitted for clarity.

Interestingly, HalP^  ̂ et al. synthesised a similar complex using a comparable 

synthetic method, yet in the crystal structural determination of this complex by McMillin 

et they discovered that one of the perchlorate counterions is coordinated to the 

copper metal centre rather than a molecule of acetonitrile as was found in this instance. 

In order to determine the x value. A, B, C, D, E and M were defined as the nitrogen

C1

C27

04

X

162



atom s N5, N4, N1, N3, N2 and the copper atom Cu1 respectively (Schem atic 5.1). The  

angles a and (3 were measured as being 110.8(1)° and 81 .4 (1 )°, respectively, (N 3 -C u 1 -  

N 2 110.8(1)° and N 2 -C u 1 -N 1  81 .4 (1 )°) hence yielding a x value of 0 .49 . This value  

implies that the overall geometry of the complex is almost exactly interm ediate between  

square pyramidal and trigonal bipyramidal configurations.

Table 5.3 -  Selected torsion angles [°] and bond lengths [A] for 21.

5 .2 .6 Reaction o f 4,4', 6 ,6'-tmbp with Cu(ll) in acetonitrile.

It was noted in the course of carrying out reactions of C u (C 104)2 and 4,4 ',6 ,6 '- 

tmbp in acetonitrile, that upon im m ediate mixing the solution turned a deep red colour, 

but as soon as more than 0 .5  molar equivalents of the copper salt (with respect to the  

4,4',6 ,6'-tm bp ligand) was added the solution turned a green colour. For this reason an 

acetonitrile solution of C u(C I04)2  and 4,4',6 ,6'-tm bp w ere reacted in a 1:1 molar ratio at 

room tem perature in order to determ ine what species forms when a greater molar 

equivalent of C u(C I04)2  is added. The green 1:1 metal to ligand solution (that changed  

from red to green as soon as a 0.5:1 molar ratio of metal to ligand was exceeded) was  

then reduced in volume by rotary evaporation and upon leaving to slowly evaporate at 

room tem perature green block crystals suitable for a single crystal X-ray diffraction study 

w ere formed in a 62 % yield. The reaction was also monitored by m eans of a UV-vis  

spectroscopic complexiometric titration study. An IR spectrum of the green block crystals 

displayed the characteristic perchlorate counterion stretches at 1067 and 930 cm \  A  

very w eak band at 2020  cm"* may also be representative of v(CN) of a coordinated 

acetonitrile molecule.

5 .2 .7  Crystal structure determination o f {[C u(tm bp)(M eC N )(H 20)zl(0104) 2}  (22).

The crystal structure of 22 was refined in the monoclinic P l^ /n  space group and 

crystallographic details are given in Table 5.4. The  molecular structure and atomic 

numbering schem e are displayed in Figure 5.4.

N (1 ) -C (5 ) -C (6 ) -N (2 )

N (3 ) -C (1 9 )-C (2 0 )-N (4 )

C u (1 )-N (1 )

C u (1 )-N (2 )

6 .0(4) C u (1 )-N (3 )

-5 .9 (4) C u (1 )-N (4 )

1 .987(3) C u (1 )-N (5 )

2 .088(3 )

2 .106(2 )

1 .981(3)

2 .109(3 )
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Table 5.4 - Crystal data and structure refinement for 22 and 23.

Identification code 2 2 2 3

Empirical formula C U N 3C 16H 23C I 2O 10 C 2 8 H 3 2 CICUN4 O 4

Formula weight 551.81 587.56

Temperature 153(2) K 153(2) K

Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Orthorhombic

Space group P2,!n Pbcn

Unit cell dimensions a = 9.0938(5) A a = 16.428(1) A

b = 12.2551(7) A b = 13.605(1) A

c = 19.943(1) A c = 11.9506(9) A

Q II CD 0
0 Q II CD 0
0

/S = 93.279(1)° ) 8  = 90°

00cnII II CD 0
0

Volume 2218.9(2) A3 2671.0(3) A3

Z 4 4

Density (calculated) 1.652 mg/m3 1.461 mg/m3

Absorption coefficient 1.283 mm-'' 0.960 m m '”*

Crystal size (mm) 0.4 0.15

0.37 0.09

0 . 2 0.05

Theta range for data collection 1.95 to 24.99° 1.94 to 22.49°

Reflections collected 16744 15676

Independent reflections 3 9 0 7  [ R i n , = 0 . 0 1 8 7 ] 1 7 5 3  [ R i n t = 0 . 0 5 5 4 ]

Completeness to theta = 24.99° 1 0 0 . 0  % 1 0 0 .0 %

Max. and min. transmission 1 . 0 0 0 0  and 0.8821 1.0000 and 0.7286

Refinement method Full-matrix least-squares on

Data / Restraints / Parameters 3907 /  6  /  306 1 7 5 3 / 0 / 1 7 1

Final R indices [l>2sigma(l)] R1 = 0.0323 R1 = 0.0539

wR2 = 0.0891 wR2 = 0.1440

R indices (all data) R1 = 0 . 0 3 4 2 R1 = 0.0727

wR2 = 0.0904 wR2 = 0.1569
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Figure 5.4 -  IVIolecular structure and atomic numbering scheme for 22 (Cu, dark blue; N, light 

blue; O, red; C, black; Cl, green; H, white). The blue and white dashed bond depicts a hydrogen 

bond. Bipyridyl hydrogen atoms are omitted for clarity.

As can be seen from Figure 5.4, a 1:1 Cu(ll) : 4 ,4',6 ,6'-tm bp complex has formed  

with the 4,4',6 ,6'-tm bp ligand chelating through its bidentate bipyridyl core (N 2) with a 

twist about the C 5 -C 6  bond of approximately 8°. The Cu(ll) metal centre is five 

coordinate, with two cis coordinated water molecules, 0 1 W  and 0 2 W , and an 

acetonitrile molecule (coordinating through the nitrogen atom N3) completing the copper 

coordination sphere. In order to determ ine the x value, A, B, C, D, E and M w ere defined 

as the atoms N3, N1, 0 1 W , N2, 0 2 W  and C u l, respectively (Schem atic 5.1). The  

angles a and p w ere measured as being 100 .12(8)° and 85.35(8 )°, respectively, (N 2 -  

C u 1 -0 2 W  100 .12(8)° and 0 1 W -C u 1 -0 2 W  85.35(8 )°) hence yielding a x value of 0.25. 

This infers that although it does not reflect perfectly tetragonal geometry it is more 

similar to tetragonal rather than trigonal geometry.

It is immediately apparent that the copper centre is in the +2 oxidation state with 

two perchlorate counterions present for charge balance. A  hydrogen bond is also 

present within the asymmetric unit between the coordinated w ater molecule 0 2 W  and
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the perchlorate oxygen atom 0 4  (02W ■■■ 0 4  2.737(3) A). Selected torsion angles and 

bond lengths are displayed in Table 5.5.

Table 5.5 -  Selected torsion angles [°] and bond lengths [A] for 22.

N (1)-C (5)-C (6)-N (2) 7.8(3) Cu(1)-N(3) 2.007(2)

Cu(1)-N(1) 1.975(2) Cu(1)-0(1W ) 1.956(2)

Cu(1)-N(2) 2.180(2) Cu(1)-0(2W ) 1.985(2)

Figure 5 .5 -  Packing diagram of 22 showing 1D hydrogen bonded chains. Hydrogen bonds are 

depicted as blue dashed lines. Examples of atoms involved in hydrogen bonds are labelled. 

Bipyridyl and acetonitrile hydrogen atoms are omitted for clarity.

Upon expansion of the asymmetric unit to examine further hydrogen bonding, as 

shown in Figure 5.5, it is evident that 22  is a ID  hydrogen bonded chain. This chain is 

formed as a result of a series of hydrogen bonds between the coordinated water 

molecule 0 1W  and the perchlorate oxygen atoms 01 and 0 8  (01W  - 01 2.806(3) A and 

01W  - 0 8  2.787(3) A) and the coordinated water molecule 02W  and the perchlorate 

oxygen atom 0 8  (02W  - 0 8  2.914(3) A). Figure 5.6 displays the hydrogen bonded chain 

between the perchlorate oxygen atoms and the coordinated water molecules viewed 

expanding along the crystallographic x axis. Details of all hydrogen bonding interactions 

are given in Table 5.6.
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Figure 5.6 -  Hydrogen boned chains in 22 formed by the interaction of the coordinated water 

molecules 0 1 W  and 0 2 W  and the perchlorate counterions.

Table 5.6 -  Parameters of hydrogen bonding interactions for 22 [A and °].

D-H A d(D-H) d(H-A) d(D^A) <(DHA)

0(2W)-H(1W2)- •0(8)' 0.78(2) 2.18(2) 2.914(3) 158(3)
0(1W)-H(1W1)- •0(8)'' 0.80(2) 2.00(2) 2.787(3) 169(3)

0(1W )-H (2W 1)-0(1)'" 0.82(2) 2.00(2) 2.806(3) 169(3)

0(2W)-H(2W2)- •0(4) 0.79(2) 1.95(2) 2.737(3) 172(3)

Symmetry Codes: I = x-1/2,-y+3/2,z-1/2, ii = -x+3/2,y+1/2,-z+1/2, IN = -x+2,-y+2,-z.

5.2.8 Reaction of Cu(CI04)2 with 4,4', 6,6 '-tmbp.

An acetonitrile solution of Cu(CI04)2  and 4,4',6,6'-tmbp were reacted in a 1:2 

molar ratio at room temperature in order to isolate the species that contributes to 

producing a deep red coloured solution and to investigate if this species is the Cu(l) 

species characterised by McMillin et Immediately upon mixing the solution turned a 

deep red colour. This was reduced in volume by rotary evaporation and upon leaving to 

slowly evaporate at room temperature, red block crystals formed that were suitable for a 

single crystal X-ray diffraction study. These crystals lost single crystallinity and turned 

green in the absence of solvent or the oil used for mounting the crystals in the diffraction 

study.

5.2. 9 Crystal structure determination of {[Cu(tmbp)J(0 0 )4} (23).

It was found that the crystal structure was the same as that reported by McMillin 

et al.,^̂  ̂despite differing reaction conditions. McMillin isolated this product by reducing a
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Cu(tm bp)2(C I04)2  species with ascorbate in acetone in order to produce the Cu(l) 

species. In the synthesis exploited in this current work, it was found that ascorbate was  

not needed but rather synthesis of a particular product could be controlled by m eans of 

solvent and metal to ligand stoichiometry. The crystal structure of 23 was refined in the 

orthorhombic Pbcn space group and crystallographic details are given in Table 5.4. 

Figure 5.7 displays the molecular structure and atomic numbering schem e of 23. Once  

again, two 4,4',6,6'-tm bp ligands are chelating to the copper metal centre through their 

bidentate bipyridyl core (N 2) with a twist about both the C 5— C 6 and C 5A — C 6A  bonds of 

approximately 6°, hence rendering the environment of the copper centre a distorted 

tetrahedron. As anticipated by the deep red colour of the crystals, the copper metal 

centre has been reduced to the copper +1 oxidation state and accordingly one 

perchlorate counterion is present for charge balance. Within the asymmetric unit the  

copper metal is modelled at being 50 % occupancy as it is lying on a 2-fold rotation axis 

and therefore, the two 4,4 ',6 ,6 '-tm bp ligands are related to one another by a 71 rotation 

about the copper centre. Selected bond lengths and torsion angle are given in Table 5.7.

Figure 5.7 -  Molecular structure and atomic numbering scheme for 23 (Cu, dark blue; N, light 

blue; Cl, green; O, red; C, black), Bipyridyl hydrogen atoms are omitted for clarity.

The perchlorate counterion oxygen atoms are disordered over two positions with

Cl

C11A
C10A

C14A

C13A

C12A
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the oxygen atoms 0 1 , 0 1  A, 0 2 , 0 2 A  and 0 1 ’, 0 1 ’A, 0 2 ’, 0 2 ’A  (their disordered 

counterparts) being modelled at 77  % and 33 % occupancy, respectively. This was the 

best fit model that could be obtained despite the fact that the bond lengths and angles 

between the chlorine and oxygen atoms at the two positions of the perchlorate anion are  

not those of an ideal tetrahedral geometry.

The differing oxidation state of 23 in comparison with 22 must be a consequence  

of the reaction stoichiometry as this was the only variable between the two reaction 

conditions. Furthermore, the crystals of 23 lost single crystallinity in the absence of 

solvent. If it was taken out of the mother liquor, the crystals turn a green colour after a 

short period of time.

Table 5.7 -  Selected torsion angle [°] and bond lengths [A] for 23.

5 .2 .1 0  UV-vis titration o fC u (C I04)2  witti 4,4',6,6'-tm bp.

To further quantify the nature of the reaction of C u (C I04)2  and 4,4',6 ,6'-tm bp in 

acetonitrile, a UV-vis spectroscopy complexiometric titration experim ent was carried out. 

The titration was carried out by the addition of one equivalent of an acetonitrile solution 

of C u (C 104)2 in 0.01 ml aliquots to two equivalents of an acetonitrile solution of 4 ,4 ',6 ,6 '- 

tmbp. A  UV-vis spectrum w as recorded after each successive addition of C u(il) and the  

titration profile is displayed in Figure 5.8. The UV-vis absorption spectrum is indicative of 

complex formation by a characteristic red shift in the bipyridyl ligand transitions.

N (1 ) -C (5 ) -C (6 ) -N (2 )

C u (1 )-N (1 )

C u (1 )-N (2 )

-6 .5 (6)

2 .059(4 )

2 .053(3 )
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Figure 5 .8  -  UV-vis titration spectrum of C u (C I04 )2  and 4 ,4 ',6 ,6 '-tm b p  in acetonitrile. Inset;

M ole ratio plots at 308, 27 3  and 2 4 6  nnn, are also displayed.

Once again one of the chromophore groups present in the complex is that of the 

aromatic bipyridyl group within the 4,4’,6,6'-tmbp ligand which typically undergoes n - n  

transitions upon excitation. The band at 287 nm that red shifts upon Cu(ll) addition is 

representative of this transition. Of the two isosbestic points at 263 and 298 nm, present 

within this spectrum, the former shifts slightly during the titration suggesting that there 

may not be only one species forming in solution. Furthermore, a ligand peak at 246 nm 

that diminishes upon Cu(ll) addition begins to grow after fifteen aliquots of Cu(ll) has 

been added. A mole ratio plot of the maxima and minima of the peaks at 308 and 273 

nm, respectively, suggests that a 2:1 4,4',6,6'-tmbp : Cu complex has formed. At this 

metal to ligand stoichiometric ratio the graph plateaus, suggesting that this species is 

stable in solution and undergoes no further change. Conversely, a mole ratio plot of the 

peak at 246 nm yields a bell shaped curve that changes at a ratio of 2:1 4,4',6,6'-tmbp : 

Cu, suggesting that this complex is not stable in solution and does in fact undergo 

further change. This result was not surprising, as upon addition of Cu(ll) to 4,4',6,6'-tmbp 

the solution is a deep red colour initially and changes to a green colour after a ratio of
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2:1 4,4',6,6'-tmbp : Cu is reached. This infers that initially the Cu(ll) reactant is reduced 

to form a Cu(l) complex (deep red), which further oxidises to form a Cu(ll) species after 

a molar ratio of 2:1 4,4',6,6'-tmbp : Cu is achieved. If this is the case then a MLCT band 

should be present at approximately 450 -  550 nm (as a result of promotion of an 

electron from the 3d orbitals of the copper to the ligand low lying n orbitals), 

representing the Cu(l) complex, which should then disappear as the Cu(ll) species is 

f o r m e d . I n  order to verify this, the titration was carried out at a higher concentration 

in order to examine any MLCT bands that may be present.

0.5
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Figure 5 .9  -  UV-vis titration spectrum of C u (C I04 )2  and 4 ,4 ',6 ,6 '-tm bp  in acetonitrile.

Inset: A  mole ratio plot taken at 522  nm, is also displayed.

This time the titration was carried out by the addition of one equivalent of an 

acetonitrile solution of Cu(ll) in 0.01 ml aliquots to one equivalent of an acetonitrile 

solution of 4,4',6,6'-tmbp and was followed in the visible region of the spectrum. As 

predicted, initially upon Cu(ll) addition a MLCT band grows at 522 nm but after a molar 

ratio of 2:1 4,4',6,6'-tmbp : Cu is reached this MLCT bands begins to disappear. A mole 

ratio plot of this peak yields a bell shaped curve. At a maximum of 0.5 (representing the 

2:1 4,4',6,6'-tmbp : Cu(l) species) the curve changes direction until it reaches 1.0, at
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which point it plateaus (representing the 1:1 4,4',6,6'-tmbp : Cu(ll) species). These 

results are also consistent with the solid state crystal structures, 22 and 23 .

5.2.11 Electrochemical studies o f 23.

Electrochemical measurements were carried out on complex 23 using the three 

electrode configuration of a glassy carbon working electrode, platinum wire counter 

electrode and a Ag/AgCI reference electrode in a 0.1 M acetonitrile solution of TBAP 

(tetrabutyl ammonium perchlorate) with a scan rate of 0.02 V/s. The spectrum obtained 

(Figure 5.10) shows a one electron quasireversible process, which may be attributed to 

the Cu(l)/Cu(ll) redox couple. The mean value of the peak potentials for oxidation (Epa) 

and reduction (Epc) are 0.6907 V and 0.5975 V, respectively, with a peak separation 

value (AEp) of 93 mV. The formal potential of the electrode process (E°) of the system is 

0.29 V (with the potential reported with reference to that for the ferricenium-ferrocene 

couple in the same solvent). Upon comparison with a similar system, [Cu(6,6'-dimethyl- 

2 ,2 '-bipyridine)2]CI04 with a redox potential value of 0.34 V by Takagi et it appears 

that addition of two methyl groups at the 4 and 4' positions results in an easier redox 

process.
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2.00E-05 -

-2.00E-05 -

3o -4.00E-05 -

-6.00E-05

-8.00E-05 -

-1.00E-04
0.880.830.780.730.680.630.580.530.48

Potential I V

Figure 5.10 -  Cyclic voltammetric scan of 23.
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5.3 Effect of metal salt on complexatlon of 4,4',6,6'-tetramethyl- 

2,2'-bipyrldine with Cu(ll).
To follow on from the study of how solvent and metal to ligand stoichiometry can 

influence both the oxidation state of the copper metal centre and the product ultimately 

formed, it was further investigated to see if the salt of the metal could affect either of 

these factors. The metal salts chosen to compare with the perchlorate salt discussed 

thus far, were the triflate salt and the potentially coordinating acetate and nitrate salts.

5.3.1 Reaction o f 4,4',6,6'-tmbp with Cu(0Ac)2in acetonitrile.

An acetonitrile solution of Cu(0Ac)2 and 4,4',6,6'-tmbp were reacted in a 1:2 

molar ratio at room temperature. The green solution was reduced in volume by rotary 

evaporation, followed by slow evaporation at room temperature to produce green block 

crystals suitable for a single crystal X-ray diffraction study in a 43 % yield. There was no 

evidence of a deep red colour (indicative of a Cu(l) species) at any stage in the reaction. 

An IR spectrum displays the stretching frequencies at 1586 and 1375 cm \  Va(COO) and 

Vs(COO), respectively. This may be attributed to a unidentate binding acetate group with 

a peak separation value (A) of 211 cm \

5.3.2 Crystal structure determination of [Cu(tmbp)(0Ac)2] (24).

The crystal structure of 24 was refined in the monoclinic C2/c space group and 

crystallographic details are given in Table 5.8. The atomic numbering scheme and 

atomic connectivity are displayed in Figure 5.11. Once again the 4,4',6,6'-tmbp ligand is 

chelating to the copper metal centre through its bipyridyl bidentate core (N2) with a twist 

about the C1-C1A bond of ~6°. The coordination sphere of the copper metal Cul is 

completed with two monodentate acetate molecules, rendering it four coordinate in a 

square planar geometry. As the copper centre (Cul) is lying on the C2 axis parallel to 

the unique axis b, the asymmetric unit only contains half the molecule, with each half 

relating to one another by a ;r rotation. Selected torsions angles and bond lengths are 

displayed in Table 5.9. Despite carrying out the reaction in a 2:1 ligand to metal molar 

ratio in acetonitrile a 1:1 Cu(ll) : 4,4',6,6'-tmbp complex has formed. As a red colour, 

indicative of a Cu(l) species, was not observed at any stage, use of the acetate metal 

salt, rather than the perchlorate metal salt, appears to inhibit the possibility of reducing 

the copper metal centre to Cu(l).
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Table 5.8 - Crystal data and structure refinement for 24 and 25.

Identification code 24 25
Empirical formula CUN2C18H22O4 CU2N12C56H657O12

Formula weight 393.92 1239.59
Temperature 153(2) K 153(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic
Space group C2/C P-1
Unit cell dimensions a = 16.257(1) A a = 13.5189(7) A

b = 8.5021(6) A b = 14.9268(7) A
c = 13.621(1) A c = 15.3659(8) A

Q II CO 0
0 a = 72.501(1)°

)8= 110.294(1)° /S = 75.219(1)°
/= 9 0 ° K= 76.815(1)°

Volume 1765.8(2) A3 2820.6(2) A3
Z 4 2
Density (calculated) 1.482 mg/m^ 1 .460 m g / m 3

Absorption coefficient 1.262 mm‘ "1 0.829 mm-1
Crystal size (mm) 0.15 0.27

0 . 1 2 0.16
0.09 0 . 1 0

Theta range for data collection 2.67 to 25.00° 1.42 to 30.45°
Reflections collected 6732 31011
Independent reflections 1554[Rint=0.0241] 15548[Rin,=0.0283

Completeness to theta = 25.00° 1 0 0 . 0 % 90.6%
Max. and min. transmission 1.0000 and 0.7733 1.0000 and 0.834^
Refinement method Full-matrix least-squares on F^
Data / Restraints / Parameters 1554/0 /  114 15548/0/757

Final R indices [l>2sigma(l)] R1 = 0.0465 R1 = 0.0600
wR2 = 0.1246 wR2 = 0.1571

R indices (all data) R1 =0.0512 R1 = 0.0929
wR2 = 0.1297 wR2 = 0.1782
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Figure 5 . 1 1 -  Molecular structure and atomic numbsring scheme of 24 (Cu, dark blue; N, light 

blue; O, red; C, black). Bipyridyl hydrogen atoms are omitted for clarity.

Table 5.9 -  Selected torsion angles [°] and bond lengths [A] for 24.

N (1 )-C (1 )-C (1 A )^ N (1 A ) 6 J 3

C u (1 )-N (1 ) 2 .022(3 )

C u (1 )-0 (1 )  1 .968(2)

5 .3 .3  Reaction o f 4 ,4 ',6 ,6 -tm bp  with C u (N 03)2  in acetonitrile.

An acetonitrile solution of C u (N 03)2  and 4 ,4',6 ,6'-tm bp w ere reacted in a 1:2 

molar ratio at room tem perature. This green solution was then reduced in volume by 

rotary evaporation and upon leaving to slowly evaporate at room tem perature green  

block-shaped crystals suitable for a single crystal X -ray  diffraction study were formed in 

a 42 % yield. An IR spectrum displayed stretching frequencies at 1449, 1336 and 1006  

cm'^ (with separation of 113 cm'^ between the two highest frequency bands), which are 

indicative of a unidentate binding nitrate molecule.^^®

5.3 .4  Crystal structure determination o f {[Cu(tmbp)2(N 03 ) ](N 03 )  H 20} (25).

The crystal structure of 25 was refined in the triclinic P-1 space group and 

crystallographic details are given in Table 5.8. The  atomic numbering schem e and 

atomic connectivity are displayed in Figure 5.12. In 25 the asymmetric unit contains two
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copper metal centres (Cu1 and Cu2), that appear identical, but on closer inspection 

differ slightly in the bond distances and angles about the metal centres. In both metal 

environments two 4,4',6,6'-tmbp ligands are chelating to the copper metal centres Cu1 

and Cu2 through their bidentate bipyridyl cores (N2). The five coordinate copper 

environments are completed with monodentate nitrate molecules coordinating through 

their oxygen atoms 01  and 04 .

05

C52 CSZ
N10

C49I
06 04

N9C48l

C4(
C46 N8 C3

C3:C55I C4‘

C32C44

01W01

tC25C13 C23012 C24
C4ci: C7 lC3 C26

X22
C14

C21C t
C11 Cu

C19
N3<

03
C18

C28< C I 1 C17
021

C27

Figure 5.12 -  Asymmetric unit and atomic numbering scheme for 25. Bipyridyl hydrogen atoms

are omitted for clanty.

In order to determine the x value for the discrete unit involving the Cu1 metal 

centre, A, B, C, D, E and M were defined as the atoms 0 1 , N2, N3, N1, N4 and C u l, 

respectively (Schematic 5.1). The angles a  and p were measured as being 107.34(9)° 

and 81.44(9)°, respectively (N 1 -C u 1 -N 4  107.34(9)° and N 3 -C u 1 -N 4  81.44(9)°) hence 

yielding a x value of 0.43. This suggests that although the geometry of the complex is 

intermediate between square pyramidal and trigonal bipyramidal, tetragonal geometry is 

slightly favoured. For the discrete unit involving the Cu2 metal centre. A, B, C, D, E and 

M were defined as the atoms 0 4 , N9, N7, N8, N6 and Cu2, respectively, with a  and p
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measured as being 108.04(9)° and 81.36(9)°, respectively (N8-Cu2-N6 108.04(9)° and 

N9-Cu2-N8 81.36(9)°). This yields a z value of 0.44 suggesting that this unit is almost 

identical to the Cul unit. Selected torsion angles and bond lengths for 25 are presented 

in Table 5.10.

Table 5.10 -  Selected torsion angles [°] and bond lengths [A] for 25.

N(1)-C(5)-C(6)-N(2) 7.5(4) N(6)-C(33)-C(34)-N(7) -7.7(3)

N(3)-C(19)-C(20)-N(4) -2.1(4) N(8)-C(47)-C(48)-N(9) -1.5(4)

Cu(1)-N(1) 2.155(2) Cu(2)-N(6) 2.137(2)

Cu(1)-N(2) 1.988(2) Cu(2)-N(7) 1.990(2)

Cu(1)-N(3) 1.979(2) Cu(2)-N(8) 2.091(2)

Cu(1)-N(4) 2.086(2) Cu(2)-N(9) 1.972(2)

Cu(1)-0(1) 2.050(2) Cu(2)-N(4) 2.060(2)

5.3.5 Reaction o f 4,4',6,6'-tmbp with Cu(CF3S0 3 )2  in acetonitrile (26).

An acetonitrile solution of Cu(CF3S0 3 )2  and 4,4',6,6'-tmbp were reacted in a 1:2 

molar ratio at room temperature. Immediately upon mixing a deep red colour, indicative 

of a Cu(l) species was observed. The red solution was reduced in volume by rotary 

evaporation and then left to slowly evaporate at room temperature. Red block crystals 

were produced, but upon conduction of a single crystal X-ray diffraction study, they were 

found to both diffract weakly and be non-merohedrally twinned. Consequently, a full X- 

ray diffraction analysis could not be carried out. Further attempts to grow better crystals 

proved unsuccessful. Preliminary work on solving the crystal structure proved it to be a 

four coordinate 2:1 ligand to metal complex similar to the Cu(l) complex 23 . It appeared 

that one triflate counterion was present for charge balance, but this could not be 

conclusively determined. ESMS showed a peak at 487.2 m/z, which is indicative of a 

four coordinate Cu(l) [Cu(tmbp)2]̂  ̂ complex. Further solid state measurements could not 

be performed on the complex, as in the absence of the mother liquor (acetonitrile) or the 

oil used for mounting the crystals in crystallographic measurements, the crystals 

changed from being red in colour to becoming green, indicative of a Cu(l) species 

oxidising to a Cu(ll) species.

177



5.3.6 Electrochemical studies o f 26.

Electrochemical measurements were carried out on complex 26 using the three 

electrode configuration of a glassy carbon working electrode, platinum wire counter 

electrode and a Ag/AgCI reference electrode in a 0.1 M acetonitrile solution of TBAP 

(tetrabutyl ammonium perchlorate), with a scan rate of 0.02 V/s. The spectrum obtained 

(Figure 5.13) shows a one electron quasireversible process which may be attributed to 

the Cu(l)/Cu(ll) redox system. The mean value of the peak potentials for oxidation (Epa) 

and reduction (Epc) are 0.751 V and 0.664 V, respectively, with a peak separation value 

(AEp) of 87 mV. The formal potential of the electrode process (E°) of the system is 0.36 

V (with the potential reported with reference to that for the ferricenium-ferrocene couple 

in the same solvent). Upon comparison of the formal potentials of complexes 23 and 26, 

when triflate counterions replace perchlorate counterions, the redox process is slightly 

more difficult.
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Figure 5.13 -  Cyclic voltammetric scan of 26.
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5.4 Conclusions.
A series of copper (Cu(l) and Cu(ll)) complexes with the bidentate bipyridyl 

ligand 4,4',6,6'-tmbp have been successfully synthesised and characterised using IR 

spectroscopy, UV-vis spectroscopy, single crystal X-ray diffraction and cyclic 

voltammetry. A series of complexes were prepared in order to display the significant 

roles that solvent, reaction stoichiometry and counterion play in producing the series of 

related copper complexes.

It was found that solvent played a significant role in determining both the 

oxidation state and coordination sphere of the copper metal centre. In the presence of 

methanol, a 2:1 ligand to metal (Cu(ll)) complex (20) was produced. The reduction of 

Cu(ll) to Cu(l) was not observed at any point in the reaction. Furthermore, a methanol 

molecule coordinated to the metal centre rendering it five coordinate. This reaction was 

monitored by UV-vis spectroscopy, which further verified the formation a 2:1 ligand to 

metal complex.

When acetonitrile was used in place of methanol, three complexes were isolated 

(21, 22 and 23). When a 2:1 ligand to metal molar ratio was utilised, the Cu(ll) metal 

centre was spontaneously reduced to Cu(l) producing a four coordinate 2:1 ligand to 

metal (Cu(l)) complex (23). When the Cu(l) complex, 23, crystals were removed from the 

acetonitrile solution, they gradually lost single crystallinity and changed from a red colour 

to green. Interestingly, a third complex was isolated when the stoichiometry of the 

reaction was altered. Once the Cu(ll) reactant metal salt was used in a greater molar 

equivalent than 0.5 (with respect to the ligand), the colour of the solution immediately 

began to change from a deep red colour to a green colour, indicating that the Cu(l) 

complex was oxidising to a Cu(ll) complex. This third complex (22) was isolated by 

carrying out the reaction in a 1:1 metal to ligand molar ratio in acetonitrile, to yield a five 

coordinate 1:1 ligand to metal complex in which two water molecules and one 

acetonitrile molecule completed the coordination sphere of the Cu(ll) metal centre. The 

reaction of Cu(ll) with 4,4',6,6'-tmbp in acetonitrile was monitored by UV-vis 

spectroscopy. At a high concentration, a MLCT band indicative of a Cu(l) species 

(complex 23) was evident until a 2:1 ligand to metal molar ratio was reached. Upon 

further addition of Cu(ll), the MLCT band gradually diminished until a 1:1 ligand to metal 

molar ratio was reached (complex 22). Cyclic voltammetry studies of 23 displayed 

quasireversible single electron redox behavior.

Furthermore, the formation of a particular product was found to be sensitive to 

the Cu(ll) metal salt used. When the perchlorate metal salt was replaced by acetate, 

nitrate or triflate the complexes 24, 25 and 26, respectively, were produced. Acetate was
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found to coordinate to the Cu(ll) metal centre in a unidentate fashion. Reduction of the 

copper centre to Cu(l) was not observed at any point in this reaction. Interestingly, this 

was the only four coordinate Cu(ll) complex produced in this series of reactions. 

Likewise, when the nitrate salt was utilised, reduction of the metal centre to Cu(l) was 

not observed at any point and this anion was also found to bind to the Cu(ll) centre in a 

unidentate mode. When the triflate salt was employed, the spontaneous reduction of the 

metal centre to Cu(l) was immediately observed. Although a full single crystal X-ray 

diffraction study was not carried out on this complex, it was evident from a preliminary 

crystallographic study and an ESMS spectrum that a 2:1 ligand to metal four coordinate 

complex was synthesised. Cyclic voltammetry studies on this complex proved it to also 

display single electron, quasireversible redox behaviour.
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Chapter Six

Materials and Methods.
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6.1 Materials and methods.

6.1.1 Reagents.

All chemicals and solvents were of reagent grade (unless stated) and purchased 

from Aldrich Chem. Co. Ltd., Fluka Chemika-Biochemica (U.K.), Lancaster Synthesis 

Ltd. or local solvent suppliers, and were used as received. Water was deionised before 
use.

6.1.2 Elemental analysis.

Elemental Analysis was carried out at University College, Dublin by Ms. Ann 

Connelly using a Carlo Erba 1006 automatic analyser. Expected error range C, N ± 
0.3%,

H ± 0.5%

6.1.3 Nuclear magnetic resonance spectroscopy.

NMR spectra were recorded on a Bruker DPX 400 machine operating at 

400.14 MHz for and 100.14 MHz for ^̂ C by either Dr. John O’Brien or Dr. Manuel 

Ruether. Samples were run in deuterated solvents and are listed for each spectrum. 

Standard abbreviations for spectra; s, singlet; d, doublet; t, triplet, m, multiplet; br, broad.

6.1.4 Infrared spectroscopy.

Infrared spectra were recorded in the range 4000 -  650 cm'^ on a Perkin Elmer 

Spectrum One FTIR spectrometer using either a universal ATR sampling accessory or a 

diffuse reflectance sampling accessory. Alternatively, infrared spectra were recorded in 

the range 4000 -  400 cm'^ on a Mattson Gensis II FTIR. Samples were run as 8 mm 

diameter potassium bromide pellets prepared under vacuum. The following 

abbreviations were used to describe the intensities: vs, very strong; s, strong; m, 

medium; w, weak; vw, very weak; sh, shoulder; br, broad; vbr, very broad. Peak 

assignment was allocated with reference to K. Nakamoto^^® and G. B. Deacon and R. J. 

Phillips.^"®

6.1.5 Thermogravimetric Analysis (TGA).

Thermogravimetric analysis were carried out by the candidate with the 

assistance of Trevor Woods (Trinity College, Dublin) on a MettlerTC 11 system using an
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open aluminium crucible. Sample weights were approximately 5 mgs and the heating 

rate was 10 °C per minute.

6.1.6 Single crystal X-ray diffraction.

X-ray data collection for all the crystals were performed by Dr. Sandrine Goetz 

and Dr. Paul Jensen at Trinity College, Dublin, with a Bruker SMART APEX CCD 

diffractometer. Structure determination and final refinement were performed by the 

candidate, with assistance provided by Dr. Sandrine Goetz where necessary.

The diffractometer utilised graphite-monochromated Mo-Ka radiation (A, =  

0.71073 A). The omega scan method was used to collect either a full sphere or 

hemisphere of data for each crystal with detector-to-crystal distance of either 5 or 6 cm 

at a temperature of 153 K. Data were collected, processed, and corrected for Lorentz 

and polarisation effects using SMART^^® and SAINT-NT^^^ software. Absorption 

corrections for single crystals were applied using SADABS.^^® The structures were 

solved using either Patterson or direct methods and refined against all values data 

with the SHELXTL program package.^^® Data for non-merohedral twinned crystals were 

indexed using the GEMINI program^^® rather than the usual SMART routine. The 

twinned data were processed using the twin output option of SAINT (version 6.45)^^  ̂and 

corrected for absorption using TWINABS.^"*” The twinned structures were solved as for 

the single crystals using HKLF4 data for a single domain containing overlap but were 

successfully refined on HKLF5 data with the required number of BASF (twin component) 

parameters.

All non-hydrogen atoms were refined anisotropically except for some atoms 

which were “non-positive definite” and thus refined isotropically or their isotropic thermal 

parameters were fixed when too high. Hydrogen atoms (excluding water, hydronium ion, 

alcohol and carboxylic acid groups) were assigned to calculated positions using a riding 

model with appropriately fixed isotropic thermal parameters. Water, hydronium ion, 

alcohol and carboxylic acid group hydrogen atoms, however, were located from 

difference maps and their positions refined with 0 -H  distance restraints (DFIX, SAME, 

SADI) and isotropic thermal parameters fixed at 1.5 times that of the adjoining oxygen 

atom. Hydrogen atoms of some disordered molecules were not added.
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6.1.7 Solvo(hydro)thermal synthesis.

Solvothermal synthesis was carried out using a Parr Instrument Company Series 

4760/4765 general-purpose digestion bomb employing two different Teflon® inserts 

(45ml and 23ml). Maximum loading of the insert was dependent on reagents but a 

typical volume of 6 -  8 ml was used. The heating cycles are specified for each reaction 

and were performed in a Carbolite PF200 programmable oven with a Eurotherm 2408CP 

temperature controller.
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Figure 6.1 -  Graphical representation of a heating typical cycle used in solvothermal reactions.

Figure 6.2 - Photograph of the outside (left) and inside (right) of a sealed Parr Instrument general-

purpose acid digestion bomb.
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6.1.8 Electrochemical analysis.

Electrochemical measurements were performed on a CH Instruments Model 440 

potentiostat. The system contains a fast digital function generator, high speed 

acquisition circuitry and a galvanostat. The potential control range of the instrument is ± 

10 mV and the current range is ± 250 mA. The cell consists of a working vessel, three 

electrodes (glassy carbon working electrode, Ag/AgCI reference electrode and platinum 

wire counter electrode) and a 0.1 M electrolyte solution (TABP -  tetrabutylammonium 

perchlorate in HPLC grade acetonitrile). A cell-top with holes for the electrodes sealed 

the vessel and a nitrogen atmosphere was maintained above the electrolyte surface at 

all times. Before each experiment, this solution was purged for fifteen minutes using 

nitrogen.

6.1.9 Ultraviolet Visible Spectroscopy.

UV-vis spectra were recorded in the range 800 -  200 nm on a Cary 300 Scan 

spectrophotometer at 20 °C using quartz cells of 1 cm path length. Titrations were 

earned out on a 2 ml portion of particular concentration of ligand, to which 

substoichiometric quantities of the chosen metal salt were added. The titration procedure 

involved recording a UV-vis spectrum of the ligand, adding an aliquot of metal solution to 

the cuvette and mixing thoroughly. A UV-vis spectrum was then recorded. This 

procedure was continued until super-imposable spectra were obtained.

6.1.10 Electrospray Mass Spectrometry.

Electrospray mass spectrometry was carried out on a Micromass LCT 

electrospray mass spectrometer by Dr. Martin Feeney. Samples were dissolved in HPLC 

grade solvent at a concentration of ~2 ng/L. Spectra were reported in the following 

manner: m/z and assignment.
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6.2 Experimental.

6.2.1 Chapter 2

6.2.1.1 Synthesis of 4,4',Q,6, -tetramethyl-2,2 -bipyridine (1).̂ ^̂

2,4-Lutidine (40 ml) and Pd / 10% C (5 g) were refluxed for 3 

days. Toluene (40 ml) was added and it was further refluxed for
5

1V2 hours. The palladium catalyst was filtered off whilst hot and

was washed with hot toluene (2 x 30 ml). The filtrate was left to

cool and evaporated to almost dryness on the rotary evaporator to produce a yellow 

solid. This was dissolved in hot ethyl acetate (20 ml) and left to cool. The large 

colourless crystals produced were filtered and left to dry under vacuum. These crystals 

were suitable for a single crystal X-ray diffraction study.

Yield 21 %. IR: 2920(w), 1598(s), 1566(m), 1443(m), 1399(m), 1371(m), 1277(w),

1185(m), 1038(m), 992(w), 943(m), 898(w), 856(s), 761 (m) c m \

'H NMR (CDCI3 , 400 MHz): 5 8.01 (s, 2H, H3). 5 7.00 (s, 2H, H5), 8  2.61 (s, 6 H, C-H3), 5 

2.40 (s, 6 H, C-H3).

Expected for 1: C, 79.2; H, 7.6; N, 13.2 %. Found: C, 78.9; H, 7.44; N, 13.28 %.

ESMS: 213.14 m/z.

6.2.1.2 Synthesis of 4,4',6,6, -tetracarboxy-2.2-bipyridine

4,4',6 ,6 ,'-Tetramethyl-2,2'-bipyridine (1 g ; 0.0047 mol) 

was added to concentrated sulphuric acid (50 ml) with 

vigorous stirring. Potassium dichromate (8.3 g ; 0.028 

mol) was added very slowly while maintaining the
67 N N------- ( 6

Q /  \ __ Q temperature between 70 and 80 °C. If the temperature

OH HO went above 80 °C, the flask was cooled in an ice-bath.

Once all the potassium dichromate was added, it was left stirring until the temperature 

had fallen below 40 °C. The green solution was poured into ice water (320 ml) and the 

white solid formed was filtered off. It was then washed with deionised water until the 

washings were colourless and the solid was left to dry under vacuum.

The white solid was further purified by refluxing it in 50 % nitric acid (70 ml) for 4 hours. 

The mixture was poured over ice and diluted with water (500 ml). It was then cooled to 5
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°C, filtered and the solid was washed with water (5 x 25 ml) and acetone ( 2 x 1 5  ml). 

This was left to dry under vacuum.

Yield 63 %. IR; 3114(w), 2427(m, br), 1887(m, br), 1705(s, br), 1604(m), 1562(m), 

1459(m), 1364(m), 1281(s), 1265(s), 1239(s), 1140(m), 1070(m), 1011(s), 992(w), 

913(m), 865(m), 822(m), 765(s), 721 (m), 679(s), 662(m) c m \

Expected for 4,4',6,6'-H2tcbp-2V2H20; C, 44.57; H, 3.47; N, 7.43 %. Found: C, 44.6; H, 

3.02; N, 7.41 %.

In order to obtain more characteristic data on the ligand, the sodium salt, 4,4',6,6'- 

Na4 tcbp, was prepared to increase solubility. This was achieved by dissolving 4,4',6,6'- 

H 2 tcbp in 4 equivalents of an aqueous NaOH solution, which was then evaporated to 

dryness on the rotary evaporator and dried under vacuum to produce the white salt. 

Furthermore, crystals suitable for a single crystal X-ray diffraction study were formed 

upon refluxing the white powder in concentrated nitric acid and leaving to cool slowly.

'H  NMR (D2O, 400MHz): 8 8.50 (s, 2H, H3), 5 8.17 (s, 2H, H5).

6.2.1.3 Synthesis of {[YbidmcdcbpjJ HzO M eO H  H3O} (3).

Yb(CF 3 S 0 3 ) 3  (0.074 g; 0.12 mmol) and 4,4',6,6'-H4tcbp (0.08 g; 0.24 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in MeOH (12 ml). This was stirred for 10 

mins, sealed, heated to 150 °C for 3 days and cooled to room temperature at a rate of 3 

°C/hr. Colourless needle crystals suitable for a single crystal X-ray diffraction study 

formed.

Yield: 41 %. IR: 3435(w, br), 3070 (m, br), 1733(m), 1643(s), 1611(s), 1567(m), 1460(m), 

1440(m), 1424(m), 1396(m), 1328(m), 1311(w), 1270(s), 1251(s), 1200(m), 1152(m), 

1021(m), 980(m), 923(w), 900(w), 833(w), 830(w), 813(w), 789(w), 769(m), 733(s), 

708(m), 693(s) cm '\

6.2.1.4 Synthesis of {[Gd(dmcdcbp)2]-2H 20  H30} (4).

Gd(CF 3 S 0 3 ) 3  (0.072 g; 0.12 mmol) and 4,4',6,6'-H4tcbp (0.08 g; 0.24 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in MeOH (12 ml). This was stirred for 10 

mins, sealed, heated to 150 °C for 3 days and cooled to room temperature at a rate of 3° 

C/hr. Colourless needle crystals suitable for a single crystal X-ray diffraction study 

formed.
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Yield: 33%. IR: 3420(w, br), 3068 (m, br), 1729 (m), 1642(s), 1609(s), 1570(m), 1460(m), 

1440(m), 1424(m), 1398(m), 1323(m), 1268(s), 1249(s), 1201(m), 1147(m), 1020(m), 

980(m), 924(w), 902(w), 831 (w), 810(w), 767(m), 731 (s), 707(m), 691 (s) cm'V

6.2.1.5 Synthesis of {[Sm(dmcdcbp)J-2H20 H30 } (5).

Sm (CF 3 S 0 3 ) 3  (0.03 g; 0.05 mmol) and 4,4',6,6'-H4tcbp (0.033 g; 0.1 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in MeOH (6 ml) and MeCN (6 ml). This 

was stirred for 10 mins, sealed, heated to 150 °C for 4 days and cooled to room 

temperature at a rate of 3 °C/hr. The colourless solution obtained was filtered and left to 

slowly evaporate at room temperature. Colourless block crystals suitable for a single 

crystal X-ray diffraction structural analysis formed.

Yield: 15 % IR: 3202(w, br), 3087(w, br), 1733(s), 1643(w), 1608(w), 1597(w), 1562(m), 

1437(m), 1405(w), 1325(w), 1272(m), 1241(s), 1202(w), 1128(m), 1092(m), 1031(w), 

986(m). 954(w), 920(w), 823(w), 813(w), 760(m), 726(m), 708(m), 689(m) c m \

6.2.1.6 Synthesis of {[Yb2(dmcdcbp)4Cu(0Me)2(H20)2]-3H20-4Me0H} (6).

Yb(CF 3 SOa) 3  (0.074 g; 0.12 mmol), Cu(0Ac)2-H20 (0.048 g; 0.24 mmol) and

4,4',6,6'-H4tcbp (0.08 g; 0.24 mmol) were placed in a 45 ml Teflon®-lined digestion bomb 

in MeOH (12 ml). This was stirred for 10 mins, sealed, heated to 140 °C for 3 days and 

cooled to room temperature at a rate of 3 °C/hr. Colourless prism-like crystals suitable 

for a single crystal X-ray diffraction structural analysis formed. These crystals had to be 

separated by eye under the microscope from a powder mixture.

Yield: 27 %. IR: 3271(w, br), 2952(w, br), 1611(m), 1553(m), 1424(w), 1380(s), 1234(w), 

1090(w), 1075(w), 1029(w), 944(w), 914(w), 873(w), 845(w), 796(w), 780(m), 728(m), 

701 (m), 667(w) cm '\

6 .2 .1.7 Synthesis of{[La(Htcbp)(H20)J H20} (7).

La(CF 3 S 0 3 ) 3  (0.146 g; 0.25 mmol), and 4,4',6,6'-H4tcbp (0.083 g; 0.25 mmol) 

were placed in a 45 ml Teflon®-lined digestion bomb in H2O (10 ml) and HNO3 (0.45 M; 

0.1 ml). This was stirred for 10 mins, sealed, heated to 160 °C for 4 days and cooled to 

room temperature at a rate of 5 °C/hr. Pale red block crystals suitable for a single crystal 

X-ray diffraction study formed.

188



Yield: 63 %. IR: 3535(w, br), 3178(w, br), 1709(w), 1586(m), 1550(w), 1434(m), 1395(w), 

1351(s), 1306(w), 1270(w), 1229(m), 1189(m), 1230(w),1097(w), 1014(w), 1006(w), 

949(w), 916(m), 827(w), 811 (w), 780(m), 768(m), 738(w), 703(m), 687(m) cm '\

Expected for?: C, 31.13; H, 2.43; N, 5.19 %. Found: C, 30.90; H, 2.33; N, 4 .89 %.

6.2.1.8 Synthesis of {[La(Htcbp)(H20)]} (8).

La(0 Ac)3 (0.076 g; 0.24 mmol), NaOAc (0.02 g; 0.24 mmol) and 4 ,4 ',6 ,6 '-H4tcbp 

(0.04 g; 0.12 mmol) were placed in a 23 ml Teflon®-lined digestion bomb in H2O (10 ml) 

and HNO3 (0.45 M; 0.1 ml). This was stirred for 10 mins, sealed, heated to 160 °C for 4 

days and cooled to room temperature at a rate of 5 °C/hr. Colourless block crystals 

suitable for a single crystal X-ray diffraction structural analysis formed.

Yield: 57 %. IR: 3121 (m, br), 1644(w), 1619(w), 1595(m), 1548(w), 1419(w), 1353(m), 

1268(w), 1242(w), 1202(w), 1005(w), 984(vw), 940(w), 925(w), 820(w), 774(s), 707(m) 

cm'V

Expected (for S-lVzHzO): C, 31.65; H, 2.28; N, 5.27 %. Found: C, 31.90; H, 2.06; N, 5.11 

% .

6.2.1.9 Synthesis of {[Eu(Htcbp)(H20)]-2H20} (9).

EU2O 3 (0.088 g; 0.25 mmol), and 4 ,4 ',6 ,6 '-H4tcbp (0.083 g; 0.25 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in H2O (10 ml) and HNO3 (0.45 M; 0.1 

ml). This was stirred for 10 mins, sealed, heated to 140 °C for 5 days and cooled to room 

temperature at a rate of 5 °C/hr. Colourless prism-like crystals suitable for a single 

crystal X-ray diffraction structural analysis formed.

Yield: 75 %. IR: 3220(m, br), 1706(w), 1675(w), 1582(s), 1564(m), 1461 (w), 1409(m), 

1371(w), 1306(m), 1258(w), 1242(m), 1172(w), 1011(w), 935(w), 916(w), 902(w), 

832(w), 814(w), 797(w), 775(w), 725(w), 702(s), 664(m) cm \

Expected for 9: C, 29.64; H, 1.96; N, 4.94 %. Found: C, 30.16; H, 2.23; N, 4 .77 %.

6 .2 .1.10 Synthesis of{[Gd(Htcbp)(H20)]-2H20} (10).

Gd203 (0.091 g; 0.25 mmol), and 4 ,4 ',6 ,6 '-H4tcbp (0.083 g; 0.25 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in H2O (10 ml) and HNO3 (0.45 M; 0.1 

ml). This was stirred for 10 mins, sealed, heated to 160 °C for 4 days and cooled to room 

temperature at a rate of 5 °C/hr. Yellow crystals not suitable for a diffraction study were 

obtained. The reaction mixture (crystals and solvent) were transferred back into the 45
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ml Teflon®-lined digestion bomb. This was stirred for 10 mins, heated to 180 °C for 4 

days and cooled to room temperature at a rate of 5 °C/hr. Colourless block crystals 

suitable for a single crystal X-ray diffraction study formed.

Yield: 54 %. IR: 3222(m, br), 1706(w), 1675(w), 1582(s), 1564(m), 1462(w), 1409(m), 

1371(w), 1306(m), 1242(m), 1173(w), 1011(w), 935(w), 915(w), 903(w), 832(w), 815(w), 

797(w), 775(w), 725(w), 703(s), 665(m) cm '\

Expected for 10: C, 29.9; H, 1.9; N, 4.98 %. Found: C, 29.94; H, 2.26; N, 4.98 %.

6 .2 .1.11 Synthesis of {[Eu(tcbp)(H20)] (Me2NH 2)} (11).

EU2O3 (0.088 g; 0.25 mmol), and 4 ,4 ',6 ,6'-H4tcbp (0.083 g; 0.25 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in DMF (5 ml) and H2O (5 ml). This was 

stirred for 10 mins, sealed, heated to 160 °C for 3 days and cooled to room temperature 

at a rate of 5 °C/hr. Colourless block-like crystals suitable for a single crystal X-ray 

diffraction structural analysis formed.

Yield: 71 %. IR: 3218(m, br), 3170(m, br), 1710(w), 1669(w), 1590(s), 1562(m), 1451(w), 

1401(m), 1377(w), 1305(m), 1261(w), 1251(m), 1173(w), 1015(w), 932(w), 911(w), 

832(w), 795(w), 722(w), 701 (s), 666(m) c m \

6.2.2 Chapter 3.

6.2.2.1 Synthesis of [Ba2(tcbp)(l~i20)2] (12).

Ba(N03)2 (0.104 g; 0.4 mmol), and 4 ,4 ',6 ,6 '-H4tcbp (0.133 g; 0.4 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in EtOH (4 ml) and H2O (4 ml). This was 

stirred for 10 mins, sealed, heated to 200 °C for 7 days and cooled to room temperature 

at a rate of 3 °C/hr. Colourless needle crystals suitable for a single crystal X-ray 

diffraction study formed.

Yield: 65 %. IR: 3341 (m, br), 1653(m), 1596(m), 1571(m), 1540(s), 1422(m), 1396(m), 

1376(m), 1293(w), 1229(m), 1140(w), 1114(w), 1032(m), 1002(m), 905(m), 857(w), 

798(m), 779(m), 687(s) c m \

6.2.2.2 Synthesis of [SrCu(tcbp)(l-l20)3] (13).

Sr(0 Ac)2 (0.021 g; 0.1 mmol), Cu(0 Ac)2'H20 (0.02 g; 0.1 mmol) and 4,4',6,6'- 

H4tcbp (0.033 g; 0.1 mmol) were placed in a 23 ml Teflon®-lined digestion bomb in MeOH  

(4 ml) and H2O (4 ml). This was stirred for 10 mins, sealed, heated to 160 °C for 4 days
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and cooled to room temperature at a rate of 3 °C/hr. Pale green needle crystals suitable 

for a single crystal X-ray diffraction structural analysis formed.

Yield; 71 %. IR; 3402(m, br), 1650(m), 1603(s), 1569(m), 1552(m), 1408(m), 1383(m), 

1350(s), 1309(w), 1286(m), 1240(w), 1201(w), 1103(w), 1054(w), 1003(w), 921 (m), 

836(m), 796(w), 782(m), 740(s), 723(s), 697(s) cm'V

Expected for 13: C, 31.52; H, 1.89; N, 5.25%. Found; C, 30.73; H, 1.78; N, 4.99%.

6 2.2.3 Synthesis o f 4 ,4 -dicarboxy-2,2 -bipyridine (4,4'-H2dcbp) Method

This was synthesised according to literature 

procedure.

IR (KBr); 3109(w), 2435(m, Br), 1860(w, br), 1717(s), 

1603(w), 1457(m), 1364(s), 1289(vs), 1267(s), 1241(s), 

1137(m), 1065(m), 1010(m), 914(w), 864(w), 819(w),

764(s), 679(s) and 516(w) c m \

'H NMR (de-DMSO, 400 MHz); 8 8.92 (d, 2H J = 4.8 Hz, He), 5 8.85 (s, 2H, H 3), 5 7.92 

(d, 2H, J = 4.8 Hz, Hs).

q :

6.2 2.4 Synthesis o f {[Ba(dcbp)(H20)o.4] 0.6H20} (14).

Ba(N0 3 ) 2  (0.104 g; 0.4 mmol), and 4,4'-H2dcbp (0.098 g; 0.4 mmol) were placed 

in a 45 ml Teflon®-lined digestion bomb in EtOH (4 ml) and H2 O (4 ml). This was stirred 

for 10 mins, sealed, heated to 200 °C for 36 hours and cooled to room temperature at a 

rate of 5 °C/hr.

Yield; 79 %. IR; 3336(w, br), 1596(m), 1576(m), 1540(m), 1421(m), 1396(m), 1376(m), 

1229(w), 1032(w), 1003(w), 857(w), 798(vw), 774(m), 731(w), 688(s), 662(w) cm \  

Expected for 14-1.5 H2 O); C, 34.1; H, 2.63; N, 6.63 %. Found; C, 34.85; H, 2.19; N, 6.64 

% .

6.2.2.5 Synthesis o f {[Sr(dcbp)] H20} (15).

Sr(0Ac)2 (0.021 g; 0.1 mmol), and 4,4'-H2dcbp (0.024 g; 0.1 mmol) were placed 

in a 23 ml Teflon®-lined digestion bomb in MeOH (4 ml) and H2 O (4 ml). This was stirred 

for 10 mins, sealed, heated to 160 °C for 4 days and cooled to room temperature at a 

rate of 5 °C/hr. Small pale yellow plate crystals suitable for a single crystal X-ray 

diffraction study formed.
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Yield: 61 %. IR: 2451 (w, br), 1732(m, br), 1708(m), 1573(w), 1538(m), 1428(w), 

1397(m), 1365(m), 1294(m), 1228(w), 1144(w), 1071(w), 1042(w), 1006(w), 910(w), 

869(w), 800(w), 779(s), 765(m), 733(w), 695(m), 687(s) cm '.

Expected for 15: C, 41.4; H, 2.3; N, 8.05 %. Found: C, 42.64; H, 2.39; N, 8.03 %.

6.2.2 6 Synthesis of [Ni(4, 4'-dcbp)(H20)2]n (16)-^°^

A solution of Ni(N0 3 )2-6 H20  (0.361 g, 1.24 mmol) in water (4 ml) and ethanol (4 

ml) was added to 4,4'-H2dcbp (0.1 g, 0.41 mmol) in a 45 ml Teflon®- lined digestion 

bomb. This was heated to 120 °C for 3 days and cooled at a rate of 5 °C/hr. Small 

blue/green needles suitable for a single crystal diffraction study were obtained. The 

crystals were not sensitive to solvent loss.

Yield 65 %. IR(KBr): 3291 (vs ; br), 1957 (w), 1615 (s), 1556 (s), 1427 (s), 1383 (s), 1270 

(w), 1300 (w), 1236 (m), 1146 (w), 1091 (w), 1076 (w), 1029 (w), 947 (w), 920 (w), 974 

(m), 845 (w), 780 (m), 729 (m), 704 (m), 653 (m), 454 (m), 423 (m) cm'V 

Expected for 16: C, 42.78; H, 2.99; N, 8.31 %. Found: C, 43.39; H, 2.97; N, 8.07 %.

6.2.3 Chapter 4.

6.2.3.1 Synthesis of 4-carboxy-4-methyl-2,2-bipyndine (Hmcbp).^^^

A suspension of Se02 (1.844 g ; 0.0166 mol) and 4,4'- 

°  dimethyl-2,2'-bipyridine (2.554 g ; 0.0139 mol) in 1,4-dioxane

(250 ml) was heated at reflux for 24 hours. This was filtered 

hot through celite to remove elemental selenium. The filtrate 

was evaporated to dryness. The yellow/orange solid obtained was suspended in ethanol

(90 ml), and an aqueous solution of AgNOs (2.586 g; 0.015 mol) was added. This

suspension was stirred rapidly as 1M NaOH (60 ml) was added dropwise over a period 

of 20 mins and left stirring overnight. Ethanol was removed by rotary evaporation and 

the aqueous residue was filtered. The solids were washed with 1.3 M NaOH ( 2 x 1 8  ml) 

and water (18 ml). The basic filtrates were combined and extracted with 

dichloromethane (2 x 60 ml) to remove unreacted bipyridine. The pH was then adjusted 

to pH 3 with 4N 1:1 (v/v) HCI / acetic acid to produce an off-white precipitate. The 

mixture was placed in the freezer overnight. The off-white solid was filtered off and dried 

under vacuum. It was further purified by means of a soxhlet extraction using dry acetone
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for six days. The filtrate was evaporated to dryness and the solid was dried under 

vacuum.

Yield 19 %. IR; 2434(m, br). 1888(m, br), 1713(s, br), 1601(m), 1559(m), 1458{m), 

1367(m), 1323(m), 1299(m), 1271(s), 1259(m), 1235(m), 1193(m), 1130(w), 1072(m) 

1014(s), 993(w), 899(w), 863(w), 823(w) cm‘\

'H  NMR (CDCI3, 400MHz): 8 8.85 (d, 1H, J = 5Hz, H5), 8 8.82 (s, 1H, H3), 5 8.57 (d, 1H, 

J = 5Hz, He), 8 8.27 (s, 1H, H3), 8 7.85 (d, 1H, J = 5Hz, He), 8 7.33 (d, 1H, J = 5Hz, H5), 

8 2.43 (s, 3H, C-H3).

'"C NMR (CDCI3 , 101MHz); 8  166.3 (C-OOH), 8  156.3 (C2 ), 8  154.4 (C2 ), 8  150.1 (C5). 8

149.2 (Ce), 8  148.2 (C4 ), 8  140.8 (C4 ), 8  125.3 (C5 ), 8  123.0 (Ce), 8  121.3 (C 3 ), 8  119.6 

(C 3), 8  20.7 (C-H3 ).

6.2.3.2 Synthesis of [Cu(4,4 '-Hdcbp)(N03)] (17).

Cu(0 Ac)2 'H2 0  (0.05 g ; 0.25 mmol) and 4,4'-mcbp (0.053 g ; 0.25 mmol) were 

placed in a 45 ml Teflon®- lined digestion bomb in H2 O ( 8  ml) and conc. HNO3 (0.2 ml). 

This was stirred for 10 mins, sealed, heated to 200 °C for 36 hours and cooled to room 

temperature at a rate of 3 °C/hr to obtain a blue solution. Small crystals began to grow 

after it was left to sit overnight. It was then left to slowly evaporate at room temperature 

for 1 week to produce small blue block crystals suitable for a single crystal X-ray 

diffraction structural analysis.

Yield: 6 8  % IR: 3241(m, br), 1736(m), 1614(m), 1557(m), 1480(w), 1447(m), 1403(s), 

1348(m), 1296(s), 1239(m), 1185(w), 1142(w), 1132(w), 1118(w), 1065(w), 1040(w), 

1021(w), 926(w), 908(w), 8 8 8 (w), 836(w), 811(m), 713(m), 665(w) c m \

Expected for 17: C, 37.26; H, 2.35; N, 10.87 %. Found: C, 36.79; H, 2.39; N, 10.32 %.

6.2.3.3 Synthesis of 4 ,4 -dicarboxy-2,2 -bipyridine Method B (L5)

4,4'-dmbp (0.046 g; 0.25 mmol) was placed a 23 ml 

Teflon®-lined digestion bomb in H2 O ( 8  ml) and conc. 

HNO3 (0.5 ml). This was stirred for 10 mins, sealed, 

heated to 200 °C for 36 hours and cooled at a rate of 5 

°C/hr.

OH HO
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Yield; 51 %. IR (KBr); 3109(w), 2435(m, Br), 1860(w, br), 1717(s), 1603(w), 1457(m), 

1364(s), 1289(vs), 1267(s), 1241(s), 1137(m), 1065(m), 1010(m), 914(w), 864(w), 

819(w), 764(s), 679(s) and 516(w) cm'V

'H  NMR (de-DMSO, 400 MHz); 5 8.92 (d, 2H J = 5.05 Hz, He), 8  8.85 (s, 2H, H3), 8  7.92  

(d, 2H, J = 5.05Hz, H5).

NMR (de-DMSO, 100 MHZ); 8  166.04, 155.51, 150.69, 139.58, 123.51, 119.55.

6.2.3.4 Synthesis of 6,6 -dicarboxy-2,2 -bipyridine (6,6 '-l-i2dcbp) (L6).

6 ,6 '-dmbp (0.046 g; 0.25 mmol) was placed a 23 ml

O:

OH HO

HNO3 (0.5 ml). This was stirred for 10 mins, sealed, 

heated to 180 °C for 36 hours and cooled at a rate of 5 

°C/hr.

Yield; 31 %. IR; 3199(w), 1860(w, br), 1742(s), 1599(w), 1434(m), 1359(s), 1281(vs), 

1263(s), 1234(s), 1123(m), 1061(m), 1007(m), 909(w), 816(w), 777(s), 673(s) cm''.

'H  NMR (de-DMSO, 400M Hz); 8  13.32 (s, br, 1H, OH), 5 8.75 (d, 1H J = 7.8 Hz, H3 ), 5

8.17 (m, 2H, H4  and H 5).

'"C NMR (de-DMSO, 100 MHZ); 8  165.91, 154.41, 148.03, 138.96, 125.28, 124.1.

6 .2 .3.5 Synthesis of 5,5',6,6'-tetramethyl-2,2'-bipyridine (5,5',6,6'-tm bp)(L3f"'

2,3-Lutidine (30 ml) and Pd/10% C (5 g) were heated at 

reflux for 7 days. Hot toluene (40 ml) was added and it 

was further refluxed for 1V2 hours. The palladium catalyst 

was filtered off whilst hot and washed with hot toluene ( 2  

X 30 ml). The filtrate was evaporated to almost dryness on the rotary evaporator to 

produce a cream coloured powder. This was recrystallised from hot ethyl acetate (50 ml) 

and dried under vacuum.

Yield; 7.2 %. IR; 2945(w), 2982(w), 2921 (w), 1587(w), 1556(m), 1436(s), 1372(w), 

1248(m), 1186(w), 1123(m), 1100(w), 1020(m), 995(m), 974(w), 852(w), 835(s), 733(m) 

cm'V

'H NMR (CDCI3 , 400 MHz); 5 8.16 (d, 2H, J = 8  Hz, H3 ), 8  7.54 (d, 2H, J = 7.5 Hz, H4 ), 6  

2.61 (s, 6 H, C-hU). 5 2.34 (s, 6 H, C-H3 ).
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' 'C  NMR (CDCI3 , 100 MHz): 8  156, 5 153, 5 138, 5 131, 5 118, 8  22, 8  19.

6.2.3.6 Synthesis of 5,5'-dicarboxy-2,2'-bipyridine (5,5'-dcbp)(L7).

OH 5,5',6,6'-tmbp (0.053 g ; 0.25 mmol) was placed in

^  a 23 ml Teflon®- lined digestion bomb in H2O (5

® °  ml) and conc. HNO3 (0.5 ml). This was stirred for

10 mins, sealed, heated to 180 °C for 36 hours and cooled to room temperature at a rate

of 5 °C/hr. Small colourless needle crystals suitable for a single crystal X-ray diffraction 

study were obtained.

Yield: 29.5 %. IR: 3111(w), 2432(m, Br), 1863(w, br), 1685(s), 1595(s), 1455(m), 

1355(s), 1291(s), 1265(s), 1239(s), 1131(m), 1063(m), 1007(m), 901 (w), 873(w), 812(w), 

759(s), 683(s) cm''.

'H  NMR (DMSO, 400 MHz): 8  9.04 (s, 1H, Hg), 8  8.35 (d, 1H, H3), 8  8,25 (d, 1H, H4).

6.2.3.1 Synthesis of 4 ,4 -dicarboxy-2,2 -bipyridine Method C (L5).

OH HO
4,4 ’,6,6'-tmbp (0.053 g; 0.25 mmol) was placed a 45 ml

0
Teflon®-lined digestion bomb in H2O ( 8  ml) and conc. HNO3

(1 ml). This was stirred for 10 mins, sealed, heated to 180 

°C for 36 hours and cooled at a rate of 5 °C/hr.

Yield: 42 %. IR : 3109(w), 2435(m, Br), 1860(w, br), 1717(s), 1603(w), 1457(m), 1364(s), 

1289(vs), 1267(s), 1241(s), 1137(m), 1065(m), 1010(m), 914(w), 864(w), 819(w), 764(s), 

679(s) and 516(w) cm V

'H  NMR (de-DMSO, 400 MHz): 8  8.92 (d, 2H J = 5.05 Hz, He), 8  8.85 (s, 2H, H3), 8  7.92 

(d, 2H, J = 5.05Hz, H5).

NMR (de-DMSO, 100 MHZ): 8  166.04, 155.51, 150.69, 139.58, 123.51, 119.55.

6.2.3.S Synthesis of {[Cu(4,4',6-tcbp)(H20)]H20} ( 18).

C u (0 A c)2 (0.06 g; 0.3 mmol) and 4 ,4 ',6 ,6 '-H4tcbp (0.08 g; 0.25 mmol) were 

placed in a 45 ml Teflon®-lined digestion bomb in H2O (10 ml) and conc. HNO3 (0.45 M; 

0.2 ml). This was stirred for 10 mins, sealed, heated to 200 °C for 36 hours and cooled 

to room temperature at a rate of 5 °C/hr. Large green block-shaped crystals suitable for 

a single crystal X-ray diffraction structural analysis were obtained.
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Yield: 80 %. IR: 3335(w, br), 3059(w), 2922(w, br), 1721(m), 1644(m), 1593(s), 1569(m), 

1432(w), 1415(w), 1380(w), 1348(s), 1295(m), 1249(m), 1219(s), 1105(w), 1087(w), 

1045(w), 1015(w), 946(w), 876(m), 823(w), 788(m), 771 (m), 738(s), 7101m), 682(m), 

667(s) cm -\

Expected for 18: C, 40.47; H, 2.62; N, 7.26 %. Found: C, 40.10; H, 2.50; N, 7.08 %.

6.2.3.9 Synthesis of 4,4',6-tricarboxy-2,2'-bipyridinium (tcbpm) (19).

OH HO Gd203  (0.088 g ; 0.25 mmol) and 4,4',6,6'-H4tcbp (0.083 

g ; 0.25 mmol) were placed in a 45 ml Teflon®- lined 

digestion bomb in H2O (5 ml) and conc. HNO3 (5 ml). 

This was stirred for 10 mins, sealed, heated to 160 °C for 

3 days and cooled to room temperature at a rate of 5 

°C/hr. It was left to sit at room temperature for 1 week, 

after which, colourless plate crystals suitable for a single crystal X-ray diffraction study 

were obtained.

Yield: 41 %. IR: 3538(w, br), 3089(w), 1954(w, br), 1742(m), 1717(m), 1603(m) 1571(w), 

1518(w), 1480(w), 1422(m), 1393(m), 1269(s), 1216(s), 1150(m), 1036(m), 999(w), 

929(w), 920(w), 844(m), 818(w), 801 (w), 763(s), 690(m), 665(m), 654(m) cm '.

Expected for 19: C, 42.28; H, 3.01; N, 11.38% . Found: C, 42.14; H, 2.95; N, 11.08% .

6.2.4 Chapter 5

6.2.4.1 Synthesis 0 f{[Cu(tmbp)2(M e0 l-i)](Ci04)2  H20} (20).

A solution of Cu(CI0 4 )2-6 H2 0  (0.044 g ; 0.12 mmol) in MeOH (10 ml) was added 

to a solution of 4,4',6,6'-tmbp (0.05 g ; 0.24 mmol) in MeOH (10 ml) and this was left to 

stir at room temperature overnight. It was then reduced to approx. 5 ml on the rotary 

evaporator and left to slowly evaporate at room temperature. After 1 day large green 

blocks suitable for a single crystal diffraction study were obtained.

Yield: 62 %. IR: 2162(w, br), 2014(w, br), 1614(m), 1559(m), 1440(m), 1352(w), 

1249(m), 1138(w), 1086(s), 1028(m), 1004(m), 955(w), 932(w), 916(w), 899(w) 853(m), 

756(w), 730(w) c m \
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6.2A.2 Synthesis of {[Cu(tmbp)2 (MeCN)](CI0 4 ) 2 -2 MeCN} (21).

A  solution of C u(C I0 4 )2-6 H20  (0 .044  g ; 0 .12 mmol) in M eC N  (10 ml) was added 

to a solution of 4 ,4',6 ,6'-tm bp (0 .05  g ; 0 .24  mmol) in M eC N  (10 ml) and this was left to 

stir at room tem perature overnight. The solution turned a deep red colour immediately 

upon mixing. It was then reduced to approx 5 ml on the rotary evaporator. Red block 

crystals initially precipitated out when the solution was left to slowly evaporate at room 

tem perature, but when all the solvent evaporated, only green block-shaped crystals 

suitable for a single crystal X-ray diffraction study were present.

Yield: 21 %. IR: 3071 (w, br), 2162(w ), 1617(m ), 1560(m ), 1447(m ), 1249(w ), 1073(s), 

1030(w ), 1005(w ), 959(w ), 936(w ), 858(m ), 730(w ) cm '.

6.2.4.3 Synthesis of {[Cu(tmbp)(MeCN)(H2 0 ) 2](CI0 4 ) 2} (22).

A  solution of C u(C I0 4 )2'6 H 20  (0 .088 g ; 0 .24  mmol) in M eC N  (10  ml) was added 

to a solution of 4,4',6 ,6'-tm bp (0 .05  g ; 0 .24  mmol) in M eC N  (10 ml). Upon mixing the 

solution turned a deep red colour, but after approx 5 seconds it changed to a green  

colour. It was stirred at room tem perature for 10 mins, reduced to approx 5 ml on the 

rotary evaporator and left to slowly evaporate at room tem perature to produce large 

green blocks suitable for a single crystal diffraction study.

Yield: 62  %. IR: 3471(br), 2163(w ), 2020(w ), 1617(m ), 1561(m ), 1447(m ), 1409(w), 

1374(w ), 1358(w ), 1251(w ), 1067(s), 1030(m ), 1005(m ), 959(w ), 930(w ), 858(m ), 

784(w ), 730(w ) cm'V

6.2.4.4 Synthesis of {[Cu(tmbp)2](CIO)4} (23).

A  solution of C u(C I0 4 )2'6 H20  (0 .044 g ; 0 .12  mmol) in M eC N  (5 ml) was added to 

a solution of 4,4',6 ,6'-tm bp (0 .05  g ; 0 .24 mmol) in M eC N  (5 ml) to produce a deep red 

coloured solution. This was left to stir at room tem perature overnight. It was then 

reduced to approx 3 ml on the rotary evaporator and left to slowly evaporate at room  

tem perature to produce small red crystals. The crystals produced lost single crystallinity 

and turned a green colour when taken out of the solvent.

ESM S: 487.1 m/z.

6.2.4.5 Synthesis of [Cu(tmbp)(0Ac)2] (24).

A  solution of C u (0A c)2-H 20 (0 .023  g ; 0 .12  mmol) in M eC N  (10 ml) was added to 

a solution of 4,4',6 ,6'-tm bp (0 .05  g ; 0 .24  mmol) in M eC N  (10 ml). Upon mixing, the
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solution immediately tum ed a green colour. It was stirred at room tem perature for 10 

mins, reduced to approx 5 ml on the rotary evaporator and left to slowly evaporate at 

room tem perature to produce green crystals suitable for a single crystal diffraction study. 

Yield; 43  %. IR: 2992(br), 2162(vw ), 1586(m ), 1460(w ), 1445(w ), 1407(w ), 1375(s), 

1328(m ), 1249(w), 1186(w ), 1046(w ), 1020(m ), 965(w ), 943(w ), 926(w ), 874(m ), 673(m ) 

c m \

Expected for 24: C, 54.88; H, 5.64; N, 7.11 %. Found: C, 55.07; H, 5.62; N, 7 .03  %.

6 .2 .4 .6  Synthesis o f {[Cu(tm bp)2(N 03 ) ](N 03 ) H 20} (25).

A  solution of C u (N 0 3 )2-3 H 2 0  (0 .028  g ; 012 mmol) in M eC N  (10 ml) was added to 

a solution of 4,4',6 ,6'-tm bp (0 .05  g ; 0 .24  mmol) in M eC N  (10 ml). Upon mixing, the 

solution turned a yellow/green colour. It was stirred at room tem perature for 10 mins, 

reduced to approx 5 ml on the rotary evaporator and left to slowly evaporate at room 

tem perature to produce crystals suitable for a single crystal diffraction study.

Yield: 42  %. IR: 3595(w , br), 3051 (w, br), 1748(vw ), 1614(m ), 1559(m ), 1449(s), 1337(s), 

1277(m ), 1259(m ), 1016(m ), 1006(m ), 956(w ), 933(w ), 858(m ), 814(w ), 718(vw) c r n \  

Expected for 25: C, 54.25; H, 5.35; N, 13.56 %. Found: C, 53.98; H, 5.19; N, 13.28 %.

6 .2 .3 .7  Synthesis o f {[Cu(tm bp)2](C F 3S 03 )}. (26)

A  solution of C u (C F 3S 03)2  (0 .043  g ; 0 .12 mmol) in M eC N  (10 ml) was added to a 

solution of 4,4',6 ,6'-tm bp (0 .05  g ; 0 .24  mmol) in M eC N  (10 ml). Upon mixing the solution 

turned a deep red colour. It was stirred at room tem perature for 10 mins, reduced to 

approx 5 ml on the rotary evaporator and left to slowly evaporate at room tem perature to 

produce small red crystals suitable for a diffraction study. The crystals produced lost 

single crystallinity and turned a green colour when taken out of the solvent. W hen left in 

the oil used for mounting the crystal in crystal I ographic m easurem ents, they retained  

their single crystallinity and rem ained a red colour.

ESM S: 4 87 .12  m/z.

6 .2 .4 .8  UV-vis complexation titration o fC u (C I04)2 w ith4,4',6,6'-tm bp in methanol.

A  methanol solution (2 ml) of 4,4',6 ,6'-tm bp (9 .65  x 10 ® M) was titrated with 20  

0.01 ml aliquots of a methanol solution of C u(C I04)2  (1-28 x 10'^ M). A  UV-vis spectrum  

(200  -  800  nm) was recorded after each addition. A  plot of absorbance versus mole 

fraction of Cu(ll) added gave titration profiles which reached a maxim um of 0 .5 of an
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equivalent and continued to plateau until the end of the experiment.

W ( e )  = 12,715.

6 .2 .4 .9  UV-vis complexation titration o fC u (C I04)2  with 4 ,4 ',6 ,6 '- tmbp in acetonithle.

An acetonitrile solution (2 ml) of 4,4',6 ,6'-tm bp (9.65 x 10'^ M) was titrated with 20  

0.01 ml aliquots of an acetonitrile solution of C u (C I04)2  (6 .4  x lO  "* M). A  UV-vis spectrum  

(200  -  800 nm) was recorded after each addition. A  plot of absorbance versus mole 

fraction of Cu(ll) added gave a titration profile which reached a maxim um of 0 .5  of an 

equivalent and continued to plateau until the end of the experiment. It also gave a 

titration profile that reached a maximum of 0 .5 of an equivalent and then began to 

decrease.

^max (e) = 16,580.

6 .2 .4 .1 0  Visible complexation titration o f C u(C I04)2 with 4,A',Q,Q'-tmbp in acetonitrile.

An acetonitrile solution (2 ml) of 4,4',6 ,6'-tm bp (9 .65  x 10 '' M ) was titrated with 20  

0.01 ml aliquots of an acetonitrile solution of C u(C I04)2  (1 .28  x 10'^ M). A  UV-vis  

spectrum (350 -  800 nm) was recorded after each addition. A  plot of absorbance versus 

mole fraction of C u(ll) added gave titration profiles which reached a maxim um of 0 .5  of 

an equivalent which then decreased until 1 equivalent was reached and continued to 

plateau until the end of the experiment.

^max (e) = 82.
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Ligands used within this thesis.
Chapter 2:

OH HO

OH HO

O

4,4',6,6'-tmbp 

Chapter 3:
OH HO

4 ,4 ’,6 ,6’-H4tcbp

4 ,4 ’-H2dcbp 

Chapter 4:
HO

Z 2.

4,4'-Hmcbp

OH HO

6 ,6 '-H2dcbp
OH

5,5',6,6'-tmbp
HO

OHHO

4,4',6-tcbpm
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Attached CD-ROM.

The CD-ROM attached to this thesis contains electronic versions of files for the 

structures given in this thesis.

The GIF folder contains all the crystallographic information files (*.cif). The 

naming of each file corresponds to the structure as given in the thesis (e.g. 1.cif 

corresponds to the structure of 1). CIFs can be viewed in the Mercury program, which is 

available as a free download from the CCDC website (www.ccdc.cam.ac.uk).
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We report herein the single crystal structures o f four m etal-organic framework complexes incorporating the 4,4'- 
dicarboxy-2,2 '-bipyridine ligand. Hidcbp: a-[Co(dcbp)(H20)i], I; p-[Co(dcbp)(H20)2], 2, [Ni(dcbp)(H:0)2]. 3 and 
|[M n(dcbp)] '/2 D E F (. 4 (D E F  = diethylformamide). In each complex the ligand is deprotonated giving neutral 
species with 1 : 1 stoichiom etry that form three-dim ensional coordination polymers. Supram olecular isomerism 
(polym orphism ) in I and 2 arises from the ditTerent ligand connectivity around the octahedral Co(ii) centres. The 
two coordinated water molecules in I occupy cis positions, which are trails to the chelating bipyridine nitrogen 
atom s, leaving the carboxylate oxygen atom s in axial irons positions. In 2 all like donors occupy cis positions. 
DitTerent m odes o f carboxylate coordination in I and 2 give dissimilar network topologies. A rare example o f  two 
interpenetrating 6‘*8--b (quartz-like) chiral networks in I results from both dcbp carboxylate groups coordinating 
in a m onodentate fashion to adjacent Co(ii) centres, whereas in 2 only one carboxylate group bridges between 
adjacent Co(tl) centres giving rise to a single chiral ( l0.3)-a net. In I and 2 the coordinated water molecules hydrogen 
bond to the non-coordinated carboxylate oxygen atoms. These interactions give rise to w ater-carboxylate double 
helices in I. and support the coordination network in 2. Strikingly for a pair o f  dim orphs the crystal densities 
o f I and 2 ditTer by ca. 0.3 g cm ’’ ( 1.654 I’j. 1.940 g cm ”’, respectively). C om pound 3 is isom orphous with I and 
likewise features two chiral interpenetrating nets o f quartz  topology. In 4, chelating bipyridine nitrogen atom s and 
four carboxylate oxygen atom s from a total o f  five adjacent dcbp ligands provide d istorted octahedral geometry 
around Mn(ii). The carboxylate groups bridge adjacent Mn(ii) centres to produce bis-carboxylato chains which 
cross-link and generate a  3D network that is perforated with channels. The channels are occupied with disordered 
D E F molecules. The network topology in 4 is quite different to I 3 and has a (4,6-)(4^6)(4\6'’.8'’) SchlaHi notation. 
Magnetic susceptibility studies perform ed on 1.2,  {[Mn(dcbp)] '/2DMF1 5 (D M F = dimethylform am ide) and 
{[M n(dcbp)]-2H20) 6 reveal very weak antiferrom agnetic coupling between the metal centres in each case.

Introduction

There is considerable current interest in the synthesis and 
characterisation o f  m ulti-dim ensional coordination polymers 
because o f their potential applications.' In particular, porous 
m etal-organic fram eworks (M O Fs) are prom ising m aterials 
for such diverse applications as catalysis, gas storage, selective 
inclusion and separation and m agnetic m a te r i a l s .A  current 
challenge involves the development o f  m olecular building 
blocks that will convey specific structural and functional 
inform ation into a target M O F to yield hybrid materials.’ We,'* 
and others.'’ have employed 4,4'-dicarboxy-2,2 '-bipyridine, 
I l 2dcbp, as a coordinating ligand. In principle, the 2,2 '- 
bipyridine" and carboxylate ' functional groups o f H 2dcbp may 
potentially coordinate to each metal within the periodic table, 
either singly o r in unison, so the scope for the preparation of 
countless coordination polymers, featuring m yriad properties, 
is enormous. We have also shown that H idcbp may hydrogen 
bond through either functionality so the preparation o f hybrid 
networks com bining the strength o f coordination bonding with 
the flexibility o f hydrogen bonding is also feasible.*

Recently we reported  the so lvotherm al synthesis and 
structural characterisation  o f two 3D  coordination  polymers, 

^  j[M n(dcbp)] '/2D M F} and {[Mn(dcbp)]-2H20}.'‘The topology 
5  o f each netw ork differed as a result o f  the con trasting
g  tem plating ability o f each of the solvents employed in the
S synthesis. A consequence o f this disparity  enabled the latter 
g  complex to reversibly bind water, whereas the form er irretriev- 
5  ably bound DM F, with each m aintaining structu ral integrity.
I  Intrigued by these findings, in the current study we set about
Q to identify: i) the nature o f the netw orks that m ight result

from  o ther m etal ions in com bination  with H jdcbp; ii) the 
structural consequences o f  em ploym g various m ixed D M F 
and  H 2O solvent com binations in conjunction with Mn(ii); 
and  iii) what efi’ect would m oving to a solvent with greater 
steric profile, such as diethylform am ide (D E F). have upon 
the M n(ii) series. To these ends we report here the synthesis 
and  structu ral characterisation  o f  a d im orphic C o(ll) pair, 
a-[C o(dcbp)(Il20)2], 1, and  p-[Co(dcbp)(H20)2]. 2; a Ni(ir) 
isom orphous analogue o f 1. [Ni(dcbp)(H20)2], 3; and  a new 
M n(li) example, {[Mn(dcbp)] '/2 D E F j.  4. We also m ake a 
thorough investigation o f the tem plating role that solvents have 
upon the form ation o f these coord ination  polymers. Finally, 
we present some m agnetic susceptibility studies perform ed on 
several representative M (ii)-dcbp examples.

Experimental
4,4'-Dicarboxy-2,2'-bipyridine, I l 2dcbp, was prepared as detailed 
previously’ j[M n(dcbp)] ‘/ 2 D M F}, 5, and ![M n(dcbp)]-2H201, 
6, were available from previous work."* Solvents and reagents 
were o f  A R  grade and purchased from  Aldrich. W ater was triply 
distilled in house prior to use. Elem ental analyses were performed 
at the M icroanalytical laboratories, University College Dublin. 
Solvotherm al syntheses were carried ou t using a Parr Instrum ent 
general-purpose digestion bom b employing a Teflon” insert 
with 23 ml capacity. Variable tem perature m agnetic suscepti
bility m easurem ents (3 0 0 ^ .2  K) were perform ed on powdered 
samples at field strength o f 1 T (except where otherw ise stated) 
using a Q uantum  Design M.RM .S, Squid m agnetom eter using 
previously reported procedures.'® Variable field m easurements 
on 5 were perform ed at 20, 100, 1000, and 10000 Oe.
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I able 1 Crystai Jyta for 1. 2. 3 and 4

C om pound 1 2 3 4

Chemical formula CoCpH„,N,Oj C oC pH ,„N ,0 , NiC,2H,„N:0^ MnC,45H,,5N.,Oi,
Formula weight 3.17.15 337.15 336.93 .W .70
Crystal system Trigonal Orthorhonibic Trigonal M onoclinic
Space group « |2 1 />2,2,2, « ,2 1 C2lc
/i(Mo-K,J/mm"' 1.297 1.520 I.490 1.018
a/A 11.8551(3) 6.7145(5) I I .8210(3) 15.6193(9)
b ik 11.8551(3) 13.0147(9) 11.8210(3) 10.3503(6)
c lA 8.341(J(5) 13.2121(9) 8.2308(5) 16.8723(10)
a/° 90 90 90 90
fir 90 90 90 102.400(1)
y! , 120 90 120 90
v/A’ 1015.22(7) 1154.6(1) 996.05(7) 2664.0(3)
z 3 4 3 8
DJsi cm “^ 1.654 1.940 1.685 1.734
TIK 153(2) 153(2) 153(2) 153(2)
2«,n„ 56.60 59.98 55.00 50.0
M ill/M ax trans. factor 0.848/1.000 0.846/1.000 0.839/1.000 0.821/1.000

îii[ 0.0248 0.0306 0.0374 0.0275
0.0340. 0.0795 0.0345, 0.0739 0.0338, 0.0810 0.0443. 0.0943

R t, ir/?2 (all data) 0.0344. 0.0797 0.0382,0.0752 0.0348,0.0817 0.0466. 0.0951
Reflections: collected 9345 9015 12912 8622
unique 1605 3282 1540 2.145
observed 1595 3067 1513 2269

" = I||/\>l -  |fcl|/I|f,.l, - Fô )̂ /Xiv(f„=)-]''=.

D iam agnetic corrections for ligand susceptibilities were m ade 
using Pascal’s constants."

Synthesis of a-|C o(dcbp)(H 2 0 )2) 1 and |!-|Co(dcbp)(H2 0 )2| 2

C 0 SO4 7HiO (70 mg, 0.25 mmol) and H idcbp (61 mg, 
0.25 mmol) were placed in the digestion bom b with 4 ml H ;0  and 
heated to 185 °C for 3 days and slowly cooled to 25 °C (5 °C h "'). 
A m ixture o f orange prisms I (ca. 5% o f product) and pale 
pink needles 2 {ca. 95% o f product), both suitable for a single 
crystal X-ray dilTraction study, were obtained directly and were 
m anually separated. The total yield was cci. 50'Vii. The structure 
o f  1 has been previously described^ whereas 2  was identified as 
a new polym orph, described here as P-[Co(dcbp)(HiO)2]. A pure 
phase o f 1 was obtained directly by increasing the proportion 
o f C otii): H idcbp from 1:1 to 3 :1 .^ ' v„,„/cm“' (KBr): 3541 m, 
3371 m, 2892 br, 1593 vs, 1550 vs, 1424 s, 1401 s, 1375 s, 1260 w, 
1299 w, 1289 w, 1232 m, 1162 w, 1145 w, 1120 w, 1068 w, 993 w. 
979 w, 895 m, 909 w, 874 m, 786 m, 759 m, 695 m, 6 6 6  w. Found 
C, 43.86; H, 2.70; N, 8.50%. C oC i2H ,„N ,0 fi requires C, 42.75; 
H, 2.99; N 8.31%.

Synthesis of |N i(dcbp)(H 2 0 )2|, 3

An aqueous solution o f N i(N 0 ,) i '6 H 2 0  (0.361 g, 1.24 mmol) 
was added to H idcbp (0.1 g, 0.41 mmol) within the digestion 
bom b and heated to 120 “C for 3 days and then slowly cooled to 
25 °C  (5 °C h"'). Small blue/green needles suitable for a single 
crystal X-ray diffraction study were obtained in ca. 65% yield. 
lO c m - '( K B r )  3291 vs/br, 1957 w, 1615s, 1556s, 1427s, 1383 s, 
1270 w. 1300 w, 1236 m, 1146 w, 1091 w, 1076 w, 1029 w, 947 w, 
920 w, 874 m, 845 w, 780 m, 729 m, 704 m. 653 m. Found C, 
41.39; H. 2.97; N. 8.07%. N iCijH ioN iO , requires C. 42.78; H, 
2.99; N 8.31%.

Synthesis of {|IVln(dcbp)|''/2DEF}, 4

M nCl2'4 H ; 0  (56 mg, 0.285 mmol) and H idcbp (140 mg, 
0.57 mmol) were placed in the digestion bom b with 4 ml D E F  
and heated to 200 °C for 16 h and then cooled to 25 °C (3 °C h '). 
A yellow powder, containing very small yellow plates suitable 
for a single crystal X-ray diffraction study, was obtained. The 
m icroanalysis o f the powder was consistent with the crystal 
structure. FoundC , 49.31; H, 3 .41; N, 9.57%. C ,4.5H „,5M n N ,504.5 

requires C, 50.08; H. 3.34; N, 10.07%.

3 4 4  1

Crystallographic measurements on 1, 2, 3 and 4

Crystallographic data and experimental details are summarised 
in Table I. Single crystal analyses were perform ed at 153 K 
with a Bruker SM ART A PEX C C D  dilTractometer using 
graphite m onochrom ated M o-K a radiation (A = 0.71073 A). 
A full sphere (I and 3) o r hemisphere (2 and 4) o f data was 
obtained using the omega scan method. D ata were collected, 
processed, and corrected for Lorentz and polarization effects 
using SM ART and SA IN T-N T software.'- A bsorption correc
tions were applied using SADABS.'- The structures were solved 
using direct m ethods and refined with the SH ELX TL program 
package.'^ Individual crystals o f 1 and 3 used for analysis were 
found to be chirally pure and refined in /'3 |2 I (1) o r O)- 
However, the crystal o f  2 was refined as a racemic twin with 
approxim ately 67yo being the left hand and 33"/u the right hand. 
All non-hydrogen atom s were refined anisotropically. Arom atic 
hydrogen atom s were assigned to calculated positions with 
isotropic therm al param eters fixed at 1 .2  times that o f  the 
attached carbon atom . W ater hydrogen atom s (1 ,2  and 3) were 
located from difference m aps and  refined with O- H distances 
restrained to 0.84 A, and isotropic therm al param eters fixed 
at 1.5 times that o f  the respective oxygen atom . Chemically 
equivalent bond distances in the disordered D E F  molecule 
(4) were restrained to be the same. The disordered D E F  atoms 
were accordingly refined at half occupancy. D E F hydrogen 
atom s were assigned to calculated positions with their isotropic 
therm al param eters fixed at 1.2 ( -C H 3- and -C H O ) or 1.5 
(-C H ,) times that o f the respective carbon atom.

C C D C  reference numbers are 241604 (1), 241605 (2), 241606 
(3), and 241607(4).

See http://w ww.rsc.org/suppdata/dt/b4/b40896ih/ for crystal
lographic data in C IF  or o ther electronic format.

Results and discussion
Synthesis

The syntheses o f  the complexes employed solvotherm al methods. 
In a typical procedure, the M(ii) salt, H ,dcbp and solvent were 
placed within a Teflon'’'-lined digestion bom b and heated to, and 
held at, the prescribed tem perature and time, which followed 
by slow cooling yielded crystalline products directly. Infrared 
spectra showed the presence o f deprotonated dcbp ( i’„(C 0 2 ' ) ca. 
1600 cm"' and v,(C0 2 ") ca. 1380 cm ') and the presence o f any



Table 2 P aram eters  o f hydrogen bonding in teractions w ithin 1. 2 and 3

D H A D  H/A i/(H --A j/A rf(D -A)/A

1
0 3 -H 3 A  - O l" 0.84 1.90 2.739(3) 172
0 3  H3B O l* 
->

0.84 1.84 2.609(4) 152
L
0 5 -H 5 A  - 0 3 ' 0.84 1.82 2.645(2) 167
0 5 -H 5 B  0 6 ' 0.84 2.32 3.144(3) 166
0 6 -H 6 A - 0 4 ' 0.84 1.77 2.603(2) 172
0 6  H6B o r 0.84 1.97 2.810(3) 174
J
0 3  H 3A 0 1 ' 0.84 1.92 2.756(3) 173
0 3 -H 3 B  ■ O l" 0.84 1.84 2,599(4) 149

S y m m e try  c o d e s :  “ =  1 -  . t . 1 -  a: + j>, ' / j  
■'= - .V . -  VS -  ' h -  z.<= - '/z  -  .V, -> • , ~ 'h  +  I,

-  z .  *=  1 + 
“ = 1 -  .V, 1 -

.X -  }■. 1 -  V j -  
.V + y. Vs -  z. * =  1 + ,r

~ ' / 2  + X .

-  J'. 1 -  } \  'A -  z.
Vz -  y .  - ' / 2  + X . -  'A -  i

inc luded  so lven t. P artia l m icroanaly tica l d a ta  were consisten t 
w ith th e  Ib rm a tio n  o f  1:1 M : d cb p  species in each  case. T h e  
crysta ls a re  indefin ite ly  stab le  w hen rem oved from  th e ir m o th e r 
liq u o rs  a n d  inso lub le  in all co m m o n  la b o ra to ry  solvents. 
E ssentia lly  p u re  phases were o b ta in ed  from  each reaction  except 
fo r C o(ii)  w hich  Ibrrned a  m ix tu re  o f  o ran g e  an d  p ink crystals. 
T hese  w ere su b seq u en tly  identified  as being d im o rp h ic  fo rm s o f  
[C o(d cb p )(H ;0 )2 ]. I an d  2 . C ry sta ls  o f  I and  2  were sufTiciently 
d isp a ra te  in m o rp h o lo g y  an d  c o lo u r  to  allow  th e ir  m anual 
se p a ra tio n  u n d e r a m icroscope. T h e  hom ogeneity  o f  o th e r  
c ry sta llin e  sa m p le s w as also  verified th ro u g h  visual inspection  
using  a m icroscope. T h e  m eta l sa lts used d o  no t ap p ea r to 
inO uence reac tio n  p ro d u c ts  given th a t n itra te  o r  su lfate  sa lts 
have given th e  sam e results. A  m ore th o ro u g h  analysis o f  the 
reaction  c o n d itio n s  such as varia tio n  o f  the m eta l-to -lig an d  
ra tio  is the su b jec t o f  fu tu re  w ork.

Crystal structure o f  1

The a tom ic  n u m b erin g  schem c an d  a to m  connectiv ity  for 1 are 
show n in F ig . l a  a n d  the w ay it pack s th ro u g h o u t the  crysta l in 
Fig. lb. I h as h igher sy m m etry  th an  po ly m o rp h  2 {vide infra) 
w ith  ad jacen t un its  being  related  by 3i screw  a.xes. A dditionally , 
one  h a lf  o f  the  [C o (d cb p )(H ;0 ):]  unit is re lated  to  th e  o th e r  by 
a tw o-fold  ro ta tio n  axis, an d  thus, the s tru c tu re  was refined in 
the  ch ira l / ’3|21 trigona l space  g roup . C ry sta llo g rap h ic  deta ils  
are show n in Table 1. A  slightly d is to rted  o c tah ed ra l c o o rd in a 
tion  geo m etry  ab o u t the  C o(ii)  cen tre  is fu rn ished  by chela ting  
bipyridyl n itrogen  atom s, tw o c/.v-disposed w ater m olecules and  
two /ra;/.v-oriented oxygen a to m s from  ad jacen t m o n o d en ta te  
ca rb o x y la te  g roups. E ach dcb p  ligand in te rac ts  w ith  th ree  
C o(ii) cen tres, an d  likew ise each C o(ii)  cen tre  in te rac ts  w ith 
three d cb p  ligands, to  genera te  a  n eu tra l ch ira l 3D  co o rd in a tio n  
po lym er netw o rk . Fig. I b. T h e  dcb p  ligand  itse lf is in a relatively 
u n stra in ed  c o n fo rm a tio n  an d  only  a slight tw ist betw een each 
pyridyl rin g  ( =  5°) is ev iden t. T h e  ca rb o x y la te  g roups, w hich 
each link in m o n o d e n ta te  fash ion  to  tw o ad jacen t c o b a lt a to m s 
((■/. 2. w hich on ly  uses one  in b id en ta te  m ode), are  essentially  
co -p la n a r  ( ~ 5 “) w ith th e  pyridyl ring  to  w hich they  are  a ttach ed . 
T h is sym m etrica l m o d e  o f  co o rd in a tio n , com b in ed  w ith the  
m ore syrnnietrical co o rd in a tio n  sp he re  ab o u t the co b a lt centre, 
gives rise to  th e  h igher sy m m etry  s tru c tu re  fo r th is p o lym orph . 
T he co o rd in a te d  w ater m olecules hydrogen bo n d  to  the  n o n 
co o rd in a ted  carb o x y la te  oxygen a to m s as show n in Fig. la . 
These hydrogen bo n d  in te rac tio n s give rise to  w ate r-ca rb o x y la te  
d o u b le  helices th a t sp ira l dow n the  cry sta llo g rap liic  <-axis. 
D etails o f  hydrogen b o n d  in te rac tio n s  w ith in  1 a re  b ro u g h t 
to g e th er w ith in  Table 2.

If  bo th  th e  C o(ii) cen tres an d  the dcb p  ligands are  considered  
as 3 -connecting  nodes, as ind ica ted  in a  p rev ious d escrip tion  o f  
1.'" then  the  netw ork  form ed is o f  the  ra re  (12,3) to p o lo g y .”  
rhe ch ira l (12,3) net has the  largest value o f  n for the  un ifo rm  
(/;,3) ne ts co n sid ered  by W ells.^ It occupies a u n ique  position  
am ongst all the un ifo rm  nets in show ing  se lf-en tang lem ent such
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Fig. 1 (vi) M olecular structu re  and  aiom ic num bering  schem e in I. 
N o te  that each carboxylate g roup in ! is coo rd ina ted  in m onoden tate  
fashion. The do tted  lines depict the unique hydrogen bonds. Bipyridyl 
hydrogen atom s om itted  for clarity, (b) Packing diagram  o f  1 viewed 
dow n the crystallographic t-ax is  along which the w ater-carboxylate  
double  helices spiral, (c) Schem atic o f  the  two in te rpenetra ting  6‘’8^-b 
(quartz-like) nets in I viewed ca. along c.
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lh a l  som e o f  its sliortesl ci rcuits have oilier shor tes t  circuits 
passing  th ro u g h  them  ( 'catenation ') .  However, if  the two halves 
o f  the  d c b p  h gand  are considered  separa te ,  as  we have described 
previously,-**" then only the Co(li)  centres  in I need be c o n s id 
e red  as  nodes. T h is  gives rise to a four-connected  network o f  
6'*8--b (quartz- l ike)  topo logy  as den o ted  by Wells.''* A n  im p o r 
tan t  fact no t  detai led in the p revious report  on 1 is that ,  rega rd 
less o f  n ode  ass ignm ent ,  there exists two in te rpene tra t ing  3D 
networks. T h is  om iss ion  was no ted  in a recent review article,'^ 
A  schem atic  o f  the  two in te rpene tra t ing  quartz-l ike nets in I is 
show n in Fig. 1(c). Very few e .xam plesof  in terpenetra t ing  q u a r tz  
nets have been r e p o r t e d . I n t e r e s t i n g l y ,  one  o f  the few know n 
exam ples  is tha t  o f  [Zn(isn);]-2H_-0'Misn = isonicotinale)  which 
is also two-fold in te rpene tra ted  an d ,  a p a r t  f rom the different 
meta l  ion ,  co n ta in s  a lm o st  exactly the sam e com p o s i t io n  as 
1 (since d c b p -“ + 2H =  2 isn*). T h e  I wo structu res  are  closely 
related. I f  the w aters  in I are  dissociated from the meta l  a n d  the 
two halves o f  the  d c b p  l igands are  dissociated from each other , 
then  o n e  cou ld  d is to r t  the netw orks  to  closely resemble the 
g eom etry  found in [Zn(isn):]-2H:0. T his  w ould  give te trahedra l  
metal centres, leaving the waters in larger hexagonal channels ,  
with c o n c o m i ta n t  sho r ten in g  o f  c an d  lengthening o f  a an d  h 
to m o re  closely resemble the cell d im ensions  o f  [Zn(isn)2]-2 H :0  
(bo th  unit  cells are  tr igona l/hexagonal) .  A par t  from these 
a l te ra t ions  there is o n e  significant difference between the two 
structures. As viewed a long  c IFigs. 1(b) a n d  (c)| there  exist 
'h exagona l '  helices co n ta in in g  six 'i sonicotina tes ' per  turn. In I 
these helices are  d is to r ted  to tr igonal  sym m etry  with the d irec
t ions o f  the ‘i son ico tm ate ’ l inkers a l te rnat ing  a long  each  helix. 
In |Zn(isn)2)-2H;0,  however,  all isonicotinates have the same 
direction a lo n g  regular  hexagonal helices. This  gives the s t r u c 
ture hexagonal P64 sym m etiy ,  which, incidentally, was missed by 
the a u th o r s  w ho  refined it in / ’3i (a su b g ro u p  o f  P6j).

Crvstal structure o f 2

T he  a tom ic  n um ber ing  scheme an d  a to m  coimectivity  for 2 are  
show n in Fig. 2a.  T he  s t ruc tu re  o f  2 was refined in the chiral 
P2,2,2, o r th o rh o m b ic  space group. C rysta l lograph ic  de tails 
are  given ni Fable I. T h e  Co(ii)  cen tre  has a sl ightly d istor ted  
octahed ra l  g eom etry  with equa to r ia l  coo rd in a t io n  provided 
by chela t ing  bipyridyl nitrogen a toms,  a water  molecule  an d  
a carboxy la te  oxygen a to m  from an  ad jacen t  d cbp  ligand. A 
second w ate r  m olecule an d  an a d d i t iona l  ca rboxyla te  oxygen 
a to m  occupy  the axial  posit ions o f  the o c tahed ron .  T h u s  in 2, 
all like d o n o r s  occupy cis posi t ions  which is different  to lhat 
found in I where ca rboxyla te  g ro u p s  c o o rd in a te  with irans 
or ientat ion .

The  d o ub ly  d e p ro to n a te d  d c b p  l igand coo rd ina te s  to  three 
C o  centres: on e  th rough  chela t ing  bipyrid ine nitrogen a tom s 
and  two th rough  a b r idging ca rboxyla te  group. T h e  im ti-syn  
br idging m o d e  o f  the carboxyla te  g ro u p  gives a meta l- to-m eta l  
dis tance across the bridge o f  = 4 .8 2  A .  T h e  o th e r  carboxyla te  
group  abou t  C l 2 is u n coord ina ted  a l th o u g h  it does  par t ic ipate  
in hydrogen b o n d  in terac tions with the  b o u n d  water  molecules 
on two ad jacen t  metal centres.  Fig. 2a. A dd i t iona l  hydrogen 
bonds  between the two water  molecules an d  between the c o o rd i 
nated carboxy la te  g roup  and  o n e  o f  the w ate r  molecules also 
occur. Detai ls  o f  the hydrogen bon d  in terac t ions  with in  2 are  
brought toge ther  within Table 2. T h e  ca rboxyla te  g ro u p  a bou t  
C l  1 is twisted  at  = 3 2 °  with respect to the arom atic  ring to  which 
it is a t tached ,  while the co r re spond ing  angle a b o u t  C 1 2 is « 2 3 ° .  
A torsion  angle o f  = 9 .5 °  exists between the pyridyl  g ro u p s  o f  
the ligand. T h e  ligand is slightly d o m e d  across C 5 - C 6  a l though  
it is less d is to r ted  than  that  found in previous examples.^

Extension o f  coord ina t ion  in 2 generates a  single 3 D  network 
as show n in Fig. 2b. T h e  carboxyla te  bridges between the cobal t  
centres  give rise to C o  O C O  C o  helical cha ins  that spiral down 
the crystal lographic  (/-axis. T he  helical cha ins  link in the b an d  c 
directions th rough  coordination  o f  the d cbp  ligand and  hydrogen 
bonding. F u r th e r  hydrogen bonds  exist within the helical chains
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Fig. 2 (a )  M o le c u la r  s tru c tu re  iind a to m ic  n u m b e rin g  sch em e m  2. 
N o te  th a t on ly  o n e  c a rb o x y la te  g ro u p  in 2 c o o rd in a te s  in  b riilgm g  
fa sh io n . B ipyridyl hyd rogen  a to m s  o m itte d  fo r clai ity. T h e  d o tte d  lines 
dep ic t th e  u n iq u e  hyd ro g en  bon d s, (b )  P a ck in g  d ia g n in i o f  2 viewed 
do w n  (1)10) sh o w in g  th e  c a rb o x y la to -c o b a lt  c h a in s  sp ira llin g  do w n  the  
u -ax is  h ig h lig h te d  in yellow. N o te  th a t each  helical ch a in  is o f  the  sam e 
h an d , (c) S chem atic  o f  th e  ( U).3)-a n e t fo rm ed  in 2 as  view ed l a .  a lo n g  r . 
R ed n o d es  rep re sen t th e  C o (n )  ce n tre  a n d  b lue  n o d es  a c e n tra l  p o in t ni 
th e  N l-c o n la in in g  h a l f  o f  the  d c b p  ligand , respectively.

dow n the crystal lographic ((-axis. In terac tions between adjacent 
arom atic  rings fu r ther  reniforce the 3D  network. In line with ou r  
o th e r  network  n ode  assignments,'**" the Co(ii)  centre  an d  one 
ha l f  o f  the d cbp  ligand bo th  act as 3-connecling nodes. T h e  three 
shor tes t  ci rcuits for bo th  node  types all involve ten nodes , thus 
the  net is o f  (10,3) topology as show n in Fig. 2(c). There  are  seven 
un ifo rm  ( 10,3) connected  nets as described by Wells.'‘*The( 10,3)- 
a net, the m ost  symmetrical  o f  all the possible three-connected  
nets, is chiral  and  has four-fold helices (four links per  turn)  
parallel to each o f  the crystal lographic  axes. T he  network for 2 
c o n ta ins  these ‘four-fo ld’ helices a long  each axis (as in Fig. 2(c)) 
an d  thus is o f  (IO,3)-a topology. Since 2 has o r ih o rh o m b ic  
( / ’2]2|2 |)  sym m etry  the  geom etry  is diHereiu.  but the topo logy  is 
the same, for each view a long  the crystal lographic axes.

If the connec t ions  involving the hydrogen b o n d s  between the 
uncoord ina ted  carboxy la te  g roups  an d  the coo rd in a ted  waters
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a re  a d d e d  to  th e  (l().3 )-a  c o o rd in a tio n  netw ork , the  C o(ii) 
cen tre s  b eco m e six-connected  nod es an d  an  ex tra  th ree -c o n 
nected  n o d e  is in tro d u ced . T h is  m ore co m p h ca ted  netw ork  has a 
(6 ’){6 '-8’) S ch la lli n o ta tio n  (the  sh o rtes t c ircu its for bo th  un ique 
th ree -c o n n ec ted  nodes all co n ta in  six nodes).

Cumpurison o f  a- and |i-pulymorphs o f |Co(dcbp)(H20)2|. T he
d im o rp h ic  p a ir  1 an d  2 crysta llise  in d ifferen t space  groups. 
T h e ir p o ly m o rp h ic  re la tio n sh ip  arises from  the  d ifferen t ligand 
con n ec tiv ity  a ro u n d  the  C o(ii) a to m  as ou tlin ed  in the p reced ing  
d iscussion . T h e  two c o o rd in a ted  w ater m olecules in I occupy  cix  
positio n s , w hich  are  /n m s  to  the  che la tin g  b ipy rid in e  n itrogen  
a tom s, leaving the  ca rb o x y la te  oxygen a to m s in ax ial fniiis 
positions. In 2 all like d o n o rs  occupy  c is  positions. F u rth e rm o re , 
the  d c b p  ligand  in each netw ork  is in a d ifferen t o rien ta tio n  
relative to  the  m eta l centre. M oreover, th e  dcb p  ligands d iffer 
in th e  w ay they  co o rd in a te  th ro u g h  th e  ca rb o x y la te  groups. In 
1 each  ca rb o x y la te  g ro u p  co o rd in a te s  in m o n o d en ta te  fash ion  
to  tw o fu rth e r  cobalt centres. H ow ever, in 2 only  a .tingle  
carb o x y la te  g ro u p  co o rd in a te s  in b rid g in g  b id en ta te  fash ion . 
T hese d ifferences give rise to  3D  netw orks possessing  d issim ila r 
topo log ies: a m o re  crysta llo g rap h ica lly  sym m etrica l tw o-fold 
in te rp en e tra te d  (i''8--b net in I an d  a  single (l(),3)-a net in 2. 
L ikewise, the  w ater m olecules in each  p a rtic ip a te  in d ifferen t 
H -b o n d in g  in te rac tio n s. Table 2. M oreover, the  netw ork  in I 
possesses c h an n e ls  ru n n in g  a lo n g  the  c d irec tio n , w hereas th a t 
in 2 do es no t. S trikingly, p o ly m o rp h  2 is = 0 .3  g c m " ' m o re  dense 
th an  p o ly m o rp h  I (1.940 I’.v. 1.654 g cm "’, respectively) a tte s t
ing to  its m o re  efficient pack ing . T h is  h igher d ensity  p ack ing  
therefo re  p rec ludes the  fo rm atio n  o f  any accessible ch an n e ls  
w ithin th e  s tructu re . Typically, the  varia tio n  in d ensity  betw een 
p o ly m o rp h s on ly  ditTers m arginally '*  (<==0.1 g cm " ')  so in th is 
con tex t th e  cu rre n t exam ples a re  q u ite  staggering .

F u r th e r  p o ly m o rp h s  m ight conceivably  arise  based  on this 
geom etrica l isom erism . A prospective th ird  po ly m o rp h  w ould 
result if the  w ater m olecules were to  co o rd in a te  w ith irans  d is
p osition . W hilst th is m igh t genera te  a p o ly m o rp h , it is difficult 
to  predict w hat top o lo g y  a re su ltan t netw ork  w ould  a d o p t. 
N evertheless, som e insight m igh t be gained  from  co n sidering  
the s tru c tu re  o f  l[C u (d c b p )(H ,0 ) , |-2 H ^ 0 ! , w hich has the  sam e 
I : 1 lig an d -to -m eta l ra tio  and  co o rd in a tio n  c h ro m o p h o re  as 1 
an d  2, a lth o u g h  in this instance the  w ater m olecules are  c o o rd i
nated  in Irans  arrangem ent.*" T h is exam ple prov ides a possible 
to po log ica l o u tco m e for the  netw ork  th a t m ight result from  this 
co o rd in a tio n  isom er: a 2D  sheet w ith 4 ,4-topology, W hilst a  3D  
an a lo g u e  c a n n o t be p rec luded  based solely on  th is exam ple, 
con cep tu a lly  it w ould  a p p e a r  th a t a bu ild ing  block co n ta in in g  
irans  c o o rd in a tio n  o f  the  w ater m olecules, an d  therefore  cis 
co o rd in a tio n  o f  the  rem ain in g  d o n o rs, w ould have d ifficulty  
genera ting  a 3D  netw ork .

Crystal structure o f  3

C ry sta llo g rap h ic  d e ta ils  for 3 are  given in Table 1. T h e  sam e 
atom ic  n u m bering  schem e w as used as for I (see Fig, 1(a)) since 
3 is iso n io rp h o u s w ith I. However, in th is instance  the crystal 
d a ta  were co llected  on  a crysta l w ith o p p o site  h an d ed n ess and  
th u s the  s tru c tu re  was refined  in the  ch iral P3221 tr ig o n a l space 
group. Since these ch ira l s tru c tu res  are fo rm ed  from  ach iral 
com p o n en ts , c ry sta ls  o f  bo th  h an d s can  exist in each sam ple. 
Ind iv idual c ry sta ls  can  be chirally  pu re  (as found  for I an d  3) o r 
raceniically  tw inned  (as found for 2).

In co m p ariso n  to  I, the  tw ist betw een each h a lf  o f  the dcb p  
ligand across the cen tra l C l - C l  A axis in 3 is slightly  larger «=7° 
(cf. = 5 °  in 1), w hereas th e  ca rb o x y la te  g roup  ab o u t C 6  is tw isted 
to  the pyridyl ring  to  w hich it is a ttach ed  by a sim ilar m agnitude. 
T he hydrogen bon d  in te rac tio n s  betw een the  w ater m olecules 
an d  the n o n -co o rd in a ted  carb o x y la te  oxygen a to m s give rise to  
sim ilar ch ira l w 'a te r-carboxy la te  d o u b le  helices as in I (b u t o f  
o p p o site  h an dedness), a lth o u g h  th e  b o n d in g  in te rac tio n s  are 
slightly  d ifferen t. D eta ils o f  the hydrogen b o n d in g  w ithin 3

4 4  4  D a l t o n  T r a n s . ,  2 0 0 4 ,  3 4 4 0 - 3 4 4 7

a re  b ro u g h t to g e th er w ithin Table 2. T h e  tw o in te rp en e tra tin g  
6“8--b quartz -lik e  nets are  o f  o p p o site  han d  to  th o se  show n for 
1 (F ig . 1(c)).

Crystal structure o f 4

T h e  a to m ic  n u m bering  schem e an d  a to m  co nnectiv ity  for 4 
a re  show n in Fig. 3(a). T he s tru c tu re  o f  4 w as refm ed in the 
m o noclin ic  C2/c space  g ro u p  an d  cry sta llo g rap h ic  d e ta ils  are 
show n in Table 1. T h is com plex is a p se u d o -p o ly m o rp h  o f  bo th  
o u r  p rev ious M n(ll) examples,'* ![M n(dcbp)] ' ’D M F ] , 5 and  
! [M n (d c b p )] '2 H :0 } , 6 an d  is iso m o rp h o u s  w ith 5. A s a con se
q u en ce  o f  the  larger ste ric  profile o f  D E F, sign ifican t changes 
a re  observed  w ith in  th e  s tru c tu re  o f  4 co m p ared  w ith 5, and  are

(a)

(b)

(c)

Kig. 3 (a) M olecular s truc tu re  and atom ic num lieriiig schem e in 4. 
Bipyridyl hydrogen atom s and D E F  om itted for clarity. N ote  the degree 
o f  bending  about C 5-C 6 . (b) Packing diagram  o f 4 viewed down the 
crystallographic /i-axis showing the .''D network con ta in ing  disordered 
D E F  molecules w ithin the0.2.‘i3 x 0.707 nm channels. H ydrogen atom s 
om itted  for clarity, (c) Schem atic representation o f the 3D  netw ork of 
4 viewed ca. dow n h. The 6-connecting nodes (red centres) are the posi
tions o f  the Mn atoms. I'here are two types o f 3-connecting nodes, each 
representing  one h a lf o f the dcbp  ligand. T he blue centres represent a 
central point in the N l con tain ing  h a lf  o f the dcbp ligand, whilst the 
green centres represent a central point in the N2 con ta in ing  h a lf  This 
gives rise to a network with (4.6-)(4’.6)(4''.6''.8") Schliilli no ta tion .



h ig h lig h ted  here. T h e  cell p a ram e te rs  a re  sim ilar to  th o se  o f  5, 
bu t sign ifican tly  difl'erent: a  decreases by OA"A,, w hile /> an d  r  
leng then  by 1.17., an d  respectively; a slight increase in ji 
is a lso  o bserved  (0.2'Vii). T h is  resu lts in an overall cell volum e 
increase o f  1,3'Xi.

T h e  M n(ii) cen tre  has d is to rted  o c tah ed ra l geo m etry  and  
is c o o rd in a te d  by five d cb p  ligands. O ne ligand  b in d s th ro u g h  
Ihe ch e la tin g  b ipyridyl n itrogen  atom s, w hilst the  rem ain d er 
c o o rd in a te  via a ca rb o x y la te  oxygen a to m  from  fou r ad jacen t 
d c b p  ligands. A s tr ik in g  fea tu re  o f  th is com plex  is the  heavy 
d is to r tio n  o f  th e  d c b p  ligand . T h is arises as a resu lt o f  the  
tw isting  an d  'b e n d in g ' a b o u t the  C 5 C 6  bon d . T h e  pyridyl 
rings a re  tw isted  by = 2 3 °  ab o u t th e  C 5 -C 6  b o n d  (<;/.' 21° for 5). 
A d d itio n a lly  th e  ‘b en d in g ' o f  th e  ligand is m o re  p ro n o u n ced  
w ith  C 2 -C 5 -C 6  172.5° an d  C 9 -C 6 -C 5  170.9° icf. 173.6° an d  
171,6° respectively for 5). T h e  carb o x y la te  g ro u p  abou t C l l  
is tw isted  =“ 11,5° to  the  pyridyl ring  to  w hich it is a ttach ed , 
while th a t ab o u t C12 is tw isted  sign ifican tly  m ore a t = 3 2 .5 °  
{cj. 11.0° an d  33.7°. respectively in 5). T h e  ca rb o x y la te  g roups 
them selves b ridge  (a n ti-syn )  betw een M n(ll) cen tres to  p ro d u ce  
b is-carb o x y la to  c h a in s  w hich ru n  a lo n g  Ihe 110 a n d -1 1 0  
d irec tions. T h e  links o f  the  ch a in s a re  m ad e  up  o f  e ighl- 
m em bered  rings [i.e. Iwo M n-cen tres an d  tw o carboxy la te  groups 
( 0 " C - 0 )  per link], w ith n e ig h b o u rin g  links tw isted at ca. 119° to  
each o th e r  (( /. 118° in 5). A d jacen t links are  crysta llog raph ica lly  
n o n -eq u iv a len t an d  give rise to  tw o difl'erent m eta l-to -m eta l 
se p a ra tio n s  a lo n g  Ihe ch a in . M n(ii) cen tres  b ridged  by the 
ca rb o x y la te  g ro u p  ab o u t C l 1 are 4.7634(9) A a p a r t, while those  
bridged  by th e  ca rb o x y la te  g ro u p  ab o u t C12 are. 4 .8294(9) A 
((■/. 4 .7 3 1( 1) A an d  4.839( 1) A. respectively in 5). T h e  links are 
no t p la n a r  an d  ad o p i a chair-like  co n fo rm atio n .

T h e  m ang an ese  c a rb o x y la to  ch a in s cross-link  via the dcbp  
ligands to  p ro d u ce  a 3D  c o o rd in a tio n  po lym er as show n in 
Fig. 3(b), T h e  3D  netw ork  is re inforced by k h  in te rac tio n s 
betw een the d cb p  ligands, w ith the se p ara tio n  a t closest co n tac t 
being  3,398(4) A, T h e  netw ork  In 4  is e labo ra te ly  p erfo ra ted  
w ith c h an n e ls  w hich run  a lo n g  the  cry sta llo g rap h ic  a. h  and  
( axes w ith  d im ensions o f  0.333 x 0.457. 0.253 x 0.707 and  
0.312 X 0 .634 nm . respectively U f. 0 .338 x  0.454, 0.248 x 0.702 
an d  0 .323 x 0 .626 nm . respectively m 5).''’ T h e  ch an n e ls  
co n s titu te  24.4%  {cj. 23.3%  in 5)™ o f  the crystal volum e and  
natu ra lly  co n ta in  larger voids at the ir p o in ts  o f  in tersec tion , 
w here th e  D E F  m olecu les reside. T h e  need to  acco m m o d ate  
a b igger guest m olecu le  (D E F  v.v, D M F ) forces the  expansion  
o f  the  ch an n e ls  in 4  an d  m ore greatly  d is to rts  the  d cb p  ligand. 
T h e  D E F  m olecules were refined a t ha lf-o ccu p an cy  and  are 
d iso rd ered  over tw o positio n s , re lated  by a  tw o-fold  ro ta tion  
axis, w hich passes th ro u g h  the  oxygen a tom .

T he overall netw ork  resu lting  from  co o rd in a tio n  in 4  m ay 
be rep resen ted  by the  schem atic  d iag ram  in F ig . 3(c). T he 
netw ork consists o f  6 -co n n ec to rs  (M n  a tom s) an d  3 -connecto rs 
(iso n ico tin a te  'h a lv es’ o f  d cbp) in the  ra tio  1 :2 . A lthough  there 
is only  o n e  type  o f  6 -connecto r, topo log ically  there are  tw o types 
o f  3 -connecto rs arising  from  the  cry sla llo g rap h ic  inequ ivalence 
o f  each h a lf  o f  the d cb p  ligand. In o rd e r  tod ilT eren tia te  betw een 
the  two, the  nodes rep resen ting  the h a lf  co n ta in in g  N1 will be 
referred  to  as type I w hilst the  nod es rep resen ting  the h a lf  
co n ta in in g  N 2 will be referred  to  as type  I I .  E ach 6-connecting  
no d e  is linked to  six o th e r  3 -connecto rs, th ree o f  type I and  
th ree  o f  type  I I ,  E ach 3 -co n n ec to r (bo th  type I and  I I )  is linked 
to  th ree 6 -connecto rs, T h e  th ree  's h o rte s t c ircu its ’ for th e  type 
I 3-connector, include tw o c ircu its involving six nodes an d  one 
involving fo u r nodes, w hilst for the  type I I  3-co n n ec to rs  the 
'sh o rtes t c ircu its ' inc lude  tw o involving fo u r nodes an d  one 
involving six nodes. A nalysis o f  th e  fifteen 's h o rte s t c ircu its ' 
for the 6 -co n n ec to rs  gives six circu its involving six nodes, six 
c ircu its involving e ig h t nodes, an d  th ree  circu its involving 
four nodes. T h erefo re  the Schliilli n o ta tio n  for the netw ork  is 
(4 .6 -)(4 -,6 )(4 \6 ‘',8 '’). T h e  co o rd in a tio n  netw ork  o f  4  is to p o lo g i
cally iden tical to  th a t o f  5. since the connectiv ity  is the  sam e. T he 
dilTerent connectiv ity  o f  the  netw ork  in 6, co m p ared  to  that o f

Table 3 T he role o f  solvent in defining the nature o f the product from 
the solvotherm al reaction o f  M nCI; and  H ,dcbp  (1 :2 )

Solvent Solvent ratio  (%) Product Yield" C:̂ ,)

D E F 100 4 30
D M F 100 5 32
H ,0 100 6 74
D E F /H ,0 50:50 6 75
D E F /H ,0 75:25 6 70
D M F /H jO 25:75 6 82
D M F /H ,0 50:50 5 80
D M F /H ,0 75:25 5 79

"Identities were confirm ed by m icroanalyses and  single crystal X-ray 
difl'raction studies.

4  an d  5. is h igh ligh ted  by its (4-.6)(4‘*,6-.8*. 10') S chlalli sym bol.
O n ly  o n e  d e sc rip to r  is needed for the th ree-co n n ec ted  nodes 
since the  tw o halves o f  d cb p  are related  by sym m etry. Since, in 
4  6, each M n(ii) cen tre  co n n ec ts  to  five d cb p  ligands, an d  vice 
versa, a  five-connected  netw ork  can  be assigned using  a sim ilar 
ap p ro ach  to  th a t which gives a  (12,3) top o lo g y  for I an d  3.
In th is case  the  Schliifii n o ta tio n  for 4  6 is the sam e for each, 
co n d en sin g  to  4 '’6‘‘ since b o th  m eta l and  ligand  nod es have the 
sam e sh o rte s t circuits. T h is  h igh ligh ts the  usefu lness o f  consi
d ering  each ’iso n ico tin a le ’ h a lf  o f  the d cb p  ligand sep ara te ly  to 
d istingu ish  betw een the  d ille re n t topo log ies o f  these system s.

T he role o f solvent

It is a p p a re n t th a t the so lvent plays a defin ing  role in d e te r
m in ing  the  n a tu re  o f  the  netw ork  fo rm ed  for the M n(ti) specics.
We have show n th a t em ploy ing  neat DEF'. D M F' o r  H^O leads 
to  fo rm atio n  o f  |[M n(dcbp)] '/ iD E F i , 4 , i |M n (d c b p ) | ' ' 2 D M F I ,
5, an d  {[M n(dcbp)]-21I;O i, 6, respectively. W hilst the  netw orks 
fo rm ed  in 4  an d  5 are  topo log ica lly  iden tica l, as m ight have 
been an tic ip a ted , th a t o f  6 is m arked ly  d ill'erent. Several 
reac tions were set up to  d e te rm in e  the th resh o ld  o f  fo rm atio n  
for 4 . 5 an d  6, M nC l; an d  IF d c b p  w ere reacted  at 200 °C  for 
16 h, w ith  vary ing  p ro p o rtio n s  o f  D E F  o r D M F  an d  water.
Table 3, Several in teresting  co nclus ions can  be draw n from  this 
study: i) on ly  neat D E F  so lu tio n s  re tu rn  single c ry sta ls  o f  4; 
il) in the case o f  m ixed solvent so lu tio n s co n ta in in g  D M F  and 
H O  the  p red o m in an t so lvent d e te rm in es the  p ro d u c t identity; 
iii) at no  tim e were m ix tures o f  p ro d u c ts  identified  w ith in  a given 
batch , an d ; iv) h igher y ields o f  crysta llin e  so lids are  o b ta in ed  
in so lven t m ixtures. F u rth e rm o re , when sam ples o f  5 o r  6 were 
treated  so lvo th erm ally  in e ith er MX) o r  D M F. respectively, 
they  d id  n o t co n v ert in to  the  o ther. A given netw ork  re ta in s its 
to po log ica l iden tity  irrespective o f  post syn the tic  so lvo therm al 
trea tm en t.

T h e  low er iso lated  yields o f  crysta lline  4  an d  5 from  neat D E F  
an d  D M F  is p robab ly  a  consequence  o f  lower reac tan t so lub ility  
w ithin these solvents. T h e  in tro d u c tio n  o f  w ater en hances 
reac tan t so lub ility  an d  d rastica lly  increases the  yield o f  5 at 
low er c o n cen tra tio n  a lth o u g h  it p reven ts the  fo rm atio n  o f  4  at 
any co n c e n tra tio n . T here  is clearly  in terp lay  betw een so lven ts 
an d  a  Irade-olT betw een so lub ility  and  p ro d u c t s tab ility  needs to 
be m ade. T h e  netw ork  w ith in  4 (acco m m o d a tin g  D E F ) is very 
s tra in ed , so if w ater is p resen t d u rin g  its syn thesis com plex  6 will 
cry sta llise  in preference, as the netw ork  il fo rm s is n o t unduly  
s tra in ed  an d  therefore  p robab ly  m o re  energetically  favourable 
u n d e r these co nd itions. T h is  energetic b a lance  is a lso  operative 
w ith in  5 as the netw ork  it form s is a lso  s tra in ed , a lth o u g h  not 
to  the  sam e degree as 4, In th is in stan ce  il requ ires w ater as the 
m a jo r  c o m p o n e n t w ithin the  so lven t m ix before favouring  the 
fo rm atio n  o f  6 over 5, Indeed , the  d ensity  o f  Ihe host lattices 
rellects th is tren d  (4  < 5 <  6) an d  suggests tha t 6 is the  m ost 
th e rm o d y n am ica lly  stab le  p ro d u c t. T hese find ings a re  signifi
can t an d  a u g u r  well for the  g enera tion  o f  d issim ila r b u t related 
fam ilies o f  M O F s from  d cb p  an d  m etal co m b in a tio n s  by sim ply 
chan g in g  the  so lvent used d u rin g  synthesis.
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M u sn etic  exchange in 1, 2. 5 and 6

V ariable te m p era tu re  m agnetic suscep tib ility  stud ies were 
p e r lb rm e d  on  pow dered  sam ples o f  1. 2. 5 an d  6. A rep resen 
ta tiv e  p lo t o f  r.s. T  ( / „  being  th e  m agnetic  suscep tib ility  
per M n (ll)  ion) an d  r.v. T  for 6 is show n in Fig. 4. In I the 
re su lta n t m o m en t per C o(ii) d ecreases g rad u a lly  from  4.56 
to  cu. 4 . 4 0 betw een 300 and  100 K , respectively, an d  then  
m o re  rap id ly  to  3.15 /yb iit 4.2 K . A n  a lm ost iden tical profile 
w as o b served  for 2, w here the c o rre sp o n d in g  values decreased  
from  4.63 /;b to  3.20 /(b <it 300 a n d  4.2 K. respectively. T his 
b eh av io u r is typical for high spin o c tah ed ra l C o(ii) centres. T he 
te m p e ra tu re  dep en d en ce  m ost p robab ly  arises from  a c o m b i
n a tio n  o f  sp in  o rb it co u p lin g  an d  low sy m m etry  ligand  field 
elTects. E x trem ely  w eak an tife rro m ag n e tic  co u p lin g  m ay also  be 
opera tiv e  bu t as no  m axm ium  in t h e / ^  v.v. 7 'p lo t w as observed , 
th e  co u p lin g  co n s ta n t J  is likely to  be less th an  -0 .1  cm " '. T he 
shape o f  the/(e,r v.v. 7 'p lo t has been observed  in o th e r  six c o o rd i
n a te  C o(ll)  netw ork  com plexes, for in stance  in w eakly coup led  
|ii -d ic y a n a m id e  species o f  various d im ensionalities .-' M easu re
m en t o f  m ag n e tiza tio n  in very low app lied  fields show ed th a t no 
long -ran g e  m agnetic  o rd erin g  w as p resen t in e ith e r I o r  2.
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Kig. 4 rhe  magnetic nuinu-nl (O) and susceptibility (□ ) (per Mn) for 
6 I'.v. temperature. The solid line is that calculated using the appropriate 
model-- and the parameters outlined wuhui the text.

T he resu ltan t m agnetic  m om en t p er m an g an ese  for 5 
decreases g radually  from  5 .80//b to  cci. 5.35/iB betw een 300 and  
80 K. respectively, and  then  m ore rap id ly  to  1.40 4.2 K.
T h e  r.s. T  p lo t passes th ro u g h  a  m axim um  at » 8  K. T his 
b ehav io u r is typical fo r weak an tife rro n iag n e tica lly  coup led  
h igh sp in  o c tah ed ra l M n(ii) cen tres  co m b in ed  w ith zero-field  
sp litting  a t low tem pera tu res. T h e  100 4 .2 K region w as fu rth er 
exp lored  w ith variab le  field m easu rem en ts  {at 20, 100, 1000, 
and  10000 O e( to  d e te rm in e  w h eth er any long -ran g e  a n tife rro 
m agnetic  o rd e r w as presen t. T h e  /(b values rem ain  essentially  
in d ep en d en t o f  field ind ica ting  no  such elTect. M agnetic  d a ta  
for 6 were sim ilar to  those  o f  5, w here the  c o rre sp o n d in g  
values g rad u a lly  decreased  from  5.75 /<b to  = 5 .5 0  /<b betw een 
300 and  80 K., respectively, an d  th en  m ore rap id ly  to  1.95 //b ill 
4.2 K. S im ilarly, th e  i.v. I  p lo t passes th ro u g h  a  m axim um  
al = 5  K. T h e  d a ta  for 5 and  6 were fit to  an ap p ro p ria te  m odel-- 
for in te rac tin g  5/2 spins, an d  y ielded co u p lin g  co n s tan ts . ./, 
o f  -0 .3 5  c m " ', w ith s; = 1.94 (5) an d  -0 .2 6  c m ” ', w ith  g  = 1.95 
(6), indicative o f  very weak an tife rro n iag n e tic  coupling .

Conclusion
We have successfully  d em o n s tra ted  th a t H ,d cb p  is an  extreinely 
versatile ligand capab le  o f  fo rm ing  3D  co o rd in a tio n  netw orks 
o f  d ifle rin g  topo logy  in co m b in a lio n  w ith M (ii) ions, som e 
o f  w hich fea tu re  porosity . We have p resen ted  the  synthesis, 
s tru c tu ra l an d  m agnetic  ch a rac te risa tio n  o f  M n(ii), C o(ll) and  
Ni(il) exam ples. In teresting ly  th e  C o(ll)  species crystallised  in 
two po ly m o rp h ic  form s, each possessing  a 3D  netw ork  a lth o u g h
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w ith  dilTerent topology. We believe th is to  be the  first such 
rep o rt d e ta ilin g  th is type  o f  su p ra in o le c u la r  isom erism . It is 
a lso  in teresting  to  no te  th a t a given to po log ica l o u tco m e  results 
irrespective o f  the  m etal salt em ployed  w ithin the  syn thesis {(/.' 
I an d  2 i-.v. 3). It w ould therefore a p p e a r  in the cu rre n t exam ples 
th a t the  sy n th e tic  m ethod  is the  m a jo r  d e te rm in a n t over the 
topo log ica l ou tco m e in p reference to  th e  m etal salt used. We are 
investigating  aspects o f  th is fu rth e r  in ad d itio n  to  stu d y in g  the 
elT ectthat various M : L sto ich io m etric  co m b in a tio n s m ight have 
upon  th e  iden tity  o f  the p roducts.

T he cu rre n t s tudy  also  p rovides insigh t in to  the  key tem pla tiug  
role so lven ts p lay  in the  fo rm atio n  o f  these netw orks, and  the 
effect th a t the  in terp lay  betw een m ixed solvent system s has 
on  defin ing  th e  reac tio n  p ro d u c t. C learly  th is ligand has great 
scope for the  genera tio n  o f  novel c o o rd in a tio n  netw orks, which 
m ay possess in teresting  an d  varied  properties. We are  cu rren tly  
ex ten d in g  this ap p ro ach  to  include o th e r  m eta ls o f  the  first and  
second tran sitio n  series an d  the  influence v arious so lven ts have 
upon  the  o u tco m e o f  the  so lv o th erm al synthesis. We will repo rt 
upo n  o u r  recent successes in the n ea r future.

Acknowledgements
F in an c ia l su p p o rt from  E n te rp rise  Ire land  by way o f  a 
P o std o c to ra l Fellow ship  (P. J.) an d  P o stg rad u a te  S ch o larsh ip  
(E. T.) (SC /2001/227), the T rin ity  C ollege D ean o f  Research 
S ta r t-u p  an d  m ain ten an ce  g ran ts , an d  an A u stra lian  R esearch 
C ounc il D iscovery g ra n t (K . S. M .) a re  gratefu lly  acknow ledged . 
We th an k  D r T erry  Threlfell o f  th e  E PS R C  N atio n a l C ry sta llo 
graphy  Service, U niversity  o f  S o u th a m p to n . U K . for p a r tic u 
larly  in form ative co rre sp o n d en ce  co n cern in g  po lym orph ism .

References and notes
1 ((/)C. Jan iak . Dahun Trans.. 2003. 2781: (/))R . Robson. ,/ Chcni. 

Sac. Dahon Tmii.s..20t)0. 3735:1< ) B. M oulton  and M. .1. Zaw orotko. 
Cheni. R ev. 2 0 0 1 .101. 1629:(</) .S. R. Batten and R. Rolison. .tiigi'n. 
Chem. Ini E d .  1998. 31. 1461: (<') B. .1. Ilollidav and C. A. M irkin, 
.4ngen. Chcm. Ini. EJ. 2001. 4(1. 2022: (/) S. R, Batten. C m lE n x -  
Conmi . 2001 .3 .67 : (^) R. R [Joyle. I’, t .  Kruger. M. Julve. I . Lloret 
and M. Nieuvvenhuyzen. CryslEngConini. 2002. 4. 1.̂ : B. C'oneme>. 
P. Jensen. R E. Kruger. B. M oubarak i and  K. .S. M urray, Ciy.tiEng- 
Ci/nini. 200.3. 5. 454: (//) R F. Kruger. 11. Grove. M. Julve. F. l.loret. 
K. W. ['ornroos and  J. Sletten. Inorg. Chun. 2001. .325. 115.

2 (u).S. N oro. S. Kitagawa. M. K ondo and K. Seki. Anxcn. Client. 
Ini. EJ. 2000. .39. 2081: (/>) H. Li. M. Fddaoudi. M. O 'K eere and 
O. M. Yaghi. .Wtiiiirc. 1999. 402. 276: (c) J. Soo. D. W liang, II. Lee. 
S. I. Jun. J. Oh. Y. J. Jeon and K. K im . SuHtre. 2000. 402. 982: 
(J) M. H ddaoudi. D. B. Moler. J. l.i. B. L. C heni. 1 M Reineke. 
M .O 'K eefl'e  and (). M. Yaghi. Acc. C'lwni. Re.s.. 2001. .34. 319: 
(c) B. I.. C hem . M. F ddaoudi. S. T. Il>de. M. O  KeeiTe and (). M. 
Yaghi. .Scicnce. 2001. 291. 1021: (/) N. 1.. Rosi. M. I^ddaoudi. 
J. Kim. M .O 'K eelTe and O. M. Yaghi. Cvy.stEitgComm. 2002. 4. 
401: (,e) M. F„ Braun. C. D. StefTek. J. Kim, P. G. Rasm ussen and 
O. M. Yaghi. Chcm. Comniun.. 2001. 2532: (/i) S. A. Bourne. J. J. Lu. 
A. M ondal. B. M oulton  and  M. J. Zaw orotko. Angcw. Chcni. Ini. 
Ell.. 2001. 40. 2111: (I) M. O h. G. B. C arpen ter and D. A. Swcigart. 
Chcm. Cammim.. 2002. 2168: (/) S. S. Y  Cluii, S. M. F  Fo. J. R IF 
C h arm an t. A. G. O rpen and  I. D. W illiams. Scicncc. 1999. 283. 
1148: (^r) G. J. Haider. C. J. K epert. B. M oubarak i. K. S. M urray 
and J. D. C ashion , Scicncc. 2002. 298. 1762.

3 Reviews: (u) O. M. Yaghi, M. O'KeelTe. N. \V. Oekwig. H. K. Chae, 
J. Kim and M. F.ddaoudi. Nuliirc. 2003. 423. 705: (h) S. F. James, 
Chcm. Soc  Rev.. 2003. 32. 276: (c)S.  K itagawa. R. K itaura  and 
S. N oro, Chcm. Ini. Ed. 2004. 43. 2334.

4 F. Tynan. R Jensen. R F. K ruger and A. C. l.ees. Chem. Comninn.. 
2004, 776.

5 (u) T. S eh are in a . C . Schiek . B. F. A b rah a m s and  R. Kem pe. 
Z. Anora. Allg. Chcm.. 2001. 627. 1711: (/>) T. Sehareina. C. Schick 
and R. Kempe. Z. Anvrg. Alli>. Chcm.. 2001. 627. 131: (<) Y. II. Liu. 
Y L. Lu. H. C. Wu. J. C. W ang and  K. L. [,u. Inoii’. Chem.. 2002. 
4F  2592.

6 C. Kaes. A. K atz and M. W. Hosseini. Chcm. Rev.. 2000, 100. 3553.
7 (o) R. C. M ehrotra  and R. Bohra. M euil Carhu.xykncs. A cadem ic 

Press. L ondon. 1983: (/>) F. A. C o tto n  and R. 11. W alton. Multiple 
Bond.s Belnecn M cU l Anrnts. O xford Universit> Press. Oxford. 
1993.



8 (</) I:. 'Fynun. P. Jensen. P. Fi. K ruger A. C. Lees and M. Nicuwen* 
luiyzen. Dallon Trans.. 2003, i223; (/?) see also C. J. Matthews. 
M. R. J. Elsegood. G. Bcrnardinelli. W. Clegg and A. R Williams. 
Oahon Trans.. 2004. 492.

0 A. R. Oki and R. J. Morgan. Synth. Conunnn.. 1995. 24. 4093.
10 (t/) P. E. Kruger. G. Fallon. B. Moubaraki, K. J. Berry and K. S. 

Murray. Inoi% Chcni., 1995.34.4808: {h) P. E. Kruger. G. D. Fallon. 
B. Moubaraki and K. S. Murray. 7. Chem. Soc. Dalton Tran.s.. 2000. 
713.

11 A. Eainshaw. IniroJuction to Magnctochcmistry. Academic Press. 
London. 1968.

12 S M A R T and SAINT-NT. programs for data collection and data 
reduction. Bruker-AXS. Madison. W l. 1998; G. M. Sheldnck. 
S H ELXTL lersion 5.0. .A System fo r  Structure Solution and 
Refinement. Bruker-AXS. Madison. W i. 1998.

13 B, F. Abrahams. S. R. Batten. M. J. Grannas. H. Hamit. B. F. Hos
kins and R. Robson. Angew Cliem. Int. Ed.. 1999. 38. 1475.

14 ( /̂) A. F. Wells. Three Dimensional Nets and Polyhedra. Wiley- 
Interscience. New York. 1977; (/>) Further Studies o f  Three-dimen- 
sional Mels. AC A Monograph No. 8. American Crystallographic 
Association. 1979: (c) Further description o f Wells* (n,p) notation, 
and a defniition o f ’shortest circuits' as they apply to network nodes, 
may also be found in reference \ (d). The short Schlafli notation used 
throughout the present manuscript denotes the ’shortest circuits*

for each type o f node. For example, the symbol 6‘*8- means that 
four o f the ’shortest circuits' for this type o f node in the network 
coniain six nodes, and the other two contain eight nodes. Where a 
network contains more than one type o f node, the descriptor for 
each dilTerent node is contamed w ithin brackets.

15 L. Carlucci. G. Ciani and D. M. Proserpio. ('.Vw/y/. Chem. Rev. .200}. 
246. 247.

16 S. R. Batten, at http://web.chem.monash.edu.au/Department/Statl7 
Batteii/Intptn.htm  (10/01/04 update).

17 J. Sun. L. Weng. Y. Zhou. J. Chen. Z. Chen. / .  i.iu  and D. Zhao. 
Angew Chem. Int. Ed. 2002. 41. 4471.

18 Personal correspondence with D r Terry Threlfell o f the EPSRC 
National Crystallography Service. University o f Southampton. UK.

19 Dimensions given are atom to atom (mcluding hydrogens) as viewed 
along channels and are ca. perpendicular to channel direction.

20 A. I.. Spek. PLATON— A Multipurpose Crvstallographic Tool. 
Utrecht University. The Netherlands, 2000.

21 (a) P. M . van der WertT. S. R. Batten. P. Jensen. B. Moubaraki. K. S. 
Murray and E. IL -K .T a n . Polyhedron. 2001. 20. 1129; ih) M .-L. 
Tong. J. Ru. Y.-M. Wu. X .-M . Chen. IL-C. Chang. K. Mochizuki 
and S. Kitagawa, Ne \̂^J. Chein. 2003. 779.

22 (^/) J. L. Manson. C. D. Incarvito. A. L. Rheingold and J. S. M iller. 
J. Chem. Soc., Dalton Trans.. 1998. 3705; {h) G. S. Rushbrooke and 
P J. Wood. Mol. Fhys.. 1963. 6. 409.

D a l t o n  T r a n s . ,  2 0 0 4 , 3 4 4 0 - 3 4 4 7  3 4 4 7



References
1. J.-M Lehn, Angew. Chem. Int. Ed., 1988, 27, 89.

2. P. D. Beer, P. A. Gale and D. K. Smith, ‘Supramolecular Chemistry’, Oxford 

University Press, 1999.

3. J.-M Lehn, Supramolecular Chemistry, Concepts and Perspectives, 1995, p.5, 

VCH, Weinheim.

4. Ian Dance, NewJ. Chem., 2003, 27,1.

5. F. M. Menger, Proc. Natl. Acad Sci. USA, 2002, 99, 4818.

6. T. Steiner, Angew. Chem. Int. Ed., 2002, 41, 48.

7. W. M. Latimer and W. H. Rodebush, J. Am. Chem. Soc., 1920, 42, 1419.

8. L. Pauling, The Nature of the Chemical Bond and the Structure of Molecules and 

Crystals -  An introduction to Modern Structural Chemistry’, 2"'* Edn., Oxford 

University Press, London, 1940.

9. C. B. Aakeroy and K. R. Seddon, Chem. Soc. Rev., 1993, 397.

10. G. C. Pimenel and A. L. McClellan, The Hydrogen Bond’, Freeman, San

Francisco, 1960.

11. T. Zeegers-Huyskens and P. Huyskens, 'Intermolecular Forces -  An Introduction 

to Modern Methods and Results’, ed. P. L. Huyskens, W. A. P. Luck and T. 

Zeegers-Huyskens, Berlin, 1991.
12. P. W. Atkins, ‘General Chemistry’, Scientific American Books, New York, 1989.

13. M. Chaplin, http://www.lsbu.ac.uk.

14. G. A. Jeffrey, ‘An Introduction to Hydrogen Bonding’ Oxford University Press, 

1997.

15. J. W. Steed, J. L. Atwood, ‘Supramolecular Chemistry’, Wiley & Sons Ltd., 2000.

16. http: //i nfo. ca n cerresea rch u k. 0 rq.

17. http://oadk.cats.ohiou.edu.

18. G. M. J. Schmidt, J. Pure Appi Chem., 1971, 50, 871.

19. B. Moulton, M. J. Zaworotko, Chem. Rev., 2001, 101, 1629.

20. G. R. Desiraju, Angew. Chem. Int. Chem., 1995, 34, 2311.

21. D. Braga, F. Grepioni, Coord. Chem. Rev., 1999,183, 19.

22. M. D. Hollingsworth, Science, 2002, 295, 2410.

23. G. R. Desiraju, J. Mol. Strut, 2003, 656, 5.

24. B. Kesanli, W. Lin, Coord Chem. Rev., 2003, 246, 305.

203



25. D. Bradshaw, J. B. Claridge, E. J. Cussen, T. J. Prior, M. J. Rosseinsky, Acc. 

Chem. Res., 2005, 38(4), 273.

26. M. Fujita, Y. J. Kwon, S. Washizu, K. Ogura, J. Am. Chem. Soc., 1994, 116, 

1151.

27. M. O’Keefe, Chemical and Engineering News, 2005, 83, 42

28. A. R. Millward, O. M. Yaghi, J. Am. Chem. Soc., 2005, 127, 17998.

29. N. R. Rosi, J. Eckert, M. Eddaoudi, D. T. Vodak, J. Kim, M. O’Keefe, O. M.

Yaghi, Science, 2003, 300, 1127.

30. E. J. Cussen, J. B. Claridge, M. J. Rosseinsky, C. J. Kepert, J. Am. Chem. Soc., 

2002, 124, 9574.

31. O. R. Evans, W. Lin, Acc. Chem. Res., 2002, 35, 511.

32. O. M. Yaghi, C. E. Davis, G. Li, H. Li, J. Am. Chem. Soc., 1997, 119, 2861.

33. R. Kitaura, K. Fujimoto, S. Noro, M. Kondo, S. Kitagawa, Angew. Chem., 2002, 

114, 141.

34. B. Chen, C. Liang, J. Yang, D. S. Contreras, Y. L. Clancy, E. B. Lobkovsky, O. M.

Yaghi, S. Dai, Angew. Chem. Int. Ed, 2006, 45,1390.

35. P. Ball, Nature, 1996, 381, 648.

36. J.-M. Lehn, Supramolecular Chemistry, Concepts and Perspectives, 1995, VCH: 

Weinheim.

37. M. C. Etter, D. A. Adsmond, J. Chem. Soc., 1990, 589.

38. M. C. Etter, Acc. Chem. Res., 1990, 23, 120.

39. M. C. Etter, Z. Urbanczyk-Lipkowska, M. Zia-Ebrahimi, T. W. Panunto, J. Am. 

Chem. Soc., 1990, 112, 8415.

40. S. M. Reutzel, M. C. Etter, J. Phys. Org. Chem., 1992, 5, 44.

41. C. B. Aakeroy, A. M. Beatty, Aust. J. Chem., 2001, 54, 409.

42. L. Leiserowitz, Acta Crstallogr, 1977, B33, 2719.

43. G. Bruno, L. Randaccio, Acta Crystallogr, Sect B: Struct. Sci., 1980, 36, 1711.

44. B. Moulton, M. J. Zaworotko, Chem. Rev., 2001, 101, 1629.

45. C. B. Aakeroy, A. M. Beatty, J. Am. Chem. Soc., 2002, 124, 14425.

46. G. R. Desiraju, Chem. Commun., 1997, 1475.

47. E. Tynan Pascual, ‘Coordination and Hydrogen Bonded Networks Featuring 4,4'-

dicarboxy-2,2'-bipyridine’. University of Dublin, Trinity College, Dublin, 2003.

48. C. V. K. Sharma, M. J. Zaworotko, Chem. Commun., 1996, 2655.

204



49. J. P. Sauvage, Transition metals in supramolecular chemistry’, John Wiley & 

Sons Ltd., 1999.

50. X. Guo, G. Zhu, Z. Li, F. Sun, Z. Yang, S. Qiu, Chem. Commun., 2006, 3172.

51. Y. Zhou, M. Hong, X. Wu, Chem. Commun., 2006, 135.

52. D. Min, S. W. Lee, Bull. Korean Chem. Soc., 2002, 23, 948.

53. C. Qin, X.-L. Wang, E.-B. Wang, Z.-M. Su, Inorg. Chem., 2005, 44, 7122.

54. K. Omata, N. Hoshi, K. Kabuto, C. Kabuto, Y. Sasaki, Inorg. Chem., 2006, 45,

5263.

55. T. Devic, C. Serre, N. Audebrand, G. Ferey, J. Am. Chem Sac., 2005, 127, 

12788.

56. Y. Liang, R. Cao, W. Su, M. Hong, W. Zhang, Angew. Chem. Int. Ed., 2000, 39, 

3304,

57. B. Zhao, P. Cheng, X. Chen, C. Cheng, W. Shi, D. Liao, S. Yan, Z. Jiang, J. Am. 

Chem. Soc., 2004,126, 3012.

58. P. Poplaukhin, X. Chen, E. A. Meyers, S. G. Shore, Inorg. Chem., 2006, 45, 

10115.

59. X. Gu, D. Xue, Cryst. Growth Des., 2006, 6, 2551.

60. R. Braggio, M. T. Garland, Y. Moreno, O. Pena, M. Perec, E. Spodine, Dalton

Trans., 2000, 2061.

61. M. Fujita, F. Ibukuor, H. Seki, O. Kamo, M. Imanari, K. Ogura, J. Am. Chem. 

Soc., 1996, 118, 899.

62. M. Fujita, Acc. Chem. Res., 1999, 32, 53.

63. David Leigh, http://www.catenane.net.

64. F. M. Raymo, J. F. Stoddart, Chem. Rev., 1999, 99, 1643,

65. M, Albrecht, Chem. Rev., 2001, 101, 3457.

66. J. Keegan, P. E. Kruger, M. Nieuwenhuyzen, J. O’Brien, N. Martin, Chem.

Commun., 2001, 2192.

67. C. Piguet, G. Bernardinelli, G. Hopfgartner, Chem. Rev., 1997, 97, 2005.

68. B. Conerney, P. Jensen, P. E. Kruger, C. MacGloinn, Chem. Commun., 2003,

1274.

69. G.-C. Guo, Q.-M. Wang, T. C. W. Mak, Chem. Inorg. Chem. Comm., 2000, 3, 

313.

70. B. F. Abrahams, K. D. Lu, B. Moubaraki, K. S. Murray, R. Robson, J. Am. Chem. 

Soc., Dalton Trans., 2000, 1793.

205



71. M. Maekawa, K. Sugimoto, T. Kuroda-Sowa, Y. Suenaga, M. Munakata, J. Am. 

Chem. Soc., Dalton Trans., 1999, 4357.

72. Y. Lie, V. Kravtsov, R. D. Walsh, P. Poddar, H. Srikanth, M. Eddaoudi, Chem. 

Commun., 2004, 2806.

73. A. J. Blake, N. R. Champness, A. Khlobystov, K. A. Lemenovskii, W.-S. Li, M. 

Schroder, Chem. Commun., 1997, 2027.

74. M. Fujita, O.Sasaki, K.-Y. Watanabe, K. Ogura, K. Yamaguchi, New J. Chem., 

1998, 189.

75. L. Carlucci, G. Ciani, D. M, Proserpio, J. Chem. Soc., Dalton Trans., 1999, 1799.

76. K. Biradha, M. Sarkar, L. Rajput, Chem. Commun., 2006, 4169.

77. S. Goetz, P. E. Kruger, Dalton Trans., 2006, 1277.

78. B. F. Hoskins, R. Robson, J. Am. Chem. Soc., 1989, 111, 5962.

79. B. F. Hoskins, R. Robson, J. Am. Chem. Soc., 1990, 112, 1546.

80. D. L. Caulder, K. N. Raymond, Acc. Chem. Res., 1999, 32, 975.

81. C. Janiak, Dalton Trans., 2003, 2781.

82. S. Kitagawa, R. Kitaura, S.-i. Noro, Angew. Chem. Int. Ed., 2004, 43, 2334.

83. P. M. Forster, N. Stock, A. K. Cheetham, Angew. Chem. Int. Ed., 2005, 44, 7608,

84. C. B. Aakeroy, N. Schultheiss, J. Desper, Dalton Trans., 2006, 1627.

85. H. Abourahma, G. J. Bodwell, J. Lu, B. Moulton, I. R. Pottie, R. Bailey Walsh, M.

Zaworotko, Cryst. Growth Des., 2003, 3, 513.

86. H.-P Wu, C, Janiak, G. Rheinwald, H. Lang, J. Chem. Soc., Dalton Trans., 1999, 

183.

87. X. Zhang, D. Huang, F. Chen, C. Chen, Q. Liu, Inorg. Chem. Comm., 2004, 7, 

662.

88. C.-F. Wang, E.-Q. Gao, Z. He, C.-H. Yan, Chem. Commun, 2004, 6, 720.

89. B. Ding, L. Yi, P. Cheng, D.-Z. Liao, S.-P. Yan, Inorg. Chem., 2006, 45, 5799.

90. X. Xu, Y. Lu, E. Wang, Y. Ma, X. Bai, Cryst. Growth Des., 6, 2029.

91. P. Wang, C. N. Moorefield, M. Panzner, G. R. Newkome, Cryst. Growth Des., 6,

1563.

92. L.-M. Duan, F.-T. Xie, X.-Y. Chen, Y. Chen, Y.-K. Lu, P. Cheng, J.-Q. Xu, Cryst.

Growth Des., 2006, 6, 1101.

93. H. Jin, Y. Qi, E. Wang, Y. Li, X. Wang, C. Qin, S. Chang, Cryst. Growth Des., 

ASAP Article.

206



94. D. Gonzalez Mantero, A. Neels, H. Stoeckli-Evans, Inorg. Chem., 2006, 45, 

3287.

95. C.-L. Chen, J. M. Ellsworth, A. M. Goforth, M. D. Smith, C.-Y. Su, H.-C. zur Loye,

Dalton Trans., 2006, 5278,

96. S. I. Noro, R. Kitaura, M. Kondo, S. Kitagawa, T. Ishii, J. Matsuzaka, M. 

Yamahita, J. Am. Chem. Soc., 2002,124, 2568.

97. S. R. Batten, J. C. Jeffrey, M. D. Ward, Inorg. Chim. Acta., 1999, 292, 231.

98. A. Dyer, ‘An Introduction to Zeolite Molecular Sieves’, John Wiley & Sons Ltd., 

1988.

99. A. K. Cheetham, G. Ferey, T. Loiseau, Angew. Chem. Int. Ed., 1999, 38, 3268.

100. G. Gottardi, E. Galli, ‘Natural Zeolites’, Springer-Verlang, Berlin, 1985.

101. J. T. Hupp, K. R. Poeppelmeier, Science, 2005, 309, 2008.

102. M. J. Rosseinsky, Microporous and Mesoporous Materials, 2004, 73, 15.

103. T. R. Gaffney, Current Opinion in Solid State and Materials Science, 1995,1, 69.

104. S. L. James, Chem. Soc. Rev., 2003, 32, 276.

105. J. L. C. Roswell, O. M. Yaghi, Microporous and Mesoporous Materials, 2004, 73, 

3.

106. M. Eddaoudi, J. Kim, D. Vodak, A. Sudik, J. Wachter, M. O’Keefe, O. M. Yaghi, 

Proc. Natl. Acad. Sci. USA, 2002, 99, 4900.

107. M. J. Zaworotko, Nature, 1999, 402, 242.

108. A. C. Sudik, A. P. Cote, O. M. Yaghi, Inorg. Chem., 2005, 44, 2998.

109. J. Kim, B. Chen, T. M. Reineke, H. Li, M. Eddaoudi, D. B. Moler, M. O’Keefe, O. 

M. Yaghi, J. Am. Chem. Soc., 2001,123, 8239.

110. H. Li, M. Eddaoudi, M. O’Keefe, O. M. Yaghi, Nature, 1999, 402, 276.

111. X. Lin, A. J. Blake, C. Wilson, X. Z. Sun, N. R. Champness, M. W. George, P. 

Hubberstey, R. Mokaya, M. Schroder, J. Am. Chem. Soc., 2006, 128, 10745.

112. S. S.-Y. Chui, S. M.-F. Lo, J. P. H. Charmant, A. G. Orpen, I. D. Williams, Nature, 

1999, 283, 1148.

113. C. J. Kepert, M. J. Rosseinsky, Chem. Commun, 1999, 375.

114. T. J. Prior, D. Bradshaw, S. J. Teat, M. J. Rosseinsky, Chem. Commun., 2003, 

500.

115. B. Rather, M. J. Zaworotko, Chem. Commun, 2003, 830.

116. B. Kesanli, W. Lin, Coord. Chem. Rev., 2003, 246, 305.

207



117. J. S. Seo, D. Whang, H. Lee, S. I. Jun, J. Oh, Y. J. Jeon, K. Kim, Nature, 2000, 

404, 982.

118. R. Custelcean, T. J. Haverlock, B. A. Moyer, Inorg. Chem., 2006, 45, 6446.

119. B. Chen, C. Liang, J. Yang, D. S. Contreras, Y. L. Clancy, E. B. Lobkvsky, O. M.

Yaghi, S. Dai, Angew. Chem. Int. Ed., 2006, 45, 1390.

120. N. Malek, T. Maris, M. Simard, J. D. Wuest, J. Am. Chem. Soc., 2005, 127, 5910.

121. J. L. C. Roswell, O. M. Yaghi, Angew. Chem. Int. Ed, 2005, 44, 4670.

122. N. L. Rosi, J. Eckert, M. Eddaoudi, D. T. Vodak, J. Kim, M. O’Keefe, O. M. Yaghi,

Science, 2003, 300, 1127.

123. M. Eddaoudi, J, Kim, N. Rosi, D. Vodak J. Wachter, M. O'Keefe, O. M. Yaghi, 

Science, 2002, 295, 469.

124. B. Chen, N. W. Ockwig, A. R. Millward, D. S. Contreras, O. M. Yaghi, Angew. 

Chem. Int. Ed., 2005, 44, 4745.

125. S. Kitagawa, Nature, 2006, 441, 584.

126. D. N. Dybtsev, H. chun, K. Kim, Angew. Chem. Int. Ed., 2004, 43, 5033.

127. D. N. Dybtsev, H. Chun, S. H. Yoon, D. Kim, K. Kim, J. Am. Chem. Soc., 2004,

126, 32.

128. L. Pan, M. B. Sander, X. Huang, J. Li, M. Smith, E. Bittner, B. Bockrath, J. K.

Johnson, J. Am. Chem. Soc., 2004, 126, 1308.

129. Y. Kubota, M. Takata, R. Matsuda, R. Kitaura, S. Kitagawa, K. Kato, M. Sakata,

T. C. Kobayashi, Angew. Chem. Int. Ed., 2005, 44, 920.

130. L. Pan, B. Parker, X. Huang, D. H. Olson, J. Y. Lee, J. Li, J. Am. Chem. Soc.,

2006, 128, 4180.

131. L. Pan, K. M. Adams, H. E. Hernandez, X. Wang, C. Zheng, Y. Hattori, K. 

Kaneko, J. Am. Chem. Soc., 2003, 125, 3062.

132. L. Pan, H. Liu, S. P. Kelly, X. Huang, D. H. Olson, J. Li, Chem. Commun, 2003, 

854.

133. S. Surble, F. Millange, C. Serre, T. Duren, M. Latroche, S. Bourrelly, P. L. 

Llewellyn, G. Ferey, J. Am. Chem. Soc., 2006, 128, 14889.

134. E. J. Cussen, J. B. Claridge, M. J. Rosseinsky, C. J. Kepert, J. Am. Chem. Soc., 

2002, 124, 9574.

135. D. Bradshaw, T. J. Prior, E. J. Cussen, J. B. Claridge, M. J. Rosseinsky, J. Am.

Chem. Soc., 2004, 126, 6106.

136. H. Chun, D. N. Dybtsev, H. Kim, K. Kim, Chem. Eur J., 11, 3521.

208



137. Y. Li, R. T. Yang, J. Am. Chem. Soc., 2006, 128, 8136.

138. A. J. Sandee, J. N. H. Reek, Dalton Trans., 2006, 3385.

139. S.-H. Cho, B. Ma, S. T. Nguyen, J. T. Hupp, T. E. Albrecht-Schmitt, Chem.

Commun., 2006, 2563.

140. C.-D. Wu, A. Hu, L. Zhang, W. Lin, J. Am. Chem. Soc., 2005, 127, 8940.

141. E. Tynan, P. Jensen, P. E. Kruger, A. C. Lees, 2004, Chem. Commun., 2004,

775.

142. O. M. Yaghi, M. O’Keefe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, J. Kim, 

Nature, 2003, 423, 705.

143. M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke, M. O’Keefe, O. M.

Yaghi, Acc. Chem. Res., 2001, 34, 319.

144. D. Bradshaw, J. B. Claridge, E. J. Cussen, T. J. Prior, M. J. Rosseinsky, Acc.

Chem. Res., 2004, 2005, 38, 273.

145. N. R. Champness, Dalton Trans., 2006, 877.

146. N. W. Ockwig, O. Delgado-Friedrichs, M. O’Keefe, O. M. Yaghi, Acc. Chem.

Res., 2005, 38, 176.

147. T. M. Reineke, M. Eddaoudi, M. Fehr, D. Kelley, O. M, Yaghi, J. Am. Chem. Soc., 

1999, 121, 1651.

148. H.-L. Gao, L. Yi, B. Ding, H.-S. Wang, P. Cheng, D.-Z. Liao, S. -P. Yan, Inorg. 

Chem., 2006, 45, 481.

149. J.-Y. Wu, T.-T. Yeh, Y.-S. Wen, J. Twu, K.-L. Lu, Cryst. Growth Des., 2006, 6, 

467.

150. H.-L. Gao, L. Yi, B. Zhao, X.-Q. Zhao, P. Cheng, D.-Z. Liao, S.-P. Yan, Inorg. 

Chem., 2006, 45, 5980.

151. R. Cao, D. Sun, Y. Liang, M. Hong, K. Tatsumi, Q. Shi, Inorg. Chem., 2002, 41, 

2087.

152. S. Varughese, V. R. Pedireddi, Chem. Commun., 2005, 1824.

153. B. D. Chandler, D. T. Cramb, G. K. H. Shimizu, J. Am. Chem. Soc., 2006, 128, 

10403.

154. L. Pan, E. B. Woodlock, X. Wang, Inorg. Chem., 2000, 39, 4174.

155. O. Guillou, C. Daiguebonne, M. Camara, N. Kerbellec, Inorg. Chem., 2006, 45, 

8468.

156. R. J. Hill, D.-L. Long, N. R. Champness, P. Hubberstey, M. Schroder, Acc. 

Chem. Res., 2005, 38, 337.

209



157. D.-L. Long, A. J. Blake, N. R. Champness, C. Wilson, M. Schroder, J. Am. Chem. 

Soc., 2001, 40, 2444.

158. D.-L. Long, R. J. Hill, A. J. Blake, N. R. Champness, P. Hubberstey, D. M. 

Proserpio, C. Wilson, M. Schroder, Angew. Chem. Int. Ed., 2004, 43, 1851.

159. R. Custelcean, M. G. Gorbunova, J. Am. Chem. Soc., 2005,127, 16362.

160. R. F. Lobo, Nature, 2006, 443, 757.

161. L. J. Barbour, Chem. Commun., 2006, 1163.

162. A. M. Beatty, CrystEngComm, 2001, 3, 243.

163. L. Brammer, M. D. Burgard, M. D. Eddleston, C. S. Rodger, N. P. Rath, H.

Adams, CrystEngComm, 2002, 4, 239.

164. A. D. Burrows, C.-W. Chan, M. M. Chowdhry, J. E. McGrady, D. M. P. Mingos, 

Chem. Soc. Rev., 1995, 329.

165. L. Brammer, Chem. Soc. Rev., 2004, 33, 476.

166. C. B. Aakeroy, A. M. Beatty, J. Mol. Struct, 1998, 474, 91.

167. G. R. Lewis, A. G. Orpen, Chem. Commun., 2001, 343.

168. C. B. Aakeroy, A. M. Beatty, D. S, Leinen, Angew. Chem. Int. Ed., 1999, 38,

1815.

169. C. B. Aakeroy, A. M. Beatty, B. A. Helfrich, J. Chem. Soc., Dalton Trans., 1998, 

1943.
170. L. Brammer, G. Minguez Espallargus, H. Adams, CrystEngComm, 2003, 5, 343.

171. A. F. Wells, Three-Dimensional Nets and Polyhedra’, John Wiley & Sons, 1977.

172. S. R. Batten, R. Robson, Angew, Chem. Int. Ed., 1998, 37, 1461.

173. M. O’Keefe, M. Eddaoudi, H. Li, T. M. Reineke, O. M. Yaghi, J. Solid State.

Chem., 2000, 152, 3.

174. S. R. Batten, Current Opinion in Solid State and Materials Science, 2001, 5, 107.

175. D. Bradshaw, M. J. Rosseinsky, Solid State Science, 2005, 7, 1522.

176. P.-K. Chen, Y.-X. Che, L. Xue, J.-M. Zheng, Cryst. Growth Des., 2006, 6, 2517.

177. X.-H. Li, S.-Z. Yang. H.-P. Xiao, Crystal Growth & Design, 2006, 6, 2392.

178. B. Zhai, L. Yi, H.-S. Yang, B. Zhao, P. Cheng, D.-Z. Liao, S.-P. Yan, Inorg.

Chem., 2006, 45, 8471.

179. A. J. Blake, N. R. Champness, S. S. M. Chung, W. S. Li, M. Schroder, Chem. 

Commun., 1997, 1005.

180. B. Chen, S. Ma, F. Zapata, E. B. Lobkovsky, J. Yang, Inorg. Chem., 2006, 45, 

5718.

210



181. B. Kesanli, Y. Cui, M. R. Smith, E. W. Bittner, B. C. Bockrath, W. Lin, Angew. 

Chem. Int. Ed.. 2005, 44, 72.

182. A. Pichon, A. Lazuen-Garay, S. L. James, CrystEngComm, 2006, 8, 211.

183. S. Feng, R. Xu, Acc. Chem. Res., 2001, 34, 239.

184. X.-M. Zhang, Coord. Chem. Rev., 2005, 249, 1201.

185. R. M. Barrer, 'Hydrothermal Chemistry of Zeolites’, Academic Press, 1982.

186. J. Blake, N. R. Champness, S. S. M. Chung, W.-S. Li, M. Schroder, Chem. 

Commun., 1997, 1005.

187. C. M. Liu, S. Gao, H.-Z. Kou, Chem. Commun., 2001, 1670.

188. D.-R. Xiao, Y. Hou, E.-B. Wang, J. Lou, Y.-G. Li, L. Xu, C.-W. Hu, Inorg. Chem. 

Commun., 2004, 7, 437.

189. D.-R. Xiao, Y. Hou, E.-B. Wang, S.-T. Wang, T.-G. Li, G.-J. De, L. Xu, C.-W. Hu, 

J. Mol. Struct, 2003, 659, 13.

190. C. M. Che, Z. Mao, V. M. Miskowski, M. C. Tse, C. K. Chan, K. K. Cheung, D. L. 

Philips, K. H. Leung, Angew. Chem. Int. Ed., 2000, 39, 4084.

191. R.-G. Xiong, X. Xue, H. Zhao, X.-Z. You, B. F. Abrahams, Z.-L. Xue, Angew. 

Chem. Int. Ed, 2002, 41, 3800.

192. J.-P. Zhang, S.-L. Zheng, X.-C. Huang, X.-M. Chen, Angew. Chem. Int. Ed., 

2004, 43, 206.

193. R.-G. Xiong, J. Zhang, Z.-F. Chen, X.-Z. You, C.-M. Che, H.-K. Fun, J. Chem. 

Soc., Dalton Trans., 2001, 780.

194. J.-K. Cheng, Y.-G. Yao, J. Zhang, Z.-J. Li, Z.-W. Cai, X.-Y. Zhang, Z.-N. Chen, 

Y.-B. Chen, Y. Kang, Y.-Y. Qin, Y.-H. Wen, J. Am. Chem. Soc., 2004, 126, 7796.

195. X.-M. Zhang, J.-J. Hou, H.-S. Wu, Dalton Trans., 2004, 3437.

196. O. R. Evans, W. Lin, Acc. Chem. Res., 2002, 35, 756.

197. O. R. Evans, R.-G. Xiong, Z. Wang, G. K. Wong, W. Lin, Angew. Chem. Int. Ed.,

1999, 38, 536.

198. W. Lin, O. R. Evans, R.-G. Xiong, Z. J. Wang, J. Am. Chem. Soc., 1998, 120, 

13272.

199. O. R. Evans, W. Lin, J. Chem. Soc., Dalton Trans., 2000, 3949.

200. X.-M. Zhang, H.-S. Wu, X.-M. Chen, Eur J. Inorg. Chem., 2003, 2959.

201. X.-X. Hu, C.-L Pan, J.-Q. Xu, P. Cheng, X.-B. Cui, G.-D. Yang, T.-G. Wang, Eur

J. Inorg. Chem., 2004, 1566.

211



202. F.-C. Liu, L.-Y. Duan, Y.-G. Li, E.-B. Wang, X.-L. Wang C.-W. Hu, L. Xu, Inorg. 

Chim. Acta, 2004, 357, 1355.

203. Y.-L. Fu et al, unpublished results.

204. Y. Yan, C.-D. Wu, C.-Z. Lu, 2. Anorg. Allg. Chem., 2003, 629, 1991.

205. X.-M. Zhang, R.-Q. Fang, unpublished results.

206. E. Tynan, P. Jensen, P. E. Kruger, A. C. Lees, M, Nieuwenhuyzen, Dalton 

Trans., 2003, 1223.

207. E. Tynan, P. Jensen, N. R. Kelly, P. E. Kruger, A. C. Lees, B. Moubaraki, K. S. 

Murray, Dalton Trans., 2004, 3440.

208. E. Tynan, P. Jensen, A. C. Lees, B. Moubaraki, K. S. Murray, P. E. Kruger, 

CrystEngComm, 2005, 7, 90.

209. Y.-H. Liu, Y.-L. Lu, H.-C. Wu, J.-C. Wang, K.-L. Lu, Inorg. Chem., 2002, 42, 
2592.

210. T. Schareina, C. Schick, R. Kempe, Z. Anorg. Allg. Chem., 2001, 627, 131.

211. T. Schareina, C. Schick, B. F. Abrahams, R. Kempe, Z. Anorg. Allg. Chem., 

2001, 627, 1711.

212. J.-C. G. Bunzli, Acc. Chem. Res., 2006, 39, 53

213. J.-C. G. Bunzli, C. Piguet, Chem. Soc. Rev., 2005, 34, 1048.

214. R. H. Linnell, J. Org. Chem., 1957, 22, 1691.

215. A. R. Oki, R. J. Morgan, Synthetic Communications, 1995, 25, 4093.

216. GEMINI, Autoindexing Program fro Twinned Crystals, Version 1.02 Release 

05/2000, 1999, Bruker-AXS Inx.

217. XPREP, Program within Bruker SAINT-NT, Version 6.45, 1997 -  2003, Bruker- 

AXS Inc.

218. A. L. Spek, Acta. Cryst., 1990, A46, C34.

219. A. L. Spek, PLATON -  A Multipurpose Crystallographic Tool Utrecht University, 

Utrecht, The Netherlands, 2005 (v1.08).

220. J. Sun, L. Weng, Y. Zhou, J. Chen, Z. Chen, Z. Liu, D. Zhao, Angew. Chem. Int 

Ed., 2002, 41, 4471.

221. D. G. McCafferty, B. M. Bishop, C. G. Wall, S. G. Hughes, Tetrahedron, 1995, 

51, 1093.

222. F. Venema, H. F. M. Nelissen, P. Berthault, N. Birlirakis, A. E. Rowan, M. C. 

Feiters, R. J. M. Nolte, Chem. Eur J., 1998, 4, 2237.

223. D. R. Rorabacher, Chem. Rev., 2004,104, 651.

212



224. E. I. Solomon, Inorg. Chem., 2006, 45, 8012.

225. R. J. P. Williams, Eur, J. Biochem., 1995, 234, 363.

226. E. D. McKenzie, Coord. Chem. Rev., 1971, 6, 187.

227. P. J. Burke, D. R. McMillin, W. R. Robinson, Inorg. Chem., 1980, 19, 1211.

228. P. J. Burke, K. Hendrick, D. R. McMillin, Inorg. Chem., 1982, 21, 1881.

229. K. Nakamoto, ‘Infrared and Raman Spectra of Inorganic and Coordination 

Compounds, Part B’, 1997, 5*̂  Edition, John Wiley & Sons Inc.

230. A. W. Addison, T. Nageswara Rao, J., Reedijk, J. van Rijn, G. C. Verschoor, J. 

Chem. Soc., Dalton Trans., 1984, 1349.

231. J. R. Hall, M. R. Litzow, R. A. Plowman, Aust. J. Chem., 1965, 18, 1331.

232. D. V. Scaltrito, D. W. Thompson, J. A. O’Callaghan, G. J. Meyer, Coord. Chem. 

Rev., 2000, 208, 243.

233. R. M. Everly, D. R. McMillin, J. Phys. Chem., 1991, 95, 9071.

234. S. Itoh, N. Kishikawa, T. Suzuki, H. D. Takagi, Dalton Trans., 2005, 1066.

235. G. B, Deacon, R. J. Phillips, Coord. Chem. Rev., 1980, 33, 227.

236. Bruker SMART, Version 5.629, 1997-2003, Bruker-AXS Inc.

237. Bruker SAINT-NT, Version 6.45, 1997-2003, Bruker-AXS Inc.

238. SADABS, Program within Bruker SAINT-NT, Version 6.45, 1997-2003, Bruker-

AXS Inc,

239. G. M. Sheldrick, SHELXTL, Version 5.1, 1998, Bruker-AXS Inc.

240. TWINABS, Version Beta Test, 2003, Bruker-AXS Inc.

241. L. D. Ciana, W. J. Dressick, A. von Zelewsky, J. Heterocyclic Chem., 1990, 27,

163.

213


