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This thesis explores the “crystal engineering” of the solid-state behaviour of a series of
alkali metal TCNQ salts. This can exhibit a variety of electronic and magnetic
properties, depending on the solid-state architecture. TCNQ is a good one-electron
acceptor and the resulting radical anion salt is quite stable. The architectural behaviour
of TCNQ salts is very dependent on the nature of the counter-cation and the
stoichiometry of the material. In the present study, the effect of ionophore-encapsulation
of the cation (M = Li, Na, K, Rb and Cs) has been explored using single crystal X-ray
diffraction, IR, Raman, EPR and pressed discs conductivity measurements. In addition,
the effect of changing the ionophore:metal cation ratio and the presence of additional
TCNQ0 has been investigated. 25 new crystal structures have been obtained and
analysed in detail and this has grown new insight into the impact of the effect of
controlling ion pair interactions through ionophore complexation and of steric factors on
the nature of TCNQ assemblies adopted. A range of solid-state motifs have been
observed including some novel solid-state behaviour. In addition, the solid-state
behaviour of two hydrated lanthanide TCNQ salts has been investigated.

Contents
ABSTRACT ...................................................................................................................... i
Contents ............................................................................................................................ i
List of tables .................................................................................................................... ix
List of figures ................................................................................................................. xv
List of schemes ............................................................................................................ xxix
DECLARATION OF AUTHORSHIP ..................................................................... xxxi
Acknowledgements ...................................................................................................xxxiii
Definitions and Abbreviations ................................................................................. xxxv
1.

Introduction ........................................................................................................... 1
1.1

Molecular electronics ................................................................................ 1

1.2

Electronically active organic materials ..................................................... 2

1.2.1

Main structural types of conducting materials .......................................... 2

1.2.1.1

Metal-complex stacks .............................................................................. 2

1.2.1.2

Polymer chains ........................................................................................ 3

1.2.1.3

Molecular stacks ...................................................................................... 5

1.2.2

Molecular-based organic conducting materials ......................................... 8
TCNQ•‒ anion and its compounds, derivatives and analogues ................ 10

1.3
1.3.1

Phenothiazine-TCNQ complex ............................................................... 10

1.3.2

Naphthalene-TCNQ complex .................................................................. 11

1.4

The physical and chemical behaviour of TCNQ ..................................... 12

1.4.1

The reactions of TCNQ ........................................................................... 13

1.4.2

An introduction to TCNQ2- salts ............................................................. 15

1.4.3

An introduction to TCNQ2- salts of organic cations ................................ 16

1.5

Solid state behaviour of TCNQ•‒ salts ..................................................... 18

1.6

Radical ion TCNQ salts ........................................................................... 19

1.6.1

Donor acceptor complexes with Tetrathiafulvalene (TTF) and its

analogues…………………………………………………………………………...21
1.6.1.1

Analysis of TTF-TCNQ salt .................................................................. 21

1.6.1.2

Analysis of tetramethyltetrathiafulvalenium (TMTTF) TCNQ salt ...... 23

1.6.1.3

Analysis of dibenzotetrathiafulvalenium (DBTTF) TCNQ salt ............ 24

1.6.1.4

Comparison between hexamethylenetetrathiafulvalenium (HMTTF)

TCNQ and hexamethylenetetraselenafulvalenium (HMTSeF) TCNQ salts ......... 25
i

1.6.1.5
1.7

The bis(Ethylenedithio)tetrathiafulvalene (BEDTTTF) TCNQ salt ..... 26
Behaviour of the derivatives of TTF with TCNQ derivatives................. 28

1.7.1

Analysis of tetramethyltetraselenafulvalenium (TMTSeF) –

dimethyltetracyanoquinodimethane (DMTCNQ) salt .............................................. 28
1.7.2

Dibenzotetrathiafulvalenium (DBTTF) – 2,5-dichloro-7,7’,8,8’-

tetracyanodimethanide (TCNQCl2) .......................................................................... 29
1.8
2.

Decamethylferricenium-TCNQ complex ................................................ 30

Applications of Supramolecular Chemistry for Crystal Engineering of the
Solid State Behaviour of TCNQ Salts ................................................................ 32
2.1

Supramolecular Chemistry ...................................................................... 32

2.1.1
2.2

Supramolecular chemistry in the solid state ............................................ 33
Cation binding hosts ................................................................................ 34

2.2.1

Two dimensional hosts ............................................................................ 34

2.2.2

Three-dimensional hosts.......................................................................... 37

2.2.3

Tetrahedral recognition ........................................................................... 39

2.3

Self-assembly .......................................................................................... 40

2.3.1

From pseudorotaxanes to rotaxanes and catenanes ................................. 40

2.3.2

Donor-acceptor based pseudorotaxanes .................................................. 41

2.3.3

Donor-acceptor [2]rotaxanes ................................................................... 42

2.3.4

[2]Catenane synthesis .............................................................................. 43

2.3.5

Functional [2]catenanes ........................................................................... 44

2.4

The concept of crystal engineering ......................................................... 46

2.4.1

Intermolecular interactions of crystal engineering .................................. 47

2.4.2

Hydrogen bond in crystal engineering .................................................... 48

2.4.2.1

The definition of hydrogen bond ........................................................... 48

2.4.2.2

Applications of hydrogen bond in crystal engineering ......................... 48

2.4.3

Multiple hydrogen bond arrays and secondary hydrogen bond

interactions ............................................................................................................... 51
2.5
2.5.1
2.6

Overview of the solid state structures of MTCNQ salts ......................... 53
Comparison of Group A and Group B salts in crystal structures ............ 54
An overview of the solid-state behaviour of TCNQ salts ....................... 54

2.6.1

Preparation of TCNQ salts ...................................................................... 54

2.6.2

Structural investigations of alkali metal TCNQ salts .............................. 55
ii

2.6.3

Ammonium (NH4+)TCNQ salt ................................................................ 60

2.6.4

Alkaline earth metal TCNQ salts ............................................................ 61

2.6.5

Transition metal TCNQ salts ................................................................... 62

2.6.5.1

Cu(TCNQ) (I/II) .................................................................................... 62

2.6.5.2

Ag(TCNQ) (II) ...................................................................................... 63

2.6.6

Other binary M(TCNQ)2(H2O)2 family members (M = Mn, Fe, Co,

Ni)………………………………………………………………………………...64
2.6.7

Lanthanide TCNQ complexes: Its compounds, derivatives and

analogues………………………………………………………………………….65
2.6.8

Cyanine dye-TCNQ complexes ............................................................... 67

2.6.9

TTF-TCNQ .............................................................................................. 71

2.6.10

Electrical behaviour of alkali metal TCNQ salts ..................................... 72

2.6.11

Magnetic properties of TCNQ complexes ............................................... 76

2.6.11.1 Electron spin/paramagnetic resonance .................................................. 76
2.6.11.2 The Zeeman Effect ................................................................................ 77
2.6.11.3 Magnetic properties of TCNQ complexes............................................. 78
2.6.11.4 ESR spectral characteristics associated with triplet excitons in TCNQ
complexes.............................................................................................................. 80
2.6.12
2.7

3.

Spectroscopic analysis of TCNQ and it corresponding TCNQ•‒ salts ..... 80
Discussion of 1:1/1:1:1 versus 2:1/2:1:1 TCNQ complexes ................... 82

2.7.1

Ionophore-complexed MTCNQ salts ...................................................... 82

2.7.2

Ionophore-encapsulated alkali metal TCNQ salts ................................... 87

Ionophore Encapsulated MTCNQ Salts ............................................................ 90
3.1

Summarised crystal structures of TCNQ salts......................................... 90

3.2

Crystal growth experiments ..................................................................... 91

3.3

Ionophore encapsulated MTCNQ complexes (M = Li, Na, K, Cs) ......... 92

3.3.1
3.3.1.1

Preparation of (12C4)2M(TCNQ)n complexes (M = Li, Na, K).............. 93
(12C4)2MTCNQ complexes (M = Li, Na) ............................................ 93
(a) (12C4)2LiTCNQ .............................................................................. 93
(b) (12C4)2NaTCNQ ............................................................................. 98

3.3.1.2

(12C4)2M(TCNQ)2 (M = Li, Na, K) ................................................... 103
(a) (12C4)2Li(TCNQ)2 ........................................................................ 103
(b) (12C4)2Na(TCNQ)2 ....................................................................... 107
(c) (12C4)2K(TCNQ)2 ......................................................................... 112
iii

3.3.1.3

Comparison of (12C4)2Li(TCNQ)2, (12C4)2Na(TCNQ)2 and

(12C4)2K(TCNQ)2 structures .............................................................................. 116
3.3.2
3.3.2.1

Preparation of (15C5)M(TCNQ)n complexes (M = Li, Na) .................. 119
(15C5)MTCNQ complexes (M = Li, Na) ........................................... 119
(a) (15C5)LiTCNQ .............................................................................. 119
(b) (15C5)NaTCNQ ............................................................................ 125

3.3.2.2

Comparison between (15C5)LiTCNQ and (15C5)NaTCNQ .............. 131

3.3.2.3

(15C5)M(TCNQ)2.H2O complexes (M = Li, Na)................................ 132
(a) (15C5)Li(TCNQ)2.H2O .................................................................. 132
(b) (15C5)Na(TCNQ)2.H2O................................................................. 139

3.3.2.4

Comparison between (15C5)Li(TCNQ)2.H2O and

(15C5)Na(TCNQ)2.H2O ...................................................................................... 146
3.3.3

Preparation of (18C6)M(TCNQ)n complexes (M = Na, K, Cs) ............ 148
(a) (18C6)KTCNQ ................................................................................ 148
(b) (18C6)Na(TCNQ)2.2H2O................................................................. 155
(c) (18C6)K(TCNQ)2.5 .......................................................................... 161
(d) (18C6)Cs(TCNQ)2 ........................................................................... 167

3.3.4

Preparation of (B15C5)M(TCNQ)n (M = Li, Cs) ................................. 173
(a) (B15C5)LiTCNQ.H2O ..................................................................... 173
(b) (B15C5)2Cs(TCNQ)3 ....................................................................... 178

3.3.5

Preparation of (B18C6)K(TCNQ)2 ....................................................... 183

3.3.6

Preparation of (DB18C6)K(TCNQ)2..................................................... 188

3.3.7

Preparation of (Dicyc18C6)M(TCNQ)n (M = K, Cs) (n = 2, 3) ........... 195

3.3.7.1

(Dicyc18C6)K(TCNQ)3 ...................................................................... 195

3.3.7.2

(Dicyc18C6)Cs(TCNQ)2 ..................................................................... 202

3.3.8

Preparation of (C222)K(TCNQ)2.5 ........................................................ 209

3.3.9

Conclusion ............................................................................................. 215

3.4

Ionophore Encapsulated MTCNQ Salts (M = Rb) ................................ 218

3.4.1

Preparation of (12C4)Rb(TCNQ)1.5 ...................................................... 218

3.4.2

Preparation of (15C5)2RbTCNQ ........................................................... 223

3.4.3

Preparation of (18C6)Rb(TCNQ)2 ........................................................ 229

3.4.4

Preparation of (DB18C6)RbTCNQ ....................................................... 235

3.4.5

Preparation of (Dicyc18C6)Rb(TCNQ)3 ............................................... 242
iv

3.4.6

Preparation of (C222)Rb(TCNQ)2.5 ...................................................... 249

3.4.7

Conclusion ............................................................................................. 254

3.5

Optical Behaviour of Ionophore-M-TCNQ Salts .................................. 256

3.5.1

IR spectra of Ionophore Encapsulated M-TCNQ Salts ......................... 256

3.5.2

Raman spectra of Ionophore Encapsulated M-TCNQ Salts .................. 261

3.6

Conductivity of Ionophore Encapsulated M-TCNQ Salts..................... 265

3.7

Preliminary Electron Paramagnetic Resonance of Ionophore
Encapsulated M-TCNQ Salts ................................................................ 267

4.

TCNQ Salts of Some Lanthanide Cations ....................................................... 275
4.1

Crystal structure description of Tb(TCNQ)3(H2O)6.3H2O .................... 275

4.2

Crystal structure description of Yb(TCNQ)3(H2O)6.3H2O .................... 281

4.3

Comparison between Tb(TCNQ)3(H2O)6.3H2O and
Yb(TCNQ)3(H2O)6.3H2O complexes .................................................... 288

5.

Conclusions and Further Work........................................................................ 291

6.

Experimental Details ......................................................................................... 293
6.1

General Details and Instrumentation ..................................................... 293

6.1.1

Melting Points ....................................................................................... 293

6.1.2

Elemental Analysis ................................................................................ 293

6.1.3

Nuclear Magnetic Resonance Spectra ................................................... 293

6.1.3.1

Bruker AVII400 FT-NMR Spectrometer (400/1) ............................... 293

6.1.3.2

Bruker AVIIIHD400 FT-NMR Spectrometer (400/3) ........................ 293

6.1.4

Infra-Red Spectroscopy ......................................................................... 294

6.1.5

UV / Vis Spectroscopy .......................................................................... 294

6.1.6

Raman Spectroscopy ............................................................................. 294

6.1.7

Mass Spectroscopy ................................................................................ 294

6.1.7.1

MaXis ELECTROSPRAY IONISATION .......................................... 294

6.1.7.2

solariX ELECTROSPRAY IONISATION/APPI IONISATION ....... 294

6.1.8

Single Crystal X-ray Diffraction ........................................................... 295

6.1.8.1

Rigaku FR-E+ Ultra High Flux Diffractometer AKA Ros ................. 295

6.1.8.2

Rigaku FR-E+ Very High Flux Diffractometer AKA Kat .................. 295

6.1.9

Electron Paramagnetic Resonance ........................................................ 296

6.1.10

Resistance .............................................................................................. 296

6.2

Preparation & Purification of Starting Materials, Solvent & Reagents. 296

6.3

Preparation of TCNQ complexes .......................................................... 297
v

6.3.1

Purification of TCNQ281 ........................................................................ 297

6.3.2

Preparation of NaTCNQ281 .................................................................... 297

6.3.3

Preparation of LiTCNQ281 ..................................................................... 297

6.3.4

Preparation of KTCNQ79 ....................................................................... 298

6.3.5

Preparation of Rb2(TCNQ)3 .................................................................. 298

6.3.6

Preparation of Cs2(TCNQ)3 ................................................................... 298

6.3.7

Preparation of (12C4)2LiTCNQ ............................................................ 299

6.3.8

Preparation of (12C4)2NaTCNQ281 ....................................................... 300

6.3.9

Preparation of (12C4)2Li(TCNQ)2 ........................................................ 301

6.3.10

Preparation of (12C4)2Na(TCNQ)2 ....................................................... 302

6.3.11

Preparation of (12C4)2K(TCNQ)2 ......................................................... 303

6.3.12

Preparation of (12C4)Rb(TCNQ)1.5 ...................................................... 304

6.3.13

Preparation of (15C5)LiTCNQ ............................................................. 305

6.3.14

Preparation of (15C5)NaTCNQ ............................................................ 306

6.3.15

Preparation of (15C5)Li(TCNQ)2.H2O.................................................. 307

6.3.16

Preparation of (15C5)Na(TCNQ)2.H2O................................................. 308

6.3.17

Preparation of (15C5)2RbTCNQ ........................................................... 309

6.3.18

Preparation of (B15C5)LiTCNQ.H2O ................................................... 310

6.3.19

Preparation of (B15C5)2Cs(TCNQ)3 ..................................................... 311

6.3.20

Preparation of (18C6)KTCNQ281 .......................................................... 312

6.3.21

Preparation of (18C6)Na(TCNQ)2.2H2O............................................... 313

6.3.22

Preparation of (18C6)K(TCNQ)2.5 ........................................................ 314

6.3.23

Preparation of (18C6)Rb(TCNQ)2 ........................................................ 315

6.3.24

Preparation of (18C6)Cs(TCNQ)2 ......................................................... 316

6.3.25

Preparation of (B18C6)K(TCNQ)2 ....................................................... 317

6.3.26

Preparation of (DB18C6)K(TCNQ)2..................................................... 318

6.3.27

Preparation of (DB18C6)RbTCNQ ....................................................... 319

6.3.28

Preparation of (DC18C6)K(TCNQ)3..................................................... 320

6.3.29

Preparation of (DC18C6)Rb(TCNQ)3 ................................................... 321

6.3.30

Preparation of (DC18C6)Cs(TCNQ)2 ................................................... 322

6.3.31

Preparation of (C222)K(TCNQ)2.5 ........................................................ 323

6.3.32

Preparation of (C222)Rb(TCNQ)2.5 ...................................................... 324

6.3.33

Preparation of Tb(TCNQ)3(H2O)6.3H2O ............................................... 325
vi

6.3.34

Preparation of Yb(TCNQ)3(H2O)6.3H2O............................................... 325

Appendix1………………………………………………………………………….327
Bibliography ................................................................................................................ 329

vii

List of tables
Table 1.1 The conducting polymers15 ............................................................................... 4
Table 1.2 The resistivity of MTCNQ salts65 ................................................................... 19
Table 1.3 Structures of components of some conducting donor-TCNQ complexes34 .... 20
Table 2.1 Comparison of the ionic radii of alkali metal cations with crown ether cavity
diameter130……………………………………………………………………………...36
Table 2.2 Different types of intermolecular interactions168 ............................................ 47
Table 2.3 Structure features of alkali metal TCNQ salts ................................................ 60
Table 2.4 Two typical cyanine dye-TCNQ complexes ................................................... 69
Table 2.5 Physical properties of TCNQ and its salts at 290±2K65.................................. 74
Table 2.6 The activation energies of alkali metal TCNQ salts202,203............................... 75
Table 2.7 Conductivity and activation energy measurements at room
temperature193,202,203 ........................................................................................................ 75
Table 2.8 IR absorption bands observed of TCNQ and its corresponding TCNQ•‒ 261,26281
Table 2.9 The characteristics of simple ionophore ammonium/MTCNQ salts64 ............ 85
Table 2.10 The characteristics of complex ionophore ammonium/MTCNQ salts64 ....... 86
Table 3.1 Description of key parameters in TCNQ plane............................................... 92
Table 3.2 Summary of bond distances (Å) observed of TCNQ•‒ in (12C4)2LiTCNQ ... 95
Table 3.3 Summary of bond lengths (Å) observed of TCNQ•‒ in (12C4)2NaTCNQ ..... 99
Table 3.4 Summary of bond lengths (Å) observed for TCNQ units in
(12C4)2Li(TCNQ)2 ........................................................................................................ 104
Table 3.5 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)2Li(TCNQ)2106
Table 3.6 Summary of bond lengths (Å) observed for TCNQ units in
(12C4)2Na(TCNQ)2....................................................................................................... 108
Table 3.7 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)2Na(TCNQ)2110
Table 3.8 Summary of bond lengths (Å) observed for TCNQ units in (12C4)2K(TCNQ)2113
Table 3.9 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)2K(TCNQ)2115
ix

Table 3.10 Comparison of key parameters of TCNQ column geometries in
(12C4)2Li/Na/K(TCNQ)2 .............................................................................................. 119
Table 3.11 Summary of bond lengths (Å) observed for TCNQ•‒ units in (15C5)LiTCNQ120
Table 3.12 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (15C5)LiTCNQ122
Table 3.13 Summary of bond lengths (Å) observed for TCNQ•‒ units in
(15C5)NaTCNQ ............................................................................................................ 126
Table 3.14 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (15C5)NaTCNQ128
Table 3.15 Summary of bond distances (Å) observed for TCNQ units ........................ 133
Table 3.16 Distances (Å) and angles (°) within the TCNQ stacks of
(15C5)Li(TCNQ)2.H2O ................................................................................................. 136
Table 3.17 Summary of bond distances (Å) observed for TCNQ units in
(15C5)Na(TCNQ)2.H2O ................................................................................................ 140
Table 3.18 Distances (Å) and angles (°) within the TCNQ stacks of
(15C5)Na(TCNQ)2.H2O ................................................................................................ 143
Table 3.19 Comparision of key parameters of TCNQ column geometries in
(15C5)Li+.H2O and (15C5)Na+.H2O ............................................................................. 147
Table 3.20 Summary of bond lengths (Å) observed for TCNQ•‒ units in (18C6)KTCNQ
(literature values36 for comparison are listed in brackets) ............................................ 149
Table 3.21 Comparison of key parameters of (18C6)KTCNQ at different data collection
temperatures…………………………………………………………………………...150
Table 3.22 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (18C6)KTCNQ151
Table 3.23 Summary of bond distances (Å) observed for TCNQ units ........................ 156
Table 3.24 Distances (Å) and angles (°) within the TCNQ stacks of
(18C6)Na(TCNQ)2.2H2O .............................................................................................. 158
Table 3.25 Summary of bond distances (Å) observed for TCNQ units in
(18C6)K(TCNQ)2.5........................................................................................................ 162
Table 3.26 Distances (Å) and angles (°) within the TCNQ stacks and between pentamer
neighbours of (18C6)K(TCNQ)2.5 ................................................................................ 166
Table 3.27 Summary of bond distances (Å) observed for TCNQ units in
(18C6)Cs(TCNQ)2 ........................................................................................................ 168
Table 3.28 Distances (Å) and angles (°) within the TCNQ stacks of (18C6)Cs(TCNQ)2171
Table 3.29 Summary of bond distances (Å) found for TCNQ•‒ in (B15C5)LiTCNQ.H2O174
x

Table 3.30 Distances (Å) and angles (°) within the TCNQ•‒ stacks in
(B15C5)LiTCNQ.H2O .................................................................................................. 176
Table 3.31 Summary of bond distances (Å) scrutinise for TCNQ units in the cation
complex……………………………………………………………………………….179
Table 3.32 Distances (Å) and angles (°) within the TCNQ stacks of
(B15C5)2Cs(TCNQ)3 .................................................................................................... 181
Table 3.33 Summary of bond distances (Å) observed for TCNQ units in
(B18C6)K(TCNQ)2 ....................................................................................................... 184
Table 3.34 Distances (Å) and angles (°) within the TCNQ stacks of (B18C6)K(TCNQ)2187
Table 3.35 Summary of bond distances (Å) observed for TCNQ units in
(DB18C6)K(TCNQ)2 .................................................................................................... 190
Table 3.36 Distances (Å) and angles (°) within the TCNQ stacks of
(DB18C6)K(TCNQ)2 .................................................................................................... 193
Table 3.37 Summary of bond distances (Å) observed for TCNQ units in
(Dicyc18C6)K(TCNQ)3 ................................................................................................ 197
Table 3.38 Distances (Å) and angles (°) within the TCNQ dimer of
(Dicyc18C6)K(TCNQ)3 ................................................................................................ 200
Table 3.39 Summary of bond distances (Å) observed for TCNQ units in
(Dicyc18C6)Cs(TCNQ)2 ............................................................................................... 204
Table 3.40 Distances (Å) and angles (°) within the TCNQ stacks of
(Dicyc18C6)Cs(TCNQ)2 ............................................................................................... 207
Table 3.41 Summary of bond lengths (Å) observed for TCNQ units in
(C222)K(TCNQ)2.5........................................................................................................ 210
Table 3.42 Distances (Å) and angles (°) within the TCNQ stacks of (C222)K(TCNQ)2.214
Table 3.43 Summary of bond lengths (Å) observed for TCNQ units in
(12C4)Rb(TCNQ)1.5 ...................................................................................................... 219
Table 3.44 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)Rb(TCNQ)1.5221
Table 3.45 Summary of bond lengths (Å) observed for TCNQ•‒ units in
(15C5)2RbTCNQ .......................................................................................................... 224
Table 3.46 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (15C5)2RbTCNQ227
Table 3.47 Summary of bond lengths (Å) observed for TCNQ units in
(18C6)Rb(TCNQ)2 ........................................................................................................ 230
Table 3.48 Distances (Å) and angles (°) within the TCNQ stacks of (18C6)Rb(TCNQ)2233
xi

Table 3.49 Summary of bond lengths (Å) observed for TCNQ•‒ units in
(DB18C6)RbTCNQ ...................................................................................................... 236
Table 3.50 Distances (Å) and angles (°) within the TCNQ•‒ stacks of
(DB18C6)RbTCNQ ...................................................................................................... 240
Table 3.51 Summary of bond lengths (Å) observed for TCNQ units in
(Dicyc18C6)Rb(TCNQ)3 .............................................................................................. 244
Table 3.52 Distances (Å) and angles (°) within the TCNQ stacks of
(Dicyc18C6)Rb(TCNQ)3 .............................................................................................. 247
Table 3.53 Summary of bond lengths (Å) observed for TCNQ units in
(C222)Rb(TCNQ)2.5 ...................................................................................................... 250
Table 3.54 Distances (Å) and angles (°) within the TCNQ stacks of (C222)Rb(TCNQ)2.5253
Table 3.55 Literature values of MTCNQ and Ionophore-Metal TCNQ salts ............... 256
Table 3.56 IR spectra of Ionophore Encapsulated M-TCNQ Salts in this study .......... 257
Table 3.57 Description of cyanide (CN) groups in TCNQ and its five complexes ...... 260
Table 3.58 Raman spectra of Ionophore Encapsulated M-TCNQ Salts in this study... 263
Table 3.59 Conductivity of Ionophore Encapsulated M-TCNQ Salts in this study ..... 265
Table 4.1 Summary of bond lengths (Å) observed for TCNQ units in
Tb(TCNQ)3(H2O)6.3H2O .............................................................................................. 276
Table 4.2 Distances (Å) and angles (°) within the TCNQ stacks of
Tb(TCNQ)3(H2O)6.3H2O .............................................................................................. 280
Table 4.3 Summary of bond lengths (Å) observed for TCNQ units in
Yb(TCNQ)3(H2O)6.3H2O .............................................................................................. 283
Table 4.4 Distances (Å) and angles (°) within the TCNQ stacks of
Yb(TCNQ)3(H2O)6.3H2O .............................................................................................. 287
Table 4.5 Significant structural parameters for 1-3 ...................................................... 289
Table 6.1 Crystal structure information of (12C4)2LiTCNQ in this study ................... 299
Table 6.2 Crystal structure information of (12C4)2NaTCNQ in this study .................. 300
Table 6.3 Crystal structure information of (12C4)2Li(TCNQ)2 in this study ............... 301
Table 6.4 Crystal structure information of (12C4)2Na(TCNQ)2 in this study .............. 302
Table 6.5 Crystal structure information of (12C4)2K(TCNQ)2 in this study ................ 303
Table 6.6 Crystal structure information of (12C4)Rb(TCNQ)1.5 in this study ............. 304
xii

Table 6.7 Crystal structure information of (15C5)LiTCNQ in this study..................... 305
Table 6.8 Crystal structure information of (15C5)NaTCNQ in this study ................... 306
Table 6.9 Crystal structure information of (15C5)Li(TCNQ)2.H2O in this study ......... 307
Table 6.10 Crystal structure information of (15C5)Na(TCNQ)2.H2O in this study...... 308
Table 6.11 Crystal structure information of (15C5)2RbTCNQ in this study ................ 309
Table 6.12 Crystal structure information of (B15C5)LiTCNQ.H2O in this study ........ 310
Table 6.13 Crystal structure information of (B15C5)2Cs(TCNQ)3 in this study .......... 311
Table 6.14 Crystal structure information of (18C6)KTCNQ in this study ................... 312
Table 6.15 Crystal structure information of (18C6)Na(TCNQ)2.2H2O in this study.... 313
Table 6.16 Crystal structure information of (18C6)K(TCNQ)2.5 in this study ............. 314
Table 6.17 Crystal structure information of (18C6)Rb(TCNQ)2 in this study ............. 315
Table 6.18 Crystal structure of (18C6)Cs(TCNQ)2 in this study.................................. 316
Table 6.19 Crystal structure information of (B18C6)K(TCNQ)2 in this study............. 317
Table 6.20 Crystal structure information of (DB18C6)K(TCNQ)2 in this study.......... 318
Table 6.21 Crystal structure information of (DB18C6)RbTCNQ in this study ............ 319
Table 6.22 Crystal structure information of (DC18C6)K(TCNQ)3 in this study.......... 320
Table 6.23 Crystal structure information of (DC18C6)Rb(TCNQ)3 in this study ........ 321
Table 6.24 Crystal structure information of (DC18C6)Cs(TCNQ)2 in this study ........ 322
Table 6.25 Crystal structure information of (C222)K(TCNQ)2.5 in this study ............. 323
Table 6.26 Crystal structure information of (C222)Rb(TCNQ)2.5 in this study ........... 324
Table 6.27 Crystal structure information of Tb(TCNQ)3(H2O)6.3H2O in this study .... 325
Table 6.28 Crystal structure information of Yb(TCNQ)3(H2O)6.3H2O in this study.... 326

xiii

List of figures
Figure 1.1 The structure of K2Pt(CN)4 12 .......................................................................... 3
Figure 1.2 The structure of a trans-polyacetylene chain ................................................... 3
Figure 1.3 The charge transfer complex of Perylene(D)-TCNQ(A) (ref code:
PERTCQ)16………………………………………………………………………………5
Figure 1.4 The charge transfer complex of Chrysene(D)-Fluoranil(A) (ref code:
CHRFAN)17……………………………………………………………………………...6
Figure 1.5 Principle interactions between π systems ........................................................ 6
Figure 1.6 The optimum geometry of zinc porphyrin π-π interactions18 .......................... 7
Figure 1.7 The geometry of π stacking interactions in [18]annulene18 ............................. 7
Figure 1.8 Geometry of π stacking interactions18 ............................................................. 8
Figure 1.9 The packing pattern of PTZ-TCNQ complex (ref code: PTZTCQ and
PTZTCQ01)38,39,46,47........................................................................................................ 11
Figure 1.10 The packing pattern of naphthalene-TCNQ complex (ref code: TCQNAP
and TCQNAP01)48,50....................................................................................................... 12
Figure 1.11 The 3D structure of [Mn2(TCNQ)3]2- coordination networks62 ................... 16
Figure 1.12 Solid-state behaviour of N,N’-dialkylpyridinium TCNQ2- salts60............... 17
Figure 1.13 Solid-state behaviour of Pt(bipy)22+ TCNQ2- salts60 .................................... 17
Figure 1.14 Solid-state behaviour of 1,4-bis(N-pyridiummethyl)-benzene TCNQ2salts60…………………………………………………………………………………...17
Figure 1.15 Solid-state behaviour of 2,5-diaminocyclohexa-2,5-diene-1,4-diiminium
TCNQ2- salts60………………………………………………………………………….17
Figure 1.16 The formation of TCNQ•‒ stacks ................................................................. 18
Figure 1.17 Packing pattern of segregated columns in TTF-TCNQ complex (ref code:
TTFTCQ, TTFTCQ01-TTFTCQ06)80-83 ........................................................................ 22
Figure 1.18 TMTTF ........................................................................................................ 23
Figure 1.19 Packing behaviour of TMTTF-TCNQ (ref code: MDTTCQ and
THOTCQ)84,85…………………………………………………………………………..24
Figure 1.20 DBTTF......................................................................................................... 24
xv

Figure 1.21 Packing behaviour of DBTTF-TCNQ (ref code: BALNAD01 and
BALNAD10)86,87............................................................................................................. 25
Figure 1.22 The structures of HMTTF and HMTSeF ..................................................... 25
Figure 1.23 The packing motifs of (ref code: BESPEU)90 and HMTSeF-TCNQ .......... 26
Figure 1.24 BEDTTTF .................................................................................................... 27
Figure 1.25 Packing motifs of one triclinic phase (ref code: FAHLEF02)95 and one
monoclinic phase (ref code: FAHLEF01)96 of BEDTTTF-TCNQ ................................. 27
Figure 1.26 The structure of TMTSeF-DMTCNQ ......................................................... 28
Figure 1.27 The packing motif of TMTSeF-DMTCNQ (ref code: SEFTCQ)103 ........... 29
Figure 1.28 The structures of DBTTF-TCNQCl2 ........................................................... 29
Figure 1.29 Solid-state behaviour of DBTTF-TCNQCl2 (ref code: BABCIQ and
BABCIQ 01)105 ………………………………………………………………………...30
Figure 1.30 The structure of decamethylferricenium TCNQ•‒ ....................................... 30
Figure 1.31 Two different phases of decamethylferricenium TCNQ•‒ (methyl groups
removed for clarity)57,112 ................................................................................................. 31
Figure 2.1 The concept of Supramolecular Chemistry116 ............................................... 32
Figure 2.2 Various structures of useful crown ethers ..................................................... 34
Figure 2.3 The packing motif of (15C5)2KTCNQ107 ...................................................... 35
Figure 2.4 Examples of two-dimensional hosts using other heteroatoms instead of
oxygen………………………………………………………………………………….36
Figure 2.5 Some simple cryptands154 .............................................................................. 38
Figure 2.6 Spherical recognition in cryptate complexes153,154 ........................................ 39
Figure 2.7 Complexation of NH4+ by cryptand (5)153 ..................................................... 39
Figure 2.8 Formation of a pseudorotaxane to either a [2]rotaxane or [2]catenane159 ..... 40
Figure 2.9 Donor-acceptor based pseudorotaxanes159 .................................................... 42
Figure 2.10 A graphical representation of three methods of rotaxane formation159 ....... 42
Figure 2.11 The proposed mechanism of switching in a tri-stable [2]catenane working
under different voltages163 .............................................................................................. 44
Figure 2.12 A proposed general design of the RGB tri-stable [2]catenane163 ................ 45
Figure 2.13 Common hydrogen bond arrangements172................................................... 48
xvi

Figure 2.14 Hydrogen bonds in forming the dimer of benzoic acid179 ........................... 49
Figure 2.15 Catemer hydrogen bond motifs produced by carboxylic acid186 ................. 50
Figure 2.16 Hydrogen bond arrays in DNA188 ................................................................ 51
Figure 2.17 Multiple hydrogen bond arrays189,190 ........................................................... 52
Figure 2.18 Hydrogen bonds array of 2-butylureido-6-methylpyrimidone191 ................ 52
Figure 2.19 A linear chain obtained by the dimerization of the ureidopyrimidone units19253
Figure 2.20 Crystal structure of NaTCNQ at room temperature (ref code: NATCNQ)20656
Figure 2.21 Crystal structure of KTCNQ at room temperature (ref code:
KTCYQM01)208 .............................................................................................................. 56
Figure 2.22 Typical ring-ring (R-R) overlap of two TCNQ moieties or “short-axis”
slipped…………………………………………………………………………………..57
Figure 2.23 Typical ring-external bond (R-B) overlap of two TCNQ moieties or “longaxis” slipped……………………………………………………………………………57
Figure 2.24 The different packing motifs of RbTCNQ(I)195 and RbTCNQ(II)212 .......... 57
Figure 2.25 A schematic representation of the shallow boat conformation in RbTCNQ(I)58
Figure 2.26 Define the bond lengths within TCNQ molecule ........................................ 59
Figure 2.27 The average structure of NH4TCNQ215 ....................................................... 61
Figure 2.28 The different packing motifs of CuTCNQ(I) and CuTCNQ(II) .................. 62
Figure 2.29 The packing motif of AgTCNQ(II)223 ......................................................... 64
Figure 2.30 Plots of atomic radii of lanthanides as function of atomic number230 ......... 65
Figure 2.31 Basic skeleton of cyaninium cations used ................................................... 67
Figure 2.32 The formation of cyanine dye-TCNQ complexes ....................................... 68
Figure 2.33 Cyanine cation absorption data and corresponding complex TCNQ salt244 68
Figure 2.34 A stack of OC7-TCNQ complex (ref code: JEXJEB)36 .............................. 70
Figure 2.35 Packing pattern of SC7-TCNQ complex (ref code: ECYTCN10)247 .......... 70
Figure 2.36 Schematic representation of the TTF-TCNQ structure249 ........................... 72
Figure 2.37 Electrical resistivity against 1000/T for the alkali metal TCNQ salts65 ...... 73
Figure 2.38 Explanation the divergence of the energies of an unpaired electron in a
magnetic field254 .............................................................................................................. 78
xvii

Figure 2.39 Energy level and ESR transitions as a function of magnetic field for an
oriented triplet state molecule253 ..................................................................................... 79
Figure 2.40 The packing arrangement showing the TCNQ•‒ dimer36,107,131 ................... 87
Figure 2.41 Top (a) and side (b) views of a TCNQ•‒ dimer within (15C5)2KTCNQ ..... 88
Figure 2.42 The C222 complex of K+DCTC- as its acetonitrile solvate ......................... 88
Figure 2.43 Crystal structure of the C222 complex of K+DCTC- as its acetonitrile
solvate (ref code: QOBYUB)55 ....................................................................................... 89
Figure 3.1: The structure of (a) (18C6)K/Rb/TlTCNQ; (b) (15C5)2KTCNQ36,107,131,268 91
Figure 3.2 Geometries of adjacent TCNQ•‒ units in (12C4)2LiTCNQ (one of the
TCNQ•‒ units is highlighted as light green and hydrogen atoms are excluded) ............. 93
Figure 3.3 Top (a) and side (b) views of adjacent TCNQ•‒ units in (12C4)2LiTCNQ (one
of the TCNQ•‒ units is highlighted as light green and hydrogen atoms are excluded) ... 94
Figure 3.4 Views of the solid state behaviour of (12C4)2LiTCNQ ................................ 96
Figure 3.5 Description of the basic unit in (12C4)2LiTCNQ (carbon and hydrogen atoms
are excluded)……………………………………………………………………………97
Figure 3.6 Top (a) and side (b) views of adjacent TCNQ•‒ units in (12C4)2NaTCNQ
(one of TCNQ•‒ units is highlighted as light green and hydrogen atoms are excluded) . 98
Figure 3.7 Geometries of adjacent TCNQ•‒ units in (12C4)2NaTCNQ (one of TCNQ•‒
units is highlighted as light green and hydrogen atoms are excluded) ........................... 99
Figure 3.8 Views of the solid state behaviour of (12C4)2NaTCNQ ............................. 100
Figure 3.9 Description of the basic unit for (12C4)2NaTCNQ (carbon and hydrogen
atoms are excluded) ...................................................................................................... 102
Figure 3.10 Basic structure of (12C4)2Li(TCNQ)2 (hydrogen atoms are excluded) .... 103
Figure 3.11 Top (a) and side (b) views of TCNQ dimer (AB) in (12C4)2Li(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 104
Figure 3.12 The TCNQ column in (12C4)2Li(TCNQ)2 (hydrogen atoms are excluded)105
Figure 3.13 Top (a) and side (b) views of TCNQ units (BB’), which is similar as for
TCNQ dimer neighbours (AA’) in (12C4)2Li(TCNQ)2 (hydrogen atoms are excluded)105
Figure 3.14 The various contact distances (Å) within the cation complex (carbon and
hydrogen atoms are excluded) ...................................................................................... 107
Figure 3.15 Basic unit of (12C4)2Na(TCNQ)2 (hydrogen atoms are excluded) ........... 108
Figure 3.16 Top (a) and side (b) views of TCNQ dimer (AB) in (12C4)2Na(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 109
xviii

Figure 3.17 The TCNQ column in (12C4)2Na(TCNQ)2 (hydrogen atoms are excluded)109
Figure 3.18 Top (a) and side (b) views of TCNQ units (BB’), which is similar as for
TCNQ dimer neighbours (AA’) in (12C4)2Na(TCNQ)2 (hydrogen atoms are excluded)110
Figure 3.19 The various contact distances (Å) within the cation complex (carbon and
hydrogen atoms are excluded) ...................................................................................... 111
Figure 3.20 Core unit of (12C4)2K(TCNQ)2 (hydrogen atoms are excluded) .............. 112
Figure 3.21 Top (a) and side (b) views of TCNQ dimer (AB) in (12C4)2K(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 113
Figure 3.22 The TCNQ column in (12C4)2K(TCNQ)2 (hydrogen atoms are excluded)114
Figure 3.23 Top (a) and side (b) views of TCNQ dimer units (BB’), which is similar to
TCNQ dimer neighbours (AA’) in (12C4)2K(TCNQ)2 (hydrogen atoms are excluded)114
Figure 3.24 Summarises the various contact distances (Å) within the cation complex
(carbon and hydrogen atoms are excluded) .................................................................. 116
Figure 3.25 Spacefilled view of (12C4)2Li+, Na+ and K(TCNQ)2 (hydrogen atoms are
excluded)……………………………………………………………………………...117
Figure 3.26 Tilt angle between TCNQ column and the bottom TCNQ best plane for
(12C4)2Li+, Na+ and K(TCNQ)2 (hydrogen atoms are excluded) ................................. 118
Figure 3.27 Basic structural unit of (15C5)LiTCNQ (hydrogen atoms are excluded) . 120
Figure 3.28 Top (a) and side (b) views of TCNQ•‒ dimer and associated counter ions in
(15C5)LiTCNQ (hydrogen atoms are excluded) .......................................................... 121
Figure 3.29 Side (a) and Top (b) views of TCNQ•‒ dimers in (15C5)LiTCNQ (hydrogen
atoms are excluded)....................................................................................................... 121
Figure 3.30 Top (a) and side (b) views of TCNQ•‒ dimer neighbours in (15C5)LiTCNQ
(hydrogen atoms are excluded) ..................................................................................... 122
Figure 3.31 TCNQ•‒ dimers geometries in (15C5)LiTCNQ ......................................... 123
Figure 3.32 Angular relationships in (15C5)LiTCNQ .................................................. 123
Figure 3.33 The various contact distances (Å) within the cation complex (carbon atoms
on crown ether unit and hydrogen atoms are excluded) ............................................... 124
Figure 3.34 Basic unit of (15C5)NaTCNQ (hydrogen atoms are excluded) ................ 125
Figure 3.35 Top (a) and side (b) views of TCNQ•‒ dimer in (15C5)NaTCNQ (hydrogen
atoms are excluded)....................................................................................................... 126
Figure 3.36 Side (a) and top (b) views of TCNQ•‒ dimers in (15C5)NaTCNQ (hydrogen
atoms are excluded)....................................................................................................... 127
xix

Figure 3.37 Side (a) and top (b) views of TCNQ•‒ dimer neighbours in (15C5)NaTCNQ
(hydrogen atoms are excluded) ..................................................................................... 128
Figure 3.38 TCNQ•‒ dimers geometries in (15C5)NaTCNQ........................................ 129
Figure 3.39 Angular relationships within (15C5)NaTCNQ.......................................... 129
Figure 3.40 The various contact distances (Å) within the cation complex (carbon atoms
on crown ether units and hydrogen atoms are excluded) .............................................. 130
Figure 3.41 Distances to neighbouring dimers in (15C5)Li+ and NaTCNQ compared
with (18C6)K+ and RbTCNQ (hydrogen atoms excluded) ........................................... 132
Figure 3.42 Components present in (15C5)Li(TCNQ)2.H2O (hydrogen atoms excluded)133
Figure 3.43 Top (a) and side (b) view of TCNQ dimer (AB) in (15C5)Li(TCNQ)2.H2O
(hydrogen atoms are excluded) ..................................................................................... 134
Figure 3.44 Observation of TCNQ repeating units in (15C5)Li(TCNQ)2.H2O (hydrogen
atoms are excluded) ...................................................................................................... 135
Figure 3.45 Top (a) and side (b) views of dimer neighbours (BB’), which is similar to
dimer neighbours (AA’) in (15C5)Li(TCNQ)2.H2O (hydrogen atoms are excluded) .. 136
Figure 3.46 Angular relationships in (15C5)Li(TCNQ)2.H2O ...................................... 137
Figure 3.47 The various contact distances (Å) within the cation complex (carbon and
hydrogen atoms are excluded) ...................................................................................... 138
Figure 3.48 Basic structure of (15C5)Na(TCNQ)2.H2O (hydrogen atoms are excluded)139
Figure 3.49 Top (a) and side (b) views of TCNQ dimer in (15C5)Na(TCNQ)2.H2O
(hydrogen atoms are excluded) ..................................................................................... 141
Figure 3.50 Assembly of TCNQ repeating units in (15C5)Na(TCNQ)2.H2O (hydrogen
atoms are excluded) ...................................................................................................... 142
Figure 3.51 Top (a) and side (b) views of TCNQ dimer neighbours in
(15C5)Na(TCNQ)2.H2O (hydrogen atoms are excluded) ............................................. 142
Figure 3.52 Angle descriptions in (15C5)Na(TCNQ)2.H2O ......................................... 144
Figure 3.53 Various contact distances (Å) within the cation complex (carbon and
hydrogen atoms excluded) ............................................................................................ 145
Figure 3.54 Spacefilled view of cation complex of (15C5)Li+/Na+.H2O (hydrogen atoms
are excluded)…………………………………………………………………………..146
Figure 3.55 Tilt angle between TCNQ column and the bottom TCNQ best plane for
(15C5)Li+(TCNQ)2.H2O and (15C5)Na(TCNQ)2.H2O (hydrogen atoms are excluded)147

xx

Figure 3.56 Basic structure of (18C6)KTCNQ in this study (hydrogen atoms are
excluded)……………………………………………………………………………...148
Figure 3.57 Top (a) and side (b) views of TCNQ•‒ dimer in (18C6)KTCNQ (hydrogen
atoms are excluded)....................................................................................................... 150
Figure 3.58 Top (a) and side (b) views of dimer neighbours in (18C6)KTCNQ
(hydrogen atoms are excluded) ..................................................................................... 151
Figure 3.59 TCNQ•‒ dimer geometries in (18C6)KTCNQ (hydrogen atoms are
excluded)……………………………………………………………………………...152
Figure 3.60 Side (a) and top (b) views of packing pattern of (18C6)KTCNQ (hydrogen
atoms are excluded)....................................................................................................... 153
Figure 3.61 The various contact distances (Å) within the cation complex of
(18C6)KTCNQ (carbon atoms on crown ether unit and hydrogen atoms are excluded)154
Figure 3.62 Basic unit of (18C6)Na(TCNQ)2.2H2O (sodium ion is disordered and
hydrogen atoms are excluded) ...................................................................................... 155
Figure 3.63 Top (a) and side (b) views of TCNQ dimer in (18C6)Na(TCNQ)2.2H2O
(hydrogen atoms are excluded) ..................................................................................... 156
Figure 3.64 Views of repeating unit within the complex of (18C6)Na(TCNQ)2.2H2O
(hydrogen atoms are excluded) ..................................................................................... 157
Figure 3.65 Top (a) and side (b) views of dimer neighbours, which is similar to dimer
neighbours (AA’) in (18C6)Na(TCNQ)2.2H2O (hydrogen atoms are excluded) .......... 158
Figure 3.66 The formation of hydrogen bonding in (18C6)Na(TCNQ)2.2H2O (hydrogen
atoms are excluded)....................................................................................................... 159
Figure 3.67 The various contact distances (Å) within the cation complex (carbon atoms
on crown ether ring and hydrogen atoms are excluded) ............................................... 160
Figure 3.68 Core unit of (18C6)K(TCNQ)2.5 (hydrogen atoms are excluded) ............. 161
Figure 3.69 Zigzag conformation of cation complex [(18C6)K+] in (18C6)K(TCNQ)2.5
(hydrogen atoms are excluded) ..................................................................................... 163
Figure 3.70 Space-fill diagram of TCNQ pentamer stack in (18C6)K(TCNQ)2.5
(hydrogen atoms are excluded) ..................................................................................... 163
Figure 3.71 Top (a/c/e) and side (b/d/f) views of TCNQ units in (18C6)K(TCNQ)2.5
(hydrogen atoms are excluded) ..................................................................................... 164
Figure 3.72 Views of pentamers geometry and packing pattern in TCNQ column
(hydrogen atoms are excluded) ..................................................................................... 165

xxi

Figure 3.73 Various contact distances (Å) within the cation complex of
(18C6)K(TCNQ)2.5 (carbon atoms on crown ether unit and hydrogen atoms are
excluded)……………………………………………………………………………...167
Figure 3.74 Asymmetric unit and basic components of (18C6)Cs(TCNQ)2 (hydrogen
atoms are excluded) ...................................................................................................... 168
Figure 3.75 Top (a) and side (b) views of TCNQ trimer in (18C6)Cs(TCNQ)2 (hydrogen
atoms are excluded) ...................................................................................................... 169
Figure 3.76 Assembly of the TCNQ repeating units in (18C6)Cs(TCNQ)2 (hydrogen
atoms are excluded) ...................................................................................................... 170
Figure 3.77 Top (a) and side (b) views of TCNQ units (AC) in (18C6)Cs(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 171
Figure 3.78 The various contact distances (Å) within the cation complex of
(18C6)Cs(TCNQ)2 (carbon and hydrogen atoms are excluded) ................................... 172
Figure 3.79 Core unit of (B15C5)LiTCNQ.H2O (hydrogen atoms are excluded) ........ 173
Figure 3.80 Top (a) and side (b) views of TCNQ•‒ dimer in (B15C5)LiTCNQ.H2O
(hydrogen atoms are excluded) ..................................................................................... 174
Figure 3.81 Top (a) and side (b) views of dimer neighbours in (B15C5)LiTCNQ.H2O
(hydrogen atoms are excluded) ..................................................................................... 175
Figure 3.82 Side (a) and top (b) views of the packing pattern in (B15C5)LiTCNQ.H2O
(hydrogen atoms are excluded) ..................................................................................... 175
Figure 3.83 TCNQ•‒ dimers geometries in (B15C5)LiTCNQ.H2O (hydrogen atoms are
excluded)……………………………………………………………………………...176
Figure 3.84 Hydrogen bonding coordination pattern to TCNQ•‒ dimers...................... 177
Figure 3.85 The various contact distances (Å) within the cation complex (carbon, except
for benzene ring, and hydrogen atoms are excluded) ................................................... 177
Figure 3.86 Core unit of (B15C5)2Cs(TCNQ)3 (hydrogen atoms are excluded) .......... 178
Figure 3.87 Top (a) and side (b) views of TCNQ trimer in (B15C5)2Cs(TCNQ)3
(hydrogen atoms are excluded) ..................................................................................... 180
Figure 3.88 Side (a) and top (b) views of the packing motif of (B15C5)2Cs(TCNQ)3
(hydrogen atoms are excluded) ..................................................................................... 180
Figure 3.89 Top (a) and side (b) views of external TCNQ trimer neighbours in
(B15C5)2Cs(TCNQ)3 (hydrogen atoms are excluded).................................................. 181
Figure 3.90 Tilt angle between two crown ether mean plane (defined by a set of oxygen
atoms) (hydrogen atoms are excluded) ......................................................................... 182
xxii

Figure 3.91 The various contact distances (Å) within the cation complex (carbon, except
for benzene ring, and hydrogen atoms are excluded) ................................................... 182
Figure 3.92 Basic unit of (B18C6)K(TCNQ)2 (hydrogen atoms are excluded) ........... 183
Figure 3.93 Top (a/c) and side (b/d) views of TCNQ units in (B18C6)K(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 185
Figure 3.94 Observation of TCNQ repeating units in (B18C6)K(TCNQ)2 (hydrogen
atoms are excluded)....................................................................................................... 185
Figure 3.95 Side (a) and top (b) views of the packing pattern in (B18C6)K(TCNQ)2,
yellow area represents the repeating TCNQ dimer (hydrogen atoms are excluded) .... 186
Figure 3.96 Packing pattern of (B18C6)K+ (hydrogen atoms are excluded) ................ 187
Figure 3.97 Various contact distances (Å) in (B18C6)K(TCNQ)2 (carbon, except for
benzene ring, and hydrogen atoms are excluded) ......................................................... 188
Figure 3.98 Basic unit of (DB18C6)K(TCNQ)2 (hydrogen atoms are excluded)......... 189
Figure 3.99 Top (a) and side (b) views of TCNQ dimer (AB) in (DB18C6)K(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 190
Figure 3.100 Observation of TCNQ repeating unit in (DB18C6)K(TCNQ)2 (hydrogen
atoms are excluded)....................................................................................................... 191
Figure 3.101 Top (a) and side (b) views of dimer neighbours (BB’) of
(DB18C6)K(TCNQ)2 (hydrogen atoms are excluded) ................................................. 191
Figure 3.102 Side (a) and top (b) views of packing pattern within (DB18C6)K(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 192
Figure 3.103 Dimeric structure of cation complex through K+-π interactions in
(DB18C6)K(TCNQ)2 (hydrogen atoms are excluded) ................................................. 193
Figure 3.104 Various contact distances (Å) within the cation complex (carbon atoms on
crown ether ring and hydrogen atoms are excluded) .................................................... 194
Figure 3.105 Basic unit of (Dicyc18C6)K(TCNQ)3 (hydrogen atoms are excluded)... 195
Figure 3.106 An “S” formation of cation complex in (Dicyc18C6)K(TCNQ)3 (hydrogen
atoms are excluded)....................................................................................................... 196
Figure 3.107 Top (a) and side (b) views of TCNQ dimer in (Dicyc18C6)K(TCNQ)3
(hydrogen atoms are excluded) ..................................................................................... 198
Figure 3.108 Observation of TCNQ repeating units in (Dicyc18C6)K(TCNQ)3
(hydrogen atoms are excluded) ..................................................................................... 199
Figure 3.109 Top (a) and side (b) views of external dimer neighbours in
(Dicyc18C6)K(TCNQ)3 (hydrogen atoms are excluded) ............................................. 200
xxiii

Figure 3.110 Various contact distances (Å) within the cation complex (carbon atoms on
crown ether ring and hydrogen atoms are excluded) .................................................... 201
Figure 3.111 Basic unit of (Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms are excluded) . 202
Figure 3.112 Geometry of cation complex in (Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms
are excluded)…………………………………………………………………………..203
Figure 3.113 Top (a) and side (b) views of TCNQ dimer in (Dicyc18C6)Cs(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 205
Figure 3.114 A wave-like configuration of TCNQ infinite column in
(Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms are excluded) ............................................ 206
Figure 3.115 Observation of TCNQ repeating units in (Dicyc18C6)Cs(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 206
Figure 3.116 Top (a) and side (b) views of dimer neighbours in
(Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms are excluded) ............................................ 207
Figure 3.117 Various contact distances (Å) within the cation complex (carbon, except
for the TCNQ and cyclohexane, and hydrogen atoms are excluded) ........................... 208
Figure 3.118 Basic unit of (C222)K(TCNQ)2.5 (hydrogen atoms are excluded) .......... 209
Figure 3.119 Space-fill of TCNQ pentamer stack in (C222)K(TCNQ)2.5 (hydrogen
atoms are excluded) ...................................................................................................... 211
Figure 3.120 Top (a/c/e) and side (b/d/f) views of TCNQ units in (C222)K(TCNQ)2.5
(hydrogen atoms are excluded) ..................................................................................... 212
Figure 3.121 Views of pentamers geometry and packing pattern in TCNQ column
(hydrogen atoms are excluded) ..................................................................................... 213
Figure 3.122 K+-N and K+-O distances (Å) (green labels) in (C222)K(TCNQ)2.5 (carbon
and hydrogen atoms are excluded)................................................................................ 214
Figure 3.123 Core unit of (12C4)Rb(TCNQ)1.5 (hydrogen atoms are excluded) ......... 218
Figure 3.124 Top (a) and side (b) views of TCNQ dimer in (12C4)Rb(TCNQ)1.5
(hydrogen atoms are excluded) ..................................................................................... 220
Figure 3.125 TCNQ dimers geometries in (12C4)Rb(TCNQ)1.5 (hydrogen atoms are
excluded)……………………………………………………………………………...220
Figure 3.126 Top (a) and side (b) views of packing pattern of TCNQ•‒ dimer in
(12C4)Rb(TCNQ)1.5 (hydrogen atoms are excluded) ................................................... 221
Figure 3.127 Various contact distances (Å) within the cation complex of
(12C4)Rb(TCNQ)1.5 (carbon and hydrogen atoms are excluded) ................................ 222
Figure 3.128 Core unit of (15C5)2RbTCNQ (hydrogen atoms are excluded) .............. 223
xxiv

Figure 3.129 Top (a) and side (b) views of TCNQ•‒ dimer in (15C5)2RbTCNQ
(hydrogen atoms are excluded) ..................................................................................... 224
Figure 3.130 Side (a), top (b) and end (c) views of the infinite layers of
(15C5)2RbTCNQ (hydrogen atoms are excluded) ........................................................ 226
Figure 3.131 TCNQ•‒ dimers geometries in (15C5)2RbTCNQ (hydrogen atoms are
excluded)……………………………………………………………………………...227
Figure 3.132 Various contact distances (Å) within the cation complex of
(15C5)2RbTCNQ (carbon and hydrogen atoms are excluded) ..................................... 228
Figure 3.133 Core unit of (18C6)Rb(TCNQ)2 (hydrogen atoms are excluded) ........... 229
Figure 3.134 Top (a/c) and side (b/d) views of TCNQ trimer in (18C6)Rb(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 231
Figure 3.135 Observation of TCNQ repeating units in (18C6)Rb(TCNQ)2 (hydrogen
atoms are excluded)....................................................................................................... 232
Figure 3.136 Top (a) and side (b) views of TCNQ units (AC) in (18C6)Rb(TCNQ)2
(hydrogen atoms are excluded) ..................................................................................... 233
Figure 3.137 TCNQ trimer geometries in (18C6)Rb(TCNQ)2 (hydrogen atoms are
excluded)……………………………………………………………………………...234
Figure 3.138 Various contact distances (Å) within the cation complex of
(18C6)Rb(TCNQ)2 (carbon and hydrogen atoms are excluded)................................... 235
Figure 3.139 Core unit of (DB18C6)RbTCNQ (hydrogen atoms are excluded) .......... 236
Figure 3.140 Top (a) and side (b) views of TCNQ•‒ dimer .......................................... 237
Figure 3.141 TCNQ•‒ dimer geometries in (DB18C6)RbTCNQ (hydrogen atoms are
excluded)……………………………………………………………………………...238
Figure 3.142 Side (a) and top (b) views of the packing pattern within
(DB18C6)RbTCNQ (hydrogen atoms are excluded).................................................... 238
Figure 3.143 Various views of TCNQ column in (DB18C6)RbTCNQ (hydrogen atoms
are excluded)…………………………………………………………………………..239
Figure 3.144 Angle analysis of (DB18C6)RbTCNQ (hydrogen atoms are excluded) . 240
Figure 3.145 Various contact distances (Å) within the cation complex of
(DB18C6)RbTCNQ (hydrogen atoms are excluded).................................................... 241
Figure 3.146 Basic unit of (Dicyc18C6)Rb(TCNQ)3 (hydrogen atoms are excluded) . 242
Figure 3.147 A “S”-shaped formation of cation complex in (Dicyc18C6)Rb(TCNQ)3
(hydrogen atoms are excluded) ..................................................................................... 243

xxv

Figure 3.148 Top (a) and side (b) views of TCNQ dimer in (Dicyc18C6)Rb(TCNQ)3
(hydrogen atoms are excluded) ..................................................................................... 245
Figure 3.149 Top (a) and side (b) views of twisted TCNQ units in
(Dicyc18C6)Rb(TCNQ)3 (hydrogen atoms are excluded)............................................ 245
Figure 3.150 Various views of TCNQ column in (Dicyc18C6)Rb(TCNQ)3 (hydrogen
atoms are excluded) ...................................................................................................... 246
Figure 3.151 Various contact distances (Å) within the cation complex of
(Dicyc18C6)Rb(TCNQ)3 (hydrogen atoms are excluded)............................................ 248
Figure 3.152 Core unit of (C222)Rb(TCNQ)2.5 (hydrogen atoms are excluded) ......... 249
Figure 3.153 Space-fill of TCNQ pentamer stack in (C222)Rb(TCNQ)2.5 (hydrogen
atoms are excluded) ...................................................................................................... 251
Figure 3.154 Top (a/c/e) and side (b/d/f) views of TCNQ units in (C222)Rb(TCNQ)2.5
(hydrogen atoms are excluded) ..................................................................................... 251
Figure 3.155 Views of pentamers geometry and packing pattern in TCNQ column
(hydrogen atoms are excluded) ..................................................................................... 252
Figure 3.156 Rb+-O and Rb+-N distances in cation complex of (C222)Rb(TCNQ)2.5
(carbon and hydrogen atoms are excluded) .................................................................. 254
Figure 3.157 IR spectra of (12C4)2LiTCNQ in this study ............................................ 261
Figure 3.158 Key vibrational motion (black highlighted lines) in the TCNQ molecule261
Figure 3.159 A summary of Raman peaks of Ionophore Encapsulated MTCNQ salts 264
Figure 3.160 Raman spectra sample of (DB18C6)K(TCNQ)2 in this study................. 264
Figure 3.161 The EPR signal intensity as a function of temperature in (15C5)LiTCNQ268
Figure 3.162 Roadmap as a function of angular displacement of an (15C5)LiTCNQ
crystal at 300K………………………………………………………………………...269
Figure 3.163 Roadmap as a function of angular displacement of an (15C5)NaTCNQ
crystal at 315K………………………………………………………………………...270
Figure 3.164 EPR spectra results of (15C5)Li/NaTCNQ.H2O at different temperatures271
Figure 3.165 Roadmap as a function of angular displacement of a (18C6)KTCNQ at
380K…………………………………………………………………………………272
Figure 3.166 EPR spectra result of (18C6)K(TCNQ)2.5 at 380K ................................. 273
Figure 4.1 Basic unit of Tb(TCNQ)3(H2O)6.3H2O [showing two halves of TCNQ units
(C and D)]……………………………………………………………………………..275
xxvi

Figure 4.2 Space-fill of TCNQ pentamer stack in Tb(TCNQ)3(H2O)6.3H2O with Tb3+
ions shown in cyan (hydrogen atoms and interstitial solvents are excluded) ............... 277
Figure 4.3 Top (a/c/e) and side (b/d/f) views of TCNQ units in Tb(TCNQ)3(H2O)6.3H2O
(hydrogen atoms are excluded) ..................................................................................... 278
Figure 4.4 Packing diagram of Tb(TCNQ)3(H2O)6.3H2O viewed along vertical axis
(hydrogen atoms and interstitial solvents are excluded) ............................................... 279
Figure 4.5 Views of pentamers’ geometry and packing pattern in the TCNQ stack with
Tb3+ cations in cyan (hydrogen atoms are excluded) .................................................... 280
Figure 4.6 Perspective view of coordination geometry in Tb(TCNQ)3(H2O)6.3H2O ... 281
Figure 4.7 Cationic structure of Yb(TCNQ)3(H2O)6.3H2O [showing two halves of
TCNQ units (C and D), hydrogen atoms are excluded] ................................................ 282
Figure 4.8 Space-fill of TCNQ pentamer stack in Yb(TCNQ)3(H2O)6.3H2O (Yb3+ ions
in light green, hydrogen atoms and interstitial solvents are excluded) ......................... 284
Figure 4.9 Top (a/c/e) and side (b/d/f) views of TCNQ units in Yb(TCNQ)3(H2O)6.3H2O
(hydrogen atoms are excluded) ..................................................................................... 285
Figure 4.10 Packing diagram of Yb(TCNQ)3(H2O)6.3H2O viewed along vertical axis
(hydrogen atoms and interstitial solvents are excluded) ............................................... 286
Figure 4.11 Views of pentamers’ geometry and packing pattern in the TCNQ stack
(hydrogen atoms are excluded) ..................................................................................... 287
Figure 4.12 Perspective view of coordination geometry in Yb(TCNQ)3(H2O)6.3H2O.288

xxvii

List of schemes
Scheme 1.1 Structures of TCNQ and TCNQ•‒ anion ........................................................ 9
Scheme 1.2 Preparation of TCNQ salt ............................................................................ 10
Scheme 1.3 Synthetic route to TCNQ and its radical anion ........................................... 13
Scheme 1.4 Mechanism for the formation of DCTC- 58 .................................................. 14
Scheme 1.5 Decomposition of TCNQ and its salts to DCTC- 55 ..................................... 14
Scheme 1.6 TCNQ process of absorbing free electrons from TCNQ to TCNQ2- 55,63 .... 15
Scheme 1.7 Formation of TTF-TCNQ charge-transfer complex79 ................................. 21
Scheme 2.1 The original synthesis route of DB18C6126 ................................................. 33
Scheme 2.2 Equilibrium showing the formation of a cryptate inclusion complex154 ..... 38
Scheme 2.3 The preparation and self-assembly of the [2]catenane159 ............................ 43
Scheme 2.4 Hydrogen bonds formation of a dimer of Pyridone180,181 ............................ 49
Scheme 2.5 Standard preparation method of LiTCNQ ................................................... 54
Scheme 2.6 The Curie Law ............................................................................................. 79
Scheme 2.7 Relationship between the peak intensities in ESR spectra .......................... 79
Scheme 2.8 The monomer-dimer equilibrium of TCNQ•‒ in aqueous solution.............. 81
Scheme 3.1 Calculation of resistivity (𝜌) ..................................................................... 266
Scheme 3.2 The relationship between conductivity (𝜎) and resistivity (𝜌) ................. 266

xxix

DECLARATION OF AUTHORSHIP
I, Bingjia Yan declare that the thesis entitled A Crystal Engineering Study of Molecular
Electronic Behaviour in TCNQ Salts and the work presented in the thesis are both my
own, and have been generated by me as the result of my own original research.
A Crystal Engineering Study of Molecular Electronic Behaviour in TCNQ Salts
I confirm that:
•

this work was done wholly or mainly while in candidature for a research degree at
this University;

•

where any part of this thesis has previously been submitted for a degree or any other
qualification at this University or any other institution, this has been clearly stated;

•

where I have consulted the published work of others, this is always clearly
attributed;

•

where I have quoted from the work of others, the source is always given. With the
exception of such quotations, this thesis is entirely my own work;

•

I have acknowledged all main sources of help;

•

where the thesis is based on work done by myself jointly with others, I have made
clear exactly what was done by others and what I have contributed myself;

•

none of this work has been published before submission.

Signed: ………………………………………………………………………..
Date:…………………………………………………………………………….

xxxi

Acknowledgements
I would like to thank everyone who has helped me in the production of this thesis and
has made my life in Southampton so enjoyable and peaceful.
Firstly, my Supervisor, Dr. Martin Grossel for his support through the research years
and his constant belief the project I was doing would lead somewhere. Thanks to Martin
for giving me the freedom to handle day-to-day operation in my own manner. I still
remember that Martin demonstrated the skills of recrystallisation to me when I entered
the lab and planned to start my work. Because of Martin, he helps me open up horizons
in the area of Chemistry, especially in Supramolecular Chemistry and trains me to
become a professional chemist. Besides the academic research life in Chemistry, Martin
also helps me solve the visa, tuition and accommodation issues. Thanks Martin for
doing everything for me. I am really appreciated.
Next, thanks to all members past and present of the Grossel group and assorted hangerson would have made the 4th floor never a dull pace to work. Safety Dom, he taught me
the fundamental chemistry knowledge and all the safety information. Thanks Dom for
offering me professional opinions and supporting with my project. He helped me adapt
to the environments quickly and smoothly. Nick is a very kind person. He introduced
lots of engineering friends to me and demonstrated the technique for designing
academic poster. It’s very enjoyable to talk to him all the time. For Adam, he helped me
solve the NMR problems and exhibited lots of interesting video to me. Because of
Darren, I have already addicted to Guinness, known lots of funny slang and several
communication tools such as Snapchat. Hassan is a very kind hearted person who is
willing to help you all the time. We are best friends forever. Gareth, a professional
dancing boy, contributed his great passion to the group, who gave everyone endless
happiness. Finally, thanks to all the project students over the years that have worked in
the lab, who were foolhardy enough to help me.
Then, I would like to thank Dr. Simon Coles for the X-ray Crystallography studies; Dr.
John Langley and Ms Julie Herniman for the Mass Spectrometry; Dr. Neil Wells for his
help with that many NMR problems; Prof. Andrea Russell for the analysing of IR and
Raman spectra; Dr. John Fosbraey and Mr. Colin Flowers for offering the IR equipment
in 4th teaching lab; Karl, Keith and Mark for their professional work in store; Ms. Danai
xxxiii

Panagoulia for helping with Raman measurement in a rather short period; Dr. Francesco
Cuba for his support and encourage to help me overcome kinds of problems.
Following, I am extremely grateful to Dr. Peter Horton for his outrageous experimental
suggestions, patience with my many X-ray Crystallography questions. Thanks Dr.
Christopher Wedge for providing EPR equipment and introducing background
knowledge of Physical Chemistry. Thanks Dr. Richard Curry for introducing me into
the fabulous world of Lanthanide. Thanks Dr. Thomas Logothesis, Miss Nadine Hill
and Miss Diana Fernandes for offering me an opportunity to be a demonstrator and
technician in 5th teaching lab. Thanks Ms. Carol Marchment provides an opportunity for
letting me become an invigilator. I am really appreciated for the precious experience.
Finally, to my girlfriend, Yi Qu, who has encouraged me to go through any difficulties
during my life and to my family, Tingwu Yan and Ying Zhang, who have supported me
throughout and for providing me with tuition and somewhere to stay in Southampton
whenever it was needed.

xxxiv

Definitions and Abbreviations
A: Acceptor
Ad: acridinium
B15C5: Benzo-15-crown-5
B18C6: Benzo-18-crown-6
2-2’ BIP: 2-2’ Bipyridinium
4-4’ BIP: 4-4’ Bipyridinium
C222: 2.2.2-Cryptand
CDCl3: Chloroform
Cryptand: 1,10-diaza-4,7,13,16,21,24-hexaoxabicyclo[8.8.8]hexacosane
Cyclam: 1,4,8,11-tetraazacyclotetradecane
D: Donor
DB18C6: Dibenzo-18-crown-6
Dicyc18C6: Dicyclohexano-18-crown-6
D2O: Deuterium Oxide
DNA: Deoxyribonucleic acid
DBTTF: Dibenzotetrathiafulvalene
DCM: Dichloromethane
DCTC-: α,α-Dicyano-p-toluoylcyanide anion
DMSO: Dimethyl sulfoxide
DMTCNQ: Dimethyltetracyanoquinodimethane
DPA: Pyridine-2,6-dicarboxylate (Dipicolinate)
EPR: Electron Paramagnetic Resonance
xxxv

ES: Electrospray (Mass Spectroscopy)
H2O: Deionised water
H2pdc: Pyridine-2,6-dicarboxylic acid
HMTSeF: hexamethylenetetraselenafulvalene
HMTTF: Hexamethylenetetrathiafulvalene
IR: Infra-red
KCP: K2Pt(CN)4Br0.30 . 3H2O
m.p.: Melting point
MeCN: Acetonitrile
Me10Fc: Decamethylferrocene
MeOH: Methanol
NMP: N-methylphenazium
NMR: Nuclear Magnetic Resonance
Oc7: 3,3’-Diethyloxacyaninium
Paraquat: N,N’-dimethyl-4,4’-bipyridinium dichloride
PTP: 2[5-(2-pyridyl)-1,2,4-triazol-3-yl]phenol
PTZ: Phenothiazine
Qn: Quinolinium
R.T.: Room temperature
TCNE: Tetracyanoethylene
TCNQ: 7,7’,8,8’-tetracyanoquinodimethane
TCNQCl2: 2,5-Dichloro -7,7,8,8-tetracyanoquinodimethanide
TCNQF4: 2,3,4,5-Tetrafluoro-7,7’8,8’-Tetracyano-p-quinodimethane
xxxvi

TCNQH2: 2,2’- (p-Phenylene)bis(propanedinitrile)
TEA: Triethylamine
TMB: Tri-methyl-bezimidazolium
TMTSeF: Tetramethyltetraselenafulvalene
TMTTF: Tetramethyltetrathiafulvalene
TTF: Tetrathiafulvalinium
TTT: Tetrathiotetracene
UV: Ultra-violet

xxxvii

Chapter 1

1. Introduction
1.1

Molecular electronics

Molecular electronics can be regarded as technology utilising single molecules for
electronic applications1. Painstaking attention has been paid to the design of novel
functional, inexpensive, high density, nanoelectronic devices, structures and
experimental paradigms that share common themes2-4. Traditional semiconductors
suffer from the disadvantages of high heat release, limited electron mobility and
connection problems. Consequently, classic semiconductors cannot cope with present
needs and will be gradually abandoned. With the progression of technology, new
semiconductor devices are becoming associated with quantum phenomena2,5. The
concept of a quantum transistor has been applied as one aspect of the design of the new
devices2,5. Numerous theoretical and experimental studies have been associated with
artificial low-dimensional structures, such as wires and quantum films. The new
approach of utilising quantum phenomena is expected to provide a new class of
electronic devices2,5.
Molecular electronics involves the replacement of components such as wires, transistors,
or other fundamental solid state silicon-based electronic elements1. These electronic
elements are constructed from one or a few molecules1,6. Each molecule is quite minute,
approximately one million times smaller than their current microelectronic counterparts.
The field of molecular electronics is different from the DNA-based computing where
memorising and retrieving of any information is based on the structure of chemical
bonds. This is a relatively slow process, which needs solution-based conditions. In
addition, molecular electronics can detect unique information, offered by molecules, in
order to analyse and generate novel electronic devices6. Health and Ratner7 summarised
four major advantages for utilising electronics applications, which were: size; assembly
and recognition; dynamic stereochemistry; and synthetic tailorability.
One aspect of the area of molecular electronics concerns novel organic materials,
particularly organometallic compounds7-10. Organic and organometallic compounds can
exhibit unique physico-chemical properties, such as high conductivity, magnetic
properties, and the potential for energy storage, and they can also be used for
homogeneous catalysis9-11. Furthermore, combining such compounds with other
1
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molecules associated with controlling intermolecular interactions between each
molecular unit can lead to useful changes to the structure and physical properties of
organic materials. Although the intrinsic characteristic of organometallic compounds is
as potentially toxic pollutants, the unique properties of organometallic compounds have
been remarkably useful in the field of chemical biology, for example serving as
anticancer, antimalarial or antimicrobial agents8,9,11. In addition, organometallic
compounds have attracted much attention in the area of medicinal chemistry because of
their unique properties, such as multiple structure types, variable ligand bonding modes,
different intra/intermolecular interactions and redox characteristics8. Therefore, the
unique structure and bonding types within organometallic compounds can ameliorate
the formulation stages of clinical trials, drug optimisation, and drug design processes8.

1.2

Electronically active organic materials

In this section, the content of electronic properties of organic materials will be divided
into three separate parts. In the first instance, there will be a discussion about the main
structural types of conducting materials. Thereafter, two types of charge transfer
complexes will be described as supporting examples in each sub-section. Finally, there
will be a short section discussing radical ion salts with corresponding examples.
1.2.1

Main structural types of conducting materials

The main types of molecular conducting materials can be separated into three distinctly
different structural classes, namely those of metal-complex stacks, polymer chains and
molecular stacks.
1.2.1.1

Metal-complex stacks

Metal complexes such as Pt(CN)42- can form conducting materials. These typically
adopt a quasi-one-dimensional structure, which can display one-dimensional electron
transfer behaviour. Figure 1.1 shows the spatial distribution12 of Pt atoms and CN
groups in K2Pt(CN)4, a chain or a column of Pt(CN)42- complex anions is formed in a
crystal along which the electrons can move through the channel constructed by Pt
atoms12. The electrical conductivity of K2Pt(CN)4 complex is quite high, ca.300 (S.cm-1),
and anisotropic at room temperature. However, the K2Pt(CN)4 becomes an insulator at
low temperatures. If KCP (K2Pt(CN)4Br0.30 . 3H2O) is treated with halogens (Br2, Cl2) as
2
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a doping agent partial oxidation of the platinum centres (Pt2+→Pt4+) occurs resulting in
mixed-valence12. Based on the temperature dependence of the Seeback Effect, Fedutin13
would seem to have confirmed the existence of metal-insulator transition in the electron
motion along the chains in KCP. According to electrical and optical measurements, at
high temperatures and frequencies, KCP behaves as a quasi-one-dimensional metallic
system12.

Figure 1.1 The structure of K2Pt(CN)4 12
1.2.1.2

Polymer chains

Polymers based on polyacetylene (Figure 1.2) can become conducting as a result of
electron migration along the polymer chain14.

n

Figure 1.2 The structure of a trans-polyacetylene chain
Table 1.1 displays the structures, maximum conductivities (S.cm-1)max, and type of
doping [negative (n) or positive (p)] for conducting polymers of this type.
3
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Polymer

(Ω.cm)-1max The type of doping

Structure

Polyparaphenylene

S

Polyparaphenylenesulfide

500

n&p

3-300

p

1-1000

p

40-200

p

10-100

p

1-50

p

H
C

Polyparaphenylenevinylene

Polypyrrole

C
H

N
H

Polythiophene

S

Polyisothianaphthene

S

Table 1.1 The conducting polymers15
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Undoped polymers are insulators because all electrons are located in discrete π
molecular orbitals (a filled valence band), and cannot readily migrate along the
unsaturated polymer chain. In order to exhibit high conductivity, electrons must be
promoted from a full π orbital into an anti-bonding π* orbital (conduction band).
However, such polymer chains can be doped and then display high conductivity
behaviour. For example, when doping polyacetylene, a free electron can either be added
to the polymer chain to form a negative chain (n-type) or an electron can be removed to
produce a positive chain (p-type). The reagents for producing p-type doping are Br2,
SbF5, HClO4. On the other hand, treatment with alkali metals forms n-type
semiconducting polymers, in which the polymer acts as an electron acceptor.
1.2.1.3

Molecular stacks

Molecular stacks are constructed of infinite stacks of molecules combined through
intermolecular interactions without covalent bonding between the molecules. If the
structure consists of one species, then the stacks are insulators. That said, if the system
is constructed of two components, it can form alternating stacks associated with π-π
interactions, particularly if one component is an electron donor molecule (D), the other
is an electron acceptor molecule (A). Examples include perylene(D)-TCNQ(A) and
chrysene(D)-fluoranil(A), respectively (see Figure 1.3 and Figure 1.4, respectively).

Perylene(D)

NC

CN

NC

CN
TCNQ(A)

(b) Organisation of molecular stacks (ref

(a) Perylene(D)-TCNQ(A)

code: PERTCQ)16

Figure 1.3 The charge transfer complex of Perylene(D)-TCNQ(A) (ref code:
PERTCQ)16
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O
F

F

F

F
O

Chrysene(D)

Fluoranil(A)

(b) Organisation of molecular stacks (ref

(a) Chrysene(D)-Fluoranil(A)

code: CHRFAN)17

Figure 1.4 The charge transfer complex of Chrysene(D)-Fluoranil(A) (ref code:
CHRFAN)17
Geometries of such π-π stacks are controlled by electrostatic interactions18. Hunter and
Sanders18 have summarised the basic principles behind the assembly of non-polarised πsystems, such as simple aromatic molecules. The principle of π-π repulsion, which is
dominated in face-to-face π stack packing motif, is displayed in Figure 1.5(b).
Additionally, an edge-on, T-shaped or an offset π stack packing motif Figure 1.5(c) will
lead to the π-σ attraction, respectively18.

Hδ+

Hδ +

Hδ+

(a) Interactions between two (b) An example of repulsion
face-to-face π systems18

H

attraction

repulsion

Hδ +

δ+

Hδ +

between two benzene rings

Hδ +

(c) Attraction within a
slipped stacks

Figure 1.5 Principle interactions between π systems

6

δ+

H
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Systems such as those shown in Figure 1.3 and Figure 1.4, the formation of mixed
stacks are, of course, electrostatically favoured. The principle of π-σ attraction predicts
a favourable π stacking interaction. Two examples of this behaviour involve the zinc
porphyrin (Figure 1.6) and [18]annulene (Figure 1.7), respectively.

N

N
Zn

N

N

N

N

Zn
N

N

Figure 1.6 The optimum geometry of zinc porphyrin π-π interactions18

Figure 1.7 The geometry of π stacking interactions in [18]annulene18

7

Chapter 1
The ideal geometry of the zinc porphyrin minimises π-π repulsion between adjacent
molecules and maximises attraction between the inner cavity of one porphyrin and the
pyrrole ring from another nearby porphyrin18. Therefore, porphyrin prefers to form π
stack in an offset geometry, which is the same packing functionality as existing π stack
in [18]annulene.
In the solid-state structure of benzene, neighbouring molecules are associated via a Tshaped architecture, face-to-face geometry being disfavoured here because of π-π
repulsion18. The geometries of π stacking interactions can be summarised in Figure 1.8.
As a function of orientation, the geometry interactions between two π atoms can be
ascribed to two attractions and one face-to-face π stack repulsion, respectively18.

Figure 1.8 Geometry of π stacking interactions18
1.2.2

Molecular-based organic conducting materials

Simple organic compounds are normally insulators at room temperature. However, a
highly conductive organic compound was discovered in 1954 by Akamatu et al.19. It
was observed that organic perylene crystals doped with bromine could exhibit high
electrical conductivity, 10-1 S.cm-1 compared with 10-15 S.cm-1 for pure perylene alone.
8
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This was the first indication that molecular materials could display such physical
properties19,20. The next important breakthrough in the area of organic conductors came
in 1960, when 7,7’,8,8’-tetracyanoquinodimethane (TCNQ) (1) (Scheme 1.1) was first
prepared by Melby et al.21.
Because of the four peripheral electron-withdrawing cyano groups and the large πconjugated system in the molecule, TCNQ is a good one electron acceptor with a high
electron affinity (2.8±0.1 eV) 22-26. TCNQ is easily reduced to its corresponding
TCNQ•‒ radical anion (1•‒) as viewed in Scheme 1.1 by chemical reduction21,
photoreduction27,28, or electrochemical methods29,30. The TCNQ•‒ anion can be
stabilised by dimerisation31-33, or interaction with various electron-donating
compounds33,34, or by forming stable salts, such as M+TCNQ•‒, where M represents an
alkali metal, transition metal, a quaternary ammonium, phosphonium or arsonium
counterion35 or an organic dye cation36. The versatile TCNQ and TCNQ•‒ anion have
played an important role in the development of organic semiconducting materials22,37.
Scheme 1.1 shows structures of TCNQ and TCNQ•‒ anion, respectively.

Scheme 1.1 Structures of TCNQ and TCNQ•‒ anion

9
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1.3

TCNQ•‒ anion and its compounds, derivatives and analogues

TCNQ is an insulating yellow solid. The reaction of it with excess amount of lithium
iodide affords a dark purple solid 1:1 salt, which displays semiconducting behaviour.
This is because TCNQ readily accepts one electron upon reaction with iodide salts (e.g.
Scheme 1.2)

Scheme 1.2 Preparation of TCNQ salt
In the solid state, these salts adopt structures in which the TCNQ•‒ anions are face-toface π stacked21. The salts containing TCNQ•‒ anions exhibit paramagnetic behaviour
due to a free single unpaired electron, which can exhibit physical properties such as
electronic conductivity, non-linear optical behaviour, and electron paramagnetic
resonance behaviour, and are anisotropic as determined by physical measurements
along major crystal axes21. TCNQ, itself, can also readily form π-donor-π-acceptor 1:1
complexes. For example, phenothiazine, naphthalene and pyrene each form
intermolecular electron donor-acceptor π stacked complexes with neutral TCNQ38-41.
1.3.1

Phenothiazine-TCNQ complex

Crystal structures of a number of charge transfer complexes involving TCNQ have been
extensively studied42-45. When TCNQ reacts with planar organic molecules, namely
those of phenothiazine and naphthalene, a mixed stacking column of alternating donor
and acceptor is obtained. Within the phenothiazine (PTZ)-TCNQ complex, the
components form π donor and π acceptor, face-to-face stacked complexes, which are
insulators39. In the PTZ-TCNQ complex, the intermolecular distance between TCNQ
and an adjacent PTZ unit is 3.44 Å39 and the overlapping pattern of this complex is the
ring-external bond type39. The interatomic distance of N-H…N between PTZ and TCNQ
in neighbouring columns is 3.37 Å39 and the corresponding angle of N-H…N is 140° 39,
respectively. Figure 1.9 shows the structures of PTZ and TCNQ and the solid state
structure of PTZ-TCNQ complex.
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N
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H
N

S
N

N

(a) PTZ

(b) TCNQ

(c) Top view of the packing pattern (ref

(d) Top view of the packing pattern (ref

code: PTZTCQ)39

code: PTZTCQ01)38

Figure 1.9 The packing pattern of PTZ-TCNQ complex (ref code: PTZTCQ and
PTZTCQ01)38,39,46,47
1.3.2

Naphthalene-TCNQ complex

In the case of the naphthalene-TCNQ complex, the electron donor (naphthalene) and the
electron acceptor (TCNQ) form alternating stacks as shown in Figure 1.10. The two
components are well ordered and the packing arrangements are controlled by dipoledipole and van der Waal’s interactions47-50. Figure 1.10 displays the structure of
naphthalene and TCNQ and alternating stacks of the naphthalene-TCNQ complex.
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N

N
C

C

C

C
N

N

(a) Naphthalene

(b) TCNQ

(c) Top view of the packing pattern (ref

(d) View of the packing pattern (ref code:

code: TCQNAP)48

TCQNAP01)50

Figure 1.10 The packing pattern of naphthalene-TCNQ complex (ref code: TCQNAP
and TCQNAP01)48,50

1.4

The physical and chemical behaviour of TCNQ

In this section, the content of the physical and chemical behaviour of TCNQ will be
divided into two separate parts. Firstly, the reactions of TCNQ will be discussed. An
introduction of TCNQ2- compounds will be presented in the following section.
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1.4.1

The reactions of TCNQ

After TCNQ was first synthesised in 1960 by Melby21, numerous different compounds
containing TCNQ as an electron acceptor have been widely studied34,49-52.
Scheme 1.3 shows the synthetic route of TCNQ and its radical anion, respectively.
NC

CN

NC

CN

NC

CN

O
i. 2CH2(CN)2, warm
ß-Alanine

+e

ii. Br2, MeCN, Pyridine 0-10oC

O
NC

CN
e

1,4-cyclohexanedione

TCNQ

Scheme 1.3 Synthetic route to TCNQ and its radical anion
The solid state behaviour of these salts is particularly sensitive to their surroundings,
especially to the cation53,54. However, decomposition of TCNQ and its radical anion
represents a constraint for the investigation of these electronically active complexes55.
In the presence of oxygen or nitrite ion, the TCNQ will be converted into DCTC- (α,αDicyano-p-toluoylcyanide anion). Hertler et al.56 were the first to report this process
when they separated a salt of DCTC- from reaction of TCNQ with nitrite ion. An X-ray
study of the meta-magnetic phase of the decamethylferricenium TCNQ•‒ complex by
Miller et al.57 revealed contamination with DCTC- as a result of oxygen reacting with
TCNQ•‒. Scheme 1.4 shows the mechanism for the formation of DCTC-. Scheme 1.5
summarises several of the decomposition routes of TCNQ and its salts to DCTC-.
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Scheme 1.4 Mechanism for the formation of DCTC- 58
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Scheme 1.5 Decomposition of TCNQ and its salts to DCTC- 55
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The bond lengths of cyano groups in both of the DCTC- and TCNQ•‒ are shorter than
those found in TCNQ55. Grossel et al.55 have synthesised and further explored the
formation of KDCTC and have isolated and carried out an X-ray structural study of
K+[2.2.2]DCTC- CH3CN obtained during an unsuccessful attempt in the preparation of
K+[2.2.2] TCNQ•‒ 55.
1.4.2

An introduction to TCNQ2- salts

TCNQ can also be reduced to its dianion, and because of the double negative charge on
this species, it can interact much more strongly with metal cations and more readily
forms crystalline networks than do either TCNQ or the TCNQ•‒ anion59-62. The process
of reducing TCNQ to its corresponding TCNQ2- is summarised in Scheme 1.6.
NC

CN

NC

D

NC

CN

A

CN

NC

CN

B

C

NC

CN

NC
NC
CN
CN
NC
A: Polarographic reduction [90% AcOH/0.2M NaOAc]; E = +0.15 to 0.16 volts
B: Electrochemical reduction [MeCN/0.1M LiClO4]; E = -0.127 volts
C: PhSH, MeCOSH or HI
D: N-Chlorosuccinimide

CN

Scheme 1.6 TCNQ process of absorbing free electrons from TCNQ to TCNQ2- 55,63
In such a situation, the counter-cation determines the structure of the coordination
networks and how the choice of cation can afford a way of controlling the structure and
function of the anionic network. After reacting with metal cations, the in-situ generated
TCNQ2- can be coordinated with metal cation at all times, thereby protecting the
TCNQ2- from oxidation. Indeed, several complexes have been prepared based on the
reaction between TCNQH2 and metal cations. For example, a hexagonal prismatic
crystal which can exhibit an infinite 3D [Mn2(TCNQ)3]2- coordination network, can be
synthesised in an environment of methanol/DMSO and acetate ion59-62. The resulting
crystal structure is shown in Figure 1.11. It forms honeycomb-like 3D coordination
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networks [Mn…Mn connections represented as blue rods in Figure 1.11(a)]62; Figure
1.11(b) gives a specific description of a single hexagonal channel62; Figure 1.11(c)
shows that one TCNQ2- ligand is coordinated to four metal centres62; Figure 1.11(d)
represents the octahedral environment around the metal centre62.

(a) The honeycomb-like structure

(c) Orientation of TCNQ2- ligand

(b) A single hexagonal channel

(d) The octahedral environment around the
metal centre

Figure 1.11 The 3D structure of [Mn2(TCNQ)3]2- coordination networks62
1.4.3

An introduction to TCNQ2- salts of organic cations

The further reduction of TCNQ into TCNQH2 may provide a novel way to afford a
series of new types of structures based on the TCNQ2- dianion59-62. The solid state
behaviour of a number of salts based on TCNQ2- dianion is reported by Hudson and
Robson60. Figure 1.12 to Figure 1.15 display four different counter cations with the
corresponding different packing patterns seen for TCNQ2- dianion salts with four
different counter cations.
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R

N

N

R

(a) R = Me
(b) R = C6H5CH2

(a) Paraquat salts

(b) The packing motif

Figure 1.12 Solid-state behaviour of N,N’-dialkylpyridinium TCNQ2- salts60
2+

N

N
Pt

N

N

(a) Pt(bipy)22+ cation

(b) The packing motif

Figure 1.13 Solid-state behaviour of Pt(bipy)22+ TCNQ2- salts60

N
N

(a) 1,4-bis(N-pyridiniummethyl)-benzene

(b) The packing motif

Figure 1.14 Solid-state behaviour of 1,4-bis(N-pyridiummethyl)-benzene TCNQ2salts60

H2N

NH2

H2N

NH2

(a) 2,5-diaminocyclohexa-2,5-diene-1,4-diiminium

(b) The packing motif

Figure 1.15 Solid-state behaviour of 2,5-diaminocyclohexa-2,5-diene-1,4-diiminium
TCNQ2- salts60
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In the presence of non-coordinative cations, TCNQ2- can form new types of crystalline
complexes confirming the presence of the TCNQ2- dianion. In Figure 1.12, the two
components of the dimethylpyridinium2+ cation [DM(bipy)2+] and TCNQ2- are not
exactly parallel with each other. The distance between adjacent planes varies from 3.27
Å to 3.5 Å. As a result, the TCNQ2- dianion forms face-to-face π-stacks with
DM(bipy)2+ to produce infinite stacks constructed by alternating cation and anion. In
Pt(bipy)2TCNQ, once again alternating D2+A2- stacks are formed. The closest distance
of C…C is 3.28 Å and 3.49 Å for Pt…C, respectively. The packing motif of this donoracceptor complex is similar to that seen in DM(bipy)(TCNQ) and displays alternating
stacks of dication and dianion. In both Figure 1.12 and Figure 1.13, the TCNQ2- unit
shows π-π interactions with the dication. In Figure 1.14, the TCNQ2- unit sits in a cavity
surrounded by four neighbouring cations. In Figure 1.15, all molecular stacks are
parallel and equivalent in one discrete column; the orientation of adjacent columns is
different from each other. At the same time, NH…NC hydrogen bonds are formed
between neighbouring stacks60.

1.5

Solid state behaviour of TCNQ•‒ salts

The architectural motif adopted by the TCNQ•‒ units plays an important role in
determining whether the crystals obtained show insulating, semiconducting or metallic
properties. The TCNQ•‒ anion can readily form stable crystals of 1:1 salts and
complexes, which are semiconducting. Within these the TCNQ•‒ anion can form dimers
and extended stacks. Furthermore, a 1:1 mixture of TCNQ0 and TCNQ•‒ can form a
mixed stack, which can display high conductivity. Figure 1.16 shows the formation of
TCNQ•‒ stacks, as a result of face-to-face π stacking of the TCNQ•‒ units.
NC

CN

NC

CN

NC

CN

NC

CN

NC

CN

NC

CN

NC

CN

NC

CN

Figure 1.16 The formation of TCNQ•‒ stacks
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When TCNQ is associated with the donor molecule, in most cases, one of three different
types of complexes is formed in the solid state. The first type is a π-associated
molecular complex with low conductivity. In the second example, TCNQ forms stable
crystalline radical anion salts [Mn+(TCNQ•‒)n]. The Mn+ here is represented as a metal
cation or an organic cation. Thirdly, complex salts can be formed
[M+(TCNQ•‒)p(TCNQ0)q] involving the presence of neutral additional TCNQ. In this
latter type of complex, the electron is considered to be delocalised over both of the
TCNQ moieties34. The conductivity behaviour of [M+(TCNQ•‒)p(TCNQ0)q] complexes
is the highest as a result of forming mixed-valence stacks containing both TCNQ and
TCNQ•‒ units34,64.These complexes can show very high electrical conductivity,
exhibiting volume electrical resistivity as low as 0.01 Ω.cm at room temperature. Some
examples of the electrical properties of MTCNQ are listed in Table 1.2. The Mn+ here is
referred to alkali metals (Li+, Na+ and K+) and transition metals (Mn2+, Fe2+, Co2+, Ni2+,
Cu2+ and Zn2+).
Substance Conductivity at R.T. (S.cm-1) Substance

Conductivity at R.T. (S.cm-1)

Mn(TCNQ)2

2.9×10-6

TCNQ

5.0×10-11

Fe(TCNQ)2

2.9×10-6

LiTCNQ

1.8×10-5

Co(TCNQ)2

1.7×10-7

NaTCNQ

1.1×10-6

Ni(TCNQ)2

2.9×10-7

KTCNQ

5.0×10-7

Cu(TCNQ)2

1.9×10-6

Zn(TCNQ)2

1.3×10-8

Table 1.2 The resistivity of MTCNQ salts65

1.6

Radical ion TCNQ salts

TCNQ has been widely utilised in fields such as molecular electronics66, nonlinear
optics67,68, and organic semiconductors69. TCNQ can form stable solid state complexes
with different kinds of electron donating compounds. Many of its salts and complexes
can display significant electrical conductivity34 behaviour as shown in Table 1.3, which
illustrates the nature of the donor, the stoichiometry of complex formation, and the
electrical conductivity for some of the more highly conducting donor-TCNQ complexes
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at room temperature34. Special structural features in the counterion and varying
stoichiometry of the complexes synthesised results in a range of conductivity values
which were reported by Jaeger and Bard34 at room temperature.
Stoichiometry of

σ at R.T.

complex

(S.cm-1)

1:1

300

1:1

140

1:2

70

1:2

100

Tetrathiotetracene

1:1

1

(TTT)

1:2

100

1:2

2

1:1

-10-2

Donor

Structure
S

S

Tetrathiafulvalinium
(TTF)

S

S
CH3
N

N-methylphenazium
(NMP)

N

H

Acridinium

N

(Ad)
H

Quinolinium

N

(Qn)

S

S

2-2’ Bipyridinium

S

S

H

H

N

N

(2-2’ BIP)

4-4’ Bipyridinium

H

N

N

H

(4-4’ BIP)
Table 1.3 Structures of components of some conducting donor-TCNQ complexes34
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1.6.1

Donor acceptor complexes with Tetrathiafulvalene (TTF) and its
analogues

The discovery of TTF70 was an important step in the development of interest in TCNQ
salts. In this section, the crystallography and physical properties of complexes of TTF
and its analogues with TCNQ will be reviewed.
1.6.1.1

Analysis of TTF-TCNQ salt

A particularly interesting example of a donor-acceptor complex is TTF-TCNQ. This is
an ionic charge transfer complex, which exhibits metallic conductivity at room
temperature along the molecular stacking direction26,71-76. The formation of this black
crystalline 1:1 complex is rapid, when their solutions are mixed together77,78, even if the
TTF and TCNQ are not presented in equal amounts77. TTF-TCNQ was the first organic
charge-transfer complex showing metallic properties77.
Scheme 1.7 illustrates the formation of TTF-TCNQ charge-transfer complex.
NC

S

CN

S

S

NC

TTF

S

S

S

CN

NC

CN

Solvent
R.T.

+
S

S

NC

CN
TCNQ

TTF-TCNQ

Scheme 1.7 Formation of TTF-TCNQ charge-transfer complex79
In this complex, the TTF (D) and TCNQ (A) are stacked separately, making segregated
columns …AAA… and …DDD…. Both stacks act as a one-dimensional electronic
conducting pathway. In TTF-TCNQ, the TTF can readily lose a single electron to form
a radical cation and the TCNQ can absorb the corresponding electron to become
TCNQ•‒. Both types tend to form π stacked columns in the solid state. When crystallised
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with TCNQ, the resulting complex contains homosoric stacks, in which the TTF is
partially oxidised and the TCNQ is partially reduced. This results in metallic
conductivity at room temperature arising from the presence of partially filled valence
bands in each component76. Odom et al.79 commented that single crystal of TTF-TCNQ
could display a highly conducting behaviour of ca. 400-500 S.cm-1, which can be used
as electronic devices. Hendon et al.71 suggested that TTF-TCNQ could exhibit a
metallic behaviour above 60K with a maximum of conductivity of σ = 1.5×104 S.cm-1,
which was the same magnitude observed by Tomkiewicz et al.78 However, because of a
Peierls distortion, TTF-TCNQ would transform into a semi-conductor below 60K.
Goetz et al.49 reported that the electrical conductivity of TTF-TCNQ was 7×102 S.cm-1
at room temperature. Figure 1.17 displays the packing pattern of segregated columns in
TTF-TCNQ complex.

Figure 1.17 Packing pattern of segregated columns in TTF-TCNQ complex (ref code:
TTFTCQ, TTFTCQ01-TTFTCQ06)80-83
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1.6.1.2

Analysis of tetramethyltetrathiafulvalenium (TMTTF) TCNQ salt

Figure 1.18 displays the structure of tetramethyltetrathiafulvalene (TMTTF), which can
form a charge transfer complex with TCNQ.

S

S

S

S

Figure 1.18 TMTTF
In the solid state, TMTTF-TCNQ forms face-to-face π-stacks of infinite segregated
columns, i.e. the same packing motif as seen for TTF-TCNQ. At room temperature, the
electrical conductivity of TMTTF-TCNQ is 3.5×102 S.cm-1, would seem to be lower
than that observed for TTF-TCNQ49. The perpendicular intermolecular distance
between adjacent planes of the neighbouring TMTTF units is 3.53 Å, which is greater
than that in TTF-TCNQ (3.47 Å), reflecting the need to accommodate the methyl
substituents84. However, the longer intermolecular distance within TMTTF-TCNQ
cannot simply be attributed to the chemical modification of cation component. It is also
related to the intercolumn interactions and different degrees of charge transfer84. Phillips
et al.84 also found that the elongated interchain coupling of TMTTF-TCNQ has caused
this complex to belong to the most one-dimensional member in the TTF-TCNQ family.
Furthermore, the CN…S contact distance in this system is 3.45 Å, which is longer than
those found in TTF-TCNQ (3.20 Å and 3.25 Å, respectively). Figure 1.19 displays the
packing behaviour of TMTTF-TCNQ from two different structural studies.
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(a) Packing behaviour of TMTTF-TCNQ (ref

(b) Packing behaviour of TMTTF-

code: MDTTCQ)85

TCNQ (ref code: THOTCQ)84

Figure 1.19 Packing behaviour of TMTTF-TCNQ (ref code: MDTTCQ and
THOTCQ)84,85
1.6.1.3

Analysis of dibenzotetrathiafulvalenium (DBTTF) TCNQ salt

Figure 1.20 exhibits the structure of dibenzotetrathiafulvalene (DBTTF), which can
form a charge transfer complex with TCNQ.
S

S

S

S

Figure 1.20 DBTTF
The planar π-electron donor DBTTF crystallises with TCNQ to form mixed π-stacked
columns, in which the two components alternate. Compared with high conducting
complexes of TTF-TCNQ and TMTTF-TCNQ, in which donor and acceptor form
segregated columns, the molecular arrangement in DBTTF-TCNQ differs from those
highly conductive complexes. The mixed columns within DBTTF-TCNQ result in low
electrical conductivity (10-6 S.cm-1)49,86 at room temperature. The intermolecular faceto-face distance between DBTTF and TCNQ is 3.303 Å, which is shorter than the case
in PTZ-TCNQ. Kobayashi and Nakayama86 commented that the parameters of short
intermolecular distance and the mode of intermolecular overlap would appear to
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significantly affect the charge-transfer interaction, which requires a large overlap
integral between donor and acceptor. This would seem to be why the complex of
DBTTF-TCNQ has low electrical conductivity. Figure 1.21 displays the packing
behaviour of DBTTF-TCNQ from two different structural studies.

(a) Packing behaviour of DBTTF-TCNQ

(b) Packing behaviour of DBTTF-TCNQ

86

(ref code: BALNAD10)87

(ref code: BALNAD01)

Figure 1.21 Packing behaviour of DBTTF-TCNQ (ref code: BALNAD01 and
BALNAD10)86,87
1.6.1.4

Comparison between hexamethylenetetrathiafulvalenium (HMTTF)
TCNQ and hexamethylenetetraselenafulvalenium (HMTSeF) TCNQ
salts

Figure 1.22 exhibits the structures of hexamethylenetetrathiafulvalene (HMTTF), and
hexamethylenetetraselenafulvalene (HMTSeF) respectively, which can each form a
charge transfer complex with TCNQ.
S

S

Se

Se

S

S

Se

Se

(a) HMTTF

(b) HMTSeF

Figure 1.22 The structures of HMTTF and HMTSeF
The complexes of HMTTF-TCNQ and HMTSeF-TCNQ belong to the quasi-onedimensional conductor family88,89. Tomkiewicz et al.88 and Goetz et al.49commented
that the electrical conductivity of HMTTF-TCNQ was 400 S.cm-1 at room temperature.
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Meanwhile, Bloch89 indicated that the conductivity of HMTSeF-TCNQ ranged from
1391 to 2178 S.cm-1 at room temperature, which was the largest of any known organic
substance. The metal-insulator transition temperature for HMTSeF-TCNQ is 50±1K88.
Comparison of HMTSeF-TCNQ with HMTTF-TCNQ reveals a short selenium-nitrogen
distance of 3.1 Å in the former and the larger sulphur-nitrogen distance of 3.25 Å in the
latter, which is the major difference between these two complexes88. The perpendicular
interplanar distance between adjacent TCNQ planes is 3.23 Å in HMTTF-TCNQ in
comparison to the distance of 3.17 Å in TTF-TCNQ88. Figure 1.23 displays the packing
motifs of HMTTF-TCNQ and HMTSeF-TCNQ, respectively.

(a) Packing motif of HMTTF-TCNQ (ref

(b) Packing motif of HMTSeF-TCNQ91

90

code: BESPEU)

Figure 1.23 The packing motifs of (ref code: BESPEU)90 and HMTSeF-TCNQ
1.6.1.5

The bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) TCNQ salt

Figure 1.24 displays the structure of BEDT-TTF, which can form a charge-transfer
complex with TCNQ. Such charge transfer complexes show a highly variable range of
electrical behaviour, which include metallic systems, semiconductors and a lowtemperature superconductor92-94. Three different phases of BEDTTTF-TCNQ have been
published95-98. In monoclinic phase, the complex, which is a semiconductor, is
composed of alternating stacks of BEDT-TTF and TCNQ units. The conductivity at
room temperature is 10-6 S.cm-1 96. Both of the triclinic phases have segregated stacks of
BEDTTTF and TCNQ molecules95,97. In Figure 1.25(a), separate layers of donor and
acceptor molecules are parallel to the ac plane95. The conductivity of this complex is 10
to 100 S.cm-1 at room temperature and the degree of charge transfer is 74% 95. A short
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H(BEDTTTF)…N(TCNQ) contact (2.57 Å) is recorded between the donor and acceptor
molecules.
S

S

S

S

S

S

S

S

Figure 1.24 BEDTTTF
Figure 1.25 shows the packing motifs of one triclinic phase (ref code: FAHLEF02)95
and one monoclinic phase (ref code: FAHLEF01)96 of BEDTTTF-TCNQ complex.

(a) Packing motif of BEDTTTF-TCNQ salt (b) Packing motif of BEDTTTF-TCNQ salt
(ref code: FAHLEF02)95

(ref code: FAHLEF01)96

Figure 1.25 Packing motifs of one triclinic phase (ref code: FAHLEF02)95 and one
monoclinic phase (ref code: FAHLEF01)96 of BEDTTTF-TCNQ
Wallis and his co-workers have synthesised several families of chiral TTF
derivatives92,99-102. For example, (S,S,S,S)-tetramethyl-BEDT-TTF forms a crystalline
1:1 complex with TCNQ102, in which the molecules of (S,S,S,S)-tetramethyl-BEDTTTF and TCNQ can form mix stacks along the a axis. They suggest that the use of
chiral TTF precursors, and exploiting the combination of chirality and conductivity, can
probably offer a method for observing an electrical magneto-chiral anisotropy (eMChA)
effect102, in the presence of an applied external magnetic field. This system can provide
a good opportunity to research for this synergistic effect within these materials102.
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1.7

Behaviour of the derivatives of TTF with TCNQ derivatives

A number of TCNQ derivatives have been prepared and the behaviour of their
complexes with a number of TTF analogues has been explored. These will be briefly
discussed in the following section.
1.7.1

Analysis of tetramethyltetraselenafulvalenium (TMTSeF) –
dimethyltetracyanoquinodimethane (DMTCNQ) salt

Figure 1.26 displays the structures of tetramethyltetraselenafulvalene (TMTSeF) and
dimethyltetracyanoquinodimethane (DMTCNQ) respectively which can form a charge
transfer complex.

Se

Se

Se

Se

(a) TMTSeF

NC

CN

NC

CN

(b) DMTCNQ

Figure 1.26 The structure of TMTSeF-DMTCNQ
The donor (TMTSeF) and acceptor (DMTCNQ), form a one-dimensional organic
conductor of TMTSeF-DMTCNQ. This complex crystallises in segregated, homosoric
stacks with 3.64 Å between adjacent TMTSeF planes and 3.31 Å between nearby
DMTCNQ planes, respectively103. Because of the steric effect of the methyl groups, the
intramolecular distance within the DMTCNQ stacks are increased. Additionally, the
factors of low symmetry and asymmetric intramolecular overlap of the DMTCNQ
stacks reduces the electron mobility in the acceptor stacks, which further affects the
electronic properties of this charge transfer complex103. Under the high pressure
(P>10kbar) at low temperature, Andrieux et al.104 demonstrated that the complex of
TMTSeF-DMTCNQ has a high conductivity state (σ>105 S.cm-1). Figure 1.27 displays
the packing motif of TMTSeF-DMTCNQ, which is the same as TTF-TCNQ and
TMTTF-TCNQ.
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Figure 1.27 The packing motif of TMTSeF-DMTCNQ (ref code: SEFTCQ)103
1.7.2

Dibenzotetrathiafulvalenium (DBTTF) - 2,5-dichloro-7,7’,8,8’tetracyanodimethanide (TCNQCl2)

Figure 1.28 shows the structures of dibenzotetrathiafulvalene (DBTTF) and 2,5dichloro-7,7’,8,8’-tetracyanodimethanide (TCNQCl2) respectively, which can form a
charge transfer complex.
NC

S

S

S

S

CN

Cl

Cl

NC

(a) DBTTF

CN

(b) TCNQCl2

Figure 1.28 The structures of DBTTF-TCNQCl2
DBTTF is a weaker donor because the presence of the benzene ring tends to reduce the
electron density in the TTF unit, whereas TCNQCl2 is inclined to be a stronger acceptor
as a result of the presence of the chlorine atoms105. The donor (DBTTF) and acceptor
(TCNQCl2) can form separated, homosoric stacks with 3.51 Å between adjacent
DBTTF planes and 3.41 Å between neighbouring TCNQCl2 planes, respectively. The
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electrical conductivity is 4000 S.cm-1 at room temperature but increases slowly with the
decreasing temperature105. Soling et al.105 also observed that the electrical conductivity
would appear to decrease rapidly below 200K. Jacobsen et al.106 commented that the
magnetic susceptibility was 1.5×10-8 m3.kg-1 at 300K and increased slowly upon cooling.
Figure 1.29 displays the packing motif of DBTTF-TCNQCl2 structural studies.

Figure 1.29 Solid-state behaviour of DBTTF-TCNQCl2 (ref code: BABCIQ and
BABCIQ 01)105

1.8

Decamethylferricenium-TCNQ complex

There has been particular interest in the solid state behaviour of metallocenium salts of
TCNQ (and TCNE) because of their potential magnetic properties107-111. Figure 1.30
displays the structure of decamethylferricenium TCNQ•‒.
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Figure 1.30 The structure of decamethylferricenium TCNQ•‒
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Decamethylferrocene is well known as an electron donor (D), which reacts with cyano
carbon acceptors (A), such as TCNQ, to form charge transfer salts, in which both
components are paramagnetic. In the solid state, these charge transfer complexes can
form …D+A-D+A-… alternating stacks in the kinetic phase (see Figure 1.31(a))57,107,112.
These complexes display interesting bulk magnetic phenomena with different types of
ferro-, antiferro-, ferri- and metamagnetism, depending on the stacking arrangement and
the intra- or intermolecular interactions in the crystal structure57,107,112. The donor
(decamethylferrocenium) and acceptor (TCNQ•‒) form alternate stacks between each
other in the kinetic phase.

(a) Kinetic phase

(b) Thermodynamic phase

Figure 1.31 Two different phases of decamethylferricenium TCNQ•‒ (methyl groups
removed for clarity)57,112
However, a thermodynamic phase has also been prepared in which, the basic structural
unit, …D+A-A-D+… is arranged in a herringbone pattern in the solid state57,112.
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2. Applications of Supramolecular Chemistry for
Crystal Engineering of the Solid State Behaviour of
TCNQ Salts
In this chapter, the concept of Supramolecular Chemistry will be discussed firstly and
illustrated by relevant examples, such as catenanes and rotaxanes. Supramolecular
Chemistry in the solid state will then be considered, together with its applications in the
area of crystal engineering.

2.1

Supramolecular Chemistry

The concept of Supramolecular Chemistry, which is described as ‘chemistry beyond the
molecule113-115’ is now the subject of a large number of applications in Chemistry,
Biology and Materials Science. The definition of Supramolecular Chemistry is that of
the noncovalent bond and of molecular assemblies held together by intermolecular
forces. In general, Supramolecular Chemistry involves receptors (hosts) and substrates
(guests) associating to form more complex assemblies in which individual, covalently
bonded molecular units associate through a variety of intermolecular interactions in a
controlled manner. Figure 2.1 illustrates the concept of Supramolecular Chemistry.

Figure 2.1 The concept of Supramolecular Chemistry116
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The field of Supramolecular Chemistry covers a wide range of chemistry, from the
designing of receptors based on the knowledge of preorganisation and the effect of
hydrogen bonding, such as in a receptor for barbital117-119, to the idea of supramolecular
approaches to artificial molecular machines113,114, which are based on functional
supramolecular assemblies. Examples of artificial molecular machines include rotaxanebased and catenane-based structures synthesised by Hanni and Leigh120 and the [2]catenane-based devices121-123.
2.1.1

Supramolecular chemistry in the solid state

The origins of Supramolecular Chemistry can be traced back to the discovery of
dibenzo-18-crown-6 (DB18C6) by Charles Pedersen124-127 on its ability to bind alkali
metal cations. The number ‘18’ refers to the number of atoms in the macrocycle and ‘6’
to the number of oxygen atoms in the crown ether ring. Whilst DB18C6 is only slightly
soluble in methanol, after adding sodium salts, it dissolves much more easily. DB18C6
was the first synthetic alkali metal cation binder. Strong electrostatic interactions are
formed between the oxygen atoms and metal cation. After the discovery of DB18C6, it
was discovered that a large number of crown ethers can be synthesised by changing the
number and type of donor atoms, the ring size and the molecular flexibility, and that
these can be used to complex preferentially with particular cations. The original
synthetic route is outlined in Scheme 2.1.
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Scheme 2.1 The original synthesis route of DB18C6126
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2.2

Cation binding hosts

In this section, two dimensional hosts will be discussed with the binding ability with
different sizes of metals. Consequently, three dimensional hosts will be illustrated,
especially focusing on the utilisation of a group of cryptand complexes with their
different tetrahedral recognition.
2.2.1

Two dimensional hosts

Crown ethers are macrocyclic polyether ligands, which are used in Supramolecular
Chemistry as hosts for both organic and metallic cations. Pedersen124-126 first discovered
DB18C6, many other series of crown ethers with various ring sizes and different
numbers and types of heteroatoms and varying flexibility have been prepared. Some
examples are shown in Figure 2.2. As the factors such as preorganisation and
complementarity128, solvation and chelate ring size129 are now widely recognised to be
the most important factors in deciding the solution selectivity of the macrocycles130, the
versatile solubility and transport capabilities of the crown ethers lead to applications as,
for example, ionophores131,132, sensors for ions, molecular scaffolds for material and
biological models133, fluorescent sensors for metal ions134, sensors and switches utilised
in cation binding affinity135 and photoswitches136.
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(a) 12-crown-4 (12C4)

(b) 15-crown-5 (15C5)

(c) 18-crown-6 (18C6)
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(f) Dibenzo-18-crown-6 (DB18C6)

Figure 2.2 Various structures of useful crown ethers
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In the field of host-guest chemistry the most stable complexes occur when the
macrocyclic cavity of the host matches the size of the guest. If the cation is smaller than
the macrocyclic cavity, the host-guest complex will not be formed efficiently. On the
other hand, if the cation is bigger than the macrocyclic cavity, a sandwich complex can
be formed such as that seen for (15C5)2KTCNQ. This compound has been investigated
by the Grossel group (see Figure 2.3)107.
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(a) An example of a sandwich complex (15C5)2KTCNQ

(b) Packing motif of (15C5)2KTCNQ (ref code: TETYOG)107
Figure 2.3 The packing motif of (15C5)2KTCNQ107
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Table 2.1 summarises a comparison of the ionic radii of alkali metal cations with crown
ether cavity diameter130.
Metal ions

Li+

Na+

K+

Rb+

Cs+

Ionic radius/ Å

0.78

0.97

1.33

1.48

1.67
O

O

O

O
O

O

O

O

O

O

Crown ethers
O

O

O

O

O

Cavity diameter/ Å

1.20-1.50

1.70-2.20

2.60-3.20

Table 2.1 Comparison of the ionic radii of alkali metal cations with crown ether cavity
diameter130
Based on the metal-crown ether oxygen interactions, which are ion-dipole interactions,
a variety of novel crystalline geometries are observed55,107,131,132,137. In the field of
crystal engineering130,138, such complexation can be used to constrain interactions with
counterions and thereby modify the solid-state assemblies formed.
Two dimensional hosts using other heteroatoms as opposed to oxygen have also been
synthesised such as diaza-18-crown-6, hexathia-18-crown-6 and cyclam. Figure 2.4
shows three structural examples of these.
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(a) Diaza-18-crown-6

(b) Hexathia-18-crown-6

(c) Cyclam

Figure 2.4 Examples of two-dimensional hosts using other heteroatoms instead of
oxygen
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Crown ethers containing only oxygen binding sites are designed for the complexation of
alkali and alkaline earth cations124,139. However, in order to bind transition or heavy
metal ions using macrocyclic ligands, a series of substituted crown ethers (aza-, diaza-,
tetraaza- and thia-) have been introduced140-144. For instance, diaza-18-crown-6, which
is an ionophore containing amine group, strongly binds alkaline earth and other divalent
metal cations, such as Mg2+, Ca2+ because these divalent cations have a higher surface
charge density145.
The binding constant for binding alkali and alkaline earth cation decreases dramatically
after substitution of some oxygen atoms of crown ether by sulphur atoms139,146.
However, thia-crown ethers can show a significant increase in complexation stability
with soft metal ions, namely Hg2+ and Ag+ ions147-149.
The interesting aspects of using macrocyclic polyamines are focused on their biological
properties and importance in coordination chemistry150. Saturated macrocyclic
polyamines can show a pronounced ability to bind a variety of metals151. Cyclam is one
of the macrocyclic polyamines which have been used in modern chemistry. It can form
complexes with, for example, transition metals with high kinetic and thermodynamic
stability based on the chelate effect152.
2.2.2

Three-dimensional hosts

The first polycyclic receptors with three-dimensional cavities which could entirely
surround the bound ion were called cryptands. The first of these was C222 [Figure 2.5
(1)] prepared by Lehn153. The design, synthesis and properties of this were summarised
by Lehn in 1978154. Compared with crown ethers, cryptands are more rigid and more
selective as a result of different cavity and size complementarity, thus C211 (3) binds
Li+, C221 (2) binds Na+ and C222 (1) binds K+ respectively. The macrotricyclic
tetramine hexaether (4) can form strong and selective complexes with the large
spherical cation Cs+, and the soccer ball cryptand (5) binds tetrahedral cations, such as
NH4+ and H4O2+ respectively153,154.
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Figure 2.5 Some simple cryptands154
Scheme 2.2 shows the formation of a cryptate inclusion complex.
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Scheme 2.2 Equilibrium showing the formation of a cryptate inclusion complex154
Cryptands can also be designed to bind anions. This has been achieved by using
protonated polyamines, such as cryptand (5)-nH+ or cryptand (4), which can bind Cland F- respectively. Therefore, cryptands can show good spherical recognition under the
right circumstances153,154. Figure 2.6 shows cryptand (5) complexing a large spherical
cation, such as Cs+ and cryptand (5)-4H+ complexing an anion, such as Cl-.
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Figure 2.6 Spherical recognition in cryptate complexes153,154
2.2.3

Tetrahedral recognition

For binding of a tetrahedral substrate such as NH4+, receptors with a tetrahedral binding
site are necessary, as in cryptand (5) which contain four nitrogen atoms and six oxygen
binding sites located respectively155. Indeed, cryptand (5) forms an extremely stable and
selective cryptate when combined with NH4+, a consequence of both structural energetic
complementarities. The tetrahedral substrate of NH4+ has the size and the shape for
fitting into the cavity of cryptand (5) with a tetrahedral array of N+-H…N hydrogen
bonds as viewed in Figure 2.7153, which shows the complexation of NH4+ by cryptand
(5).
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Figure 2.7 Complexation of NH4+ by cryptand (5)153
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2.3

Self-assembly

Self-assembly is the process by which specific components spontaneously assemble into
a well-defined, discrete supramolecular architecture. Self-assembling processes occur
throughout nature and technology. The components are involved from the molecular to
the planetary scale and involve various kinds of interactions156. For example, DNA
molecular structures and intermolecular interactions are particularly amenable to the
design and synthesis of complex molecular objects157.
By positive cooperativity, phase change and energy flow, a self-assembling system is
driven to completion. It requires binding interactions and implies that information must
be stored in the specific components and read out by the following given procedures158.
Firstly, selective binding of complementary components via molecular recognition;
secondly, growth through sequential binding of the components in the correct relative
orientation; thirdly, termination of the process, requiring a built-in feature, a stop signal,
that specifies the end point and signifies that the process has reached completion. This
can be a closure relation generating a closed structure. Therefore, such organised
supramolecular systems generate well-defined entities following a plan based on
molecular recognition events.
2.3.1

From pseudorotaxanes to rotaxanes and catenanes

Figure 2.8 shows a formation of a pseudorotaxane as a precursor to either a [2]rotaxane
or [2]catenane.

Figure 2.8 Formation of a pseudorotaxane to either a [2]rotaxane or [2]catenane159
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Catenanes and rotaxane can be synthesised from a common intermediate known as a
psudorotaxane, which can be considered as a molecular sibling in Supramolecular
Chemistry. The psudorotaxane here refers to a supramolecular species in which a thread
is encircled by one or more macrocycles. The threading of a linear component through
the macrocycles is driven by noncovalent bonding interactions to generate the most
stable complexes in solution. In particular, noncovalent bonding interactions, which
include donor/acceptor forces, metal/ligand coordination, hydrogen bond, π-π stacking,
solvophobic repulsion and electrostatic forces, have all been applied to form
supramolecular assemblies159. When subjected to different solvent, temperature, or
competitive guests, pseudorotaxane can be decomplexed. However, it is reasonable to
fix a pseudorotaxane kinetically, either by adding stoppers on both sides of the chain, or
by macrocyclisation to produce a rotaxane or catenane, respectively160.
Rotaxanes are molecules constituted by a linear dumbell-shaped component encircled
by one or more macrocycles. The stoppers attached to the ends of the dumbell must be
large enough to prevent the macrocycle(s) from dethreading. A standard nomenclature
has been established wherein the number of components that constitute the rotaxane
appear in square brackets before the term of rotaxane. Therefore, an [n]rotaxane is a
molecule constituted by a dumbbell and n-1 macrocyclic components159.
Catenanes consist of two or more interlocked macrocycles. As described previously, the
nomenclature for rotaxanes, the number of macrocycles that form a catenane appears in
square brackets before the term. Therefore, an [n]catenane is a molecule constituted of n
interlocked macrocycles159.
2.3.2

Donor-acceptor based pseudorotaxanes

Donor-acceptor based template directed synthesis started with the pairing of π-electron
rich macrocycles with π-electron deficient rod-shaped molecules. The rod-shaped
molecule would thread through the macrocycle forming a pseudorotaxane161,162. In
Figure 2.9, the electron rich macrocyclic polyether host, bis-p-phenylene[34]crown-10
(BPP34C10), binds an electron deficient guest, the paraquat dication. This complex is
assembled together by π-π stacking interactions between the complementary aromatic
units, [C-H…O] interactions between the hydrogen atoms –[CH3-N] and [CH-N]- in the
α-positions in respect to the nitrogen atoms in the bipyridinium unit and the crown ether
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oxygen atoms. Based on the assembly of the BPP34C10/paraquat pseudorotaxane, this
process can be extrapolated to an inverse recognition system, where the macrocycle is
constructed by paraquat units as a host and the guest is a hydroquinone unit carrying
ethylene glycol chains159. Figure 2.9 shows the donor-acceptor based pseudorotaxanes.

.
Figure 2.9 Donor-acceptor based pseudorotaxanes159
2.3.3

Donor-acceptor [2]rotaxanes

Figure 2.10 shows a graphical representation of three methods of rotaxane formation,
which are threading followed by stoppering, slippage of the macrocycle over the
stoppers at elevated temperatures, and clipping of the macrocycle around the dumbell.

Figure 2.10 A graphical representation of three methods of rotaxane formation159
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The first method, threading, contains the formation of a pseudorotaxane, where the
thread is complexed within a macrocycle, and then both ends of the thread are reacted
with bulky stoppers to generate the desired [2]rotaxane. In the second method, slippage,
the stoppers of a rotaxane are matched closely with the cavity of the macrocycle, when a
solution involving both of the dumbbell and macrocycle is heated, the macrocycle has
enough energy to pass through the stoppers to form the thermodynamically stable
[2]rotaxane. The last method is known as clipping. It contains linear fragment, which
will interact noncovalently with a dumbbell, so that the ends of the linear fragment are
likely to react while encircling the dumbell template completely to form the desired
[2]rotaxane159.
2.3.4

[2]Catenane synthesis

Scheme 2.3 shows the preparation and self-assembly of the [2]catenane.
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Scheme 2.3 The preparation and self-assembly of the [2]catenane159
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The process of synthesising [2]catenane is believed to proceed in the following way.
Firstly, the trication complex (3) is formed based on the N-C bond formation between
bis-pyridiniumxylyl dication (1) and bis-bromomethyl benzene (2); Secondly, the
trication complex (3) threads by itself (4) through the neutral macrocycle (5) to achieve
the next step; Finally, the complex of [2]catenane is formed based on the formation of
the second N-C bond. The aromatic interactions of face-to-face π stacking and edge-toface interactions can be viewed from crystal structure which dominates the way the
components assemble in the final product (6)159.
2.3.5

Functional [2]catenanes

Components such as TTF have found applications in switchable catenanes. Figure 2.11
shows the proposed mechanism of switching in a tri-stable [2]catenane working under
different voltages. The ring has to switch locations over green (V=0), blue (V=V1) and
red (V=V2) states, respectively.
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Figure 2.11 The proposed mechanism of switching in a tri-stable [2]catenane working
under different voltages163
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Compared with the old, black/white prototypes of electronic paper display (E-PAD),
Deng et al.163 proposed a new concept for the pixel component in an E-PAD that
consisted of a film of a single switchable ‘RGB’ (Red-Green-Blue) dye compound,
which could exhibit all three different colours depending on the applied voltage. The
advantages of using RGB dyes were as follows. Firstly, each pixel unit needed only a
single basic cell instead of three to generate red, green, and blue colours. This feature
would reduce the complexity dramatically and, therefore, the cost163. Secondly,
molecular compounds were easily embedded in polymer matrixes and even on paper
materials. Hence, simple package processing, such as ink-jet printing technology, could
be used to make the displays163. Examples of such colour changeable dyes are donoracceptor catenanes, comprising a ring incorporating TTF, 1,5-dioxynaphthalene (DNP)
and a substituted benzidine (R-BZD) donor units, interlocked with the
cyclobis(paraquat-p-phenylene) (CBPQT4+) acceptor ring. Figure 2.12 shows a
proposed general design of the RGB tri-stable [2]catenane. The coloured units refer to
TTF(green), R-BZD(blue) and DNP(red) donors, respectively.

Figure 2.12 A proposed general design of the RGB tri-stable [2]catenane163
In this design, three different voltages Vo, V1, and V2 are used to control the colour,
where at Vo all three donor units are neutral and the CBPQT4+ ring encircles the TTF
unit (green). Under the help of an applied external voltage V1, the TTF unit is oxidised
and doubly charged, repelling the CBPQT4+ ring and move to the second donor unit of
R-BZD. This geometry of the [2]catenane is associated with the second state, which
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affords a blue coloured complex. After the voltage is changed into V2, the R-BZD
component is oxidised, driving the CBPQT4+ ring to the DNP unit, leading to a red
coloured complex. After the voltage is reset back to Vo, the CBPQT4+ ring will move
back to the original position of the TTF unit. During the whole process, each of the
three colour states is accessed at different voltages, even though the CBPQT4+ ring may
move clockwise or counter-clockwise along the space units (S)163. Based on the
proposed mechanism, the tri-stable [2]catenane can show three different colour states
depending on the applied external voltages. This example provides a simple
demonstration of a molecular-scale supramolecular machine.

2.4

The concept of crystal engineering

The original concept of crystal engineering was to control the behaviour of organic
molecules in the solid state based on an understanding of intermolecular interactions as
developed by Supramolecular Chemistry164-166. The idea of crystal engineering is to
control the way in which the ions or molecules encounter and recognise each other, and
then pack together into their optimum orientation based on the effect of intrinsic steric
and electronic properties. This ultimately leads to the design of functional organic
molecular solids with interesting chemical and physical properties164,165. The subject of
crystal engineering can be thought of as research on the synthetic chemistry of crystals,
i.e. to understand the way in which ions or molecules crystallise, leading to the design
of novel complexes with controlled structures and properties. The process of
synthesising crystals is, at present, difficult to control since it depends on both long and
short range interactions. With the distance increasing, some interactions fall off rapidly,
while other effects such as dipolar interactions and hydrogen bond can exist over longer
ranges. The hydrogen bond is one essential instrument for designing molecular
structures and aggregates167.
Therefore, the concept of crystal engineering is concerned about the design and
synthesis of a crystalline material associated with a consideration of the effects of steric,
electronic and intermolecular interactions between the constituent building blocks167.
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2.4.1

Intermolecular interactions of crystal engineering

Intermolecular interactions can be attractive or repulsive depending on the types of the
contacts involved. Intermolecular interactions are weaker than the covalent bonds,
which hold molecules together. Table 2.2 shows different types of intermolecular
interactions and their relative strengths with examples.
Interaction

Typical energy (kJ.mol-1) Examples

Ion-ion

100-500

Na+Cl-

Ion-dipole

40-300

K+(18C6)

Dipole-dipole

5-80

H2O, CHCl3

Dipole-induced dipole

2-10

CO2(aq)

Induced dipole-induced dipole

0.05-40

Noble gases

Table 2.2 Different types of intermolecular interactions168
Ion-ion interactions are the strongest forces, and are largely presented in inorganic
compounds. This type of interaction involves small species as opposed to large ones.
Although induced dipole-induced dipole interactions are the weakest, and are involved
in all substances168, the dipole-dipole interactions, which are of intermediate strength,
exist between organic molecules. For organic molecules, there are electronegative
elements presented that introduce a dipole. The electronegative elements involve
nitrogen- or oxygen-based substituents. Dipole-dipole interactions are the dominant
force to assemble organic molecules. The hydrogen bond is an example of dipole-dipole
interactions, and is widely used in chemistry and biology169-174, such as utilised in DNA
and proteins. Hydrogen bonding acts as an important role in determining the threedimensional structures adopted by nucleic bases and proteins, with further determining
the macromolecule’s physiological or biochemical role175-177. In addition, hydrogen
bond can determine the structure of polymers, such as porous coordination polymers178.
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2.4.2

Hydrogen bonding in crystal engineering

In this section, the definition of hydrogen bonding will be illustrated with the following
examples to prove the significant role of a hydrogen bond for utilisation in crystal
engineering.
2.4.2.1

The definition of hydrogen bonding

A hydrogen bond can be formed between an electronegative atom and a hydrogen atom
bonded to fluorine, oxygen and nitrogen. The hydrogen bond can be simple (one donor
and one acceptor), bifurcated (three-centre), or trifurcated (four-centre)172. In Figure
2.13, the D elements can be O, N, F, S and C respectively. Meanwhile, the A elements
can be O, N, F, S, X-, alkene, alkyne and arene respectively.
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H
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D

D

H

H
A

A
simple

bif urcated
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trif urcated

Figure 2.13 Common hydrogen bond arrangements172
2.4.2.2

Applications of hydrogen bonding in crystal engineering

Hydrogen bonds are widely used in crystal engineering. For example, the carboxylic
acid, which is a functional group, forms various hydrogen bond patterns. Two main
hydrogen bond patterns, dimers and catemers, can be formed in crystalline carboxylic
acids. Benzoic acid is one of the typical examples of many carboxylic acid crystal
structures, with dimerisation occurring via hydrogen bond. From Wilson et al.179 studies,
the positions of the two hydrogen atoms linked the benzoic acid molecules in order to
form a dimer through hydrogen bond. Figure 2.14 shows the hydrogen bonds in forming
the dimer of benzoic acid.
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Figure 2.14 Hydrogen bonds in forming the dimer of benzoic acid179
Motifs, which are similar to the carboxylic acid dimer, can be found in other systems
such as 2-Pyridone180,181.
Scheme 2.4 displays the hydrogen bonds formation of a dimer of pyridine.
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Scheme 2.4 Hydrogen bonds formation of a dimer of Pyridone180,181
Leiserowitz and Nader182,183 studied the motif behaviour of a hydrogen bond in
carboxylic acids. The catemer was constructed by an infinite one-dimensional pattern of
carboxylic acid groups in crystals, and was assembled via O-H…O hydrogen bonds.
Beyer and Price184 commented that the formation of catemer could only be achieved by
molecules with small substituents on the acid group. The steric bulk of an aromatic ring
would prevent the formation of catemer. Das and Desiraju185,186 suggested that the
substituent effects could be separated into steric and electronic in nature. The steric
effect referred to the size and shape of substituents and the electronic effect related to
the polarity and electronegativity of the group. In addition, a number of conclusions
could be drawn by Das and Desiraju185,186 from the study of substituted phenylpropiolic
acids. The authors185,186 commented that the catemer was one-dimensional pattern
compared with the zero-dimensional dimer formation; For composing catemer, a
supportive C-H…O hydrogen bond, from a proximal C-H group located on the phenyl
ring and ortho to the ethynyl group, was necessary; catemer formation was uncommon
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because most acids could not generate the supportive C-H…O hydrogen bond; The
factors for forming different geometries of catemer were based on the intrinsic and
steric effects of substituent groups. Both the dimer and catemer formation could not
exist in any given carboxylic acid at the same time.
Figure 2.15 shows the catemer hydrogen bond motifs produced by carboxylic acid.
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Figure 2.15 Catemer hydrogen bond motifs produced by carboxylic acid186
Aside from catemer 4, all the other catemers are syn-planar formation in catemer 1/2/3.
In catemer 4, the complex is obtained by switching H atoms in catemer 2 and is antiplanar formation. All of these four catemers are one-dimensional patterns187. Meanwhile,
the less frequent patterns of catemers are sensitive to the steric effects of the substituent
group or to O…O lone pair repulsive interactions. However, compared with the synplanar conformation, the anti-planar geometry is of much higher energy, which is 6
kcal.mol-1 186.
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2.4.3

Multiple hydrogen bond arrays and secondary hydrogen bond
interactions

Figure 2.16 displays the hydrogen bond arrays in DNA.
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Figure 2.16 Hydrogen bond arrays in DNA188
The A-T and C-G hydrogen bond bases pairing present in DNA are presented in Figure
2.16. It is shown that more than one hydrogen bond are consists in the formation of the
complementary base pairs in both cases. There are three hydrogen bonds presented in
the C-G dimer, while the A-T dimer involves only two, which explains why the regions
containing C-G dimers are much more stable than A-T ones. In the structure of DNA,
the roles of base pairing and π-π stacking in assembling the DNA double helix are
significant in determining the function of supramolecular self-assemblies, which enable
DNA to replicate and pass its genetic information to RNA188. Secondary hydrogen bond
interactions are also important in determining the stability of multiple hydrogen bond
arrays.
Secondary hydrogen bond corresponds to the electrostatic interaction between adjacent
hydrogen bond atoms189,190. In this case, the four diagonal electrostatic interactions
marked on the array type I are repulsive (+hydrogen with +hydrogen, and –oxygen with
–nitrogen). In the array type II, there is no net secondary hydrogen bond effect overall,
whereas in the array type III, there are four net attractive secondary hydrogen bond
interactions189,190, which lead to the maximum interaction strength. Figure 2.17 shows
multiple hydrogen bond arrays.
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Array types
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Figure 2.17 Multiple hydrogen bond arrays189,190
Polymers can be formed through hydrogen bonding. Sijbesma et al.191 had shown
a …DDAA… hydrogen bond array. Figure 2.18 shows the hydrogen bonds array of 2butylureido-6-methylpyrimidone.
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Figure 2.18 Hydrogen bonds array of 2-butylureido-6-methylpyrimidone191
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Dimer was in chloroform and could essentially be regarded as a reversible alternative to
a covalent bond. In solution, each terminal group could form an intermolecular dimer
resulting in polymer formation. Association with a monomer led to a block at one end of
the polymer chain and this acted as a stopper. After changing the methyl group on each
end of the structure into a more complex alkyl groups, a linear supramolecular polymer
was obtained by Sherrington and Taskinen192.
Figure 2.19 shows a linear chain obtained by the dimerization of the ureidopyrimidone
units.
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Figure 2.19 A linear chain obtained by the dimerization of the ureidopyrimidone units192

2.5

Overview of the solid state structures of MTCNQ salts

Based on the different physical properties and crystal structures, Shirotani and Sakai193
suggested that MTCNQ salts could be separated into two groups A and B. Group A
contains Li, Na-, K- and RbTCNQ(I). LiTCNQ, however, demonstrates somewhat
unique properties compared with other salts in Group A. Group B includes RbTCNQ(II)
and CsTCNQ. RbTCNQ(III) and NH4TCNQ(II) are difficult to classify into Group A or
B, because they tend to resemble RbTCNQ(I) in some ways, but RbTCNQ(II) in others.
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2.5.1

Comparison of Group A and Group B salts in crystal structures

Apart from LiTCNQ, the crystal structures of simple salts of alkali metals in the first
group of the Periodic Table have all been obtained194-201. These X-ray studies revealed
that the TCNQ prefer to form face-to-face π-stacks infinite columns in the solid state.
The formation of such columns is associated with the property of enhanced electrical
conductivity. Ordinarily, the TCNQ units prefer to form diadic, triadic or even tetradic
units, which are associated with low or intermediate conductivity, whereas for high
conductivity materials, such as TTF-TCNQ, the TCNQ units stack as a monadic column.
In Group A, the column structures of Li-, Na-, K-, and RbTCNQ(I) consist of diadic
TCNQ units. However in Rb(II)-, CsTCNQ complexes, a monadic packing motif is
adopted, which suggest the conductivity property should be higher than those
complexes in Group A at the same temperature193.
These materials tend to show phase transitions which are revealed using different
measurements, such as electrical conductivity202,203, magnetic susceptibility204,205 and
other physical properties203,205. Phase transitions in MTCNQ salts, where M represents
an alkali metal, have been observed in the temperature region -150 to +300°C193. In
Group A, the packing of TCNQ•‒ anions in column changed from diadic into monadic
motif with increasing temperature. The MTCNQ salts in Group B belong to the high
temperature phase, which is monadic, at room temperature193.

2.6
2.6.1

An overview of the solid-state behaviour of TCNQ salts
Preparation of TCNQ salts

TCNQ will readily accept one free electron by reaction with relevant alkali metal iodide
salts, such as LiI, NaI, and KI in boiling acetonitrile. Scheme 2.5 shows the standard
preparation method of LiTCNQ.
3Li+I-

+

2Li+ TCNQ•‒

2TCNQ

+

Li+I3-

Scheme 2.5 Standard preparation method of LiTCNQ
The use of excess alkali metal iodide pushes the equilibrium in this reaction to the right
hand side through the formation of I3-.
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LiTCNQ is a valuable starting compound for the preparation of other TCNQ complexes,
especially for transition metal TCNQ complexes, because LiTCNQ is easy to dissolve
in common solvents, including deionised water.
In the solid state, the TCNQ•‒ anions prefer to form face-to-face π stacks. The 1:1
stoichiometry TCNQ•‒ anion salts are semiconductors and usually purple in colour.
Crystallisation of these 1:1 salts with a molar equivalent of TCNQ0 leads to complex
salts (cation: TCNQ ratio of 1:2), which exhibits metallic behaviour according to the
mixed valence nature of the TCNQ packing motif. The crystal structures and phase
transition of each MTCNQ (M = alkali and transition metals) will be discussed in the
following paragraphs.
2.6.2

Structural investigations of alkali metal TCNQ salts

There are significant differences between LiTCNQ and the other alkali metal TCNQ
salts. For example, only unit cell data has been reported for LiTCNQ195, whereas full Xray crystallography information has been published with NaTCNQ (low206- and high207temperature forms), KTCNQ (low208- and high208-temperature forms), three polymorphs
of RbTCNQ (I/II/III) 195,209,210, Rb2TCNQ3(113K, 294K)211,212, and Cs2TCNQ3 (R.T.)213,
respectively.
NaTCNQ crystals were prepared by Konno and Saito206. Below the phase transition
temperature (348K), in this structure, the TCNQ•‒ anions existed as dimers which were
then assembled into a columnar structure with alternating intermolecular distances of
3.21 and 3.49 Å along a axis. In addition, six negatively charged nitrogen atoms from
TCNQ•‒ anions were coordinated to one Na+ cation in an octahedral coordination
environment. In stark contrast, crystals prepared at 353K showed TCNQ•‒ anions faceto-face π stacked in columns along a axis with the same perpendicular distance between
neighbours, as opposed to the alternate spacing seen in the low temperature phase207.
Figure 2.20 shows the crystal structure of NaTCNQ at room temperature, in which the
TCNQ•‒ anions are stacked in alternating columns with six anions surrounding each
cation site. The adjacent cation stacks are rotated by ≈ 90°.
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Figure 2.20 Crystal structure of NaTCNQ at room temperature (ref code: NATCNQ)206
The phase transition of KTCNQ occurs at 395K208. Konno et al.208 have characterised
the low and high temperature modifications of KTCNQ. Under the phase transition
temperature, the packing pattern of TCNQ•‒ anions is face-to-face π-stacked to form
discrete TCNQ•‒ dimers with further forming columns with alternating intermolecular
distances. However, the TCNQ•‒ anions are packed into evenly spaced columns above
the phase transition temperature. Each K+ cation lies at the centre of a distorted cube,
coordinated to eight negatively charged nitrogen atoms from different TCNQ•‒ units208.
Therefore, this monomer-dimer transition is similar to that already reported for
NaTCNQ. Figure 2.21 shows the crystal structure of KTCNQ at room temperature, in
which the TCNQ•‒ anions are stacked in alternating rows with eight anions surrounding
each cation site. The adjacent cation stacks are rotated by ≈ 90°.
In both NaTCNQ and KTCNQ, the negatively charged nitrogen atoms of the cyano
groups are coordinated to the metal cation. Simple alkali metal TCNQ salts, such as
NaTCNQ and KTCNQ, have lower conductivity behaviour than expected because of
Peierls Distortion214. It is known that TCNQ•‒ anion prefers to form face-to-face π stack
radical dimer pairs, which allows the unpaired electrons to pair their spin. This leads to
greater stability through the splitting of the valence band into two bands, a filled
bonding orbital band and an empty anti-bonding orbital band214.

Figure 2.21 Crystal structure of KTCNQ at room temperature (ref code:
KTCYQM01)208
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The intradimer overlap within NaTCNQ and KTCNQ is frequently referred to as “ringring”, which is shortened to R-R, arrangement with a slippage of the molecular centre
along the short-axis as seen in Figure 2.22. The other type of overlap is ring-external
bond, which is shortened to R-B overlap which means that one quinoid bond lies over
the centre of the ring of the adjacent molecule as a result of a shift of the molecular
centre along the long axis in Figure 2.23206.
NC

CN

NC

CN

NC

CN

NC

CN

Figure 2.22 Typical ring-ring (R-R) overlap of two TCNQ moieties or “short-axis”
slipped
NC

NC

CN

CN

NC

NC

CN

CN

Figure 2.23 Typical ring-external bond (R-B) overlap of two TCNQ moieties or “longaxis” slipped
As the size of the cation is increased, solid state behaviour changes are observed. For
example, the salt RbTCNQ can exist in several different stoichiometries. For RbTCNQ
itself, two different packing motifs, RbTCNQ(I) and RbTCNQ(II) have been published.
Figure 2.24 shows the different packing motifs of RbTCNQ(I) and RbTCNQ(II).

(a) RbTCNQ (I) (ref code: RBTCNQ)195 (b) RbTCNQ (II) (ref code: RBTCNR)212
Figure 2.24 The different packing motifs of RbTCNQ(I)195 and RbTCNQ(II)212
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In RbTCNQ(I), the TCNQ•‒ dimers assembled into infinite columns, with neighbouring
columns arranged mutually perpendicular within the crystal structure as previously seen
for NaTCNQ and KTCNQ. Each Rb+ ion is coordinated by eight nitrogen atoms of
adjacent different TCNQ•‒ anions with the further forming of a distorted cube195.
However, in contrast to NaTCNQ and KTCNQ, the TCNQ•‒ anion in RbTCNQ(I)
adopts a shallow boat conformation as viewed in Figure 2.25, in which the planes
through the terminal part of C(CN)2 groups deviate a few degrees from the plane
through the quinoid structure of the molecule53,54.

Figure 2.25 A schematic representation of the shallow boat conformation in RbTCNQ(I)
This conformation can be considered to be the result of the presence of the high spin
densities on the quinoid methine carbons on neighbouring TCNQ•‒ anions attracting
each other, whereas the nitrile groups tend to repel each other as a result of their high
negatively charge density53,54. In RbTCNQ(I), the interplanar distance between the
TCNQ•‒ anions is 3.159 Å alternating with a larger distance of 3.484 Å. Interestingly,
the perpendicular distance of 3.159 Å in RbTCNQ(I) is considerably shorter than the
corresponding distance of 3.4 Å, which is normally recorded between adjacent aromatic
rings195. Therefore, there is a strong π orbitals interactions within the closely separated
TCNQ•‒ dimer components. On the other hand, in the complex of RbTCNQ(II), the
TCNQ•‒ anion stacks are assembled parallel to each other and form monadic columns.
The overlap between neighbouring TCNQ•‒ anions is the ring-external bond (R-B) type,
an arrangement which is characteristic of highly conductive TCNQ complexes39,209,215.
In RbTCNQ(III), the TCNQ•‒ anions are stacked in a face-to-face behaviour with
further assembling into infinite monadic columns209. The ring-external bond (R-B)
overlap of two adjacent TCNQ•‒ units is the same packing motif as viewed in the crystal
structure of RbTCNQ(II), whilst the arrangement of the TCNQ•‒ anions in the stacks is
the same in RbTCNQ(I)209. The perpendicular distance between neighbouring TCNQ•‒
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anions is 3.33 Å, which is slightly shorter than the distance within RbTCNQ(II). The
Rb+ cation is surrounded by eight negatively charged nitrogen atoms from TCNQ•‒
anions in a distorted cube geometry209.
Crystal structures of Rb2TCNQ3 at 113K and 294K have been published211,212. The
crystal structure of Rb2TCNQ3 at 294K is isomorphous with Cs2TCNQ3. There are two
types of TCNQ environments within the packing patterns, which are centric and
noncentric. The definition of centric here refers to molecules lying on the centres of
symmetry and those not on these centres are described as noncentric212. Because of the
formation of TCNQ triads within the crystal structure, the planes (of the quinoid
moieties) through adjacent moieties are not exactly parallel. Therefore, the definition of
the interplanar distance should be considered53,54. The Rb+ cation is coordinated by
eight nitrogen atoms of different TCNQ molecules, forming a distorted cube. On
decreasing the temperature to 113K, the molecule geometries of corresponding TCNQ
units in Rb2TCNQ3 do not change significantly. The TCNQ groups remain non-planar,
with cyano groups bending out of the planes211,212.
Within the crystal structure of Cs2TCNQ3, whilst the aromatic ring and attached
methylene carbons lie in a plane, each dicyanomethylene group is nonplanar, being
twisted relative to the central aromatic ring213. Fritchie and Arthur213 commented that
these major distortions were ascribed to the rigid and close packing patterns within
TCNQ columns. For each Cs+ cation, eight nitrogen atoms from adjacent TCNQ
columns are primarily coordinated to the central metal ion forming a cube geometry.
For further details about individual TCNQ groups within a column, the TCNQ units and
stack, the readers are referred to Van der Wal and Van Bodegom211,212. Figure 2.26
shows the definition of the average bond lengths of TCNQ molecule by assuming D2h
symmetry. Table 2.3 lists the structure features of alkali metal TCNQ salts. The average
bond lengths (a-f) are defined in Figure 2.26.

Figure 2.26 Define the bond lengths within TCNQ molecule
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Table 2.3 Structure features of alkali metal TCNQ salts
2.6.3

Ammonium (NH4+)TCNQ salt

The solid state behaviour of NH4TCNQ has been studied by Kobayashi215. The crystals
of NH4TCNQ exhibit dimorphism with purple NH4TCNQ(I) crystallising from a
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solution of mixed THF and MeOH, whereas bluish-purple NH4TCNQ(II) is grown from
a solution of MeCN. It is found that the crystals of NH4TCNQ(I) are twinned and
unsuitable for crystal structure analysis215,217. However, a phase transition is recorded at
301K based on the pattern changes on the oscillation photographs215.
In the complex of NH4TCNQ(II), TCNQ•‒ units form a face-to-face π-stacked monadic
column along c axis. The packing motif, which is exhibited in Figure 2.27, is quite
similar to that of RbTCNQ(I). The overlap pattern between the adjacent TCNQ•‒ is ringexternal bond (R-B) type as seen in RbTCNQ(II) and the intermolecular distance is 3.31
Å. The phase transition from monomer to dimer has been detected at -58°C through
resistivity measurements215. Figure 2.27 shows the average structure of NH4TCNQ.

Figure 2.27 The average structure of NH4TCNQ215
2.6.4

Alkaline earth metal TCNQ salts

Li et al.218 have studied three alkaline earth metal TCNQ salts, which were
[[M2(TCNQ)3(H2O)6].TCNQ]n (M = Ca (1), Sr (2) and Ba (3)). Each of these were
synthesised by reacting of corresponding MCl2.nH2O (M = Ca (1), Sr (2) and Ba (3))
with LiTCNQ. X-ray crystallographic analysis revealed that three alkaline earth metal
TCNQ salts are isomorphic. The packing pattern of TCNQ units and each alkaline earth
metal act as an important role in determining the resulting 3D network structures. For
example, in a typical structure of complex Ca(TCNQ)2(H2O)3, each Ca2+ ion is
coordinated by four different neighbouring TCNQ•‒ anions and four oxygen atoms from
neighbouring water molecules, resulting in a distorted square anti-prismatic geometry as
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each Ca2+ ion is crystallographically equivalent in the 3D network structure. Li et al.218
reported that the bond lengths of M-NC and M-O show a continuously decreasing trend,
paralleling the decrease from the largest Ba2+ to the smallest Ca2+.
FT-IR spectra of three alkaline earth metal TCNQ salts all exhibit sharp stretching
bands for the cyano groups, and bands representing for the coordination of the TCNQ to
the alkaline earth metal ions and water molecules. Other measurements, such as the
cyclic voltammetry and differential pulse voltammetry of alkaline earth metal TCNQ
salts, exhibit a reversible one-electron oxidation and reduction process218.
2.6.5

Transition metal TCNQ salts

2.6.5.1

Cu(TCNQ) (I/II)

Figure 2.28 shows the different packing motifs of CuTCNQ(I) and CuTCNQ(II).
Cu

N C

Cu

Cu
C N

N

N
C

C

C

C

Cu

Cu
N

N
C

N

C

C

N

N C

C

C N
Cu

C
Cu

C

N
N

Cu

N

N
Cu

N

C
C

N

C

C

C

C

Cu
N

C
C
N

C
C

N

Cu

Cu

N
C

C
C

N

N

N

Cu
N

C

Cu

C

N

N

Cu
N

N

N
Cu

C

N

C
C

N

Cu

Cu

N
Cu

Cu

CuTCNQ (I)219

CuTCNQ (II)219

Figure 2.28 The different packing motifs of CuTCNQ(I) and CuTCNQ(II)
The complexes such as charge transfer salts220,221, organometallic compounds220,221 and
coordination polymers based on the properties of TCNQ220,221 have generated
considerable attention over the past years, particularly for applications such as
electronic storage220,221 and light emitting devices220,221. For example, CuTCNQ has
received particular attention30,219,222. CuTCNQ forms two polymorphs each based on the
repeating pattern of a four-coordination Cu+ cation and four negatively charged nitrogen
atoms from adjacent TCNQ•‒ anions. The comparison of these two different phases of
CuTCNQ reveals two primary features associated with the different packing motifs of
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TCNQ•‒ anions. First is the different orientation of TCNQ•‒ anions. In CuTCNQ(I), the
TCNQ•‒ anions are stacked in alternating rows with four negatively charged anions
surrounding each metal ion with adjacent TCNQ•‒ anions rotated in respect to each
other by ≈ 90°. This packing motif is similar to that seen for alkali metal TCNQ salts219.
In CuTCNQ(II), a new packing motif is presented, in which there is an infinite array of
coplanar TCNQ•‒ units, all of which are orientated in the same direction. The other
difference between these two phases concerns the type of interpenetration which occurs.
In CuTCNQ(I), the distance between adjacent TCNQ•‒ anions within a columnar stack
is 3.24 Å. Meanwhile, the interpenetration of CuTCNQ(II) does not bring TCNQ•‒ units
close enough to form a face-to-face π stacking pattern, the vertical distance between
parallel TCNQ•‒ anions being 6.8 Å. On the basis of their formulation as compounds
containing TCNQ•‒ anions, IR spectra of the two phases of CuTCNQ are similar219.
Heintz et al.219 suggested that the number of absorption bands representing of cyano
groups were different. The kinetic product in phase I was soluble in acetonitrile and
could be converted into its corresponding thermodynamic phase, which was phase II,
gradually by varying the temperature. Both phases of CuTCNQ were dark purple
crystalline salts, which could be distinguished by scanning electron microscopy and
powder X-ray diffraction. Different phases of CuTCNQ lead to dramatically different
conductivity properties. Both phases of CuTCNQ behave as semiconductors,
CuTCNQ(I) has a conductivity of 0.25 S.cm-1 at room temperature, whereas phase II is
nearly insulating with a value of 1.3×10-5 S.cm-1 at room temperature, respectively. The
magnetic properties have been measured for phase I, which is essentially diamagnetic,
whereas phase II exhibits Curie-Weiss behaviour when the temperature is low
enough219.
2.6.5.2

Ag(TCNQ) (II)

Figure 2.29 shows the packing motif of AgTCNQ(II), with forming overlapping
orthogonal geometry. Four–fold distorted tetrahedral coordination of the Ag+ cations223.
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Figure 2.29 The packing motif of AgTCNQ(II)223
As viewed in Figure 2.29, the Ag+ cation and TCNQ•‒ anion are columnated parallel to
the short axis. Distorted tetrahedron geometry is formed, in which one Ag+ cation is
coordinated by four negatively charged nitrogen atoms of cyano groups223. The
resistivity value of simple AgTCNQ salts is 8×105Ω.cm, and the perpendicular distance
between the adjacent TCNQ•‒ planes is 3.50 Å, which is larger than the corresponding
value of neighbouring aromatic rings195,223. TCNQ•‒ units do not display a common
shallow “boat” conformation with the nitrogen atoms on each end of cyano groups
raised above the mean plane of each TCNQ•‒ molecule223,224. As O’Kane et al.225
indicated that both phases of AgTCNQ can be synthesised in bulk using two different
synthetic routes. Compared with the case in CuTCNQ(I/II), the kinetic phase AgTCNQ
(I) does not easily convert into its corresponding thermodynamic phase II. Both phases
of AgTCNQ are similar because of their structural similarities and their basic formation
of complexes of TCNQ•‒. The corresponding absorption bands represented in cyano
groups can be analysed from IR spectra, in which phase I can be distinguished with
phase II based on the different wavenumbers225. From the Raman spectra, researchers
can determine the structure of AgTCNQ based on the characteristic principal vibration
modes224,226. In addition, in AgTCNQ(II), the strongly dimerised feature of the organic
acceptor is such that the thermal activation of the triplet state is difficult to be recorded
in the accessible temperature range225.
2.6.6

Other binary M(TCNQ)2(H2O)2 family members (M = Mn, Fe, Co, Ni)

A series complexes of binary M(TCNQ)2(H2O)2 (M = Mn, Fe, Co, Ni) have been
studied by Nafady et al.29,221,227-229. All of the complexes are synthesised by the
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electrocrystallisation method. Detailed knowledge is elucidated by different
measurements, such as cyclic voltammetry, chronoamperometry, electrochemical quartz
crystal microbalance and galvanostatic methods together with IR, Raman and other
microscopic techniques, clearly establishing the differences in the electrocrystallisation
synthesised binary M(TCNQ)2(H2O)2 (M = Mn, Fe, Co, Ni) complexes. Particularly in
cyclic voltammetry, the effect of voltammetric scan rate, electrolysis time, electrolyte
concentration, temperature, and method of electrode modification on the preferential
selection of specific transition metals cations have been explored. For Nafady et
al.29,221,227-229, their contribution in this study highlights the significance in using the
electrocrystallisation method in synthesising and managing the morphology and
stoichiometry of a series of binary M(TCNQ)2(H2O)2 (M = Mn, Fe, Co, Ni) complexes.
2.6.7

Lanthanide TCNQ complexes: Its compounds, derivatives and analogues

Figure 2.30 shows the plots of atomic radii of lanthanides as function of atomic number.
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Figure 2.30 Plots of atomic radii of lanthanides as function of atomic number230
Because of the lanthanide contraction, the size of the lanthanide atoms decreases
regularly and steadily with the increasing atomic number. The contraction is because of
the f electrons have a poor ability to screen other valence electrons away from the
nuclear charge230. Apart from europium and ytterbium, all of the lanthanide metals are
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considered to consist of Ln3+ ions with three electrons per atom dedicated to form
metallic bonding. Therefore, europium and ytterbium are best regarded as Ln2+ with
only two electrons in forming metallic bonding. This accounts for the greater metallic
radii of europium and ytterbium in respect to other lanthanides, which have more
valance electrons for metallic binding and as a result of small size with the help of
stronger force of attraction reducing the inter nuclear distance231.
Lanthanide ions are classed as hard Lewis acids and, with hard bases such as negatively
charged groups. They can form non-coordination electrostatic bonds232. Europium and
terbium, which have useful fluorescence properties, are especially interesting. Anion
sensing using luminescent lanthanide complexes is a well-established technique. Anion
binding leads to changes in the spectra of lanthanide ions, which can provide useful
information about the nature of this binding233.
The synthesis of ligand lanthanide complexes is of interest in application, such as
functional materials234. In particular, the unique magnetic properties of lanthanide
complexes have been of much interest235. Lanthanide ions show large anisotropic
magnetic behaviour236 and when combined with organic radicals or metal ions, which
are paramagnetic, the lanthanide ions can be used to synthesis molecular based
magnets237. Because of their luminescence and paramagnetic properties, the prospect of
applications of lanthanide macrocyclic ligand complexes in biology, chemistry and
medicine have provided other novel reasons for further research238-241. During the past
two decades, with the wide variety of macrocycles being made, the number of these
complexes is rapidly increasing and includes coronands as well as cryptands153, crown
ethers124,126 and their chemically modified derivatives and calixarenes128,242.
TCNQ lanthanide complexes have become a hot topic for discussion as a result of their
potentially interesting optical and ligand moderated magnetic properties235. According
to Zhang et al.243, reaction between trivalent lanthanide ions TCNQ•‒ anions can form
different coordination environment of TCNQ lanthanide complexes based on the
different reaction solvent, which will affect the packing pattern of crystal structures. The
magnetic study of different TCNQ lanthanide complexes reveals an antiferromagnetic
coupling interactions, which originate from the π-π interactions between TCNQ•‒
anions. Cyclic voltammograms of TCNQ lanthanide complexes exhibit a reversible one
electron oxidation and reduction process.
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2.6.8

Cyanine dye-TCNQ complexes

The purpose of using cyanine dyes as the counter cations is that the polarisability of
these cations and their π-stacking properties can be varied through variation of the
heteroatoms present and the crystal structure of the complexes will be influenced by the
shape and size of the cation244. Because of their propensity to form face-to-face π stacks
and their cationic nature, cyanine dyes have for long been of interest as counter ions for
TCNQ•‒ salts. Klanderman and Hoesterey244 published the preparation of a large
number of cyaninium TCNQ salts. Figure 2.31 shows the basic skeleton of cyaninium
cations.
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Figure 2.31 Basic skeleton of cyaninium cations used
Although all these four different organic dye complexes have an N-ethyl group, each of
them can exhibit distinct properties, by existing as either cis- or trans- to adjacent units
as well as the different substituents on the R position. The counter ions play an
important role in determining the solid state architectures. Even slight changes in size or
position will lead to huge difference. The halide is a counter ion, which can sit in the
cavity between the organic dye columns because its size is small. When the counter ions
are bigger or molecules such as TCNQ the packing pattern will be totally different and
the infinite mixed or segregated stacks will be formed. Figure 2.32 shows the formation
of cyanine dye-TCNQ complexes.
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Figure 2.32 The formation of cyanine dye-TCNQ complexes
Figure 2.32 shows the cyanine cation absorption data and corresponding complex
TCNQ salt conductivity data244.
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Figure 2.33 Cyanine cation absorption data and corresponding complex TCNQ salt244
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In Klanderman and Hoesterey244, for the simple cyanine cations 1, 2 and 3, the
conductivity behaviour of the corresponding TCNQ complexes appears to be associated
with the polarisability of the dye-cation. In compounds 4 and 5, because the
carbocyanines have higher polarisability than the simple cyanines, the corresponding
TCNQ complexes of these carbocyanines are normally more highly conductive244.
Shibaeva and Atovmyan245 studied the solid state behaviour of a number of conducting
TCNQ complexes. In particular, they reported the behaviour of the complexes of 3,3diethylthiacyanine and the 1:2 complex of 3,3’-diethylcarbocyanine with TCNQ,
respectively. In the complex of 3,3-diethylthiacyanine with TCNQ, instead of isolated
infinite anion stacks, the crystal packing consists of discrete pairs of anions with a
perpendicular distance of 3.23 Å. The stacks of dye molecules lie parallel in respect to
each other and the interplanar distance is approximately 3.65-3.68 Å. The conformation
of dye molecule is flat and the bending angle is by ca. 5° in respect to the conjugated
rings245.
In the 1:2 complex of 3,3’-diethylcarbocyanine with TCNQ, the solid-state structure
consists of alternating layers. The perpendicular distance within a TCNQ pair is 3.29 Å
without any overlap to adjacent pairs. Each TCNQ mean plane is parallel to each other.
The conformation of the dye molecules is flat and the bending angle is by ca. 6° in
respect to the conjugated rings, which is larger than the corresponding angle in the
complex of 3,3-diethylthiacyanine with TCNQ245. The conductivity value of 3,3’diethylcarbocyanine with TCNQ is 1.5×105 S.cm-1, Ea = 0.3eV245.
The solid state behaviour of a number of cyanine dye TCNQ complexes has been
reported245,246, and two examples of cyaninium TCNQ•‒ complexes are shown below
and illustrate some of the possible structures which can be formed and how the different
cations can determine the solid state architecture. Table 2.4 shows two typical cyanine
dye-TCNQ complexes.
Cation name

Abbreviation X R n

3,3’- Diethyloxacyaninium

OC7

O H 0

3,3’- Diethylthiacyaninium

SC7

S H 0

Table 2.4 Two typical cyanine dye-TCNQ complexes
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Figure 2.34 shows a stack of OC7-TCNQ complex.

Figure 2.34 A stack of OC7-TCNQ complex (ref code: JEXJEB)36
The complex of OC7-TCNQ forms alternating stacks of cyaninium dimers and TCNQ•‒
dimers forming …D+D+A-A-D+D+… columns, which are packed into sheets, forming a
herringbone array in relation to neighbouring sheets. The cyanine cation is flat with the
ethyl substituents in cis- formation. Within the TCNQ dimer, the adjacent TCNQ units
are short-axis slipped. The slip angle is 16° and the perpendicular distance is by ca. 3.35
Å36. Figure 2.35 shows the packing pattern of SC7-TCNQ complex.

Figure 2.35 Packing pattern of SC7-TCNQ complex (ref code: ECYTCN10)247
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However, the solid state architecture of the sulphur analogue, SC7-TCNQ is different
from the OC7-TCNQ. The TCNQ•‒ dimers form infinite stacks separated SC7 dye
cations. Close contact occurs between the cyano group and sulphur atoms in a manner
similar to that seen in TTF-TCNQ and might be the explanation the different solid state
architecture247.
A study of the solid state behaviour of the donor-acceptor complexes of organic dyeTCNQ complexes, such as OC7-TCNQ and SC7-TCNQ, can help to lead to a better
understanding of the factors, which control the solid state behaviour of TCNQ
complexes. Changing the substituents from oxygen to either sulphur or selenium leads
to a significantly different crystal architecture, which will affect the physical properties
of such molecules. In addition, introduction of different substituents around the cyanine
core can also play an important role here.
The counter ion plays an important role in controlling the solid state architecture. Even
slightly changes in size, shape or position will lead to huge difference. The halide is
used as counter ion for cyanine-dyes and thus can sit in the cavity between organic dye
columns because of its size is small. When the counter ions are bigger and nonspherical, such as TCNQ•‒, the packing pattern will be totally different and infinite
mixed or segregated stacks will be formed. In addition to forming face-to-face π stacks
in the solid state, other intramolecular interactions, such as cyano-sulfur contacts, can
also play an important role here.
2.6.9

TTF-TCNQ

In TTF-TCNQ, the TTF (electron donor) and TCNQ (electron acceptor) stacks
separately, which leads to the formation of segregated columns. The TTF can all too
easily lose an electron and form a radical cation, which tends to form π stacked columns
in the solid state. When TTF is crystallised with TCNQ, the resulting complex contains
alternate stacks, in which the TTF units are partially oxidised and the TCNQ units are
partly reduced in turn. At room temperature, the components in each stack are evenly
spaced and the material shows metallic behaviour, but when the temperature is
decreased below 77K, dimerization occurs within the stacks and a semiconductor is
formed. The conductivity of TTF-TCNQ is high at the room temperature, which is 400
S.cm-1 248. Figure 2.36 shows the schematic representation of the TTF-TCNQ structure,
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the donor and acceptor molecules are arranged in segregated stacks with the molecular
plane tilted in respect to the stacking axis of b[010]248. The complex of TTF-TCNQ is
regarded as a two-chain conducting material as the segregated stacks of both TTF and
TCNQ contribute to the conductivity behaviour20.

Figure 2.36 Schematic representation of the TTF-TCNQ structure249
2.6.10

Electrical behaviour of alkali metal TCNQ salts

All of the alkali metal TCNQ salts are displayed as semiconductors either above or
below the phase transition temperature, with different corresponding activation energies
for each phase53,54. As an MTCNQ example of how the temperature dependence with
the resistivity ρ exhibited as a reasonable curve was discussed by Afify et al.65 Figure
2.37 shows the electrical resistivity against 1000/T for the alkali metal TCNQ salts.
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Figure 2.37 Electrical resistivity against 1000/T for the alkali metal TCNQ salts65
As Afify et al.65 said, TCNQ displayed a linear relation between electrical resistivity
and temperature, which demonstrated that TCNQ behaved as an intrinsic
semiconductor. As viewed in Figure 2.37, each of the curves contained two separated
linear sections, connected by an inflection point, which represents the transition
temperature. Afify et al.65 observed that the resistivity at the transition temperature point
was about 13 times lower than that at room temperature. In addition, Afify et al.65
summarised the values representing the electrical resistivity of alkali metal TCNQ salts
at room temperature (290±2K), the change of the activation energies during the phase
transitions and the high temperatures. Table 2.5 shows the physical properties of TCNQ
and its salts at 290±2K.
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Substance

ρ (Ωcm)

E1* (e.v)

E2** (e.v)

E1*/E2**

TCNQ

2.0×1010

0.56

N/A***

N/A***

LiTCNQ

5.6×104

0.16

0.057

2.80

NaTCNQ

8.8×105

0.34

0.041

8.29

KTCNQ

2.0×106

0.43

0.047

9.15

Cs(TCNQ)TCNQ

2.9×105

0.25

0.023

8.69

*E1: Activation energy for the low temperature range
**E2: Activation energy for the high temperature range
***N/A: Not available
Table 2.5 Physical properties of TCNQ and its salts at 290±2K65
Compared with TCNQ, the resistivity of the alkali metal TCNQ salts are three to six
orders of magnitudes lower. This phenomenon can be explained as the quinonoid
structure of TCNQ changed into its corresponding benzenoid TCNQ•‒ unit. The π-π
orbitals interactions will predominate in the process of conduction. In addition, Afify et
al.65 recorded that the observed resistivity of the alkali metal TCNQ salts followed the
order of Li+<Na+< K+. This trend could be explained as the decreasing cationic radius
and, as a result, the interplanar spacing would be decreased correspondingly.
Sakai et al.202,203 found that in alkali metal TCNQ salts, the activation energy increased
with the higher temperatures. All of the relative data had been summarised in Table 2.6.
Especially for CsTCNQ, Sakai et al.202,203 observed that the resistivity changed
monotonously with the temperature. The rapid increased resistivity value at high
temperature was because of the decomposition of the complex. The resistivity for
CsTCNQ was 6×102 Ω.cm at room temperature. From room temperature to 400K, the
activation energy was 0.16eV. Table 2.6 shows the activation energies of alkali metal
TCNQ salts.
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Substance

E1* (e.v) E2** (e.v)

NaTCNQ

0.23-0.32

0.6-1.1

KTCNQ

0.15-0.45

0.4-0.6

RbTCNQ
0.16-0.22 0.22-0.4
(dark purple)
* E1: Activation energy for the low temperature range
** E2: Activation energy for the high temperature range
Table 2.6 The activation energies of alkali metal TCNQ salts202,203
The activation energy of NaTCNQ was from 0.23 to 0.32eV below the transition
temperature and from 0.16 to 0.22eV above. The activation energy of KTCNQ was
from 0.23 to 0.45eV below the transition point and from 0.15 to 0.31eV above. In the
case of reddish-purple RbTCNQ, the activation energy was from 0.41 to 0.53eV below
the transition point and from 0.28 to 0.37eV above. Table 2.7 shows the conductivity and
activation energy measurements at room temperature of a single crystal of alkali metal
TCNQ salts.
MTCNQ Single Crystal
Conductivity Phase Transition Temp

Activation Energy

Material

σrt (S.cm-1)

Tt (K)

NaTCNQ

1.0×10-3

338

0.23-0.32

0.16-0.22

KTCNQ

5.0×10-3

391

0.23-0.45

0.15-0.31

RbTCNQ(I)

3.0×10-5

374

0.41-0.53

0.28-0.37

RbTCNQ(II)

1.0×10-2

231

0.16-0.19

0.16-0.19

Cs2TCNQ3

6.0×10-2

254

0.16

0.16

Ea (low) (e.v) Ea (high) (e.v)

Table 2.7 Conductivity and activation energy measurements at room
temperature193,202,203
As viewed in Table 2.7, the values of conductivity (σrt) are different among different
alkali metal TCNQ salts. This phenomena can be attributed to the various packing
motifs in crystal structures. The conductivity properties of TCNQ•‒ complexes arise
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from the motion of the odd electrons along face-to-face π stacks of TCNQ•‒ anions250. In
order to display the conductivity properties, the activation energy needs to overcome the
Coulomb repulsion effect between adjacent unpaired electrons250.
The phase transitions contribute to a change in the type of packing and volume
changes251. Various packing motifs will lead to a change in the singlet-triplet sepration
energy, which can be recorded by ESR technique107. The phase transition is associated
with a change from a dimerised TCNQ•‒ columar stack within the crystal to a
uniform(monodic) column around a phase transition temperature107.
The simple alkali metal TCNQ salts are all semiconductors with an activation energy,
which decreases above the phase transition temperature. This phenomenon can be
explained by the effect of temperature on the stacking columns and the intramolecular
interactions251.
2.6.11

Magnetic properties of TCNQ complexes

In this section, electrons spin/paramagnetic resonance will be stated firstly, with
particular focus on the Zeeman Effect. Following this, the magnetic properties of TCNQ
complex salts will be illustrated with theory background to support the generation of the
triplet excited signal of TCNQ complexes. Finally, examples of TCNQ complexes will
be stated with their corresponding ESR results attached.
2.6.11.1

Electron spin/paramagnetic resonance

ESR spectroscopy is a widely used technique for studing materials with unpaired
electrons, which is particularly useful for studying metal complexes or organic radicals.
Because each electron possesses an intrinsic angular momentum, it is known as
‘spin’252. Consequently, because the electron is electrically charged and since there is an
external magnetic field, B0, associated with any moving charge, the spinning electrons
will be correlated with the orientation in respect to an external magnetic field. In other
words, by characteristic of its intrinsic angular momentum, an electron can be regarded
as a tiny bar magnet253. By interacting with electromagnetic radiation, each orientation
represents a discrete energy level. For example, for a single unpaired electron, there are
only two possible orientations in respect to a given axis252. The unpaired electron can
either spin clockwise at a particular rate or it can spin anti-clockwise at the same rate. In
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terms of the magnetic properties of an electron in an external magnetic field, it can align
effectively with the direction of the external magnetic field or against it. It is the
phenomenon, which generates the basis of the electron spin resonance method of
studying materials with unpaired electrons253.
2.6.11.2

The Zeeman Effect

The energy levels will degenerate without an external magnetic field (B0). However, the
discrete energy levels studied in ESR spectroscopy are because of the interaction
between an unpaired electron and an external magnetic field. This effect is called the
Zeeman Effect254. Since energies are quantised, a single unpaired electron can only
achieve two separated energy levels, which including a level of lower energy and a
higher energy level, respectively. Specifically, a single unpaired electron has a level of
lower energy when the momentum of the electron, μ, is parallel with the external
magnetic field and a higher energy level with μ is anti-parallel with the external
magnetic field. The phenomenon is described as a picture in Figure 2.38.
Along the direction of the external magnetic field, the two different energy levels are
1

mainly affected by the electron spin, ms. The parallel state is ms = - 2 and the anti1

parallel state is ms = + 2, respectively. Because of the interaction between the electron
spin and the applied external magnetic field, the energies gap between these two
different levels can be calculated as:
ΔE = g μB B0 Δms = g μB B0 254
Where g is the g-factor; μB is the Bohr magneton, which is the intrinsic electron’s
magnetic momentum; B0 is the applied external magnetic field; the change of the spin
state Δms = ±1.
As discussed in previous paragraphs, without the external magnetic field, the two spin
states will have the same energy. Therefore, there is no energy gap to be measured. The
energies gap between the two different spin states is linear as a function of the magnetic
field increases. Figure 2.38 discribes the situation that when the external magnetic field
is scanned, the energies of the two spin states of an unpaired electron diverge. With the
application of an external magnetic field, the resonance will be generated when there is
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an absorption of energy by the spins based on the energy difference between the two
electron spin states, in which the gap is equal to hν for the spectrometer254.

Figure 2.38 Explanation the divergence of the energies of an unpaired electron in a
magnetic field254
2.6.11.3

Magnetic properties of TCNQ complexes

The technique of ESR is applied to study the magnetic properties of TCNQ complexes
in order to achieve a more comprehensive understanding of the electronic states in these
materials, especially crystalline samples which contain TCNQ•‒ dimers in the
corresponding crystal structures which can generate triplet exciton signals from singlet
ground state under specific temperature. Figure 2.39 shows the energy level and ESR
transitions as a function of magnetic field for an oriented triplet state molecule.
As seen in Figure 2.39, the energy levels will diverge on application of an external
magnetic field. Two resonance absorption lines will be generated corresponding to
transitions controlled by the high-field selection rule of ΔM = ±1. This anisotropy is a
result of the dipolar coupling of the two electrons and these transitions will take place at
different fields252.

78

Chapter 2

Figure 2.39 Energy level and ESR transitions as a function of magnetic field for an
oriented triplet state molecule253
A detailed ESR studied by Bailey and Chesnut205, Jones and Chesnut255, and Kepler256
had commented on the existence of excited triplet states associated with ground singlet
states in TCNQ complexes. If the two electron spins associated with the TCNQ•‒ anions
did not interact with each other, which was a doublet electronic state, the line intensities
would tend to follow the Curie Law with an easily calculated magnitude in Scheme 2.6,
whereas generating a triplet excited state from a singlet group state, the relative
observed properties which should correspond with Scheme 2.7.
I=

C
T

Scheme 2.6 The Curie Law
I=

A
J
[exp � � + 3
T
kT

Scheme 2.7 Relationship between the peak intensities in ESR spectra
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2.6.11.4

ESR spectral characteristics associated with triplet excitons in TCNQ
complexes

As Kepler256, Chesnut and Arthur Jr.257 mentioned, the complex Cs2TCNQ3 had two
triplet signals with different orientations per unit cell and a broad central impurity peak
resonance. The four outer lines represented the fine structure from two physically
equivalent, geometrically non-equivalent triplet signals per unit cell. This situation was
related to the two-fold screw axis of the P21/c space group. The calculation of peak
intensity (I) was based on the Scheme 2.7. The value of singlet-triplet separation (J)
calculated from the magnitude of the susceptibility at 0, 50, 100, 150 and 200°C were
0.146, 0.136, 0.130, 0.123 and 0.116 eV, respectively. In addition, Kepler256 observed
that the recorded value of the diamagnetic susceptibility, 3.28×10-4 emu/mol agreed
with that calculated from Pascal’s constants, which was 3.15×10-4 emu/mol. Based on
Hibma and Kommandeur258 studies, complexes of KTCNQ, RbTCNQ and
TMB+TCNQ•‒ were measured by the ESR technique. With the observation of dipolar
splitting unequivocal, the ESR spectra proved that the signals derived from triplet
excitons. From Rembaum et al.259, having a singlet-triplet transition model for simple
paramagnetic TCNQ salt, the ESR peak intensity (I) can be calculated by Scheme 2.7.
Additionally, Klanderman and Hoesterey244 commented that the ESR measurements on
2,4,6-triphenylpyridinium/-pyrylium/-thiapyrylium TCNQ complexes displayed a
single, sharp resonance at g=2.0038.
2.6.12

Spectroscopic analysis of TCNQ and it corresponding TCNQ•‒ salts

IR, Raman and UV-Vis spectroscopy are useful techniques for analysing TCNQ chargetransfer complexes, especially in distinguishing the presence of TCNQ in respect to its
various redox states260, which have been utilised for analysing alkali metal TCNQ salts.
Table 2.8 shows a comparison of the IR absorption bands observed of TCNQ and its
corresponding TCNQ•‒.
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TCNQ (cm-1) TCNQ•‒ (cm-1)
-CN stretch

2220

2190/2180

C-H out of plane bending

859

828

C=C stretch

1540

1581/1512

Table 2.8 IR absorption bands observed of TCNQ and its corresponding TCNQ•‒ 261,262
As TCNQ is reduced, changes are seen in its corresponding IR spectra. Acker and
Hertler261 reported the IR spectra of TCNQ•‒ anions, especially in LiTCNQ. As viewed
in Table 2.8, it can be seen that several changes occur upon the reduction from TCNQ°
to its corresponding TCNQ•‒. Two main variations are the splitting of absorption bands
representing cyano groups and the conversion of C=C from conjugated into an aromatic
system. Both of the two changes will lower the frequencies of the absorption bands,
when the TCNQ is reduced into its corresponding TCNQ•‒.
For UV-Vis spectroscopy in analyzing MTCNQ salts, the issue of reversible
dimerization of TCNQ•‒ in aqueous solution has been discussed by Boyd and Phillips263.
Upon increasing the concentration of the TCNQ•‒ solution at 25°C, a new band appears
at λmax = 643 nm and the corresponding TCNQ•‒ anion absorption at λmax = 737 nm
becomes gradually weaker. These changes arise from the presence of a monomer-dimer
equilibrium in aqueous solution. Scheme 2.8 shows the monomer-dimer equilibrium of
TCNQ•‒ in aqueous solution.
NC

CN

NC

CN

NC

CN

NC

CN

2-

2

2
monomer

dimer

Scheme 2.8 The monomer-dimer equilibrium of TCNQ•‒ in aqueous solution
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No dimerisation has been observed in solvents other than water near room temperature,
monomer being formed in acetonitrile, methanol and methylformamide. The
stabilisation of the dimer is attributed to solvation effects, as methylformamide has a
higher dielectric constant than water.

2.7

Discussion of 1:1/1:1:1 versus 2:1/2:1:1 TCNQ complexes

In this section, a series of ionophore-complexed MTCNQ complexes will be discussed
with supporting information, especially for the ionophore-encapsulated alkali metal
TCNQ complexes, which will be discussed in detail with a different packing pattern
demonstrated.
2.7.1

Ionophore-complexed MTCNQ salts

Another potentially useful approach for controlling the solid state behaviour of TCNQ•‒
salts is through ionophore complexation. In order to investigate this behaviour,
Morinaga et al.64 decided to study ionophore-complexed TCNQ salts, focusing mainly
on metal cations and ammonium TCNQ salts. There were two types of MTCNQ
complexes, which were (crown ether)m(M+TCNQ•‒)n and (crown ether)m(M+TCNQ•‒
)n(TCNQ0) respectively. The interactions between metal cations and TCNQ•‒ anions
would be weakened because the metal cation was surrounded by crown ether and this
situation guided a change in the bulk physical properties of the resulting complex. The
characteristics of (crown ether)MTCNQ salts had been listed in Table 2.9 and Table
2.10, respectively.
In addition, most of the complexes are isolated as crystalline materials having different
colours. Ionophore complexes MTCNQ salts tend to be synthesised when the cavity of
specific crown ether is comparable to the size of the relative metal cation. There are
three common complexed situations, which happen between crown ethers and metal
cations. If the cavity of crown ethers suits the size of bonding metal cation, the ion will
sit in the cavity of crown ether with interactions formed between metal cation and
oxygen atoms on the crown ether. Additionally, this situation will lead to synthesis of
1:1 or 1:1:1 (crown ether)MTCNQ salts successfully. However, if the size of the metal
cation is larger than the cavity of bonding crown ether, there is a tendency to form a
complex, in which the metal cation is sandwiched between the two crown ethers.
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Furthermore, if the size of the metal cation is smaller than the cavity of crown ether, the
complex will not be formed correspondingly.
Table 2.9 and Table 2.10 show the ammonium/MTCNQ ionophore complexes prepared
by Morinaga et al.64, with the corresponding values of yield, melting points,
stoichiometry and elemental analysis. Morinaga et al.64 commented that most of the
TCNQ complexes were obtained as crystalline materials. The simple 1:1 salts tended to
form when the cavity of the crown ether was comparable to or larger than the
corresponding size of the cation, whereas if the crown ether had a cavity smaller than
the size of the cation, a 2:1 stoichiometry was seen arising from the cation being
sandwiched by crown ethers126,264. Meanwhile, unusual stoichiometry existed in both
simple and complex TCNQ salts. Crown ethers, such as 18C6 and DB18C6, formed
complexes with different stoichiometries with metal cations, such as Rb+ and Cs+
cation. The reasons for explaining this phenomenon could be the existence of
polymorphs in Rb/CsTCNQ.
Many of the simple 1:1:1 ionophore complexed MTCNQ salts are insulators with
resistivity higher than 107 Ω.cm. However, the ionophore complexed M+(TCNQ•‒
)(TCNQ0) salts are much more conductive than simple MTCNQ salts with resistivity
values range from 102 to 104 Ω.cm, which suggest the presence of mixed stacks of
TCNQ0 and TCNQ•‒ will display higher conductivity properties. In addition, the
resistivity values of simple TCNQ salts are lower than the corresponding MTCNQ salts,
which indicates the interactions between metal cations and TCNQ•‒ anions are modified
when the crown ethers are presented. Additionally, the resistivity of the ‘complex’
M+(TCNQ•‒)(TCNQ0) salts are of nearly the same magnitude as those of the
corresponding MTCNQ salts64.
The relationship between the colours of the simple ionophore MTCNQ salts and their
physical properties had also been studied by Morinaga et al.64. The yellow-greenish and
yellow TCNQ complexes have higher resistivity with the value ≈ 1014 Ω.cm. Whereas,
the purple, violet and blue coloured salts are much more conductive with the resistivity
values ≈ 107-1011 Ω.cm. This is because of the different strength of interactions between
adjacent TCNQ units in the crystal structures. In the yellow-greenish, and yellow
samples, the TCNQ•‒ anions are isolated, which is not good for electrons transfer. In
contrast, in the purple, violet and blue salts, π-π stacked dimers are formed64.
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Yield

M.p.

(%)

(℃)

(12C4)LiTCNQ

<10

>300

(12C4)2NaTCNQ

48

(15C5)NaTCNQ

Complex

C

H

N

Stoichiometry

Remark

Resistivities
(Ω cm)

F*(%)

T**(%)

F*(%)

T**(%)

F*(%)

T**(%)

1:1

61.15

62.02

5.21

5.20

14.33

14.46

Black plates

N/A

183-185

2:1

57.94

58.02

6.21

6.26

9.51

9.67

Blue needles

6.6×108

19

150

1:1

58.86

59.06

5.36

5.41

12.35

12.52

Purple hexahedral

1.3×1010

(18C6)NaTCNQ

<10

151-153

1:1

57.04

58.65

5.53

5.74

11.40

11.40

Blue needles

N/A

(DB18C6)NaTCNQ

57

214-216

1:1

65.45

65.41

4.78

4.80

9.60

9.54

Yellow green plates

>1014

(DC18C6)NaTCNQ

18

173-174

1:1

64.07

64.09

6.82

6.72

9.26

9.34

Purple plates

N/A

(C222)NaTCNQ

60

160-161

1:1

59.69

59.69

6.63

6.68

13.90

13.92

Yellow powder

>1014

(15C5)2KTCNQ

46

210

2:1

56.17

56.20

6.65

6.48

8.29

8.19

Purple hexahedral

8.5×1011

(18C6)KTCNQ

58

203-205

1:1

56.50

56.79

5.57

5.56

11.30

11.04

Purple needles

6.7×109

(DB18C6)KTCNQ

65

202-204

1:1

63.71

63.67

4.65

4.68

9.19

9.28

Yellow green plates

>1014

(DC18C6)KTCNQ

<10

189-192

1:1

62.13

62.42

6.30

6.55

9.88

9.10

Violet plates

N/A

(C222)KTCNQ

56

137

1:1

58.21

58.14

6.50

6.51

13.58

13.56

Blue hexahedral

1.3×1010

(15C5)2RbTCNQ

58

202-203

2:1

52.62

52.64

6.14

6.07

7.68

7.67

Purple hexahedral

1.3×109

(18C6)2RbTCNQ

64

208-210

2:1

51.87

52.04

5.15

5.09

10.08

10.11

Violet needles

3.9×109

(DB18C6)RbTCNQ

38

173-177

1:1

61.57

61.81

5.07

5.19

5.69

5.54

Green needles

2.0×109

(DC18C6)RbTCNQ

39

190-192

1:1

58.01

58.05

6.18

6.09

8.30

8.46

Purple plates

2.8×1011

(DB24C8)RbTCNQ

43

106-108

1:1

58.07

58.58

4.84

4.92

7.81

7.59

Yellow green plates

N/A

(C222)RbTCNQ

43

146-148

1:1

53.97

54.09

6.05

6.05

12.60

12.62

Violet hexahedral

7.4×109

(18C6)3(CsTCNQ)2

30

198-200

3:2

49.07

49.12

5.54

5.50

7.67

7.64

Yellow plates

>1014
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Yield

M.p.

(%)

(℃)

(DB18C6)2CsTCNQ

42

156

(DB24C8)CsTCNQ

54

(C222)CsTCNQ

Complex

C

H

N
Remark

Stoichiometry

Resistivities
(Ω cm)

F*(%)

T**(%)

F*(%)

T**(%)

F*(%)

T**(%)

2:1

59.33

59.04

5.04

4.95

5.57

5.30

Green needles

1.1×1011

137-138

1:1

55.11

55.04

4.59

4.62

7.06

7.13

Yellow green plates

>1014

62

151-153

1:1

50.55

50.50

5.66

5.65

11.68

11.78

Violet hexahedral

2.4×1010

(15C5)2NH4TCNQ

36

140-142

2:1

57.82

57.99

7.46

7.30

10.57

10.57

Violet needles

4.0×108

(18C6)NH4TCNQ

15

170-172

1:1

59.01

59.25

6.41

6.63

14.16

14.39

Purple needles

2.3×109

(DB18C6)2NH4TCNQ

60

168-170

2:1

65.91

66.23

5.77

5.99

7.64

7.43

Green needles

6.6×107

(DC18C6)NH4TCNQ

12

156-157

1:1

64.60

64.63

7.55

7.46

11.58

11.78

Blue hexahedral

N/A

(15C5)2Ba(TCNQ)2

<10

253-255

2:1

53.43

53.48

5.09

4.91

11.42

11.36

Yellow green plates

N/A

<10

249-251

1:1

52.73

52.38

4.04

3.98

13.70

13.83

Purple needles

N/A

(18C6)Ba(TCNQ)2
* F: Found in elemental analysis
** T: Theory in elemental analysis

Table 2.9 The characteristics of simple ionophore ammonium/MTCNQ salts64
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C

H

N

Yield

M.p.

(%)

(℃)

(18C6)NaTCNQTCNQ

37

>300

1:1:1

61.94

62.15

4.47

4.64

15.96

16.11

Black needles

1.9×103

(15C5)2KTCNQTCNQ

<10

>300

2:1:1

59.49

59.51

5.42

5.45

12.41

12.62

Black needles

N/A

(DB18C6)KTCNQTCNQ

36

224-225

1:1:1

65.18

65.42

3.92

3.99

13.91

13.87

Black hexahedral

4.4×103

(15C5)2RbTCNQTCNQ

<10

260

2:1:1

56.45

56.56

5.17

5.18

12.01

11.99

Black needles

1.5×104

(18C6)RbTCNQTCNQ

59

235

1:1:1

56.91

57.03

4.23

4.25

14.98

14.78

Black plates

1.2×104

(15C5)2CsTCNQTCNQ

<10

>300

2:1:1

53.99

53.83

4.83

4.93

11.68

11.41

Black hexahedral

N/A

(18C6)CsTCNQTCNQ

58

>300

1:1:1

53.56

53.67

3.93

4.00

14.00

13.91

Black needles

2.8×103

4:2:1

59.59

60.05

4.81

4.69

7.08

7.24

Black needles

N/A

160-162

1:1:1

62.39

62.60

5.23

5.25

18.20

18.25

Black hexahedral

4.6×102

(DB18C6)2NH4TCNQTCNQ

<10 162-164

2:1:1

67.98

67.17

4.63

4.61

15.93

16.02

Black needles

N/A

(DC18C6)NH4TCNQTCNQ

10

1:1:1

66.05

66.15

6.01

6.06

15.96

15.78

Black hexahedral

N/A

Complex

(DB18C6)4(CsTCNQ)2TCNQ <10 173-174
(18C6)NH4TCNQTCNQ

20

167

Stoichiometry

Remark
F*(%) T**(%) F*(%) T**(%) F*(%) T**(%)

Resistivities
(Ω cm)

(15C5)2Ba(TCNQ)2TCNQ

<10 245-247

2:1:1

57.71

57.99

7.53

7.30

10.60

10.57

Black needles

N/A

(18C6)Ba(TCNQ)2TCNQ
* F: Found in elemental analysis

<10 287-289

1:1:1

56.47

56.84

3.62

3.77

16.53

16.57

Black powder

N/A

** T: Theory in elemental analysis

Table 2.10 The characteristics of complex ionophore ammonium/MTCNQ salts64
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2.7.2

Ionophore-encapsulated alkali metal TCNQ salts

Ionophore complexation of alkali metal TCNQ salts guide a change in intermolecular
interactions and modify the physical properties of these materials. Whether the crown
ethers can form 1:1 or 2:1 complexes with cations is based on the cavity of the crown
ether and the size of the metal cation. Within 1:1 complexes, the cation sits in the
middle of the crown ether and anion can still coordinate to the cation. However, in 2:1
complexes, a sandwich will be formed with the cation sitting between the two crown
ethers, which will prevent any direct connections with anions.
Two main classes of ionophore MTCNQ salts have been structurally characterised.
Firstly, a TCNQ•‒ dimer is formed, which involves the 18C6 complex of Tl+, K+ and
Rb+TCNQ•‒ in Figure 2.4036,107,131. From the crystal structures of these complexes, the
common feature is that two crown ethers encapsulate metal cations which are
coordinated to two nitriles from cyano groups at opposite ends of a TCNQ•‒ dimer. This
situation demonstrates direct coordination between the metal cations and the TCNQ•‒
dimers. Another kind of architecture is adopted with the 15C5 complex of K+ and
Tl+TCNQ•‒ in Figure 2.41107,131. Here the metal cation is sandwiched between two
crown ethers.

(a) Side view of TCNQ•‒ dimer in (18C6)TlTCNQ (ref code: JUGWOX)131

(b) Side view of TCNQ•‒ dimer in (18C6)KTCNQ (ref code: JEXJAX)36

(c) Side view of TCNQ•‒ dimer in (18C6)RbTCNQ (ref code: SEKZAJ)107

Figure 2.40 The packing arrangement showing the TCNQ•‒ dimer36,107,131
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(b) Side view of (15C5)2KTCNQ (ref code:

(a) Top view of (15C5)2KTCNQ (ref code:
TETYOG)

107

TETYOG)107

Figure 2.41 Top (a) and side (b) views of a TCNQ•‒ dimer within (15C5)2KTCNQ
Each of these complexes afford structures containing isolated TCNQ•‒ dimers. The
spectroscopic and electronic behaviour of these TCNQ•‒ dimer components, which are
also found in organic metals and semiconductors, are therefore attractive for detailed
studies131. The dimers found in 1:1:1 crown ether: M+: TCNQ•‒ salts (where M = K+,
Rb+) are packed into a brickwork array, in which the TCNQ•‒ dimers are isolated from
each other. This arrangement is similar to that seen by Dunitz et al.265 in the solid state
structures of a series of 18C6 MSCN (M = Rb+ or Cs+) complexes, whereas a linear
chain is formed by the K+ analogue. In the latter case, both sides of the cation-crown are
coordinated by the anions, However, this is not seen for (18C6)KTCNQ, since two
cyano groups at each end of the TCNQ•‒ dimer are coordinated to one face of the
K+(18C6) complex131. In (15C5)2KTCNQ, the TCNQ•‒ dimers are even more highly
screened from each other, In this case, the two crown ethers encapsulate the K+ cation
completely. Grossel and Weston55,131 attempted to prepare the C222 complex of
KTCNQ. However, they only isolated and characterised K+(C222)DCTC. Figure 2.42
shows the C222 complex of K+DCTC- as its acetonitrile solvate and Figure 2.43
displays its corresponding crystal structure.
N

N

C

C

C

N

N
O
O
O

K+

O
O

O
C

O

N

N

Figure 2.42 The C222 complex of K+DCTC- as its acetonitrile solvate
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Figure 2.43 Crystal structure of the C222 complex of K+DCTC- as its acetonitrile
solvate (ref code: QOBYUB)55
In parallel with this study, Grossel et al.36 also focused on the solid state behavior of
TCNQ•‒ salts containing organic dye cations. X-ray crystallographic analysis indicated
that in general, the TCNQ•‒ anions formed dimers and that the packing of these
complexes depended on the nature of the counter-cation or cation complexes.
The main focus of the present project involves an extended study of the factors which
influence the solid state architecture of crown ether encapsulated TCNQ salts and
particularly the role of the counter-cation in determining this. This ‘crystal-engineering’
study of a number of simple TCNQ salts and their analogues will involve the
preparation of several series of salts involving different alkali metal cations. Crystalline
samples of these will be subjected to X-ray structural studies in order to examine the
resulting crystal architectures formed and attempt to gain further insight into which
parameters control these. The long-term goal is to be able to design particular solid state
motifs with a view to controlling the optical and electronic properties of such
complexes. The work will then be extended to explore the behaviour of lanthanide
crown ether TCNQ complexes.
ESR, optical spectroscopic measurements, conductivity and crystal structures are four
significant techniques for characterising TCNQ salts. When the properties of TCNQ and
its salts are rationalised and compared, it appears that the conductivity of such
complexes is dependent on the uniformity of the electron movement in the TCNQ
array74,249. However, if the TCNQ units are not equivalent, the electron movement
mechanism will inhibit conductivity through selectively ‘pinning’ the available
electrons on some parts of the TCNQ molecules266.
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3. Ionophore Encapsulated MTCNQ Salts
The main focus of the present project has involved an extended study of the factors
which influence the solid state architecture of crown ether-encapsulated TCNQ salts and
particularly the role of the counter-cation in determining this. This ‘crystal-engineering’
study of a number of simple TCNQ salts and their analogues involved the preparation of
several series of salts of different alkali metal cations. Crystalline samples of these were
subjected to X-ray structural studies in order to examine the resulting crystal
architectures formed and to attempt to gain further insight into which parameters control
these. The long term goal has been able to design particular solid state motifs with a
view to controlling the optical and electronic properties of such complexes.
Electron Paramagnetic Resonance (EPR), optical spectroscopy, conductivity and X-ray
crystallography are four significant techniques for characterising TCNQ salts. When the
properties of TCNQ and its corresponding salts are rationalised and compared, it
appears that the conductivity of such complexes is dependent on the nature of the
TCNQ array74,249,266.

3.1

Summarised crystal structures of TCNQ salts

From the Grossel group’s previous studies, the solid state behaviour of the 18-crown-6
complexes of K+, Rb+ and TlTCNQ and (15C5)2KTCNQ have been
reported36,55,107,131,132,267,268. A brickwork packing pattern of dimers is observed in the
solid state structures of the 18C6 complexes of K+ and RbTCNQ. Such packing
architectures reflect the impact of the bulk of the crown ether and tight ion-pair
interactions107,131,267. The 18C6 complexes of K+, Rb+ and TlTCNQ and
(15C5)2KTCNQ exhibit thermally activated triplet exciton behaviour, which is sensitive
to the nature of the counter-ion and the solid state architecture36,107,132,267,268. In
(15C5)2KTCNQ, sheets of TCNQ•‒ dimers are surrounded by (15C5)2K+ barrels, in
contrary to the architecture observed for the 18C6 complexes of K+, Rb+ and
TlTCNQ107,131. Here the presence of the ionophore inhibits the cation-anion interactions
and provides a crystal architecture in which the TCNQ•‒ dimers can be isolated both
from the counter-ion and neighbouring TCNQ•‒ dimers36,55,107,131,132,268. Therefore, this
kind of complex gives a good opportunity to investigate the behaviour of an isolated
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TCNQ•‒ dimer in the solid state36,107,268. Figure 3.1 shows the chemical structures of (a)
(18C6)K+, Rb+ and TlTCNQ; and (b) (15C5)2KTCNQ, respectively. The crystal
structures of (a) (18C6)K+, Rb+ and TlTCNQ; and (b) (15C5)2KTCNQ can be seen in
Figure 2.40 and Figure 2.41, respectively.
NC

CN

NC

O

O

O

O
O

O

CN

O

O

M+

K+
O

O

O

O
O
M+ = K+/Rb+/Tl+

O

O
NC

CN

(a) (18C6)K/Rb/TlTCNQ

O

NC

CN

(b) (15C5)2KTCNQ

Figure 3.1: The structure of (a) (18C6)K/Rb/TlTCNQ; (b) (15C5)2KTCNQ36,107,131,268

3.2

Crystal growth experiments

For study of the ionophore-encapsulated MTCNQ salts, a key requirement is the
preparation of crystalline complexes which are suitable for X-ray structural study. There
are several key factors that require attention. Firstly, each component should be
completely dissolved in solvent (dry acetonitrile); the ideal situation being to mix all of
the reactants without the visible presence of any solids in the solutions. Secondly, the
solution must be filtered whilst hot and then left to cool down slowly to room
temperature, otherwise, some of the ingredients will remain in the mixture when the
temperature is reduced and these will contaminate the product. Thirdly, for achieving
good crystals, the solution must be left to evaporate slowly. This step is the most
significant factor of the whole experiment since the rate of evaporation will affect the
formation of crystals. Normally, the solution needs to be left for several days, or even
several weeks. For the preparation of a good quality crystalline complex in this study,
the top of the container was covered by parafilm with several holes in it in order to
decrease the rate of solvent evaporation, and so generate better solid and even crystals.
Finally, when crystals had formed and had been isolated by filtration, dry diethyl ether
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was used for washing the resulting solid several times to remove excess crown ether.
The use of dry diethyl ether is ideal, since not only does it not seems to dissolve too
much of the required products, but it can also remove excess crown ether. Washing the
products was continued until the washing solvent did not change colour. This gave
product, which was stored under vacuum and then prepared for other measurements.

3.3

Ionophore encapsulated MTCNQ complexes (M = Li, Na, K,
Cs)

In this section, each of the ionophore encapsulated MTCNQ (M = Li, Na, K, Cs)
complexes obtained in this study will be discussed. Initially TCNQ° is needed to be
purified by recrystallisation from hot dry acetonitrile. Full details of the experiments
carried out attempting to prepare various crown ether encapsulated MTCNQ complexes
are reported in the Experimental Section. In the TCNQ unit, each centroid and mean
plane is defined by the carbon atoms of the benzene ring. Centroid-centroid distance
refers to the distance between adjacent TCNQ units. Centroid-mean plane
(perpendicular) distance is defined as a centroid of one TCNQ unit pointing to a
neighbouring upper TCNQ mean plane. The centroid-centroid and centroid-mean plane
distances are taken as the average in each packing pattern of TCNQ repeating units.
Table 3.1 shows description of key parameters in TCNQ plane.
Side view

End view

r = Perpendicular face-to-face separation
d = Long axis slip distance

s = Short axis slip distance

l = Centroid to centroid distance
α = Long axis slip angle

β = Short axis slip angle

Table 3.1 Description of key parameters in TCNQ plane
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3.3.1

Preparation of (12C4)2M(TCNQ)n complexes (M = Li, Na, K)

In this section, the behaviour of the complexes (12C4)2LiTCNQ, (12C4)2NaTCNQ,
(12C4)2Li(TCNQ)2, (12C4)2Na(TCNQ)2 and (12C4)2K(TCNQ)2 will be discussed
including a brief summary of the preparative method used and an analysis of each
crystal structure obtained.
3.3.1.1

(12C4)2MTCNQ complexes (M = Li, Na)

(a) (12C4)2LiTCNQ
Reaction of 12C4 with LiTCNQ and NaTCNQ in dry acetonitrile (2:1) (using the
crown: salt ratio 2:1) afforded in each case a dark blue or a black crystalline solid
respectively, which proved suitable for X-ray structural studies. The X-ray structural
studies reveal that these two complexes are iso-structural. In each case, the alkali metal
cation is sandwiched between two crown ether units and completely screened from the
counter anion. The TCNQ•‒ counterions are face-to-face π-stacked in columns. An
unusual feature of these columns is that, within a given column, neighbouring TCNQ•‒
counterions are twisted (25.94°) relative to each other. Figure 3.2 shows geometries of
adjacent TCNQ•‒ units in (12C4)2LiTCNQ showing the extent of long-axis slippage
[Figure 3.2(a)] and the distortion from planarity [Figure 3.2(b)], respectively.

(a) Adjacent TCNQ•‒ units overlap

(b) Adjacent TCNQ•‒ units conformations

Figure 3.2 Geometries of adjacent TCNQ•‒ units in (12C4)2LiTCNQ (one of the
TCNQ•‒ units is highlighted as light green and hydrogen atoms are excluded)
Figure 3.3 shows top (a) and side (b) views of adjacent TCNQ•‒ units in
(12C4)2LiTCNQ, respectively.
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(a) Top view of adjacent TCNQ•‒ units

(b) Side view of adjacent TCNQ•‒ units

Figure 3.3 Top (a) and side (b) views of adjacent TCNQ•‒ units in (12C4)2LiTCNQ (one
of the TCNQ•‒ units is highlighted as light green and hydrogen atoms are excluded)
Within adjacent TCNQ•‒ units, the vertical π-π distance (r) between neighbouring
TCNQ•‒ units is 3.387 Å. The slip distance (d) and slip angle (α) along the long axis are
2.40 Å and 35.30° respectively. Meanwhile, the slip distance (s) and slip angle (β) along
short axis are 0.26 Å and 4.37°. As viewed in Figure 3.3, the pair of adjacent TCNQ•‒
units is mainly long-axis slipped.
Because of the complete encapsulation of the cation by the two crown ether units in this
complex, each TCNQ•‒ is not coordinated to the metal ion. Unusually, neighbouring
TCNQ•‒ units are twisted in respect to each other. The TCNQ•‒ units assemble into
infinite columns with equal vertical distances between neighbours, which are in close
face-to-face π contact with a twist angle of 25.94° and long axis slip of 2.40 Å. Adjacent
TCNQ•‒ units are slightly paddle shaped and twisted in such a way that the cyano
groups in neighbouring TCNQ•‒ units are pushed away from each other. Table 3.2
shows summary of bond distances observed of TCNQ•‒ in (12C4)2LiTCNQ, the bonds
(a-f) being defined in Figure 2.26 as for Table 3.2.
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(a) Definition of the bond lengths within the TCNQ•‒ molecule
Bond lengths (Å)
Structure
a

b

c

1.426 (4)

d

e

f

1.411 (4) 1.163 (3) 0.951

1.363 (4) 1.421 (3) 1.418 (4) 1.418 (4) 1.154 (3) 0.949
(12C4)2LiTCNQ

1.363 (4) 1.426 (4) 1.418 (4) 1.411 (4) 1.163 (3) 0.951
1.421 (3)

1.418 (4) 1.154 (3) 0.949

Table 3.2 Summary of bond distances (Å) observed of TCNQ•‒ in (12C4)2LiTCNQ
It appears from these observations that TCNQ•‒ has quinonoidal character because bond
‘a’ is shorter than bond ‘b’. In (12C4)2LiTCNQ, there are significant differences in the
lengths of some of the chemically equivalent sites on the TCNQ•‒ units, which suggests
that it does not possess D2h symmetry anymore. Figure 3.4 shows further views of the
solid state behaviour of (12C4)2LiTCNQ.
As seen in Figure 3.4, some difficulties were encountered during the X-ray crystal
structure solution as the crown ethers are found to be disordered. The atomic occupancy
is 0.511(4):0.489(4) of disordered crown ether ring. The components of
(12C4)2LiTCNQ form mixed 1:2 alternating sheets as viewed in the packing diagram
[Figure 3.4(a)]. Within this arrangement, the ‘cation-barrels’ insulate the twisted
TCNQ•‒ dimers from each other within the sheet. Perpendicular to these layers, the
TCNQ•‒ dimers form infinite stacks and neighbouring units are mutually twisted by
25.94° relative to each other. The centroid-centroid distance (l) between neighbouring
TCNQ•‒ units is 4.158 Å and the perpendicular π-π distance (r) is 3.387 Å, respectively.
Each Li+ cation is encapsulated by two molecules of 12C4 and the complex of
(12C4)2Li+ lies in the channels between TCNQ•‒ stacks. There is no direct co-ordination
between the TCNQ•‒ units and the Li+ ions. Within the cation complex, the planes of the
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two crown ether units (as defined by each set of oxygen atoms) are tilted in respect to
each other (by ca. 5.39°). Figure 3.5 summarises the various contact distances within
the cation complex.

(a) Packing pattern of (12C4)2LiTCNQ

(b) Twisted (25.94°) TCNQ•‒ column

(c) Top view of packing pattern of

(d) Side view of packing pattern of

(12C4)2LiTCNQ (hydrogen atoms are

(12C4)2LiTCNQ (hydrogen atoms are

excluded)

excluded)

Figure 3.4 Views of the solid state behaviour of (12C4)2LiTCNQ
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(b) Distance (Å) (black labels of red and
(a) Oxygen atoms (O11-O14 and O21-

blue O11-O14; purple labels of light blue

O24) in a disordered crown ether unit

O21-O24) between oxygen atoms from their
mean plane

2.353

2.340

(c) O-O distances (Å) (black and purple

(d) Li+-O distances (Å) (black and purple

labels) within disordered crown ether unit

labels) within disordered crown ether unit

Figure 3.5 Description of the basic unit in (12C4)2LiTCNQ (carbon and hydrogen atoms
are excluded)
As viewed in Figure 3.5, two crown ether rings are identical in respect to each other. In
order to improve the visibility, two of the crown ether rings are represented as different
colours and one of them is shown as disordered crown ether ring. All of the four oxygen
atoms on 12C4 are sited on a plane to form an irregular, nearly planar quadrilateral of
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mean side ca. 2.760 Å. All of the Li+-O distances in (12C4)2LiTCNQ are not equal and
seem to fall into two groups: (i) 2.302, 2.336, 2.352 Å and (ii) 2.416 Å, respectively,
which shows that the Li+ cation’s position is not central within the cavity of 12C4. Key
parameters of the crystal structure of (12C4)2LiTCNQ with full details of the structure
solution and refinement are listed in the Experimental Section and the Supporting
Information (in the Appendices) respectively.
(b) (12C4)2NaTCNQ
Figure 3.6 shows a top (a) and side (b) views of the basic unit in (12C4)2NaTCNQ.

(a) Top view of adjacent TCNQ•‒ units

(b) Side view of adjacent TCNQ•‒ units

Figure 3.6 Top (a) and side (b) views of adjacent TCNQ•‒ units in (12C4)2NaTCNQ
(one of TCNQ•‒ units is highlighted as light green and hydrogen atoms are excluded)
Within adjacent TCNQ•‒ units, the vertical π-π distance (r) between neighbouring
TCNQ•‒ units is 3.426 Å, which is longer than is the case in (12C4)2LiTCNQ. The slip
distance (d) and slip angle (α) along the long axis are 2.34 Å and 34.33°, whereas, the
slip distance (s) and slip angle (β) along short axis are 0.23 Å and 3.80°. As viewed in
Figure 3.6, the TCNQ•‒ dimer pair is mainly long-axis slipped. However, as with its
lithium analogue, here neighbouring TCNQ units are rotated relative to each other by
25.96°. Figure 3.7 shows geometries of adjacent TCNQ•‒ units in (12C4)2NaTCNQ
exhibiting the twisted pattern (overlap view) and the distortion from planarity
(conformation), respectively.
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(b) Adjacent TCNQ•‒ units conformation

(a) Adjacent TCNQ•‒ units rotation

Figure 3.7 Geometries of adjacent TCNQ•‒ units in (12C4)2NaTCNQ (one of TCNQ•‒
units is highlighted as light green and hydrogen atoms are excluded)
Because of the ‘sandwich’ nature of the crown ether-cation complex, the TCNQ•‒ is not
coordinated to metal. Consequently, the TCNQ•‒ forms infinite column with equal
vertical distance between adjacent TCNQ•‒ units, which are closely face-to-face π
stacked alternately twisted along the stacking axis and long axis slipped. Neighbouring
TCNQ•‒ units adopt a shallow paddle conformation twisted in such a way that the cyano
groups in neighbouring TCNQ•‒ moieties are pushed away from each other. Table 3.3
shows the summary of bond lengths observed for TCNQ•‒ in (12C4)2NaTCNQ; the
bonds (a-f) being defined in Figure 2.26.
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(a) Definition of the bond lengths within the TCNQ•‒ molecule
Bond lengths (Å)
Structure
a

b

c

1.424 (7)

d

e

f

1.421 (7) 1.138 (6) 0.950

1.351 (7) 1.425 (7) 1.424 (7) 1.422 (7) 1.151 (6) 0.949
(12C4)2NaTCNQ

1.351 (7) 1.424 (7) 1.424 (7) 1.421 (7) 1.138 (6) 0.950
1.425 (7)

1.422 (7) 1.151 (6) 0.949

Table 3.3 Summary of bond lengths (Å) observed of TCNQ•‒ in (12C4)2NaTCNQ
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These data suggest that the TCNQ•‒ unit has quinonoidal character because of bond ‘a’
is shorter than bond ‘b’. In (12C4)2NaTCNQ, there are once again significant
differences in the lengths of some of the chemically equivalent TCNQ•‒ unit, which
suggests that the molecule does not possess D2h symmetry anymore. Figure 3.8 shows
further views of the solid state packing behaviour of (12C4)2NaTCNQ.

(a) Packing pattern of (12C4)2NaTCNQ

(b) Twisting between TCNQ•‒ neighbours

(c) Top view of packing pattern of

(d) Side view of packing pattern of

(12C4)2NaTCNQ (hydrogen atoms are

(12C4)2NaTCNQ (hydrogen atoms are

excluded)

excluded)

Figure 3.8 Views of the solid state behaviour of (12C4)2NaTCNQ
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Figure 3.8 shows different views of the extended crystal structure of (12C4)2NaTCNQ.
Once again difficulties were encountered during the X-ray crystal structure solution as
the crown ethers were found to be disordered. The atomic occupancy is 0.5:0.5 of
disordered crown ether ring. The packing arrangement seen here is the same as that
observed for (12C4)2LiTCNQ. The TCNQ•‒ units lie in infinite stacks with the same
centroid and perpendicular distance between adjacent planes and neighbouring units
alternately twisted (25.96°) in a manner the similar as that seen for (12C4)2LiTCNQ. In
addition, each Na+ cation is encapsulated by two molecules of 12C4 and the complex of
(12C4)2Na+ lies in the channels between TCNQ•‒ stacks.
The complexes of (12C4)2LiTCNQ and (12C4)2NaTCNQ are iso-structural. The solid
state behaviour of both complexes clearly differs from that seen previously for
(15C5)2KTCNQ107,131. In the latter case, the K+ cation is sandwiched between two
disordered 15C5 ligands and the TCNQ•‒ counterions form isolated dimers rather than
the infinite stacks seen in the present structures. This suggests that the volume of the
(crown ether)2M+ complex plays an important role in determining the solid state
behaviour of these materials. Figure 3.9 shows the basic unit for (12C4)2NaTCNQ.
As seen in Figure 3.9, two crown ether rings are identical in respect to each other. In
order to improve the visibility, two of the crown ether rings are represented as different
colours and one of them is shown as disordered crown ether ring. All of the four oxygen
atoms on 12C4 are sited on their mean plane to form an irregular quadrilateral of mean
side by ca. 2.817 Å. The minimum and maximum of Na+-O distances in
(12C4)2NaTCNQ are 2.469 and 2.486 Å, respectively. The different Na+-O distances
demonstrate that the Na+ cation lies within a distorted cavity of two 12C4 units, which
is similar that seen for (12C4)2LiTCNQ.
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0.021

0.157

0.078

0.028

0.003
0.003

0.003
0.003

(b) Distance (Å) (black labels of red and
(a) Oxygen atoms (O11-O14 and O21-

blue O11-O14; purple labels of light blue

O24) in a disordered crown ether unit

O21-O24) between oxygen atoms from
their mean plane

(c) O-O distances (Å) (black and purple

(d) Na+-O distances (Å) (black and yellow

labels) within disordered crown ether unit

labels) within disordered crown ether unit

Figure 3.9 Description of the basic unit for (12C4)2NaTCNQ (carbon and hydrogen
atoms are excluded)
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3.3.1.2

(12C4)2M(TCNQ)2 (M = Li, Na, K)

(a) (12C4)2Li(TCNQ)2
Reaction of 12C4 with LiTCNQ and TCNQ0 (ratio 2:1:1) in dry acetonitrile afforded a
yield (28%) of a dark green crystalline solid which contained single crystals suitable for
X-ray structural study. Full details including an account of the structure solution and
refinement are reported in the Experimental Section and the Supporting Information (in
the Appendices) respectively. The crystals obtained were of (12C4)2Li(TCNQ)2 and the
basic structure is shown in Figure 3.10.

A

B

Figure 3.10 Basic structure of (12C4)2Li(TCNQ)2 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.4. In this structure, the
Li+ ion is coordinated to and sandwiched between two crown ether units. The TCNQ
units form a dimer which is significantly long axis slipped (see Figure 3.11). The
similarity of the bond lengths within the two TCNQ units makes it difficult to
distinguish between the TCNQ•‒ and TCNQ0 components. The data in Table 3.4 suggest
that both TCNQ units have some quinonoidal character because bond length “a” is less
than “b”. For both components A and B distribution of bond lengths is intermediate
between these reported for TCNQ0 and TCNQ•‒ respectively213.
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

d

1.435 (5)

e

f

1.412 (5) 1.162 (5) 0.951

1.366 (6) 1.429 (5) 1.392 (5) 1.437 (6) 1.137 (6) 0.950
TCNQ unit (A)
1.349 (6) 1.422 (5) 1.411 (6) 1.420 (5) 1.159 (5) 0.949
1.431 (5)

1.422 (6) 1.153 (5) 0.950

1.421 (5)

1.414 (5) 1.160 (5) 0.950

1.357 (6) 1.428 (5) 1.419 (5) 1.422 (5) 1.141 (5) 0.950
TCNQ unit (B)
1.363 (6) 1.430 (5) 1.413 (5) 1.413 (5) 1.160 (5) 0.950
1.420 (5)

1.426 (6) 1.142 (6) 0.951

Table 3.4 Summary of bond lengths (Å) observed for TCNQ units in
(12C4)2Li(TCNQ)2

A

A
B

B

(a) Top view of TCNQ dimer

(b) Side view of TCNQ dimer

Figure 3.11 Top (a) and side (b) views of TCNQ dimer (AB) in (12C4)2Li(TCNQ)2
(hydrogen atoms are excluded)
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Within the crystal, the TCNQ dimers assemble into infinite columns in which the
individual TCNQ units are assembled in an ABB’A’ motif (Figure 3.12) in which
neighbouring dimers (AA’ and BB’) are significantly “diagonally” slipped (Figure
3.13). Distances and angles within the TCNQ stacks are listed in Table 3.5.
A’
3.253

4.999
A

3.153

3.758
B

3.275

4.961
B’
3.758

3.153

A’
3.253

4.999
A

Figure 3.12 The TCNQ column in (12C4)2Li(TCNQ)2 (hydrogen atoms are excluded)

B

B

B’

B’

(a) Top view of TCNQ dimer neighbours

(b) Side view of TCNQ dimer neighbours

Figure 3.13 Top (a) and side (b) views of TCNQ units (BB’), which is similar as for
TCNQ dimer neighbours (AA’) in (12C4)2Li(TCNQ)2 (hydrogen atoms are excluded)
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TCNQ

TCNQ dimer neighbours

TCNQ dimer neighbours

dimer

(AA’)

(BB’)

3.15

3.25

3.28

Distance (Å)

0.48

2.72

2.70

Angle (°)

8.66

39.93

39.50

Distance (Å)

1.99

2.65

2.57

Angle (°)

32.28

39.19

38.12

3.76

5.00

4.96

TCNQ units
π-π perpendicular distance
(Å)

Short-axis slip

Long-axis slip

Centroid-centroid distance
(Å)

Table 3.5 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)2Li(TCNQ)2
Within the AB dimer, the individual TCNQ units adopt a shallow boat conformation in
which neighbouring –C(CN)2 units are twisted away from each other. The two TCNQ
planes are slightly tilted in respect to each other (by ca. 0.19°). Individual TCNQ units
adopt a paddle conformation in which one –C(CN)2 group is tilted in respect to the other
side of the same TCNQ unit, by ca. 7.98° for TCNQ(A) and by ca. 7.00° for TCNQ(B)
respectively. From these data, it will be evident that π-facial overlap between
neighbouring dimers within a column is not ideal for extended π-π delocalisation within
the column.
Each Li+ cation is sandwiched between two crown ether molecules and resulting
complex [(12C4)2Li+] lies in channels between the TCNQ columns. There is no direct
co-ordination between the TCNQ units and the Li+ ions. Within the cation complex, the
planes of the two crown ether units (as defined by each set of oxygen atoms) are slightly
tilted in respect to each other (by ca. 0.09°). Figure 3.14 summarises the various contact
distances within the cation complex.
As viewed in Figure 3.14, the four oxygen atoms of each 12C4 unit are sited on their
mean plane to form an irregular quadrilateral of mean side ca. 2.764 Å. The minimum
and maximum of Li+-O distances within the cation complex are 2.332 and 2.396 Å
respectively. The different Li+-O distances demonstrate that the Li+ cation is distorted
above the cavity of each 12C4 units. Two crown ether units are not disordered and are
staggered in respect to each other.
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(b) Distance (Å) (green labels) between

(a) Two vertical lines of oxygen atoms

sets of oxygen atoms from their mean

(O301-O304, O401-O404)

plane

(c) O-O distances (Å) (black and purple

(d) Li+-O distances (Å) (dark blue and

labels) within crown ether unit

yellow labels) within crown ether unit

Figure 3.14 The various contact distances (Å) within the cation complex (carbon and
hydrogen atoms are excluded)
(b) (12C4)2Na(TCNQ)2
Reaction of 12C4 with NaTCNQ and TCNQ0 (ratio 2:1:1) in dry acetonitrile afforded a
yield (14%) of a dark purple crystalline solid (Combustion Analysis: Calculated: C:
61.30%, H: 5.14%, N: 14.29%. Found: C: 61.17%, H: 4.46%, N: 14.39%.) which
contained single crystals suitable for X-ray structural study. Full details including an
account of the structure solution and refinement are reported in the Experimental
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Section and the Supporting Information (in the Appendices) respectively. The crystals
obtained were of (12C4)2Na(TCNQ)2 and the key components are shown in Figure 3.15.
Bond lengths within the TCNQ units are summarised in Table 3.6. In this structure, the
Na+ ion is coordinated between two crown ether units. The TCNQ units form a dimer
which is significantly long axis slipped (see Figure 3.16). The similarity of the bond
lengths within the two TCNQ units makes it difficult to distinguish between the TCNQ°
and TCNQ•‒ components.

A
B

Figure 3.15 Basic unit of (12C4)2Na(TCNQ)2 (hydrogen atoms are excluded)
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.433 (2)

d

e

f

1.431 (3) 1.151 (3) 0.951

1.357 (3) 1.438 (3) 1.398 (3) 1.426 (3) 1.151 (3) 0.950
TCNQ unit (A)
1.358 (3) 1.435 (2) 1.401 (3) 1.423 (3) 1.158 (3) 0.950
1.438 (3)

1.424 (3) 1.157 (3) 0.950

1.438 (2)

1.427 (3) 1.152 (3) 0.950

1.361 (3) 1.438 (3) 1.396 (3) 1.428 (3) 1.153 (3) 0.950
TCNQ unit (B)
1.355 (3) 1.432 (2) 1.398 (3) 1.428 (3) 1.155 (3) 0.950
1.435 (3)

1.426 (3) 1.153 (3) 0.949

Table 3.6 Summary of bond lengths (Å) observed for TCNQ units in
(12C4)2Na(TCNQ)2
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A

A
B
B
(a) Top view of TCNQ dimer

(b) Side view of TCNQ dimer

Figure 3.16 Top (a) and side (b) views of TCNQ dimer (AB) in (12C4)2Na(TCNQ)2
(hydrogen atoms are excluded)
The data in Table 3.6 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. For both components A and B, the distribution
of bond lengths is intermediate between these reported for TCNQ° and TCNQ•‒
respectively213.
Within the crystal, the TCNQ dimers assemble into infinite columns in which the
individual TCNQ units are assembled in an ABB’A’ motif (Figure 3.17) and in which
neighbouring dimers are significantly “diagonally” slipped [Figure 3.18(a)].
A’
3.202

5.156

A
3.747

3.123
B
3.230

4.895

B’
3.123

3.747
A’

3.202

5.156
A

Figure 3.17 The TCNQ column in (12C4)2Na(TCNQ)2 (hydrogen atoms are excluded)
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B

B
B’

B’
(a) Top view of TCNQ dimer neighbours

(b) Side view of TCNQ dimer neighbours

Figure 3.18 Top (a) and side (b) views of TCNQ units (BB’), which is similar as for
TCNQ dimer neighbours (AA’) in (12C4)2Na(TCNQ)2 (hydrogen atoms are excluded)
Distances and angles within the TCNQ stacks are summarised in Table 3.7.
TCNQ

TCNQ dimer neighbours

TCNQ dimer neighbours

dimer

(AA’)

(BB’)

3.12

3.20

3.23

Distance (Å)

0.33

3.14

2.80

Angle (°)

6.04

44.44

40.92

Distance (Å)

2.04

2.55

2.39

Angle (°)

33.18

38.53

36.50

3.75

5.16

4.90

TCNQ units
π-π perpendicular distance
(Å)

Short-axis slip

Long-axis slip

Centroid-centroid distance
(Å)

Table 3.7 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)2Na(TCNQ)2
Within the AB dimer, the individual TCNQ units adopt a shallow boat conformation in
which neighbouring –C(CN)2 units are twisted away from each other. The two TCNQ
planes are slightly tilted in respect to each other (by ca. 1.06°). Individual TCNQ units
adopt paddle conformation in which one –C(CN)2 group is tilted in respect to the other
side of the same TCNQ unit by ca. 12.97° for TCNQ(A) and by ca. 14.07° for
TCNQ(B) respectively. From these data, it will be evident that π-facial overlap between
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neighbouring dimers within a column is not ideal for extended π-π delocalisation within
the column.
Each Na+ cation is sandwiched between two crown ether molecules and the resulting
complex [(12C4)2Na+] lies in channels between the TCNQ columns. There is no direct
coordination between the TCNQ units and the Na+ ions. Within the cation complex, the
planes of the two crown ether units (as defined by each set of oxygen atoms) are slightly
tilted in respect to each other (by ca. 0.86°). Figure 3.19 summarises the various contact
distances within the cation complex.

(a) Two vertical lines of oxygen atoms

(b) Distance (Å) (green labels) between

(O301-O304, O305-O308)

oxygen atoms from their mean plane

(c) O-O distances (Å) (dark blue and red

(d) Na+-O distances (Å) (light blue and

labels) within crown ether unit

yellow labels) within crown ether unit

Figure 3.19 The various contact distances (Å) within the cation complex (carbon and
hydrogen atoms are excluded)
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As can be seen in Figure 3.19 (a and b), each of the four oxygen atoms within a 12C4
unit is accurately located at the same distance from their mean plane. They form an
irregular quadrilateral geometry with a mean side of ca. 2.813 Å. The four oxygen
atoms have different bond lengths to central Na+ cation, which demonstrates that the
Na+ cation is in a distorted position above the cavity of each 12C4 unit. All of the Na+O distances are similar to that of a van der Waals’ contact (Na+-O = 2.47 Å )269,270. Two
crown ether units are not disordered and are staggered in respect to each other.
(c) (12C4)2K(TCNQ)2
Reaction of 12C4 with KTCNQ and TCNQ0 (ratio 2:1:1) in dry acetonitrile afforded a
yield (24%) of a purple crystalline solid (Combustion Analysis: Calculated: C: 60.06%,
H: 5.04%, N: 14.00%. Found: C: 59.82%, H: 4.44%, N: 15.74%.) which contained
single crystals suitable for X-ray structural study. Full details including an account of
the structure solution and refinement are reported in the Experimental Section and the
Supporting Information (in the Appendices) respectively. The crystals obtained were of
(12C4)2K(TCNQ)2 and the core unit is shown in Figure 3.20.

A

B

Figure 3.20 Core unit of (12C4)2K(TCNQ)2 (hydrogen atoms are excluded)
Bond lengths within each of the TCNQ units are summarised in Table 3.8. In this
structure the K+ ion is coordinated between two crown ether units. The TCNQ units
form a dimer which is significantly long axis slipped (see Figure 3.21). The similarity of
the bond lengths within the two TCNQ units makes it difficult to distinguish between
the TCNQ0 and TCNQ•‒ component.
The data in Table 3.8 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. For both components A and B, the distribution
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of bond lengths is intermediate between these reported for TCNQ0 and TCNQ•‒
respectively213.
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(a) Definition of the bond lengths within the TCNQ molecule

Bond lengths (Å)
Structure
a

b

c

1.434 (2)

d

e

f

1.435 (2) 1.151 (2) 0.950

1.358 (2) 1.437 (2) 1.395 (2) 1.426 (2) 1.151 (2) 0.951
TCNQ unit (A)
1.359 (2) 1.438 (2) 1.400 (2) 1.425 (2) 1.155 (2) 0.950
1.435 (2)

1.426 (2) 1.154 (2) 0.950

1.435 (2)

1.428 (2) 1.154 (2) 0.949

1.359 (2) 1.442 (2) 1.398 (2) 1.427 (2) 1.153 (2) 0.949
TCNQ unit (B)
1.354 (2) 1.435 (2) 1.391 (2) 1.437 (2) 1.148 (2) 0.950
1.437 (2)

1.429 (2) 1.153 (2) 0.950

Table 3.8 Summary of bond lengths (Å) observed for TCNQ units in (12C4)2K(TCNQ)2

A

A
B

B
(a) Top view of TCNQ dimer

(b) Side view of TCNQ dimer

Figure 3.21 Top (a) and side (b) views of TCNQ dimer (AB) in (12C4)2K(TCNQ)2
(hydrogen atoms are excluded)
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Within the crystal, the TCNQ dimers assemble into infinite columns in which the
individual TCNQ units are assembled in an ABB’A’ motif (Figure 3.22) in which
neighbouring dimers are significantly “diagonally” slipped (Figure 3.23).
B’
3.738

3.125

A’
5.118

3.211

A
3.738

3.125

B
3.219

4.927
B’

3.125

3.738
A’

3.211

5.118
A

3.125

3.738
B

Figure 3.22 The TCNQ column in (12C4)2K(TCNQ)2 (hydrogen atoms are excluded)

B

B

B’

B’

(a) Top view of TCNQ dimer neighbours

(b) Side view of TCNQ dimer neighbours

Figure 3.23 Top (a) and side (b) views of TCNQ dimer units (BB’), which is similar to
TCNQ dimer neighbours (AA’) in (12C4)2K(TCNQ)2 (hydrogen atoms are excluded)
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Distances and angles within the TCNQ stacks are summarised in Table 3.9.
TCNQ

TCNQ dimer neighbours

TCNQ dimer neighbours

dimer

(AA’)

(BB’)

3.13

3.21

3.22

Distance (Å)

0.30

3.13

2.92

Angle (°)

5.47

44.28

42.20

Distance (Å)

2.03

2.47

2.32

Angle (°)

32.97

37.58

35.77

3.74

5.12

4.93

TCNQ units
π-π perpendicular distance
(Å)

Short-axis slip

Long-axis slip

Centroid-centroid distance
(Å)

Table 3.9 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)2K(TCNQ)2
Within the AB dimer the individual TCNQ units adopt a shallow boat conformation in
which neighbouring –C(CN)2 units are twisted away from each other. The two TCNQ
planes are slightly tilted in respect to each other (by ca. 0.92°). Individual TCNQ units
adopt paddle conformation in which one –C(CN)2 group is tilted in respect to the other
side of the same TCNQ unit, by ca. 13.59° for TCNQ(A) and by ca. 11.39° for
TCNQ(B) respectively. From these data, it will be evident that π-facial overlap between
neighbouring dimers within a column is not ideal for extended π-π delocalisation within
the column.
Each K+ cation is sandwiched between two crown ether molecules and the resulting
cation complex [(12C4)2K+] lies in channels between the TCNQ columns. There is no
direct coordination between the TCNQ units and the K+ ions. Within the cation complex
the planes of the two crown ether units (as defined by each set of oxygen atoms) are
slightly tilted in respect to each other (by ca. 4.18°). Figure 3.24 summarises the various
contact distances within the cation complex.
As seen in Figure 3.24, each of the four oxygen atoms of each 12C4 unit is sited at the
same distance from their mean plane to form an irregular quadrilateral geometry of
mean side ca. 2.837 and 2.848 Å respectively. The different K+-O distances demonstrate
that the K+ cation is distorted above the cavity of each 12C4 units. All of the K+-O
distances are less than that of a van der Waals’ contact (K+-O = 2.85 Å)269,271 and thus it
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seems justifiable to regard the metal cations and the oxygen atoms as being in contact.
The two crown ether units are not disordered and are staggered in respect to each other.

(a) Two vertical lines of oxygen atoms

(b) Distance (Å) (green labels) between

(O51-O54, O61-O64)

oxygen atoms from their mean planes

(c) O-O distances (Å) (black and purple

(d) K+-O distances (Å) (green and yellow

labels) within crown ether unit

labels) within crown ether unit

Figure 3.24 Summarises the various contact distances (Å) within the cation complex
(carbon and hydrogen atoms are excluded)
3.3.1.3

Comparison of (12C4)2Li(TCNQ)2, (12C4)2Na(TCNQ)2 and
(12C4)2K(TCNQ)2 structures

Figure 3.25 shows the spacefilled views of the components of (12C4)2Li+, Na+ and
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K(TCNQ)2 respectively. In each of the complexes, two TCNQ units form a dimer.
Because each metal cation (Li+, Na+ or K+) is coordinated in between two crown ether
units, there are not any direct metal to TCNQ interactions (M+-NC) in each of the
complexes. The M+-O bond lengths become longer as the size of the metal cation
increases from Li+ to K+. Meanwhile, the cell volume is increased from 1906.4(2) in
(12C4)2Li(TCNQ)2 to 1979.3(2) for (12C4)2K(TCNQ)2.

(a) Spacefilled view of (12C4)2Li(TCNQ)2

(b) Spacefilled view of (12C4)2Na(TCNQ)2

(c) Spacefilled view of (12C4)2K(TCNQ)2
Figure 3.25 Spacefilled view of (12C4)2Li+, Na+ and K(TCNQ)2 (hydrogen atoms are
excluded)
TCNQ units prefer to form infinite column in these three TCNQ salts with long-axis
slipped within TCNQ dimer and TCNQ dimer neighbours as viewed in Figure 3.26. In
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each case, the similarity of the bond lengths within the two TCNQ units makes it
difficult to distinguish between the TCNQ0 and TCNQ•‒ components, which suggests
that electrons are delocalised within in the TCNQ column.

(a) Angle (57.30°) between TCNQ column and the bottom TCNQ best plane in (12C4)2Li(TCNQ)2

(b) Angle (57.09°) between TCNQ column and the bottom TCNQ best plane in (12C4)2Na(TCNQ)2

(c) Angle (56.59°) between TCNQ column and the bottom TCNQ best plane in (12C4)2K(TCNQ)2

Figure 3.26 Tilt angle between TCNQ column and the bottom TCNQ best plane for
(12C4)2Li+, Na+ and K(TCNQ)2 (hydrogen atoms are excluded)
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(12C4)2Li(TCNQ)2
TCNQ units

(12C4)2K(TCNQ)2

TCNQ

TCNQ dimer

TCNQ

TCNQ dimer

TCNQ

TCNQ dimer

dimer

neighbours

dimer

neighbours

dimer

neighbours

3.15

3.26

3.12

3.22

3.13

3.21

1.99

2.61

2.04

2.47

2.03

2.39

32.28

38.68

33.18

37.49

32.97

36.67

3.76

4.98

3.75

5.03

3.74

5.02

π-π perpendicular
distance (Å)
Distance
Long-

(12C4)2Na(TCNQ)2

(Å)

axis slip
Angle (°)
Centroid-centroid
distance (Å)

Table 3.10 Comparison of key parameters of TCNQ column geometries in
(12C4)2Li/Na/K(TCNQ)2
3.3.2

Preparation of (15C5)M(TCNQ)n complexes (M = Li, Na)

In this section, the solid-state behaviour of the complexes of (15C5)LiTCNQ,
(15C5)NaTCNQ, (15C5)Li(TCNQ)2.H2O and (15C5)Na(TCNQ)2.H2O will be
discussed.
3.3.2.1

(15C5)MTCNQ complexes (M = Li, Na)

(a) (15C5)LiTCNQ
Reaction of 15C5 with LiTCNQ (ratio 1:1) in dry acetonitrile afforded a reasonable
yield (81%) of a very pure purple crystalline solid (Combustion Analysis: Calculated:
C: 61.25%, H: 5.61%, N: 12.98%. Found: C: 61.46%, H: 5.51%, N: 13.29%.) which
contained single crystals suitable for X-ray structural study. Full details including an
account of the structure solution and refinement are reported in the Experimental
Section and the Supporting Information (in the Appendices) respectively. The crystals
obtained were of (15C5)LiTCNQ and the basic structural unit is shown in Figure 3.27.
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Figure 3.27 Basic structural unit of (15C5)LiTCNQ (hydrogen atoms are excluded)
Bond lengths within the TCNQ•‒ anions are summarised in Table 3.11. In this structure,
the Li+ ion is complexed with one crown ether and co-ordinated to one TCNQ•‒ anion.
The TCNQ•‒ anions associate to form a dimer which is significantly short-axis slipped
(Figure 3.28). The data in Table 3.11 suggest that the TCNQ•‒ has some quinonoidal
character because bond length “a” is less than “b”. The distribution of bond lengths is
reported for TCNQ•‒ 213.
H

N

H
f

a

C

e N
C
d

b
c
C

C
H

N

H

N

(a) Definition of the bond lengths within the TCNQ•‒ molecule
Bond lengths (Å)
Structure
a

b

c

1.420 (3)
TCNQ•‒ unit

d

e

f

1.419 (3) 1.156 (3) 0.951 (3)

1.362 (3) 1.420 (3) 1.418 (3) 1.416 (3) 1.154 (3) 0.950 (3)
1.365 (3) 1.418 (3) 1.420 (3) 1.419 (3) 1.157 (3) 0.949 (3)
1.426 (3)

1.413 (3) 1.158 (3) 0.949 (3)

Table 3.11 Summary of bond lengths (Å) observed for TCNQ•‒ units in (15C5)LiTCNQ
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(a) Top view of TCNQ•‒ dimer

(b) Side view of TCNQ•‒ dimer

Figure 3.28 Top (a) and side (b) views of TCNQ•‒ dimer and associated counter ions in
(15C5)LiTCNQ (hydrogen atoms are excluded)
Within the crystal, the TCNQ•‒ units are assembled into separated dimers (Figure 3.29)
in which neighbouring dimers are significantly long-axis slipped (Figure 3.30). Distance
and angles within the TCNQ•‒ stacks are listed in Table 3.12.

(a) Side view of the isolated TCNQ•‒

(b) Top view of the sheets of TCNQ•‒ dimers

dimers in (15C5)LiTCNQ

in (15C5)LiTCNQ

Figure 3.29 Side (a) and Top (b) views of TCNQ•‒ dimers in (15C5)LiTCNQ (hydrogen
atoms are excluded)
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(a) Top view of TCNQ•‒ dimer neighbours

•‒

(b) Side view of TCNQ dimer neighbours

Figure 3.30 Top (a) and side (b) views of TCNQ•‒ dimer neighbours in (15C5)LiTCNQ
(hydrogen atoms are excluded)
TCNQ units

TCNQ•‒ dimer TCNQ•‒ dimer neighbours

π-π perpendicular distance (Å)

3.14

3.45

Distance (Å)

0.96

0.020

Angle (°)

16.99

0.33

Distance (Å)

0.25

6.93

Angle (°)

4.55

63.51

3.30

7.75

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.12 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (15C5)LiTCNQ
In (15C5)LiTCNQ, each TCNQ•‒ is coordinated to only one metal cation.
Consequently, the TCNQ•‒ forms brickwork packing which is made up of pairs of
TCNQ•‒ dimers. Each pair of TCNQ•‒ dimer is closely face-to-face π-associated and
slightly short axis slipped. However, the TCNQ•‒ dimer neighbours within the column
are significantly long axis slipped. Within individual TCNQ•‒ dimers, the TCNQ•‒ units
are slightly boat shape with the twisting in such a way that the cyano groups in
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neighbouring TCNQ•‒ units are pushed away from each other. Figure 3.31 shows
TCNQ•‒ dimer geometries in (15C5)LiTCNQ illustrating the short-axis slip within a
dimer (overlap view) and the distortion from planarity (conformation view)
respectively, together with the relationship with a next nearest-neighbour dimer.

(a) TCNQ•‒ dimer overlap

(b) TCNQ•‒ dimer neighbours

Figure 3.31 TCNQ•‒ dimers geometries in (15C5)LiTCNQ
Figure 3.32 shows torsion angles in the TCNQ•‒ units for (15C5)LiTCNQ.

(b) Tilt angle (85.39°) between 15C5 and
(a) Tilt angles (4.33°, 10.52°) in the

TCNQ•‒ mean planes and M+…NC

TCNQ•‒ plane

coordination angle (157.63°) (hydrogen
atoms are excluded)

Figure 3.32 Angular relationships in (15C5)LiTCNQ
Each Li+ cation is coordinated to one nitrogen atom from cyano group and five oxygen
atoms from crown ether unit. Each crown ether complex lies in a channel between the
TCNQ•‒ stacks. The Li+ cation sits above the crown ether unit because of the
coordination with nitrogen on cyano group from the neighbouring TCNQ•‒ unit. The
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crown ether plane is tilted at an angle of 85.39° in respect to benzenoid core of the
TCNQ•‒ unit. As viewed in Figure 3.32(b), the coordination angle is not linear between
Li+ and NC but subtends a Li+…NC angle of 157.63°. The tilt angles (4.33°, 10.52°) in
the TCNQ•‒ plane reflect the fact that only one cyano group from a TCNQ•‒ unit
coordinates to the lithium ion resulting in a twisted geometry. In the packed structure
(Figure 3.29), the presence of TCNQ•‒ dimers is similar to those seen for
(18C6)MTCNQ (M = K, Rb) except that in the present case each metal cation only
coordinates to one cyano group rather than two in those examples131. Similarly in the
present structure, only TCNQ•‒ dimer formation occurs there being no extended
interactions between TCNQ•‒ dimers in (15C5)LiTCNQ. Figure 3.33 summarises the
various contact distances within the cation complex.

(a) Five oxygen atoms (O21-O25) on

(b) Distance (Å) (green labels) between

crown ether unit

five oxygen atoms from their mean plane

(c) O-O distances (Å) (green labels) within

(d) Li+-O distances (Å) (green labels)

15C5

within 15C5

Figure 3.33 The various contact distances (Å) within the cation complex (carbon atoms
on crown ether unit and hydrogen atoms are excluded)
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As viewed in Figure 3.33, the cation complex of (15C5)Li+ form a pentagonal pyramid
configuration. Except for O22 which is 0.908 Å away from the oxygen atoms, mean
plane, the other four ligating oxygen atoms of the crown ether are located above and
below their mean plane. Consequently, all of the five oxygen atoms of the crown ether
form irregular pentagonal geometry of mean side by ca. 2.691 Å. All of the Li+-O
distances in (15C5)LiTCNQ lie in the range between 2.078 and 2.303 Å. The Li+-N
distance (2.078 Å) is slightly less than that of a van der Waals’ contact (Li+-N = 2.15
Å)269 and thus it seems justifiable to regard the metal cation and the nitrogen atom as
being in contact.
(b) (15C5)NaTCNQ
Reaction of 15C5 with NaTCNQ (ratio 1:1) in dry acetonitrile afforded a reasonable
yield (48%) of a very pure purple crystalline solid (Combustion Analysis: Calculated:
C: 59.06%, H: 5.41%, N: 12.52%. Found: C: 58.76%, H: 5.02%, N: 12.32%.), which
contained single crystals suitable for X-ray structural study. Full details including an
account of the structure solution and refinement are reported in the Experimental
Section and the Supporting Information (in the Appendices) respectively. The crystals
obtained were of (15C5)NaTCNQ and the basic building block is shown in Figure 3.34.

Figure 3.34 Basic unit of (15C5)NaTCNQ (hydrogen atoms are excluded)
Bond lengths within the TCNQ•‒ units are summarised in Table 3.13. In this structure,
each Na+ ion is coordinated within one crown ether unit, but also to two TCNQ•‒
nitrogen atoms of a TCNQ•‒ dimer in contrast to the behaviour seen for its lithium
analogue. The TCNQ•‒ units form a dimer which is significantly short axis slipped (see
Figure 3.35). The data in Table 3.13 suggest that each TCNQ•‒ unit has some
quinonoidal character because bond length “a” is less than “b”. The distribution of bond
lengths is reported for TCNQ•‒ 213.
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H

H

N

f

a

C

e N
C

b

d
c

C
N

C
H

H

N

(a) Definition of the bond lengths within the TCNQ•‒ molecule
Bond lengths (Å)
Structure
a

b

c

1.421 (4)
TCNQ•‒ (A)

d

e

f

1.415 (4) 1.146 (4) 0.950

1.352 (4) 1.421 (4) 1.403 (4) 1.422 (4) 1.152 (4) 0.950
1.358 (4) 1.417 (4) 1.412 (4) 1.405 (4) 1.154 (4) 0.950
1.421 (4)

1.423 (4) 1.148 (4) 0.950

Table 3.13 Summary of bond lengths (Å) observed for TCNQ•‒ units in
(15C5)NaTCNQ

(a) Top view of TCNQ•‒ dimer

(b) Side view of TCNQ•‒ dimer

Figure 3.35 Top (a) and side (b) views of TCNQ•‒ dimer in (15C5)NaTCNQ (hydrogen
atoms are excluded)
Within the crystal, the TCNQ•‒ units are assembled into separated dimers in which
TCNQ•‒ dimer neighbours are significantly long-axis slipped (Figure 3.36 and Figure
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3.37) in a manner similar to that seen previously for the 18C6 complexes of K+ and
RbTCNQ131. Distance and angles within the TCNQ•‒ stacks are listed in Table 3.14.

(a) Side view of the isolated TCNQ•‒ dimers in (15C5)NaTCNQ

(b) Top view of the sheets of TCNQ•‒ dimers in (15C5)NaTCNQ
Figure 3.36 Side (a) and top (b) views of TCNQ•‒ dimers in (15C5)NaTCNQ (hydrogen
atoms are excluded)
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(a) Side view of TCNQ•‒ dimer neighbours (b) Top view of TCNQ•‒ dimer neighbours
Figure 3.37 Side (a) and top (b) views of TCNQ•‒ dimer neighbours in (15C5)NaTCNQ
(hydrogen atoms are excluded)
TCNQ units

TCNQ•‒ dimer TCNQ•‒ dimer neighbours

π-π perpendicular distance (Å)

3.260

3.14

Distance (Å)

0.60

0.21

Angle (°)

10.43

3.83

Distance (Å)

0.18

6.46

Angle (°)

3.16

64.11

3.32

7.18

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.14 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (15C5)NaTCNQ
In (15C5)NaTCNQ, each TCNQ•‒ is coordinated to two metal ions. Consequently, the
TCNQ•‒ forms infinite brickwork packing containing pairs of TCNQ•‒ units, which can
be regarded as dimers and are closely face-to-face π-stacked with slight short-axis
slipped. Then the nearest neighbour TCNQ•‒ units within the column are significantly
long-axis slipped. Within a TCNQ•‒ dimer, the TCNQ•‒ units adopt a slight boat shape
and are twisted in such a way that the cyano groups in neighbouring TCNQ•‒ units are
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pushed apart from each other, which is the same as seen in the case of (15C5)LiTCNQ.
Figure 3.38 shows geometries of TCNQ•‒ dimers in (15C5)NaTCNQ.

(b) TCNQ•‒ dimer neighbours (hydrogen

•‒

(a) TCNQ dimer overlap

atoms are excluded)

Figure 3.38 TCNQ•‒ dimers geometries in (15C5)NaTCNQ
Figure 3.39 shows key contact and torsion angles in the TCNQ•‒ units for
(15C5)NaTCNQ.

(b) Tilt angle (74.78°) between 15C5
(a) Tilt angles (6.53°, 1.50°) in TCNQ•‒ mean

and TCNQ•‒ mean plane and M+…NC

plane

coordination angle (130.77°) (hydrogen
atoms are excluded)

Figure 3.39 Angular relationships within (15C5)NaTCNQ
Each Na+ cation is coordinated to two nitrogen atoms from the cyano groups on
adjacent TCNQ•‒ units and five oxygen atoms from the crown ether. The latter lies in
the channels between the TCNQ•‒ stacks. The crown ether plane is twisted at an angle
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of 74.78° in respect to the ring of the TCNQ•‒ unit. As viewed in Figure 3.39(b), the
contact angle between Na+ and NC is 130.77°. The reason for smaller twist and
coordination angles in comparison with those seen in (15C5)LiTCNQ is the greater
degree of inter-unit co-ordination between the metal cation and cyano groups in the
sodium salt. In the present case, the TCNQ•‒ coordinates to two metal ions to form a
dimer similar to that seen for (18C6)MTCNQ (M = K, Rb)131 but in contrast with the
behaviour described earlier for (15C5)LiTCNQ. Because the metal centres lie transoid
across the TCNQ•‒ dimer, the geometry changes in (15C5)NaTCNQ are smaller than in
(15C5)LiTCNQ. Figure 3.40 summarises the various contact distances within the cation
complex.
0.036
0.355
0.244

0.579
0.505
(a) Five oxygen atoms (O21-O25) on

(b) Distance (Å) (black labels) between five

crown ether unit and Na+…NC

oxygen atoms and their mean plane; Na+…NC

coordination

coordination angles (130.77° and 140.55°)

2.757

2.690

2.458
2.443

2.416

2.780
2.732
2.466

2.394

2.806
(d) Na+-O distances (Å) (green labels)

(c) O-O distances (Å) (black labels)

Figure 3.40 The various contact distances (Å) within the cation complex (carbon atoms
on crown ether units and hydrogen atoms are excluded)
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As viewed in Figure 3.40, except for O22 which is 0.579 Å away from the oxygen
atoms mean plane, other four oxygen atoms of the crown ether unit are sited on their
mean plane. The ligating oxygen atoms lie above and below their mean plane to form
irregular pentagonal geometry of mean side by ca. 2.753 Å. Not all of the Na+-O
distances in (15C5)NaTCNQ are equal but seem to fall into two groups: (i) 2.394 Å and
(ii) 2.416, 2.443, 2.458, 2.466 Å respectively, which proves that Na+ cation is located
above the distorted cavity of 15C5. Consequently, all of the Na+-O distances are slightly
less than that of a van der Waals’ contact (Na+-O = 2.47 Å)269,270 and thus it seems
justifiable to regard the metal cations and the oxygen atoms as being in contact. The
distance of Na+-N (2.493 Å) is shorter than that of a van der Waals’ contact (Na+-N =
2.50 Å)269,270 and thus it seems justifiable to regard the metal cation and the nitrogen
atom as being in contact.
3.3.2.2

Comparison between (15C5)LiTCNQ and (15C5)NaTCNQ

The X-ray structural studies reveal that the two cation complexes show similar but not
identical solid-state behaviour. In each case, the alkali metal cation sits above the centre
of the crown ether unit. The TCNQ•‒ anions form face-to-face π-stacked dimers with
two metal crown ether complexes oriented approximately perpendicular to the TCNQ•‒
dimer plane and each located at diagonally opposite ends of the TCNQ•‒ dimer. In the
lithium salt, one of the cyano group nitrogen atoms appears to be coordinated to the
lithium cation whereas for the corresponding sodium salt, two cyano groups are
associated with the metal cation. The latter arrangement mirrors the behaviour
previously seen for (18C6)KTCNQ and its Rb+ analogue131. The difference between the
Li and Na salt structures probably reflects the different cation size and maximum
coordination potential of these metal cations. The (crown ether)MTCNQ dimer units are
assembled into columns, offset relative to their neighbours to achieve efficient packing
as seen previously for the corresponding (18C6)MTCNQ salts (M = K, Rb)131.
Figure 3.41 shows distances to neighbouring dimers in (15C5)Li+ and NaTCNQ
compared with (18C6)K+ and RbTCNQ. All of the dimer neighbours are long axis
slipped in these four TCNQ salts. Because of the different TCNQ•‒ co-ordination
behaviour, the geometry changes in (15C5)NaTCNQ are smaller than is the case in
(15C5)LiTCNQ as shown in Figure 3.39. The packing pattern of (15C5)NaTCNQ is
similar to that seen in (18C6)KTCNQ and (18C6)RbTCNQ, for which the dimer
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separation distances are much longer because the increased size of metal ions and the
more bulky crown ether units.

(a) Dimer separation (7.746 Å) in

(b) Dimer separation (7.184 Å) in

(15C5)LiTCNQ

(15C5)NaTCNQ

(c) Dimer separation (11.078 Å) in

(d) Dimer separation (11.145 Å) in

(18C6)KTCNQ (JEXJAX)36

(18C6)RbTCNQ (SEKZAJ)272

Figure 3.41 Distances to neighbouring dimers in (15C5)Li+ and NaTCNQ compared
with (18C6)K+ and RbTCNQ (hydrogen atoms excluded)
3.3.2.3

(15C5)M(TCNQ)2.H2O complexes (M = Li, Na)

(a) (15C5)Li(TCNQ)2.H2O
Reaction of 15C5 with LiTCNQ and TCNQ0 (ratio 1:1:1) in dry acetonitrile afforded a
reasonable yield (56%) of a very pure dark blue crystalline solid (Combustion Analysis:
Calculated: C: 62.48%, H: 4.63%, N: 17.14%. Found: C: 62.47%, H: 4.45%, N:
17.38%.), which contained single crystals suitable for X-ray structural study. Full
details including an account of the structure solution and refinement are reported in the
Experimental Section and the Supporting Information (in the Appendices) respectively.
The crystals obtained were of (15C5)Li(TCNQ)2.H2O and the components are shown in
Figure 3.42.
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A
B

Figure 3.42 Components present in (15C5)Li(TCNQ)2.H2O (hydrogen atoms excluded)
Bond lengths within the TCNQ units are summarised in Table 3.15.
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.431 (5)

d

e

f

1.434 (5) 1.157 (4) 0.950

1.356 (5) 1.444 (5) 1.396 (5) 1.426 (6) 1.156 (5) 0.951
TCNQ unit (A)
1.359 (5) 1.436 (5) 1.395 (5) 1.427 (5) 1.168 (5) 0.950
1.445 (5)

1.429 (6) 1.156 (5) 0.950

1.432 (5)

1.424 (5) 1.162 (5) 0.949

1.347 (5) 1.444 (5) 1.397 (5) 1.426 (6) 1.153 (5) 0.950
TCNQ unit (B)
1.362 (5) 1.433 (5) 1.403 (5) 1.434 (5) 1.158 (5) 0.950
1.444 (5)

1.423 (6) 1.152 (5) 0.951

Table 3.15 Summary of bond distances (Å) observed for TCNQ units
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In this structure, the Li+ ion is coordinated to one crown ether unit and one water
molecule. The TCNQ units form a dimer which is significantly long axis slipped (see
Figure 3.43).

A

A
B

B

(a) Top view of TCNQ dimer (AB)

(b) Side view of TCNQ dimer (AB)

Figure 3.43 Top (a) and side (b) view of TCNQ dimer (AB) in (15C5)Li(TCNQ)2.H2O
(hydrogen atoms are excluded)
The similarity of the bond lengths within the two TCNQ units makes it difficult to
distinguish between the TCNQ•‒ and TCNQ0 components. The data in Table 3.15
suggest that both TCNQ units have some quinonoidal character because bond length “a”
is less than “b”. For both components A and B, the distribution of bond lengths is
intermediate between these reported for TCNQ0 and TCNQ•‒ respectively213.
Within the crystal, the TCNQ dimers assemble into infinite columns in which the
individual TCNQ units are assembled in an ABB’A’ motif (see Figure 3.44) in which
neighbouring dimers are significant “diagonally slipped” (see Figure 3.45). Distance
and angles within the TCNQ stacks are listed in Table 3.16.
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A’
3.324

4.242

A
3.726

3.107

B
3.352

4.242

B’
3.726

3.107

A’
3.324

4.242

A
(a) Side view of TCNQ repeating units in (15C5)Li(TCNQ)2.H2O
A’

A

B

B’

A’

A
(b) End view of TCNQ repeating units in (15C5)Li(TCNQ)2.H2O
Figure 3.44 Observation of TCNQ repeating units in (15C5)Li(TCNQ)2.H2O (hydrogen
atoms are excluded)
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B
B

B’
B’

(a) Top view of dimer neighbours (BB’)

(b) Side view of dimer neighbours (BB’)

Figure 3.45 Top (a) and side (b) views of dimer neighbours (BB’), which is similar to
dimer neighbours (AA’) in (15C5)Li(TCNQ)2.H2O (hydrogen atoms are excluded)
TCNQ

TCNQ dimer neighbours

TCNQ dimer neighbours

dimer

(AA’)

(BB’)

3.11

3.32

3.35

Distance (Å)

0.049

2.27

2.18

Angle (°)

0.90

34.36

33.05

Distance (Å)

2.04

1.33

1.42

Angle (°)

33.26

21.83

22.97

3.73

4.24

4.24

TCNQ units
π-π perpendicular distance
(Å)

Short-axis slip

Long-axis slip

Centroid-centroid distance
(Å)

Table 3.16 Distances (Å) and angles (°) within the TCNQ stacks of
(15C5)Li(TCNQ)2.H2O
Within the AB dimer, the individual TCNQ units adopt a shallow boat conformation in
which neighbouring –C(CN)2 units are tilted away from each other. The two TCNQ
planes are also slightly tilted in respect to each other (by ca. 1.13°) as viewed in Figure
3.46(b). From these data it will be evident that π-facial overlap between dimer
neighbours within a column is not ideal for extended π-π delocalisation within the
column.
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Unlike the case in (15C5)LiTCNQ, in the present cation complex, a H2O molecule fills
the vacant Li+ co-ordination site and neither TCNQ•‒ nor TCNQ0 is coordinated to metal
cation. Therefore, compared with the case of (15C5)LiTCNQ, the extra volume of
TCNQ0 will change the packing motif of crown ether and TCNQ. Consequently, TCNQ
units form infinite columns containing pairs of isolated TCNQ dimers, which can be
regarded as dimers that are in close face-to-face π contact and significantly long-axis
slipped. Figure 3.46 shows torsion angles in the TCNQ units for
(15C5)Li(TCNQ)2.H2O.

(a) Bending angles (2.30° and 7.93°; 6.33° and 1.63°) of TCNQ mean planes

(b) Tilt angles (33.75°, 34.87°) between crown ether and TCNQ mean plane (hydrogen
atoms are excluded)

(c) The CN…H hydrogen bonds

(d) The CN…H hydrogen bonds array

Figure 3.46 Angular relationships in (15C5)Li(TCNQ)2.H2O
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As viewed in Figure 3.46, each Li+ cation is coordinated by one oxygen atom from H2O
molecule and five oxygen atoms from crown ether unit respectively. CN…H hydrogen
bonds are formed between hydrogens from H2O molecule and nitrogen atoms from the
TCNQ units. The cation complex (15C5)Li+.(H2O) lies in a channel between the TCNQ
columns. The crown ether plane is twisted at an angle of 33.75° and 34.87° in respect to
benzene rings of the two TCNQ units. Figure 3.47 summarises the various contact
distances within the cation complex.

(a) Four oxygen atoms (O301-O305) of

(b) Distance (Å) (green labels) between

crown ether unit and one oxygen atom

oxygen atoms from their mean plane

(O401) of H2O molecule

2.703

2.999

2.171

2.722

3.118

2.315 1.950

2.424

3.452
2.633
3.366

3.108
2.666

2.217

2.157

2.650
(c) O-O distances (Å) (black and blue

(d) Li+-O distances (Å) (green labels)

+.

labels) within (15C5)Li (H2O). O401

within (15C5)Li+.(H2O). O401 represents

represents the oxygen atom from the H2O

the oxygen atom from the H2O molecule

molecule

Figure 3.47 The various contact distances (Å) within the cation complex (carbon and
hydrogen atoms are excluded)
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As viewed in Figure 3.47, except for O304 which is tilted 0.514 Å away from the
oxygen mean plane, other four oxygen atoms of the crown ether unit are sited on the
mean plane. The five oxygen atoms on crown ether unit form irregular pentagonal
geometry of mean side by ca. 2.675 Å. All of the Li+-O distances in
(15C5)Li(TCNQ)2.H2O are in the range between 2.157 Å and 2.424 Å respectively, and
the Li+ cation sits above the cavity of the 15C5 unit because of coordination with the
H2O molecule.
(b) (15C5)Na(TCNQ)2.H2O
Reaction of 15C5, NaTCNQ and TCNQ0 (ratio 1:1:1) in dry acetonitrile afforded a
reasonable yield (60%) of a very pure dark blue crystalline solid (Combustion Analysis:
Calculated: C: 60.98%, H: 4.52%, N: 16.73%. Found: C: 61.28%, H: 4.30%, N:
16.69%.) which contained single crystals suitable for X-ray structural study. Full details
including an account of the structure solution and refinement are reported in the
Experimental Section and the Supporting Information (in the Appendices) respectively.
The crystals obtained were of (15C5)Na(TCNQ)2.H2O and the basic structure is shown
in Figure 3.48. Bond lengths within the TCNQ units are summarised in Table 3.17.

A

B

Figure 3.48 Basic structure of (15C5)Na(TCNQ)2.H2O (hydrogen atoms are excluded)
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H
a

C

e N

f

C

b

d
c

C

C
H

N

H

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.437 (5)

d

e

f

1.434 (5) 1.152 (5) 0.950

1.352 (5) 1.435 (5) 1.393 (5) 1.427 (5) 1.151 (4) 0.949
TCNQ unit (A)
1.362 (5) 1.440 (5) 1.398 (5) 1.429 (5) 1.143 (5) 0.951
1.431 (5)

1.427 (5) 1.147 (5) 0.950

1.438 (5)

1.428 (5) 1.154 (5) 0.950

1.360 (5) 1.437 (5) 1.393 (5) 1.420 (5) 1.153 (5) 0.950
TCNQ unit (B)
1.358 (5) 1.426 (5) 1.400 (5) 1.422 (5) 1.155 (5) 0.950
1.435 (5)

1.427 (5) 1.153 (5) 0.950

Table 3.17 Summary of bond distances (Å) observed for TCNQ units in
(15C5)Na(TCNQ)2.H2O
In this structure, the Na+ ion is coordinated to one H2O molecule and one crown ether
unit. The TCNQ units form a dimer which is significantly long-axis slip (see Figure
3.49). The similarity of the bond lengths within the two TCNQ units makes it difficult
to distinguish between the TCNQ•‒ and TCNQ0 components.
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A

A
B

B

(a) Top view of TCNQ dimer

(b) Side view of TCNQ dimer

Figure 3.49 Top (a) and side (b) views of TCNQ dimer in (15C5)Na(TCNQ)2.H2O
(hydrogen atoms are excluded)
The data in Table 3.17 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. For both components of A and B, the
distribution of bond lengths is intermediate between these reported for TCNQ•‒ and
TCNQ0 respectively213.
Within the crystal, there is no direct association of the TCNQ units with the Na+ ion.
The TCNQ dimers assemble into infinite columns in which the individual TCNQ units
are assembled in an ABB’A’ motif (see Figure 3.50) in which dimer neighbours are
significantly “diagonally” slipped (see Figure 3.51). Distances and angles within the
TCNQ stacks are summarised in Table 3.18.
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A
3.108

3.712
B

4.144

3.369
B’

3.108

3.712
A’

Figure 3.50 Assembly of TCNQ repeating units in (15C5)Na(TCNQ)2.H2O (hydrogen
atoms are excluded)

B’

B’

B

B

(a) Top view of dimer neighbours

(b) Side view of dimer neighbours

Figure 3.51 Top (a) and side (b) views of TCNQ dimer neighbours in
(15C5)Na(TCNQ)2.H2O (hydrogen atoms are excluded)
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TCNQ units

TCNQ dimer TCNQ dimer neighbours

π-π perpendicular distance (Å)

3.11

3.37

Distance (Å)

0.071

2.12

Angle (°)

1.31

32.12

Distance (Å)

2.03

1.16

Angle (°)

33.13

19.03

3.71

4.14

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.18 Distances (Å) and angles (°) within the TCNQ stacks of
(15C5)Na(TCNQ)2.H2O
Within the AB dimer, the individual TCNQ units adopt a shallow boat conformation in
which neighbouring –C(CN)2 units are twisted away from each other. The two TCNQ
planes are slightly tilted in respect to each other (by ca. 0.96°). From these data, it will
be evident that π-facial overlap between dimer neighbours within a column is not ideal
for extended π-π delocalisation within the column.
Unlike the case of (15C5)NaTCNQ, in this complex, except via H2O molecule, neither
TCNQ•‒ nor TCNQ0 is directly coordinated to the metal cation. In
(15C5)Na(TCNQ)2.H2O, TCNQ units prefer to form separated tetramer as repeating unit
instead of an infinite column. In each tetramer, there are two pairs of isolated TCNQ
dimers, which can be regarded as dimers, which are in close face-to-face π contact with
a slight long-axis slipped.
As viewed in Figure 3.52, each Na+ cation is coordinated by one oxygen atom from a
H2O molecule and five oxygen atoms from crown ether unit respectively. CN…H
hydrogen bonds are formed between hydrogen (H2O molecule) and nitrogen (cyano
group). The cation complex of (15C5)Na+.(H2O) lies in a channel between the TCNQ
stacks. The crown ether mean plane (as defined by each set of oxygen atoms) is tilted at
an angle of 37.15° and 36.76° in respect to benzene ring of the two TCNQ units in a
dimer. Figure 3.53 summarises the various contact distances within the cation complex.
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(a) Bending angles (2.33° and 7.94°; 1.61° and 6.31°) of two TCNQ planes

(b) Tilt angles (37.15°, 36.76°) between crown ether and TCNQ mean plane
(hydrogen atoms are excluded)

(c) The CN…H hydrogen bonds array
Figure 3.52 Angle descriptions in (15C5)Na(TCNQ)2.H2O
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(a) Oxygen atoms (O301-O305 and O401-

(b) Distance (Å) (green labels) between

O405) on disordered crown ether unit

oxygen atoms from their mean plane

2.403

2.232
3.500
2.556

(c) O-O distances (Å) (black, dark red,

(d) Na+-O distances (Å) (black, dark red

dark green and purple labels). O501
represents the oxygen atom from the H2O
molecule

and green labels). O501 represents the
oxygen atom from the H2O molecule

Figure 3.53 Various contact distances (Å) within the cation complex (carbon and
hydrogen atoms excluded)
As viewed in Figure 3.53, some difficulties were encountered during the X-ray crystal
structure solution as the crown ether is found to be disordered. Except for O303 which
is 0.515 Å away from the oxygen atom mean plane, the other four oxygen atoms of the
crown ether unit are sited on their mean plane. The ligating oxygen atoms sit above and
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below their mean plane to form irregular pentagonal geometry of mean side by ca.
2.761 Å. All of the Na+-O distances in (15C5)Na(TCNQ)2.H2O are different, which
demonstrates that the Na+ cation lies distorted above the cavity of 15C5 because the
coordination with H2O molecule.
3.3.2.4

Comparison between (15C5)Li(TCNQ)2.H2O and
(15C5)Na(TCNQ)2.H2O

Figure 3.54 shows a space-filled view of cation complexes of (15C5)Li+ and Na+.H2O
respectively. Each metal cation (Li+/Na+) is coordinated by one H2O molecule and one
crown ether unit. There are not any direct metal-anion interactions (M+-NC) in either of
these complexes. Both of the metal cations (Li+/Na+) are situated above the cavity of
crown ether unit. Comparing the size of metal cation (Li+<Na+), the Na+ cation is sited
further away (0.573 Å) from the crown ether mean plane (as defined by each set of
oxygen atoms) than Li+ cation (0.366 Å).

(a) Spacefill of cation complex of

(b) Spacefill of cation complex of

+.

(15C5)Na+.H2O

(15C5)Li H2O

Figure 3.54 Spacefilled view of cation complex of (15C5)Li+/Na+.H2O (hydrogen atoms
are excluded)
Figure 3.55 shows the tilt angle between TCNQ column and the bottom TCNQ best
plane for (15C5)Li+(TCNQ)2.H2O and (15C5)Na(TCNQ)2.H2O respectively. In these
two TCNQ salts, TCNQ units prefer to form column. In each case, the similarity of the
bond lengths within the two TCNQ units makes it difficult to distinguish between the
components of TCNQ0 and TCNQ•‒, which demonstrates that the electrons are
delocalised within the TCNQ column.
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(a) Angle (71.05°) between TCNQ column

(b) Angle (70.21°) between TCNQ

and the bottom TCNQ best plane in

column and the bottom TCNQ best

(15C5)Li(TCNQ)2.H2O

plane in (15C5)Na(TCNQ)2.H2O

Figure 3.55 Tilt angle between TCNQ column and the bottom TCNQ best plane for
(15C5)Li+(TCNQ)2.H2O and (15C5)Na(TCNQ)2.H2O (hydrogen atoms are excluded)
(15C5)Li(TCNQ)2.H2O
TCNQ units

TCNQ dimer

TCNQ dimer

neighbours

neighbours

(AA’)

(BB’)

3.11

3.32

2.04

TCNQ

TCNQ dimer

dimer

neighbours (BB’)

3.35

3.11

3.37

1.33

1.42

2.03

1.16

33.26

21.83

22.97

33.13

19.03

3.73

4.24

4.24

3.71

4.14

TCNQ
dimer

π-π perpendicular
distance (Å)
Distance
Long-

(Å)

(15C5)Na(TCNQ)2.H2O

axis slip
Angle (°)
Centroid-centroid
distance (Å)

Table 3.19 Comparision of key parameters of TCNQ column geometries in
(15C5)Li+.H2O and (15C5)Na+.H2O
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3.3.3

Preparation of (18C6)M(TCNQ)n complexes (M = Na, K, Cs)

In this section, cation complexes of (18C6)KTCNQ, (18C6)Na(TCNQ)2.2H2O,
(18C6)K(TCNQ)2.5, and (18C6)Cs(TCNQ)2 will be discussed with an analysis of their
crystal structures.
(a) (18C6)KTCNQ
The crystal structure of (18C6)KTCNQ (ref code: JEXJAX) has been published by the
Grossel group and the X-ray data had been collected at room temperature (283-303K)36.
In the course of present study, crystal of (18C6)KTCNQ were obtained which had
characterisation data identical with that previously reported. An X-ray structure study of
this TCNQ salt was carried out with the data being collected at 100K and the result was
essentially identical with those previously found. Table 3.21 compares the key
crystallographic data for the two structures solutions.
Reaction of 18C6 with KTCNQ (ratio 1:1) in dry acetonitrile afforded a dark violet
crystalline solid (Combustion Analysis: Calculated: C: 56.79%, H: 5.56%, N: 11.03%.
Found: C: 57.32%, H: 6.02%, N: 12.86%) which contained single crystals suitable for
X-ray structural study. Full details including an account of the structure solution and
refinement are reported in the Experimental Section and the Supporting Information (in
the Appendices) respectively. The crystals obtained were of (18C6)KTCNQ and the
basic structure is shown in Figure 3.56.

Figure 3.56 Basic structure of (18C6)KTCNQ in this study (hydrogen atoms are
excluded)
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Bond lengths within the TCNQ•‒ units are summarised in Table 3.20.
H

N

H
a

C

e N

f

C
d

b
c
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C
H

N

H

N

(a) Definition of the bond lengths within the TCNQ•‒ molecule (ref code: JEXJAX)36
Bond lengths (Å)
Structure
a

b

c

d

e

f

1.425(13)

1.417(13)

1.154(13)

0.950

(1.414)

(1.419)

(1.146)

(0.970)

1.364(13)

1.423(12)

1.418(13)

1.423(13)

1.153(14)

0.950

TCNQ•‒

(1.360)

(1.423)

(1.419)

(1.417)

(1.143)

(0.970)

unit

1.365(13)

1.421(13)

1.421(13)

1.421(12)

1.155(13)

0.951

(1.361)

(1.417)

(1.418)

(1.417)

(1.146)

(0.970)

1.427(12)

1.419(13)

1.155(13)

0.950

(1.423)

(1.409)

(1.155)

(0.970)

Table 3.20 Summary of bond lengths (Å) observed for TCNQ•‒ units in (18C6)KTCNQ
(literature values36 for comparison are listed in brackets)
A comparison table containing key parameters of crystal structure at the different data
collection temperatures is summarised in Table 3.21.
Comparison of the unit cell dimensions of (18C6)KTCNQ at the different temperatures,
the representing of unit cell has been rotated because the length along a axis under
100K is similar to the corresponding data along c axis under room temperature and the
statistics along c axis under 100K is similar to that found in a axis under room
temperature respectively. The unit cell dimensions of (18C6)KTCNQ have been
extended as the data collection temperature is increased, which leads to a slight increase
in the unit-cell volume (from 5126.9 Å3 to 5275.6 Å3).
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(18C6)KTCNQ
Key parameters

100K

Room temperature (283-303K)36

Empirical formula

C48H56K2N8O12

C48H56K2N8O12

Crystal system

Monoclinic

Monoclinic

Space group

C2/c

A2/n

Unit cell dimensions

a/Å 23.6591(17)

a/Å

26.670(4)

b/Å

b/Å

8.223(4)

c/Å 26.7609(19)

c/Å

24.341(4)

α/°

α/°

90

β/° 98.0370(10)

β/°

81.22(1)

γ/°

γ/°

90

8.1779(5)

90

90

Volume (Å3)

5126.9

5275.6

Z

4

4

R-Factor (%)

2.56

4.34

Table 3.21 Comparison of key parameters of (18C6)KTCNQ at different data collection
temperatures
In this structure, the K+ ion is coordinated by one crown ether unit. The TCNQ•‒ units
form a dimer which is slightly short-axis slip (see Figure 3.57).

(a) Top view of TCNQ•‒ dimer

(b) Side view of TCNQ•‒ dimer

Figure 3.57 Top (a) and side (b) views of TCNQ•‒ dimer in (18C6)KTCNQ (hydrogen
atoms are excluded)
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The data in Table 3.20 suggest that TCNQ•‒ units have some quinonoidal character
because bond length “a” is less than “b”. The distribution of bond lengths is reported for
TCNQ•‒ 213.
As previously reported36,131, within the crystal, the TCNQ•‒ units are assembled into
separated dimers in which TCNQ•‒ dimer neighbours are significantly long-axis slip
(see Figure 3.58). Distances and angles within the TCNQ•‒ stacks are summarised in
Table 3.22.

(a) Top view of dimer neighbours

(b) Side view of dimer neighbours

Figure 3.58 Top (a) and side (b) views of dimer neighbours in (18C6)KTCNQ
(hydrogen atoms are excluded)
TCNQ•‒ unit [JEXJAX]36

TCNQ•‒ dimer TCNQ•‒ dimer neighbours

π-π perpendicular distance (Å)

3.16 [3.23]131

5.54

Distance (Å)

0.53 [0.33]131

2.30

Angle (°)

9.53 [5.82]131

22.55

Short-axis slip

Distance (Å) 0.081 [0.080]131
Long-axis slip
Angle (°)
Centroid-centroid distance (Å)

8.90

1.47 [1.42]131

58.11

3.20 [3.24]131

10.74

Table 3.22 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (18C6)KTCNQ
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Each K+ cation is coordinated to a crown ether unit and two nitriles from adjacent
TCNQ•‒ units within a TCNQ•‒ dimer. The K+ cation sits 0.726 Å above the crown ether
mean plane (0.762 Å in literature)36, as defined by each set of oxygen atoms. As
previously reported36, from the side view of the isolated TCNQ•‒ dimers in
(18C6)KTCNQ (see Figure 3.60), the TCNQ•‒ units adopts a brickwork structure of
TCNQ•‒ dimers bound by the metal-crown ether units. Consequently, each TCNQ•‒ unit
also adopts a non-planar boat geometry analogous with that observed in the simple MTCNQ salts such as RbTCNQ(I)131 twisted in such a way that the cyano groups in
neighbouring TCNQ•‒ units are pushed away from each other. Examining of the top
view packing pattern of (18C6)KTCNQ reveals that each TCNQ•‒ dimer pair is parallel
to each other and that the neighbouring columns of TCNQ•‒ dimers are tilted in respect
to each other by ca. 7° (compared with 10.84° in the previous literature)36. Figure 3.59
shows TCNQ•‒ dimer geometries in (18C6)KTCNQ.

(a) TCNQ•‒ dimer overlap

(b) TCNQ•‒ dimer conformation

Figure 3.59 TCNQ•‒ dimer geometries in (18C6)KTCNQ (hydrogen atoms are
excluded)
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(a) Side view of packing pattern of (18C6)KTCNQ

(b) Top view of packing pattern of (18C6)KTCNQ
Figure 3.60 Side (a) and top (b) views of packing pattern of (18C6)KTCNQ (hydrogen
atoms are excluded)
Figure 3.61 summarises the various contact distances within the cation complex. All of
the six oxygen atoms are approximately sited on their mean plane. The ligating oxygen
atoms lay above and below their mean plane to form irregular hexagonal geometry of
mean side by ca. 2.802 Å. All of the K+-O distances in (18C6)KTCNQ can be
summarised into two main groups, which are (i) 2.805, 2.810, 2.849 Å and (ii) 2.908,
2.919, 2.959 Å respectively. The different K+-O distances demonstrate that the K+
cation is distorted above the cavity of 18C6. The distance of K1-N1, which is 2.819 Å,
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is slightly shorter than the sum of the van der Waals’ radii (K+-N = 2.88 Å)269,271 and
thus it seems justifiable to regard the metal cation and the nitrogen atom as being in
contact whereas the distance of K1-N3 is a little longer at 2.952 Å.

(a) Six oxygen atoms (O21-O26) on crown
ether unit and two coordination nitrogen

(b) Distance (Å) (green labels) between six
oxygen atoms from their mean plane

atoms (N1, N3)

(c) O-O distances (Å) (green labels) within

(d) K+-O and K+-N distances (Å) (green

crown ether unit

labels)

Figure 3.61 The various contact distances (Å) within the cation complex of
(18C6)KTCNQ (carbon atoms on crown ether unit and hydrogen atoms are excluded)
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(b) (18C6)Na(TCNQ)2.2H2O
Reaction of 18C6 with NaTCNQ and TCNQ0 (ratio 1:1:1) in dry acetonitrile afforded a
yield (5%) of a dark blue crystalline solid which contained single crystals suitable for
X-ray structural study (combustion data is awaited). Full details including an account of
the structure solution and refinement are reported in the Experimental Section and the
Supporting Information (in the Appendices) respectively. The crystals obtained were of
(18C6)Na(TCNQ)2.2H2O and the basic unit is shown in Figure 3.62. Bond lengths
within the TCNQ units are summarised in Table 3.23. In this structure, the Na+ ion is
disordered and coordinated by one crown ether unit and two H2O molecules. Figure A.1
shows five closely related structures in which (18C6)Na+ is complexed with two H2O
molecules have been found in the Cambridge Database (see Appendix).
The TCNQ units form a dimer which is significantly long-axis slipped (see Figure
3.63). The similarity of the bond lengths within the two TCNQ units makes it difficult
to distinguish between the TCNQ•‒ and TCNQ0 components.

A
B

Figure 3.62 Basic unit of (18C6)Na(TCNQ)2.2H2O (sodium ion is disordered and
hydrogen atoms are excluded)
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.440 (2)

d

e

f

1.430 (2) 1.157 (2) 0.950

1.359 (2) 1.438 (2) 1.402 (2) 1.426 (2) 1.155 (2) 0.950
TCNQ unit (A)
1.361 (2) 1.440 (2) 1.400 (2) 1.430 (2) 1.160 (2) 0.949
1.438 (2)

1.427 (2) 1.157 (2) 0.950

1.438 (2)

1.427 (2) 1.157 (2) 0.950

1.361 (2) 1.440 (2) 1.400 (2) 1.430 (2) 1.160 (2) 0.949
TCNQ unit (B)
1.359 (2) 1.438 (2) 1.402 (2) 1.426 (2) 1.155 (2) 0.950
1.440 (2)

1.430 (2) 1.157 (2) 0.950

Table 3.23 Summary of bond distances (Å) observed for TCNQ units
B
A

B
A

(a) Top view of TCNQ dimer

(b) Side view of TCNQ dimer

Figure 3.63 Top (a) and side (b) views of TCNQ dimer in (18C6)Na(TCNQ)2.2H2O
(hydrogen atoms are excluded)
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The data in Table 3.23 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. For both components A and B, the distribution
of bond lengths is intermediate between these reported for TCNQ0 and TCNQ•‒ 213.
A
3.766

3.134
B
4.611

3.382

B’
3.766

3.134
A’

3.382

4.611
A

3.766

3.134
B

(a) Side view of repeating unit within the complex of (18C6)Na(TCNQ)2.2H2O
A

B

B’

A’

A

B
(b) End view of repeating unit within the complex of (18C6)Na(TCNQ)2.2H2O
Figure 3.64 Views of repeating unit within the complex of (18C6)Na(TCNQ)2.2H2O
(hydrogen atoms are excluded)
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Within the crystal, the TCNQ dimers assembled into infinite columns in which the
individual TCNQ units are assembled in an ABB’A’ motif (see Figure 3.64) in which
dimer neighbours is significantly “diagonally” slipped (see Figure 3.65). Distances and
angles within the TCNQ stacks are listed in Table 3.24.
B
B’

B
B’

(a) Top view of dimer neighbours

(b) Side view of dimer neighbours

Figure 3.65 Top (a) and side (b) views of dimer neighbours, which is similar to dimer
neighbours (AA’) in (18C6)Na(TCNQ)2.2H2O (hydrogen atoms are excluded)
TCNQ dimer TCNQ dimer neighbours
π-π perpendicular distance (Å)

3.13

3.38

Distance (Å)

0.13

2.74

Angle (°)

2.43

39.03

Distance (Å)

2.08

1.52

Angle (°)

33.62

24.24

3.77

4.61

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.24 Distances (Å) and angles (°) within the TCNQ stacks of
(18C6)Na(TCNQ)2.2H2O
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In the complex of (18C6)Na(TCNQ)2.2H2O, the zigzag formation of TCNQ units
affords a column with a wavelike pattern containing pairs of isolated TCNQ dimers.
The dimers AB are close face-to-face π stacked with ideal overlap for conforming
maximum π-orbital interactions. Moreover, within the dimer, the individual TCNQ units
adopt a shallow boat conformation in which neighbouring -C(CN)2 units are twisted
away from each other. From the data in Table 3.24, it will be evident that π-facial
overlap between dimer neighbours within a column is not ideal for extended π-π
delocalisation within the column. Figure 3.66 shows the presence of hydrogen bonding
between the TCNQ cyano groups and the two water molecules co-ordinated to each
sodium ion.

(a) The formation of hydrogen bonds

(b) Hydrogen bonds coordinate to TCNQ
dimer

Figure 3.66 The formation of hydrogen bonding in (18C6)Na(TCNQ)2.2H2O (hydrogen
atoms are excluded)
Each Na+ cation is coordinated by one crown ether unit and two H2O molecules. The
resulting cation complex lies in channels between the TCNQ columns. There is no
direct coordination between the TCNQ units and the Na+ ions. The crown ether mean
plane (as defined by each set of oxygen atoms) is twisted at an angle of 32.20° in
respect to benzene ring of the TCNQ unit. The position of the Na+ cation is disordered
because the cavity of 18C6 does not exactly matching the size of Na+ cation. One CN…H hydrogen bond is formed between each H2O molecule and adjacent cyano group
(see Figure 3.66). Consequently, the H2O molecules contribute to the coordination
sphere around the Na+ cation. Figure 3.67 summarises the various contact distances
within the cation complex of (18C6)Na(TCNQ)2.2H2O, comparing with a similar
behaviour as seen for example in Na(18C6)(H2O)2(N3) (ref code: HORZET)273.
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(a) Distance (Å) (green labels) between oxygen atoms from their mean plane
[(18C6)Na(TCNQ)2.2H2O] / [Na(18C6)(H2O)2][I3] (ref code: HORZET)273

(b) O-O distances (Å) (green labels) within 18C6 [(18C6)Na(TCNQ)2.2H2O] /
[Na(18C6)(H2O)2][I3] (ref code: HORZET)273. O301, O1 and O1D represent the oxygen atoms
from H2O molecules

(c) Na+-O distances (Å) (green labels) within 18C6 [(18C6)Na(TCNQ)2.2H2O] /
[Na(18C6)(H2O)2][I3] (ref code: HORZET)273. O301 and O1 represent the oxygen atoms from
H2O molecules

Figure 3.67 The various contact distances (Å) within the cation complex (carbon atoms
on crown ether ring and hydrogen atoms are excluded)
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As viewed in Figure 3.67, in (18C6)Na(TCNQ)2.2H2O, all of the six oxygen atoms are
approximately sited on the mean plane. The ligating six oxygen atoms lie above and
below their mean plane to compose irregular hexagon geometry of mean side by ca.
2.808 Å. Because the size of Na+ cation does not match the cavity of 18C6, the metal
ion is disordered in the cavity of 18C6.
(c) (18C6)K(TCNQ)2.5
Reaction of 18C6 with KTCNQ and TCNQ0 (ratio 1:1:1) in dry acetonitrile afforded a
reasonable yield (61%) of a pure bright black crystalline solid (Combustion Analysis:
Calculated: C: 61.98%, H: 4.21%, N: 17.21%. Found: C: 61.84%, H: 4.00%, N:
17.08%.) which contained single crystals suitable for an X-ray structural study. Full
details including an account of the structure solution and refinement are reported in the
Experimental Section and the Supporting Information (in the Appendices) respectively.
The crystals obtained were of (18C6)K(TCNQ)2.5 and the core unit is shown in Figure
3.68.

B

A

C

Figure 3.68 Core unit of (18C6)K(TCNQ)2.5 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.25. Figure 3.69 shows
the zigzag pseudo-chain formation of cation-crown ether complex in
(18C6)K(TCNQ)2.5.
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H

N

H
a

C

e N

f

C

b

d
c
C

C
N

H

H

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.435 (2)

d

e

f

1.433 (2) 1.153 (19) 0.951

1.364 (2) 1.436 (2) 1.409 (2) 1.430 (2) 1.156 (2) 0.950
TCNQ unit (A)
1.363 (2) 1.432 (2) 1.411 (2) 1.435 (2) 1.148 (2) 0.950
1.438 (2)

1.427 (2) 1.158 (2) 0.950

1.449 (2)

1.433 (2) 1.156 (2) 0.950

1.353 (2) 1.446 (2) 1.380 (2) 1.439 (2) 1.150 (2) 0.949
TCNQ unit (B)
1.353 (2) 1.449 (2) 1.380 (2) 1.433 (2) 1.156 (2) 0.950
1.446 (2)

1.439 (2) 1.150 (2) 0.949

1.447 (2)

1.438 (2) 1.153 (2) 0.950

1.359 (2) 1.443 (2) 1.395 (2) 1.436 (2) 1.153 (19) 0.949
TCNQ unit (C)
1.356 (2) 1.443 (19) 1.396 (2) 1.434 (2) 1.160 (2) 0.950
1.442 (2)

1.438 (2) 1.151 (2) 0.949

Table 3.25 Summary of bond distances (Å) observed for TCNQ units in
(18C6)K(TCNQ)2.5
As viewed in Figure 3.69, in the cation complex of (18C6)K+, each K+ ion is
coordinated by two TCNQ units. The TCNQ units assemble into extended columns in
which there is a pentamer repeat pattern in this complex. In these, they are all π-stacked
long and short-axis slipped alternately forming a wave-like motif [see Figure 3.72(c)]. A
TCNQ unit is co-ordinated to each face of the K+-crown ether complex, thereby linking
the columns together. The angle between these two TCNQ units, N101-K1-N201, is
163.20°. The chain pattern of TCNQ…K+…TCNQ unit is similar to that seen in
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(18C6)KNCS, in which the K+ ion sits at the centre cavity of crown ether unit,
coordinated to two disordered thiocyanate anions265.

Figure 3.69 Zigzag conformation of cation complex [(18C6)K+] in (18C6)K(TCNQ)2.5
(hydrogen atoms are excluded)
C

B

C’

A

A’

Figure 3.70 Space-fill diagram of TCNQ pentamer stack in (18C6)K(TCNQ)2.5
(hydrogen atoms are excluded)
The data in Table 3.25 suggest that all of the TCNQ units have some quinonoidal
character because bond length “a” is less than “b”. In the TCNQ pentamer, after
measuring the c bond lengths in each TCNQ unit, it seems that both TCNQ unit (B)
(red) and TCNQ unit (C) (green) have less electron density, and hence more TCNQ0
character. Consequently, TCNQ unit (A) (blue) has higher electron density, and hence
more TCNQ•‒ character. As suggested, TCNQ units form mixed stacks, approximating a
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TCNQ0- TCNQ•‒- TCNQ0- TCNQ•‒- TCNQ0 pattern similar to that seen previously in
(C222)K(TCNQ)2.5 (Figure 3.119), which means two electrons are delocalised over the
five TCNQ units but more negative charge density appears to reside on the second and
fourth TCNQ units (blue ones) based on c bond lengths. Figure 3.71 shows top and side
views of pairs of individual TCNQ units within (18C6)K(TCNQ)2.5.

C

C

C

C

(a) Top view of inter-pentamer neighbours (b) Side view of inter-pentamer neighbours

C
A
C
A

(c) Top view of intra-TCNQ dimer

(d) Side view of intra-TCNQ dimer

A

A

B

B

(e) Top view of TCNQ units

(f) Side view of TCNQ units

Figure 3.71 Top (a/c/e) and side (b/d/f) views of TCNQ units in (18C6)K(TCNQ)2.5
(hydrogen atoms are excluded)
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Within the crystal structure of (18C6)K(TCNQ)2.5, the TCNQ pentamer can assemble
into an infinite column (see Figure 3.72) with short-axis slippage between neighbouring
TCNQ pentamers. The repeating unit (TCNQ pentamer) is composed by two separated
dimer pairs separated by a single TCNQ unit (B), which has TCNQ0 character.
Neighbouring TCNQ columns form a herringbone packing pattern [see Figure 3.72(b)].
There are more TCNQ units than K+ and 18C6, which results in the wave-like TCNQ
column motif in order to create the cavities to accommodate the required cation
complex of (18C6)K+.

(b) Packing side view of neighbouring

(a) Three TCNQ pentamers π-stacked

TCNQ columns

(c) Side view of pentamers TCNQ column

(d) End view of a thread pentamers through TCNQ column
Figure 3.72 Views of pentamers geometry and packing pattern in TCNQ column
(hydrogen atoms are excluded)
165

Chapter 3
Distances and angles within the TCNQ stacks are summarised in Table 3.26.
TCNQ unit

AC

AB TCNQ pentamer neighbours

π-π perpendicular distance (Å) 3.13 4.55

3.37

Distance (Å) 0.32 2.39

1.89

Short-axis slip
Angle (°)

5.81 27.71

29.31

Distance (Å) 2.12 1.86

0.30

Long-axis slip
Angle (°)

34.05 22.23

5.08

Centroid-centroid distance (Å) 3.80 3.40

3.87

Table 3.26 Distances (Å) and angles (°) within the TCNQ stacks and between pentamer
neighbours of (18C6)K(TCNQ)2.5
Unlike the situation in (18C6)KTCNQ, the extra volume arising from the presence of
TCNQ0 will change the packing motif. TCNQ units which can be regarded as dimers
are closely face-to-face π contact and slightly long axis slipped. The dimer neighbours
of TCNQ units within the column are significantly short-axis slipped but still closely ππ stacked. Consequently, within a TCNQ dimer, the TCNQ units are slightly boat
shaped and twisted in such a way that the cyano groups in neighbouring TCNQ units are
pushed away from each other. Figure 3.73 summarises the various contact distances
within the cation complex.
As viewed in Figure 3.73, the ligating oxygen atoms sit above and below their mean
plane (as defined by each set of oxygen atoms) to form an irregular hexagonal geometry
of mean side by ca. 2.837 Å. The K+-O distances in (18C6)K(TCNQ)2.5 are not all equal
and seem to fall into two groups: (i) 2.778 Å and (ii) 2.807, 2.813, 2.825, 2.828, 2.830
Å respectively. They are slightly shorter than the sum of the van der Waals’ radii (K+-O
= 2.85 Å)271 and thus it seems justifiable to regard the metal cations and the oxygen
atoms as being in contact. Consequently, the different K+-O distances demonstrate that
the K+ cation does not lie in the centre of the cavity of 18C6. The distances of K+-N are
2.822 and 2.892 Å in Figure 3.73(d).
In (18C6)KNCS, the ligating oxygen atoms sit approximately 0.20 Å above and below
their mean plane to form a nearly planar hexagon of mean side by ca. 2.82 Å, which is
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matching with the van der Waals’ diameter of oxygen atom and thus is seems justifiable
to regard neighbouring oxygen atoms as being in contact265. The distances of K+-O are
not equal and are slightly longer than the sum of the van der Waals’ radii. The N or S,
terminal atom in the disordered NCS- anion, is located 3.19 Å from adjacent K+ ion and
close to the threefold screw axis of the hexagon, thereby satisfying the symmetry of
hexagonal bipyramidal coordination265.

(a) Six oxygen atoms (O101-O106) in

(b) Distance (Å) (green labels) between six

crown ether unit

oxygen atoms from their mean plane

(c) O-O distances (Å) (green labels) within

(d) K+-O and K+-N distances (Å) (green

18C6

labels) within 18C6

Figure 3.73 Various contact distances (Å) within the cation complex of
(18C6)K(TCNQ)2.5 (carbon atoms on crown ether unit and hydrogen atoms are
excluded)
(d) (18C6)Cs(TCNQ)2
Reaction of Cs2TCNQ3 with TCNQ0 and 18C6 (ratio 1:2:2) in dry acetonitrile afforded
a yield (13%) of a dark blue crystalline solid which contained single crystals suitable for
X-ray structural study (combustion data is awaited). Full details including an account of
the structure solution and refinement are reported in the Experimental Section and the
Supporting Information (in the Appendices) respectively. The crystals obtained were of
(18C6)Cs(TCNQ)2, in which two TCNQ molecules lie on the symmetry centres, and the
basic components are shown in Figure 3.74.
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(a) Asymmetric unit of (18C6)Cs(TCNQ)2
A
B
A
C

(b) Basic components of (18C6)Cs(TCNQ)2
Figure 3.74 Asymmetric unit and basic components of (18C6)Cs(TCNQ)2 (hydrogen
atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.27.
H

N

H
a

C

e N

f

C

b

d
c
C

C
H

N

H

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.430 (6)

d

e

f

1.419 (7) 1.143 (6) 0.931

1.352 (6) 1.423 (6) 1.399 (6) 1.425 (7) 1.135 (6) 0.930
TCNQ unit (A)
1.348 (6) 1.426 (6) 1.399 (5) 1.414 (6) 1.150 (6) 0.930
1.419 (6)

1.430 (6) 1.145 (5) 0.930
1.430 (6) 1.145 (6) 0.930

TCNQ unit (B) 1.348 (5) 1.445 (5) 1.388 (5)
1.424 (6) 1.143 (5) 0.930
1.428 (7) 1.134 (7) 0.930
TCNQ unit (C) 1.339 (6) 1.445 (6) 1.381 (6)
1.422 (6) 1.147 (6) 0.930

Table 3.27 Summary of bond distances (Å) observed for TCNQ units in
(18C6)Cs(TCNQ)2
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In this structure, the Cs+ ion is coordinated to one crown ether unit and two nitrile
groups on adjacent TCNQ molecules. The TCNQ units form a trimer which is
significantly long axis slipped (see Figure 3.75).

A
B
A

A

B
A

(a) Top view of TCNQ trimer

(b) Side view of TCNQ trimer

Figure 3.75 Top (a) and side (b) views of TCNQ trimer in (18C6)Cs(TCNQ)2 (hydrogen
atoms are excluded)
The data in Table 3.27 suggest that all of the TCNQ units have some quinonoidal
character because bond length “a” is less than “b”. In the TCNQ trimer, after measuring
the c bond lengths in each TCNQ unit, it seems that TCNQ unit (A) has higher electron
density, consistent with higher TCNQ•‒ character. Consequently, the TCNQ unit (B)
and TCNQ unit (C) are less electron rich and therefore have more TCNQ0 character.
Therefore, in each TCNQ trimer, the three TCNQ units form mixed stacks, having a
TCNQ•‒ - TCNQ0 - TCNQ•‒ configuration, i.e. with two electrons delocalised over the
three TCNQ units but more negative charge density appear to reside on the outer TCNQ
units (A). Within the crystal, the TCNQ trimers assemble into infinite columns,
separated on either face by an isolated TCNQ0 (C) unit. The individual TCNQ units
being assembled in an ABAC motif (see Figure 3.76) in which neighbouring trimers are
significantly “diagonally” slipped (see Figure 3.77).

169

Chapter 3

A
C

A
C
(a) Side view of TCNQ repeating units in (18C6)Cs(TCNQ)2
A
B
A
C
A
B
A
C
(b) End view of a “S” thread configuration of TCNQ repeating units in
(18C6)Cs(TCNQ)2
Figure 3.76 Assembly of the TCNQ repeating units in (18C6)Cs(TCNQ)2 (hydrogen
atoms are excluded)
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A

A
C

C
(a) Top view of TCNQ units (AC)

(b) Side view of TCNQ units (AC)

Figure 3.77 Top (a) and side (b) views of TCNQ units (AC) in (18C6)Cs(TCNQ)2
(hydrogen atoms are excluded)
Distances and angles within the TCNQ stacks are listed in Table 3.28.
TCNQ units

TCNQ trimer AC

π-π perpendicular distance (Å)

3.19

3.38

Distance (Å)

0.17

2.27

Angle (°)

3.05

33.89

Distance (Å)

2.03

1.70

Angle (°)

32.50

26.71

3.78

4.41

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.28 Distances (Å) and angles (°) within the TCNQ stacks of (18C6)Cs(TCNQ)2
Within the TCNQ trimer, the individual TCNQ units adopt a shallow boat conformation
in which neighbouring –C(CN)2 units are twisted away from each other and the tilt
angle between each TCNQ plane is 1.58°. Within the TCNQ trimer neighbours, the tilt
angle between adjacent TCNQ planes is 3.89°.
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From these data, it will be evident that π-facial overlap between TCNQ units (AC)
within a TCNQ column is not ideal for extended π-π delocalisation within the TCNQ
column.
Each Cs+ cation is coordinated by one crown ether unit and two nitrile groups on
adjacent TCNQ units and the resulting complex lies in channels between the wave-like
TCNQ columns. Figure 3.78 summarises the various contact distances within the cation
complex.

(a) Six oxygen atoms (O401-O406) and

(b) Distance (Å) (green labels) between six

two nitrogen atoms (N101, N201)

oxygen atoms from their mean plane

(c) O-O distances (Å) (green labels) within

(d) Cs+-O and Cs+-N distances (Å) (green

18C6

labels)

Figure 3.78 The various contact distances (Å) within the cation complex of
(18C6)Cs(TCNQ)2 (carbon and hydrogen atoms are excluded)
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As viewed in Figure 3.78, the ligating oxygen atoms sit above and below their mean
plane to form irregular hexagon geometry of mean side by ca. 2.835 Å. The Cs+-O
distances in (18C6)Cs(TCNQ)2 are not all equal but seem to fall into two groups: (i)
3.056, 3.067 Å; (ii) 3.100, 3.151, 3.156 and 3.184 Å respectively. All of the Cs+-O
bonds are slightly short than the sum of the van der Waals’ radii (Cs+-O = 3.42 Å)270,271
and thus it seems justifiable to regard the metal cation and the oxygen atoms as being in
contact. Consequently, the different Cs+-O distances demonstrate that the Cs+ cation is
distorted above the cavity of 18C6. The distances of Cs-N are 3.260 and 3.351 Å, which
are slightly shorter than the sum of the van der Waals’ radii (Cs+-N = 3.45 Å)270,271 and
thus it seems justifiable to regard the metal cation and the nitrogen atom as being in
contact.
3.3.4

Preparation of (B15C5)M(TCNQ)n (M = Li, Cs)

In this section, the solid-state behaviour of the complexes of (B15C5)LiTCNQ.H2O and
(B15C5)2Cs(TCNQ)3 will be discussed.
(a) (B15C5)LiTCNQ.H2O
Reaction of B15C5 (Benzo-15-crown-5) with LiTCNQ and TCNQ0 (ratio 1:1:1) in dry
acetonitrile afforded a reasonable yield (30%) of a plate of dark blue crystalline solid
which contained single crystals suitable for X-ray structural study (combustion data is
awaited). Full details including an account of the structure solution and refinement are
reported in the Experimental Section and the Supporting Information (in the
Appendices) respectively. The crystals obtained were of (B15C5)LiTCNQ.H2O and the
core unit is shown in Figure 3.79.

Figure 3.79 Core unit of (B15C5)LiTCNQ.H2O (hydrogen atoms are excluded)
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Bond lengths within the TCNQ•‒ unit are summarised in Table 3.29.
H

N

H
a

C

e N

f

C

b

d
c

C

C
H

N

H

N

(a) Definition of the bond lengths within the TCNQ•‒ molecule
Bond lengths (Å)
Structure
a

b

c

1.426 (2)
TCNQ•‒ unit

d

e

f

1.430 (2) 1.151 (2) 0.950

1.365 (3) 1.427 (2) 1.412 (3) 1.423 (3) 1.159 (2) 0.950
1.364 (3) 1.429 (2) 1.418 (3) 1.419 (2) 1.156 (2) 0.950
1.419 (2)

1.432 (2) 1.150 (2) 0.950

Table 3.29 Summary of bond distances (Å) found for TCNQ•‒ in (B15C5)LiTCNQ.H2O
In this structure, the Li+ ion is coordinated by one crown ether unit and one H2O
molecule. The TCNQ•‒ units form a dimer which is significantly short-axis slipped (see
Figure 3.80), which is typical of non-coordinated dimers e.g. in (15C5)2KTCNQ107. In
(15C5)2KTCNQ, the crown ether units inhibit the cation-anion interactions and form a
structure in which the TCNQ•‒ dimers are separated both from the metal ions and other
TCNQ•‒ dimers respectively107.

(a) Top view of TCNQ•‒ dimer

(b) Side view of TCNQ•‒ dimer

Figure 3.80 Top (a) and side (b) views of TCNQ•‒ dimer in (B15C5)LiTCNQ.H2O
(hydrogen atoms are excluded)
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(a) Top view of dimer neighbours

(b) Side view of dimer neighbours

Figure 3.81 Top (a) and side (b) views of dimer neighbours in (B15C5)LiTCNQ.H2O
(hydrogen atoms are excluded)
The data in Table 3.29 suggest that the TCNQ•‒ unit has some quinonoidal character
because bond length “a” is less than “b”. The distribution of bond lengths is typical for
these reported for TCNQ•‒ 213. Within the crystal, the TCNQ•‒ dimers assemble into
infinite columns in which dimer neighbours are significantly short-axis slipped (see
Figure 3.81). The centroid-to-centroid distance between adjacent benzene rings of
TCNQ units is 3.316 Å and the π-π distance is 3.195 Å respectively.

(a) Side view of the packing pattern in (B15C5)LiTCNQ.H2O

(b) Top view of the packing pattern in (B15C5)LiTCNQ.H2O
Figure 3.82 Side (a) and top (b) views of the packing pattern in (B15C5)LiTCNQ.H2O
(hydrogen atoms are excluded)
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Distance and angles within the TCNQ•‒ stacks are summarised in Table 3.30.
TCNQ•‒ unit

TCNQ•‒ dimer Dimer neighbours

π-π perpendicular distance (Å)

3.20

3.61

Distance (Å)

0.88

2.05

Angle (°)

15.42

29.54

Distance (Å)

0.11

0.15

Angle (°)

1.95

2.41

3.32

4.15

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.30 Distances (Å) and angles (°) within the TCNQ•‒ stacks in
(B15C5)LiTCNQ.H2O
Within TCNQ•‒ dimer, the individual TCNQ•‒ unit adopts a shallow boat conformation
in which the –C(CN)2 parts on each end of TCNQ•‒ unit is tilted in respect to benzene
ring. Consequently, in TCNQ•‒ dimer, the benzene ring on each TCNQ•‒ unit is parallel
in respect to adjacent TCNQ•‒ unit in which neighbouring –C(CN)2 units are twisted
away from each other with the tilt angle by ca. 10.88°. Figure 3.83 shows the TCNQ•‒
dimer geometries in (B15C5)LiTCNQ.H2O.
1
2
3
4
•‒

(a) TCNQ dimer overlap

(b) Side view of TCNQ•‒

(c) End view of TCNQ•‒

dimer conformation

dimer conformation

Figure 3.83 TCNQ•‒ dimers geometries in (B15C5)LiTCNQ.H2O (hydrogen atoms are
excluded)
From these data it will be evident that π-facial overlap between dimer neighbours within
a column is not ideal for extended π-π delocalisation within the column. Each Li+ cation
is coordinated by one crown ether unit and one H2O molecule and the resulting complex
lies in channels between the TCNQ•‒ columns. There is no direct coordination between
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the TCNQ•‒ units and the Li+ ions but a CN…H hydrogen bond is formed between H2O
molecule and adjacent nitrile groups on the TCNQ•‒ units (see Figure 3.84).

Figure 3.84 Hydrogen bonding coordination pattern to TCNQ•‒ dimers
Figure 3.85 summarises the various contact distances within the cation complex.

(a) Five oxygen atoms (O201-O205) in

(b) Distance (Å) (green labels) between

crown ether unit

five oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels). O301
represent the oxygen atom from H2O

(d) Li-O distances (Å) (green labels)

Figure 3.85 The various contact distances (Å) within the cation complex (carbon, except
for benzene ring, and hydrogen atoms are excluded)
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As viewed in Figure 3.85, the ligating oxygen atoms are sitting above and below their
mean plane to form an irregular pentagonal geometry of mean side by ca. 2.614 Å. All
of the five oxygen atoms on crown ether ring show different distances to the centre of
Li+ cation. The Li+ cation is placed above the cavity of the crown ether ring and is
located above the mean plane of the oxygen atoms by ca. 0.427 Å.
(b) (B15C5)2Cs(TCNQ)3
Reaction of B15C5 with Cs2(TCNQ)3 and TCNQ0 (ratio 4:1:2) in dry acetonitrile
afforded a plate of dark blue crystalline solid which contained single crystals suitable
for X-ray structural study (combustion data is awaited). Full details including an
account of the structure solution and refinement are reported in the Experimental
Section and the Supporting Information (in the Appendices) respectively. The crystals
obtained were of (B15C5)2Cs(TCNQ)3 and the core unit is shown in Figure 3.86, in
which Cs+ ion and TCNQ (B) are in symmetry elements.

A

B
A

Figure 3.86 Core unit of (B15C5)2Cs(TCNQ)3 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.31. In this structure
each Cs+ ion is coordinated by two crown ether units. The TCNQ units form a trimer
which is significantly long axis slipped (see Figure 3.87). In TCNQ trimer, all of the
TCNQ units have some quinonoidal character because bond length “a” is less than “b”.
After measuring the c bond lengths in each TCNQ unit, it seems reasonable to regard
TCNQ unit (A) as having less electron density than B, and suggests that the A units
have more TCNQ0 character and the red TCNQ unit (B) has more TCNQ•‒ character.
Within each repeating units of TCNQ trimer, TCNQ units form mixed stacks, TCNQ0178
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TCNQ•‒- TCNQ0, which means that one electron is delocalised over the three TCNQ
units.
Within the crystal, the TCNQ trimers assemble into infinite columns in which the
individual TCNQ units are assembled in an ABA motif (see Figure 3.88) in which
dimer neighbours are significantly “diagonally” slipped (see Figure 3.89).
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.442 (4)

d

e

f

1.435 (4) 1.152 (3) 0.950

1.346 (4) 1.450 (3) 1.382 (4) 1.441 (4) 1.146 (4) 0.951
TCNQ unit (A)
1.349 (4) 1.448 (4) 1.389 (4) 1.442 (4) 1.144 (4) 0.950
1.450 (3)

1.432 (4) 1.146 (4) 0.950

1.434 (4)

1.431 (3) 1.151 (3) 0.949

1.361 (4) 1.436 (3) 1.402 (4) 1.432 (4) 1.147 (4) 0.950
TCNQ unit (B)
1.361 (4) 1.434 (4) 1.402 (4) 1.431 (3) 1.151 (3) 0.949
1.436 (3)

1.432 (4) 1.147 (4) 0.950

Table 3.31 Summary of bond distances (Å) scrutinise for TCNQ units in the cation
complex
As viewed in Figure 3.88, it can be seen that Cs2(TCNQ)3, TCNQ0 and B15C5 can form
alternating stacks as viewed in packing diagram. The TCNQ units are assembled into
infinite π-π stacks. A side view of TCNQ units reveals a wave-like pattern. The cation
complex of (B15C5)2Cs+ sits in channels between the TCNQ columns. Examining of
the packing diagrams in Figure 3.88(b), it reveals that the TCNQ columns pack in a
herringbone array. Consequently, neighbouring TCNQ trimers are significantly
“diagonally” slipped as viewed in Figure 3.89. Distances and angles within the TCNQ
stacks are summarised in Table 3.32.
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(a) Top view of TCNQ trimer

(b) Side view of TCNQ trimer

Figure 3.87 Top (a) and side (b) views of TCNQ trimer in (B15C5)2Cs(TCNQ)3
(hydrogen atoms are excluded)

(a) Side view of the packing motif of

(b) Top view of the packing motif of

(B15C5)2Cs(TCNQ)3

(B15C5)2Cs(TCNQ)3

Figure 3.88 Side (a) and top (b) views of the packing motif of (B15C5)2Cs(TCNQ)3
(hydrogen atoms are excluded)
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(a) Top view of external TCNQ trimer

(b) Side view of external TCNQ trimer

neighbours

neighbours

Figure 3.89 Top (a) and side (b) views of external TCNQ trimer neighbours in
(B15C5)2Cs(TCNQ)3 (hydrogen atoms are excluded)
TCNQ units

TCNQ trimer TCNQ trimer neighbours

π-π perpendicular distance (Å)

3.17

3.50

Distance (Å)

0.071

1.26

Angle (°)

1.28

19.82

Distance (Å)

2.14

1.29

Angle (°)

33.99

20.24

3.82

3.93

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.32 Distances (Å) and angles (°) within the TCNQ stacks of
(B15C5)2Cs(TCNQ)3
Within the TCNQ trimer, adjacent TCNQ units are tilted in respect to each other by ca.
1.25° [Figure 3.87(b)]. TCNQ unit (A) adopts a shallow boat conformation in which
neighbouring –C(CN)2 units are twisted away from each other and TCNQ unit (B) is flat
configuration. From these data, it will be evident that π-facial overlap between trimer
neighbours within a column is not ideal for extended π-π delocalisation within the
column.
Each Cs+ cation is sandwiched between two crown ether molecules and the resulting
complex lies in channels between the TCNQ columns. There is no direct co-ordination
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between the TCNQ units and the Cs+ ions. Within the cation complex, the planes of the
two crown ether units (as defined by each set of oxygen atoms) are tilted in respect to
each other (by ca. 30.19°) as viewed in Figure 3.90. Figure 3.91 summarises the various
contact distances within the cation complex.

Figure 3.90 Tilt angle between two crown ether mean plane (defined by a set of oxygen
atoms) (hydrogen atoms are excluded)

(a) Oxygen atoms (O301-O305) and

(b) Distance (Å) (green labels) between

their mean plane

oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels) in

(d) Cs+-O distances (Å) (green labels) in

B15C5

B15C5

Figure 3.91 The various contact distances (Å) within the cation complex (carbon, except
for benzene ring, and hydrogen atoms are excluded)
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As the Cs+ ion sits at the screw axis, two crown ether rings are exactly symmetric in
respect to each other. As viewed in Figure 3.91, except for O303, other four oxygen
atoms of each B15C5 unit are sited on their mean plane. The ligating oxygen atoms are
sitting above and below their mean plane to form an irregular pentagonal geometry with
mean side by ca. 2.766 Å. The different Cs+-O distances demonstrate that the Cs+ cation
is distorted above the cavity of crown ether unit.
3.3.5

Preparation of (B18C6)K(TCNQ)2

Reaction of B18C6 (Benzo-18-crown-6) with KTCNQ and TCNQ0 (ratio 1:1:1) in dry
acetonitrile afforded a reasonable yield (57%) of a needle of dark blue crystalline solid
(Combustion Analysis: Calculated: C: 63.40%, H: 3.99%, N: 14.78%. Found: C:
62.88%, H: 3.70%, N: 15.02%.) which contained single crystals suitable for X-ray
structural study. Full details including an account of the structure solution and
refinement are reported in the Experimental Section and the Supporting Information (in
the Appendices) respectively. The crystals obtained were of (B18C6)K(TCNQ)2 and the
basic unit is shown in Figure 3.92.

B
A

Figure 3.92 Basic unit of (B18C6)K(TCNQ)2 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.33. In this structure, the
K+ ion is coordinated by one crown ether unit. The TCNQ units form a dimer which is
significantly long-axis slipped (see Figure 3.93). The similarity of the bond lengths
within the two TCNQ units makes it difficult to distinguish between the TCNQ•‒ and
TCNQ0 components.
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The data in Table 3.33 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. For both TCNQ components A and B, the
distribution of bond lengths is intermediate between these reported for TCNQ0 and
TCNQ•‒ respectively213.
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.443 (9)

d

e

f

1.427 (9) 1.166 (9) 0.949

1.381 (9) 1.408 (9) 1.385 (8) 1.440 (8) 1.130 (9) 0.950
TCNQ unit (A)
1.381 (8) 1.435 (8) 1.417 (9) 1.410 (9) 1.138 (9) 0.949
1.421 (9)

1.437 (9) 1.137 (9) 0.950

1.447 (8)

1.413 (9) 1.175 (9) 0.950

1.340 (9) 1.433 (9) 1.394 (9) 1.436 (9) 1.162 (9) 0.951
TCNQ unit (B)
1.340 (9) 1.462 (7) 1.411 (8) 1.417 (9) 1.183 (9) 0.950
1.429 (8)

1.430 (9) 1.136 (9) 0.949

Table 3.33 Summary of bond distances (Å) observed for TCNQ units in
(B18C6)K(TCNQ)2
In (B18C6)K(TCNQ)2, pairs of TCNQ dimers assemble into infinite columns in which
the individual TCNQ units are assembled in an ABB’A’ motif (see Figure 3.94). As
viewed in Figure 3.95, it can be seen that the K(TCNQ)2 and B18C6 can form
alternating stacks as viewed in packing diagram. The solvent molecule of MeCN has
been removed after this cation complex is recrystallized from hot dry DCM. TCNQ
units are assembled into infinite face-to-face π-stacks, for forming further columns.
From the top view of the packing pattern of (B18C6)K(TCNQ)2, adjacent TCNQ
columns form into a herringbone packing pattern.
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A

A

B

B

(a) Top view of TCNQ units (AB)

(b) Side view of TCNQ units (AB)
B’

B’
B

B

(c) Top view of TCNQ units (BB’)

(d) Side view of TCNQ units (BB’)

Figure 3.93 Top (a/c) and side (b/d) views of TCNQ units in (B18C6)K(TCNQ)2
(hydrogen atoms are excluded)

A

B

B’
A’

Figure 3.94 Observation of TCNQ repeating units in (B18C6)K(TCNQ)2 (hydrogen
atoms are excluded)
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(b) Side view of the packing pattern in

(b) Top view of the packing pattern in

(B18C6)K(TCNQ)2

(B18C6)K(TCNQ)2

Figure 3.95 Side (a) and top (b) views of the packing pattern in (B18C6)K(TCNQ)2,
yellow area represents the repeating TCNQ dimer (hydrogen atoms are excluded)
Figure 3.96 shows the packing pattern of (B18C6)K+ cation complex, which forms onedimensional infinite chain structure through K+-π interactions with adjacent units. The
cation complex of (B18C6)K+ is off-set π-stacked geometry oriented in order to
minimises the π-π repulsion between nearby benzene rings and maximises the π-σ
attraction between the σ framework of the inner edge of the cavity of one B18C6 with
the π electrons of the neighbouring benzene ring. Consequently, the K+ ion sits above
the π electron cloud of adjacent benzene ring. The cation complex of (B18C6)K+ is sited
in the cavity between the TCNQ columns (Figure 3.95), and part of the crown ether ring
is disordered, in which the atomic occupancy is 66% in respect to 34%. Each
(B18C6)K+ cation complex is long-axis slipped by ca. 5.106 Å in respect to adjacent
cation complex and the corresponding slip angle is 37.61°. Distances and angles within
the TCNQ stacks are summarised in Table 3.34. In (B18C6)K(TCNQ)2, the average
distance of K+ ion to carbon atoms on the phenyl ring of the B18C6 is 3.013 Å, which is
significantly shorter than the corresponding distance of the two core complexes in Zhu
et.al. study274 and indicates that there are stronger K+-π interactions in
(B18C6)K(TCNQ)2.
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Figure 3.96 Packing pattern of (B18C6)K+ (hydrogen atoms are excluded)
TCNQ units

AB

BB’

π-π perpendicular distance (Å) 3.18 3.26
Distance (Å) 0.028 0.18
Short-axis slip
Angle (°)

0.50 3.17

Distance (Å) 1.98 1.85
Long-axis slip
Angle (°)

31.81 29.58

Centroid-centroid distance (Å) 3.75 3.75
Table 3.34 Distances (Å) and angles (°) within the TCNQ stacks of (B18C6)K(TCNQ)2
Within the TCNQ dimer, the individual TCNQ units adopt a shallow boat conformation
in which neighbouring –C(CN)2 units are twisted away from each other. In TCNQ
dimer, the neighbouring TCNQ units are tilted in respect to each other by ca. 0.17°.
Figure 3.97 summarises the various contact distances within the cation complex.
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(a) Oxygen atoms (O301-O306) and their

(b) Distance (Å) (green labels) between

mean plane

oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels)

(d) K+-O distances (Å) (green labels)

Figure 3.97 Various contact distances (Å) in (B18C6)K(TCNQ)2 (carbon, except for
benzene ring, and hydrogen atoms are excluded)
As viewed in Figure 3.97, the ligating oxygen atoms are sitting above and below their
mean plane to form irregular hexagon with mean side by ca. 2.778 Å, which is less than
those of van der Waals contact (K+-O = 2.85 Å)271 and thus it seems justifiable to regard
the metal cation and the oxygen atoms as being in contact. The different K+-O distances
demonstrate that the K+ cation is distorted in the cavity of crown ether unit.
3.3.6

Preparation of (DB18C6)K(TCNQ)2

Reaction of DB18C6 (Dibenzo-18-crown-6) with KTCNQ and TCNQ0 (ratio (1:1:1) in
dry acetonitrile afforded a reasonable yield (70%) of a block of black crystalline solid
(Combustion Analysis: Calculated: C: 65.42%, H: 3.99%, N: 13.86%. Found: C:
65.95%, H: 2.85%, N: 16.06%) which contained single crystals suitable for X-ray
structural study (combustion data is awaited). Full details including an account of the
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structure solution and refinement are reported in the Experimental Section and the
Supporting Information (in the Appendices) respectively. The crystals obtained were of
(DB18C6)K(TCNQ)2 and the basic unit is shown in Figure 3.98.

A

B

Figure 3.98 Basic unit of (DB18C6)K(TCNQ)2 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.35. In this structure, the
K+ ion is coordinated by one crown ether unit. The TCNQ units form a dimer which is
significantly long axis slipped (see Figure 3.99). The data in Table 3.35 suggest that
both TCNQ units have some quinonoidal character because bond length “a” is less than
“b”. After measuring the c bond lengths in each TCNQ unit, it seems that TCNQ unit
(B) was less electron density, which suggests TCNQ0 character. Consequently, the
TCNQ unit (A) has greater electron negative density, consistent with TCNQ•‒ character.
Within each repeating unit of the TCNQ dimer, TCNQ units form mixed stacks of
TCNQ0- TCNQ•‒ components (see Figure 3.100), which means one extra electron is
delocalised over the two TCNQ units but more negative charge density appears to reside
on the TCNQ unit (A) based on the corresponding c bond lengths as viewed in Table
3.35.
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.434 (4)

d

e

f

1.423 (5) 1.160 (4) 0.950

1.354 (4) 1.439 (4) 1.403 (4) 1.425 (4) 1.154 (4) 0.950
TCNQ unit (A)
1.350 (4) 1.432 (4) 1.396 (4) 1.431 (5) 1.144 (4) 0.950
1.437 (4)

1.431 (4) 1.149 (4) 0.951

1.440 (4)

1.427 (5) 1.151 (4) 0.950

1.357 (4) 1.439 (4) 1.389 (4) 1.434 (4) 1.151 (4) 0.951
TCNQ unit (B)
1.350 (4) 1.434 (4) 1.390 (4) 1.422 (5) 1.154 (4) 0.950
1.440 (4)

1.435 (4) 1.146 (4) 0.950

Table 3.35 Summary of bond distances (Å) observed for TCNQ units in
(DB18C6)K(TCNQ)2
B

A

A

B

(a) Top view of intra-TCNQ dimer (AB)

(b) Side view of intra-TCNQ dimer (AB)

Figure 3.99 Top (a) and side (b) views of TCNQ dimer (AB) in (DB18C6)K(TCNQ)2
(hydrogen atoms are excluded)
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Within the crystal, the TCNQ dimers assemble into infinite columns in which the
individual TCNQ units are assembled in an ABB’A’ motif (see Figure 3.100) in which
dimer neighbours is significantly “diagonally” slipped (see Figure 3.101).

A

B

B’

A’

Figure 3.100 Observation of TCNQ repeating unit in (DB18C6)K(TCNQ)2 (hydrogen
atoms are excluded)

B’

B’
B

B
(a) Top view of inter-dimer neighbours

(b) Side view of inter-dimer neighbours

(BB’)

(BB’)

Figure 3.101 Top (a) and side (b) views of dimer neighbours (BB’) of
(DB18C6)K(TCNQ)2 (hydrogen atoms are excluded)
Figure 3.102 shows the packing pattern of (DB18C6)K(TCNQ)2. TCNQ units are
assembled into infinite face-to-face π-stacks. The cation complex of (DB18C6)K+ form
dimeric structure through K+-π interactions (see Figure 3.103), which is an off-set πstacked geometry oriented in order to minimises the π-π repulsion between nearby
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benzene rings and maximises the π-σ attraction between the σ framework of the inner
edge of the cavity of one DB18C6 with the π electrons of the neighbouring benzene
ring. The ligand of DB18C6 adopts a “butterfly” configuration, which is not
symmetrical. The angle between mean planes of two benzene rings is 127.01°, and these
mean planes form angles of 14.90° and 38.16° with mean plane of six oxygen atoms of
DB18C6.
The dimeric structure of cation complex in (DB18C6)K(TCNQ)2 is similar to that seen
in Zhu et. al. studies274 in which two molecules of [K(DB18C6)]2[Hg(SCN)4] form
dimeric structure through K+-π interactions274. In
[K(DB18C6)]2[Pt(SCN)6].2H2O.C2H4Cl2, DB18C6 adopts a symmetric boat
conformation, further forming dimeric structure in respect to adjacent cation complex
through K+-π interactions275. [K(DB18C6)2.Cu2Cl6] uses K+-π interactions to form
polymeric endless chains276.
The distance between K+ ion and carbon atoms on the mean plane of the phenyl ring of
DB18C6 is 3.076 Å, which are significantly shorter than the corresponding distance of
the comparative complex in Zhu et.al. study274 and indicates that there are stronger K+-π
interactions in (DB18C6)K(TCNQ)2. Consequently, the cation complex of (DB18C6)K+
is situated in the cavity between the TCNQ columns. As seen in Figure 3.102(b), TCNQ
units form separated dimers, which are sited between the crown ether columns. Distance
and angles within the TCNQ stacks are listed in Table 3.36.

(a) Side view of packing pattern

(b) Top view of packing pattern

Figure 3.102 Side (a) and top (b) views of packing pattern within (DB18C6)K(TCNQ)2
(hydrogen atoms are excluded)
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(a) Side view of dimeric structure of

(b) Top view of dimeric structure of cation

cation complex

complex

(c) Side view of packing pattern of

(d) End view of packing pattern of dimeric

dimeric structure of cation complex

structure of cation complex

Figure 3.103 Dimeric structure of cation complex through K+-π interactions in
(DB18C6)K(TCNQ)2 (hydrogen atoms are excluded)
TCNQ units

AB

BB’

π-π perpendicular distance (Å) 3.10 3.37
Distance (Å) 0.012 2.16
Short-axis slip
Angle (°)

0.22 32.66

Distance (Å) 2.15 1.31
Long-axis slip
Angle (°)

34.74 34.74

Centroid-centroid distance (Å) 3.78 4.21
Table 3.36 Distances (Å) and angles (°) within the TCNQ stacks of
(DB18C6)K(TCNQ)2
Within the TCNQ dimer, the individual TCNQ units adopt a shallow boat conformation
in which neighbour –C(CN)2 units are twisted away from each other. The two TCNQ
planes are slightly tilted in respect to each other by ca. 1.32°. From these data, it will be
evident that π-facial overlap between dimer neighbours within a column is not ideal for
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extended π-π delocalisation within the TCNQ column. Figure 3.104 summarises the
various contact distances within the cation complex.

(a) Oxygen atoms (O301-O306) in crown ether unit

(b) Distance (Å) (green labels) between oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels) in DB18C6

(d) K+-O distances (Å) (green labels) in DB18C6
Figure 3.104 Various contact distances (Å) within the cation complex (carbon atoms on
crown ether ring and hydrogen atoms are excluded)
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As viewed in Figure 3.104, the cation complex of (DB18C6)K+ unit adopts a shallow
boat conformation in which the oxygen atoms of O303 and O306 are bent away from
their mean plane (as defined by each set of oxygen atoms). Different O-O distances of
DB18C6 form irregular hexagon geometry as mean side by ca. 2.734 Å. The minimum
and maximum of K+-O distances within the cation complex are 2.701 and 2.784 Å
which are less than those of van der Waals contact (K+-O = 2.85 Å)271 and thus it seems
justifiable to regard the metal cation and the oxygen atoms as being in contact. The
different K+-O distances demonstrate that the position of K+ cation is distorted inside
the cavity of each DB18C6 unit.
3.3.7
3.3.7.1

Preparation of (Dicyc18C6)M(TCNQ)n (M = K, Cs) (n = 2, 3)
(Dicyc18C6)K(TCNQ)3

Reaction of Dicyc18C6 (Dicyclohexano-18-crown-6) with KTCNQ and TCNQ0 (ratio
1:1:1) in dry acetonitrile afforded a reasonable yield (70%) of a pure block of black
crystalline solid which contained single crystals suitable for X-ray structural study
(Combustion Analysis: Calculated: C: 65.67%, H: 4.72%, N: 16.41%. Found: C:
65.85%, H: 4.79%, N: 16.66%). Full details including an account of the structure
solution and refinement are reported in the Experimental Section and the Supporting
Information (in the Appendices) respectively. The crystals obtained were of
(Dicyc18C6)K(TCNQ)3 and the basic unit is shown in Figure 3.105. Bond lengths
within the TCNQ units are summarised in Table 3.37.

A
A’
B

Figure 3.105 Basic unit of (Dicyc18C6)K(TCNQ)3 (hydrogen atoms are excluded)
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As viewed in Figure 3.106, the cation complex of (Dicyc18C6)K+ adopts a chair
conformation (see Figure 3.106) and each K+ ion is coordinated by one crown ether unit
and two nitrile groups on adjacent TCNQ units, which form a dimer with significantly
long axis slippage (see Figure 3.107). The angle of N101-K1-N101 is 180° because the
K+ ion sits on the inversion centre and bonded directly to the N atoms on adjacent
TCNQ units. The centroid-centroid distance between neighbouring K+ ion is 7.961 Å
and the perpendicular distance of K+ ion to an adjacent cation complex mean plane
(defined by a set of oxygen atoms) is 4.255 Å. Therefore, the slip distance in respect to
an adjacent cation complex is ca. 6.728 Å. Consequently, the angle between
cyclohexane best plane and the mean plane of crown ether ring is 62.37°. The chain
configuration of TCNQ…K+…TCNQ unit is similar to that seen in (18C6)K(TCNQ)2.5
and KO8C32H47 277, respectively. In the latter case, the K+ ion is sited at the centre of
symmetry and in the centre cavity of crown ether unit, coordinated by six oxygen atoms.
A chain conformation, linked by the hydrogen atoms, of phenol / phenoxide –
potassium - phenol / phenoxide (K+…O…H…O…K+) is formed in the potassium
phenoxide complex277.

Figure 3.106 An “S” formation of cation complex in (Dicyc18C6)K(TCNQ)3 (hydrogen
atoms are excluded)
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.438 (15)

d

e

f

1.431 (16) 1.150 (16) 0.950

1.359 (15) 1.437 (15) 1.398 (15) 1.430 (15) 1.151 (16) 0.950
TCNQ unit (A)
1.360 (15) 1.438 (15) 1.402 (15) 1.427 (16) 1.150 (16) 0.950
1.436 (15)

1.430 (15) 1.151 (16) 0.950

1.444 (15)

1.437 (16) 1.147 (16) 0.950

1.350 (16) 1.448 (16) 1.381 (16) 1.435 (16) 1.146 (16) 0.950
TCNQ unit (B)
1.350 (16) 1.444 (15) 1.381 (16) 1.437 (16) 1.147 (16) 0.950
1.448 (16)

1.435 (16) 1.146 (16) 0.950

Table 3.37 Summary of bond distances (Å) observed for TCNQ units in
(Dicyc18C6)K(TCNQ)3
In this structure, the K+ ion is coordinated by one crown ether unit and two nitrile
groups on adjacent TCNQ units (see Figure 3.105). The TCNQ units form a dimer
which is significantly long axis slipped (see Figure 3.107). The similarity of the bond
lengths within the two TCNQ units makes it difficult to distinguish between the TCNQ•‒
and TCNQ0 components.
The data in Table 3.37 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. After measuring the c bond lengths in each
TCNQ unit, it seems likely that TCNQ unit (A) has more electron density, which
suggests TCNQ•‒ character. Consequently, the TCNQ unit (B) is less electron negative
density, which suggests TCNQ0 character.
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A
A’
A
A’

(a) Top view of intra-TCNQ dimer

(b) Side view of intra-TCNQ dimer

Figure 3.107 Top (a) and side (b) views of TCNQ dimer in (Dicyc18C6)K(TCNQ)3
(hydrogen atoms are excluded)
Within the TCNQ dimer, the individual TCNQ units adopt a shallow boat conformation
in which neighbouring –C(CN)2 units are twisted away from each other. The two TCNQ
planes are parallel in respect to each other.
Within the crystal, the TCNQ dimers assemble into zig-zag infinite columns in which
the individual TCNQ units are assembled in an AA’BAA’ motif (Figure 3.108) in
which extended dimer neighbours is significantly twisted by ca. 65.75° in respect to
each other (Figure 3.109).
Figure 3.108 shows the packing pattern of (Dicyc18C6)K(TCNQ)3. TCNQ units are
assembled into infinite face-to-face π-stacks, forming infinite columns. Each TCNQ
dimer is separated by one single molecule of TCNQ0 unit. The cation complex of
(Dicyc18C6)K+ is located in the cavity between TCNQ columns.
Distance and angles within the TCNQ dimer are listed in Table 3.38.

198

Chapter 3

A
A’
B
A
A’

(a) Side view of TCNQ repeating units in (Dicyc18C6)K(TCNQ)3

(b) Top view of TCNQ repeating units in (Dicyc18C6)K(TCNQ)3
A
A’

B

A
A’
(c) End view of TCNQ repeating units in (Dicyc18C6)K(TCNQ)3
Figure 3.108 Observation of TCNQ repeating units in (Dicyc18C6)K(TCNQ)3
(hydrogen atoms are excluded)
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A

A

B
B

(a) Top view of twisted TCNQ units

(b) Side view of twisted TCNQ units

Figure 3.109 Top (a) and side (b) views of external dimer neighbours in
(Dicyc18C6)K(TCNQ)3 (hydrogen atoms are excluded)
TCNQ units

TCNQ dimer

π-π perpendicular distance (Å)

3.05

Distance (Å)

0.015

Angle (°)

0.28

Distance (Å)

2.17

Angle (°)

35.43

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

3.74

Table 3.38 Distances (Å) and angles (°) within the TCNQ dimer of
(Dicyc18C6)K(TCNQ)3
From these data, it will be evident that π-facial overlap between dimer neighbouring
within a column is not ideal for extended π-π delocalisation within the column. The two
TCNQ planes are tilted in respect to each other by ca. 4.02°. Figure 3.110 summarises
the various contact distances within the cation complex.
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(a) Oxygen atoms (O301-O303, O301’-O303’) on crown ether unit

(b) Distance (Å) (green labels) between oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels) in (Dicyc18C6)K+

(d) K+-O and K+-N distances (Å) (orange and light green labels) in (Dicyc18C6)K+
Figure 3.110 Various contact distances (Å) within the cation complex (carbon atoms on
crown ether ring and hydrogen atoms are excluded)
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As viewed in Figure 3.110, the ligating oxygen atoms are sitting above and below their
mean plane (as defined by each set of oxygen atoms) forming irregular hexagon
geometry with mean side by ca. 2.815 Å. The average K+-O distance by ca. 2.803 Å,
which is less than those of van der Waals contact (K+-O = 2.85 Å)271 and thus it seems
justifiable to regard the metal cations and the oxygen atoms as being in contact. The
different K+-O distances in Dicyc18C6 demonstrate that the K+ cation is distorted inside
the cavity of crown ether unit. The distance of K1-N101 is 2.968 Å, which is slightly
longer than the sum of the van der Waals’ radii (K+-N = 2.88 Å)269,271.
3.3.7.2

(Dicyc18C6)Cs(TCNQ)2

Reaction of Dicyc18C6 with Cs2(TCNQ)3 and TCNQ0 (ratio 2:1:2) in dry acetonitrile
afforded a reasonable yield (57%) of a plate of dark blue crystalline solid which
contained single crystals suitable for X-ray structural study (combustion data is
awaited). Full details including an account of the structure solution and refinement are
reported in the Experimental Section and the Supporting Information (in the
Appendices) respectively. The crystals obtained were of (Dicyc18C6)Cs(TCNQ)2 and
the basic unit is shown in Figure 3.111. Bond lengths within the TCNQ units are
summarised in Table 3.39.

A
B

Figure 3.111 Basic unit of (Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms are excluded)
As seen in Figure 3.112, the cation complex of (Dicyc18C6)Cs+ adopts a chair
conformation and each Cs+ ion is coordinated by one crown ether unit and two nitrile
groups on adjacent TCNQ units, which form a dimer with significantly long axis
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slippage (see Figure 3.113). Consequently, because of the Cs+-N coordination, each Cs+
ion is located 1.333 Å above the cavity of crown ether unit. The centroid-centroid
distance between Cs+ ions is 8.270 Å and the perpendicular distance of Cs+ ion to
adjacent cation complex mean plane (defined by a set of oxygen atoms) is 5.829 Å.
Therefore, the slip distance in respect to neighbouring cation complex is by ca. 6.941 Å.
Two cyclohexane rings are not parallel in respect to each other, with the angles between
cyclohexane plane and the crown ether mean plane (defined by a set of oxygen atoms)
are 61.27° and 65.08°, respectively. The tilt angle between two cyclohexane planes on
each end of ligand is 5.31° (see Figure 3.112).

(a) A “S” configuration of cation complex in (DiCyc18C6)Cs(TCNQ)2

(b) Angle description in cation complex (Dicyc18C6)Cs+
Figure 3.112 Geometry of cation complex in (Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms
are excluded)
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H

H

N

a

C

e N

f

C

b

d
c

C
N

C
H

H

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.456 (12)

d

e

f

1.436 (13) 1.145 (13) 0.952

1.355 (13) 1.435 (12) 1.393 (13) 1.446 (13) 1.169 (14) 0.951
TCNQ unit (A)
1.365 (14) 1.441 (13) 1.406 (13) 1.422 (13) 1.141 (13) 0.948
1.429 (13)

1.445 (12) 1.169 (14) 0.950

1.454 (13)

1.448 (13) 1.150 (13) 0.948

1.369 (14) 1.427 (13) 1.387 (13) 1.431 (13) 1.168 (14) 0.951
TCNQ unit (B)
1.361 (15) 1.448 (13) 1.398 (14) 1.425 (14) 1.160 (14) 0.948
1.436 (14)

1.452 (14) 1.159 (15) 0.950

Table 3.39 Summary of bond distances (Å) observed for TCNQ units in
(Dicyc18C6)Cs(TCNQ)2
In this structure, the Cs+ ion is coordinated by one crown ether unit and two nitrile
groups on adjacent TCNQ units, which can be regarded as inter-dimer neighbours. The
TCNQ units form a dimer which is diagonally slipped with both significant long and
short axis slip (see Figure 3.113). The similarity of the bond lengths within the two
TCNQ units makes it difficult to distinguish between the TCNQ•‒ and TCNQ0
components.
The data in Table 3.39 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. For both components A and B, the distribution
of bond lengths is intermediate between these reported for TCNQ0 and TCNQ•‒
respectively213.

204

Chapter 3

(b) Side view of intra-TCNQ dimer

(a) Top view of an intra-TCNQ dimer

geometry

Figure 3.113 Top (a) and side (b) views of TCNQ dimer in (Dicyc18C6)Cs(TCNQ)2
(hydrogen atoms are excluded)
Within the TCNQ dimer (see Figure 3.113), the individual TCNQ units adopt a shallow
boat conformation in which neighbouring –C(CN)2 units are twisted away from each
other. The two TCNQ planes are slightly tilted in respect to each other by ca. 3.26°.
Within the crystal, the TCNQ dimers assemble into infinite columns in which the
individual TCNQ units are assembled in an ABB’A’ motif (Figure 3.115) and in which
dimer neighbours are significantly “diagonally” slipped (Figure 3.116) and tilted in
respect to each other by ca. 11.97°.
In (Dicyc18C6)Cs(TCNQ)2, both intra-TCNQ dimer and inter-TCNQ dimer neighbours
are diagonally slipped (Figure 3.113 and Figure 3.116). Each pair of TCNQ dimer
neighbours, which has a significantly tilt angle in respect to each other, is coordinated to
Cs+ ion (see Figure 3.111). Consequently, dimer pairs of TCNQ units form infinite
zigzag columns as viewed in Figure 3.114. Neighbouring TCNQ columns are twisted
70.15° in respect to each other. Consequently, the reason for forming a wave-like
infinite TCNQ column is because there is no extra space to fit in the terminal part of
cyclohexane group, which will “push” TCNQ units up and down. Distances and angles
within the TCNQ stacks are summarised in Table 3.40.
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(a) A side view of TCNQ infinite column

(b) A top view of TCNQ infinite column

Figure 3.114 A wave-like configuration of TCNQ infinite column in
(Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms are excluded)

(a) Side view of TCNQ repeating units in (Dicyc18C6)Cs(TCNQ)2

(b) End view of TCNQ repeating units in (Dicyc18C6)Cs(TCNQ)2
Figure 3.115 Observation of TCNQ repeating units in (Dicyc18C6)Cs(TCNQ)2
(hydrogen atoms are excluded)
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(a) Top view of inter-dimer neighbours

(b) Side view of inter-dimer neighbours

Figure 3.116 Top (a) and side (b) views of dimer neighbours in
(Dicyc18C6)Cs(TCNQ)2 (hydrogen atoms are excluded)
TCNQ units

TCNQ dimer TCNQ dimer neighbours

π-π perpendicular distance (Å)

3.20

3.61

Distance (Å)

0.51

1.66

Angle (°)

9.06

24.69

Distance (Å)

1.96

1.79

Angle (°)

31.49

26.37

3.78

4.36

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.40 Distances (Å) and angles (°) within the TCNQ stacks of
(Dicyc18C6)Cs(TCNQ)2
In (DC18C6)Cs(TCNQ)2, each TCNQ unit is coordinated to one metal ion.
Consequently, each TCNQ unit assembles into infinite columns containing pairs of
TCNQ dimers, which can be regarded as dimers since they are closely face-to-face πstack. Each Cs+ cation is coordinated to two nitrogen atoms from cyano groups on
adjacent TCNQ units and one crown ether unit. The cation complex of (Dicyc18C6)Cs+
lies in the channels between the TCNQ stacks (see Figure 3.114). Each TCNQ unit
coordinates to one metal to form a dimer similar to that seen for (15C5)LiTCNQ but, in
contrast with the behaviour described above for (15C5)LiTCNQ, in
(Dicyc18C6)Cs(TCNQ)2 each metal cation is coordinated by two TCNQ units and both
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of the intra-TCNQ dimer and inter-TCNQ dimer neighbours are diagonally slipped.
Figure 3.117 summarises the various contact distances within the cation complex of
(Dicyc18C6)Cs(TCNQ)2.

(a) Oxygen (O301-O306) and nitrogen (N101 and N201) atoms in crown ether unit

(b) Distance (Å) (green labels) between oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels) in Dicyc18C6

(d) Cs+-O distances (Å) (green labels) in Dicyc18C6

Figure 3.117 Various contact distances (Å) within the cation complex (carbon, except
for the TCNQ and cyclohexane, and hydrogen atoms are excluded)
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As viewed in Figure 3.117, the ligating oxygen atoms form irregular hexagon geometry
of mean side by ca. 2.824 Å. The minimum and maximum of Cs+-O distances are 2.992
and 3.216 Å respectively. The different Cs+-O distances demonstrate that the Cs+ cation
is in a distorted environment above the cavity of the crown ether unit. All of the
distances of Cs+-O are less than that for van der Waals’ contact (Cs+-O = 3.42 Å)269,270
and thus it seems justifiable to regard the metal cations and the oxygen atoms as being
in contact in respect to each other.
3.3.8

Preparation of (C222)K(TCNQ)2.5

In previous attempts to prepare this complex only crystals of (2.2.2)KDCTC were
obtained55. However, in the present study, reaction of C222 (2.2.2-Cryptand) and
KTCNQ with TCNQ0 in dry acetonitrile (1:1:1) (using the crown ether: salt ratio 1:2)
gave a fair yield (49%) of a very pure black crystalline solid (Combustion Analysis:
Calculated: C: 62.25%, H: 5.01%, N: 18.15%. Found: C: 62.18%, H: 5.02%, N:
18.06%). These crystals proved to be single and of a quality suitable for an X-ray
structural study. Full details including an account of the structure solution and
refinement are reported in the Experimental Section and the Supporting Information (in
the Appendices) respectively. The crystals obtained were of (C222)K(TCNQ)2.5 and the
basic unit is shown in Figure 3.118.

A

B

C

Figure 3.118 Basic unit of (C222)K(TCNQ)2.5 (hydrogen atoms are excluded)
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Bond lengths within the TCNQ units are summarised in Table 3.41.
H

H

N

a

C

e N

f

C

b

d
c

C

C
H

H

N

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.433 (5)

d

e

f

1.440 (5) 1.157 (5) 0.949

1.361 (5) 1.447 (5) 1.413 (5) 1.432 (5) 1.160 (5) 0.951
TCNQ unit (A)
1.359 (5) 1.441 (5) 1.405 (5) 1.432 (6) 1.169 (5) 0.950
1.439 (5)

1.436 (5) 1.162 (5) 0.951

1.449 (5)

1.444 (5) 1.149 (5) 0.950

1.357 (5) 1.446 (5) 1.385 (5) 1.452 (5) 1.156 (5) 0.951
TCNQ unit (B)
1.357 (5) 1.449 (5) 1.385 (5) 1.444 (5) 1.149 (5) 0.950
1.446 (5)

1.452 (5) 1.156 (5) 0.951

1.446 (5)

1.441 (6) 1.155 (5) 0.950

1.362 (5) 1.440 (5) 1.392 (5) 1.444 (5) 1.157 (5) 0.951
TCNQ unit (C)
1.358 (5) 1.449 (5) 1.383 (5) 1.441 (6) 1.160 (5) 0.950
1.449 (5)

1.446 (5) 1.159 (5) 0.951

Table 3.41 Summary of bond lengths (Å) observed for TCNQ units in
(C222)K(TCNQ)2.5
In this structure, the K+ ion is bound within the cryptand cavity preventing direct
contact with the TCNQ units. The TCNQ units form a pentamer, in which they are all πstacked long-axis slipped alternately up and down thereby forming a wave-like motif
(see Figure 3.119).
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B

C

C’

A

A’

Figure 3.119 Space-fill of TCNQ pentamer stack in (C222)K(TCNQ)2.5 (hydrogen
atoms are excluded)
The data in Table 3.41 suggest that all of the TCNQ units have some quinonoidal
character because bond length “a” is less than “b”. In TCNQ pentamer, after measuring
the c bond lengths in each TCNQ unit, it seems reasonable to regard both red and green
TCNQ units as having lower electron density, which suggests the assignment of TCNQ0
character. Consequently, the blue TCNQ units are more electron rich suggesting
TCNQ•‒ character. Therefore, TCNQ units form mixed stacks, which is TCNQ0TCNQ•‒- TCNQ0- TCNQ•‒- TCNQ0 configuration as viewed in the TCNQ pentamer
stack, in which two electrons are delocalised over the five TCNQ units but more
negative charge density appears to reside on second and fourth TCNQ units (blue ones)
based on c bond lengths. Figure 3.120 shows top and side views of individual TCNQ
units within and outside the TCNQ pentamer.
Within the crystal structure of (C222)K(TCNQ)2.5, the TCNQ pentamer can assemble
into infinite columns (see Figure 3.121). There are more TCNQ units than K+ and C222,
which results in a wave-like pattern in the TCNQ column in order to create the cavity in
which to fit the cation complex (C222)K+. The packing pattern is probably purely steric
because there is no direct association between K+ ion and nitrogen atoms from adjacent
TCNQ units.
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(a) Top view of inter-pentamer neighbours (b) Side view of inter-pentamer neighbours

C

C

A

A
(c) Top view of intra-TCNQ dimer (CA)

(d) Side view of intra-TCNQ dimer (CA)

B

B

A

A
(e) Top view of intra-TCNQ dimer (AB)

(f) Side view of intra-TCNQ dimer (AB)

Figure 3.120 Top (a/c/e) and side (b/d/f) views of TCNQ units in (C222)K(TCNQ)2.5
(hydrogen atoms are excluded)
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Within the CA and AB dimer, the individual TCNQ units adopt a shallow boat
conformation in which neighbouring –C(CN)2 units are twisted away from each other.
The two TCNQ planes are slightly tilted in respect to each other by ca. 4.40° in CA
dimer and 1.93° in AB dimer respectively.

(b) Packing side view of neighbouring

(a) Three pentamers π-stacked

TCNQ columns

(c) Side view of pentamers TCNQ column

(d) End view of pentamers TCNQ column
Figure 3.121 Views of pentamers geometry and packing pattern in TCNQ column
(hydrogen atoms are excluded)
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As viewed in Figure 3.121, the X-ray structural studies reveal that this is a 2:5
(C222)K(TCNQ)2.5 complex. It consists of two cation complexes K+(C222) together
with three TCNQ0 and two TCNQ•‒ units. The K(TCNQ)2.5 and C222 can form
alternating stacks as viewed in packing diagram. The TCNQ units are assembled into
infinite π-π stacks, which are lying between two layers of (C222)K+ cation complexes.
A side view of the TCNQ units reveals a wave-like pattern of infinite stack with longaxis slippage between adjacent TCNQ units. The cation complexes of (C222)K+ sit in
the cavities formed between the TCNQ columns. Distance and angles within the TCNQ
stacks are summarised in Table 3.42.
TCNQ units

CA

AB Inter-pentamer neighbours

π-π perpendicular distance (Å)

3.12

3.27

3.00

Distance (Å)

0.15

0.38

3.68

Angle (°)

2.71

6.64

50.78

Distance (Å)

1.95

1.96

2.45

31.80 30.96

39.19

3.70

5.34

Short-axis slip

Long-axis slip
Angle (°)
Centroid-centroid distance (Å)

3.83

Table 3.42 Distances (Å) and angles (°) within the TCNQ stacks of (C222)K(TCNQ)2.
From these data, it will be evident that π-facial overlap between inter-pentamer
neighbours within a column is not ideal for extended π-π delocalisation within the
column. Figure 3.122 shows K+-N and K+-O distances in (C222)K(TCNQ)2.5.

Figure 3.122 K+-N and K+-O distances (Å) (green labels) in (C222)K(TCNQ)2.5 (carbon
and hydrogen atoms are excluded)
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Each K+ cation is coordinated with six oxygen atoms and two nitrogen atoms on one
crown ether unit as viewed in Figure 3.122. Not all of the K+-O distances in
(C222)K(TCNQ)2.5 are equal, which indicates that the K+ cation is distorted inside the
cavity of cryptand. Two K+-N distances, which are 2.989 and 3.009 Å respectively, are
slightly longer than the sum of the van der Waals’ radii (K+-N = 2.88 Å)269,271 and thus
it seems justifiable to regard the metal cation and the nitrogen atoms as not being
directly co-ordinated.
3.3.9

Conclusion

It seems that simple ionophore-MTCNQ salts will form if the cavity of crown ether is
comparable to the size of the metal ion. Consequently, a sandwich configuration, in
which each metal ion will be coordinated by two molecules of crown ether, will be
formed if the size of the metal ion is larger than the cavity of crown ether.
Using LiTCNQ, complexes of (12C4)2LiTCNQ, (12C4)2Li(TCNQ)2 , (15C5)LiTCNQ,
(15C5)Li(TCNQ)2.H2O and (B15C5)LiTCNQ.H2O have been synthesised. In
(12C4)2LiTCNQ, neighbouring TCNQ•‒ units are twisted (25.94°) in respect to each
other in TCNQ•‒ column. After adding in another molar equivalent of TCNQ0,
neighbouring TCNQ units are no longer twisted, but because of the similarity of the c
bond length within each TCNQ units, it is hard to distinguish between TCNQ0 and
TCNQ•‒, which suggests that the electrons are delocalised between the TCNQ units. In
(15C5)LiTCNQ, the Li+ ion can fit into the cavity of crown ether and is coordinated by
one adjacent TCNQ•‒ unit. Consequently, the TCNQ•‒ units form infinite columns made
up of pairs of TCNQ•‒ dimers. Meanwhile, in (15C5)Li(TCNQ)2.H2O, the Li+ ion is
coordinated by one H2O molecule instead of either TCNQ0 or TCNQ•‒. The similarity
of c bond lengths make it difficult to distinguish between TCNQ0 and TCNQ•‒, which
indicates the electrons are delocalised between the TCNQ units. In
(B15C5)LiTCNQ.H2O, the Li+ ion is coordinated to one H2O molecule and there is no
direct coordination between the TCNQ•‒ units. However, a CN…H hydrogen bond is
formed between H2O molecule and adjacent nitrile group on the TCNQ•‒ unit. Each
TCNQ•‒ column is made up of pairs of TCNQ•‒ dimers with cation complex of
(B15C5)Li+.H2O sitting in the cavity between the TCNQ•‒columns.
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Using NaTCNQ, in this study, complexes of (12C4)2NaTCNQ, (12C4)2Na(TCNQ)2,
(15C5)NaTCNQ, (15C5)Na(TCNQ)2.H2O and (18C6)Na(TCNQ)2.2H2O have been
isolated and characterised. The size of Na+ matches that of the cavity in 15C5 very well
but is larger than that of 12C4, which results in formation of a sandwich complex, and is
smaller than the cavity of 18C6, in which the Na+ ion is found to be disordered.
(12C4)2NaTCNQ is iso-structural with (12C4)2LiTCNQ, in which adjacent TCNQ•‒
units are twisted (25.96°) in respect to each other in TCNQ•‒ column. After mixing with
TCNQ0, dimer pairs of TCNQ units form columns with cation complex of (12C4)2Na+
sitting in the channels between the TCNQ columns; neighbouring TCNQ units are not
twisted in respect to each other. The electrons appear to be delocalised within TCNQ
columns because it is difficult to distinguish between the components TCNQ0 and
TCNQ•‒ based on the corresponding c bond lengths. (15C5)NaTCNQ is iso-structural
with (15C5)LiTCNQ. However, two cyano groups are associated with the Na+ ion
instead of one for the corresponding lithium salt. In (15C5)Na(TCNQ)2.H2O, each Na+
ion is directly coordinated to one H2O molecule instead of TCNQ0 or TCNQ•‒.
Consequently, TCNQ units form separated tetramer, which is made up of two pairs of
isolated TCNQ dimers as the repeating units instead of an infinite column. A CN…H
hydrogen bond is formed between a hydrogen atom from H2O molecule and a nitrogen
atom from adjacent TCNQ unit. Similarly, in (15C5)Li(TCNQ)2.H2O, the electrons are
delocalised within TCNQ dimer because it is hard to distinguish the components of
TCNQ0 and TCNQ•‒ based on c bond lengths. In (18C6)Na(TCNQ)2.2H2O each Na+
ion is disordered inside the cavity of 18C6, the H2O molecules contribute to the
coordination sphere around the Na+ ion. Each TCNQ column is made up of a TCNQ
dimer with cation complex (18C6)Na+.2H2O fitting in the channels between the TCNQ
columns. Consequently, a CN…H hydrogen bond is formed between each H2O molecule
and adjacent cyano group.
For K+ ion salts in this study, complexes of (12C4)2K(TCNQ)2, (18C6)KTCNQ,
(18C6)K(TCNQ)2.5, (B18C6)K(TCNQ)2, (DB18C6)K(TCNQ)2,
(Dicyc18C6)K(TCNQ)3 and (C222)K(TCNQ)2.5 have been synthesised. The K+ ion can
fit into the cavity of 18C6, B18C6, DB18C6, Dicyc18C6 and C222 but is larger than the
cavity of 12C4 and 15C5, and forms a sandwich complex in (12C4)2K(TCNQ)2 and
(15C5)2KTCNQ107,131, respectively. In (12C4)2K(TCNQ)2, dimer pairs of TCNQ units
form infinite columns with cation complex (12C4)2K+ sitting in the cavity between
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TCNQ columns. The electrons are delocalised between TCNQ units because it is
difficult to distinguish the components TCNQ0 and TCNQ•‒ from the corresponding
bond lengths. In (18C6)KTCNQ131, each K+ ion is coordinated to two neighbouring
TCNQ•‒ units, and assembles into a brickwork structure of TCNQ•‒ dimers associated
with the metal-crown ether units. In both (18C6)K(TCNQ)2.5 and (C222)K(TCNQ)2.5,
TCNQ units form pentamer as the repeating unit, which assembles into infinite columns
with the corresponding cation complex (18C6)K+ or (C222)K+ sitting in the cavity
between TCNQ columns. Within the TCNQ pentamer, TCNQ units prefer to form
mixed stacks, in which the average negative charge on the five TCNQ units is -0.4
electrons. The difference between these two TCNQ salts is that the packing pattern of
neighbouring pentamer units in (18C6)K(TCNQ)2.5 have dimer character with
significant short-axis slip in respect to each other. In both (B18C6)K(TCNQ)2 and
(DB18C6)K(TCNQ)2, neighbouring cation complexes forms a K+-π associated dimer
structure of [(B18C6)K+]2 and [(DB18C6)K+]2, respectively. The associated TCNQ
units form dimers, which are assembled into infinite columns with the corresponding
cation complexes sitting in the cavity between TCNQ columns. The electrons are
delocalised within TCNQ units because it is difficult to distinguish TCNQ0 and TCNQ•‒
from the corresponding bond lengths. In (Dicyc18C6)K(TCNQ)3, each K+ ion is
coordinated by one crown ether and two nitrile groups on adjacent TCNQ units. In the
TCNQ repeating motif, each pair of TCNQ dimers is separated by an isolated TCNQ
unit thereby forming infinite TCNQ columns. The cation complex of (Dicyc18C6)K+ is
sitting in the cavity between TCNQ columns.
For the Cs+ salts prepared in this study, complexes of (18C6)Cs(TCNQ)2 and
(B15C5)2Cs(TCNQ)3 have been synthesised. In both of these, TCNQ units form a
trimer as the repeating unit, which can be assembled into an infinite column with the
corresponding cation complexes sitting in the cavity between TCNQ columns. In the
TCNQ trimer, TCNQ units prefer to form mixed stacks as indicated by the
corresponding c bond lengths.
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3.4

Ionophore Encapsulated MTCNQ Salts (M = Rb)

In a parallel study, it had been decided to prepare a significant number of RbTCNQ
complexes to provide a useful data set for one particular metal ion. Complexes of
(12C4)Rb(TCNQ)1.5, (15C5)2RbTCNQ, (18C6)Rb(TCNQ)2, (DB18C6)RbTCNQ,
(DC18C6)Rb(TCNQ)3 and (C222)Rb(TCNQ)2.5 will be described together with the
preparative method used and an analysis of the crystal structures obtained.
3.4.1

Preparation of (12C4)Rb(TCNQ)1.5

Reaction of 12C4 with Rb2(TCNQ)3 (ratio 4:1) in dry acetonitrile afforded a yield
(23%) of a plate of blue crystalline solid which contained single crystals suitable for Xray structural study (combustion data is awaited). Full details including an account of
the structure solution and refinement are reported in the Experimental Section and the
Supporting Information (in the Appendices) respectively. The crystals obtained were of
(12C4)Rb(TCNQ)1.5 and the core unit being shown in Figure 3.123.

B
A

Figure 3.123 Core unit of (12C4)Rb(TCNQ)1.5 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.43. In this structure, the
Rb+ ion is coordinated by four oxygen atoms from 12C4 and four nitrogen atoms from
adjacent TCNQ units. The TCNQ units form a dimer which is significantly short-axis
slipped (see Figure 3.124). Figure 3.125 shows the TCNQ dimer geometries in
(12C4)Rb(TCNQ)1.5 exhibiting short-axis slip and distortion from planarity.
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.442 (5)

d

e

f

1.445 (5) 1.146 (5) 0.949

1.354 (5) 1.446 (5) 1.377 (5) 1.443 (4) 1.140 (4) 0.950
TCNQ unit (A)
1.354 (5) 1.442 (5) 1.377 (5) 1.445 (5) 1.146 (5) 0.949
1.446 (5)

1.443 (4) 1.140 (4) 0.950

1.435 (4)

1.421 (5) 1.157 (5) 0.950

1.374 (5) 1.425 (5) 1.417 (5) 1.425 (5) 1.156 (5) 0.950
TCNQ unit (B)
1.363 (5) 1.423 (5) 1.425 (5) 1.420 (5) 1.154 (5) 0.951
1.422 (4)

1.417 (5) 1.154 (5) 0.950

Table 3.43 Summary of bond lengths (Å) observed for TCNQ units in
(12C4)Rb(TCNQ)1.5
The data in Table 3.43 suggest that both TCNQ units (A and B) have some quinonoidal
character because bond length “a” is less than “b”. After measuring the c bond lengths
in each TCNQ unit, it seems that TCNQ unit (A) has less electron density, which
suggests the assignment of TCNQ0 character. Consequently, TCNQ unit (B) is more
electron rich, which supports the assignment of TCNQ•‒ character. Neighbouring TCNQ
dimers are separated by an isolated TCNQ unit, and form a ladder array with significant
long-axis slippage as viewed in Figure 3.126.
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(a) Top view of TCNQ dimer

(b) Side view of TCNQ dimer

Figure 3.124 Top (a) and side (b) views of TCNQ dimer in (12C4)Rb(TCNQ)1.5
(hydrogen atoms are excluded)

(a) TCNQ dimer overlap

(b) TCNQ dimer conformation

Figure 3.125 TCNQ dimers geometries in (12C4)Rb(TCNQ)1.5 (hydrogen atoms are
excluded)
Figure 3.126 shows the packing pattern of the TCNQ dimers in (12C4)Rb(TCNQ)1.5. As
viewed in Figure 3.126, the packing pattern of (12C4)Rb(TCNQ)1.5 can be regarded as
forming a polymeric chain, in which each Rb+ ion is coordinated to one crown ether unit
and four adjacent TCNQ units. The resulting cation complex of (12C4)Rb+ is located at
both ends of TCNQ dimer sheet. Because the size of the Rb+ ion is much larger than the
cavity of 12C4, four surrounding nitrogen atoms compensate in the coordination sphere
of the Rb+ ion. Within each TCNQ dimer, the individual TCNQ mean planes (as defined
by benzene ring) are parallel and have equal π-π perpendicular distances in respect to
adjacent TCNQ units. The TCNQ dimer here refers to two TCNQ units which are
closely face-to-face π-stacked and short-axis slipped, further forming an infinite sheet as
viewed in the overall packing pattern of (12C4)Rb(TCNQ)1.5. Each TCNQ unit adopts a
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planar paddle geometry, in which both ends of –C(CN)2 groups are tilted by ca. 5.16°
and 6.16° in respect to the central benzene ring. Consequently, each pair of TCNQ
dimer is separated by an isolated TCNQ unit with significant long-axis slip. The extra
volume of the additional TCNQ molecule changes the packing motif in
(12C4)Rb(TCNQ)1.5 compared to the brickwork packing pattern seen in
(18C6)RbTCNQ (ref code: SEKZAJ)272. In the latter, each Rb+ ion is coordinated to
two adjacent TCNQ•‒ units and results in a brickwork motif of TCNQ•‒ dimers bounded
by the cation complexes, neighbouring TCNQ•‒ columns forming a herringbone packing
pattern272.

(a) Top view of packing pattern of

(b) Side view of packing pattern of TCNQ•‒

TCNQ•‒ dimer

dimer

Figure 3.126 Top (a) and side (b) views of packing pattern of TCNQ•‒ dimer in
(12C4)Rb(TCNQ)1.5 (hydrogen atoms are excluded)
Distances and angles within the TCNQ stacks are summarised in Table 3.44.
TCNQ units

TCNQ dimer

π-π perpendicular distance (Å)

3.15

Distance (Å)

0.89

Angle (°)

15.77

Distance (Å)

0.039

Angle (°)

0.71

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

3.28

Table 3.44 Distances (Å) and angles (°) within the TCNQ stacks of (12C4)Rb(TCNQ)1.5
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Figure 3.127 summarises the various contact distances within the cation complex of
(12C4)Rb(TCNQ)1.5.
0.025

0.025

0.024

0.026

(a) Oxygen (O301-O304) and nitrogen

0.010
0.010
0.010
(b) Distance (Å) (black and purple labels)

(N201-N204) atoms

between atoms and their mean planes

0.010

(c) O-O and N-N distances (Å) (purple and (d) Rb+-O and Rb+-N distances (Å) (green
black labels) in 12C4

and yellow labels) in 12C4

Figure 3.127 Various contact distances (Å) within the cation complex of
(12C4)Rb(TCNQ)1.5 (carbon and hydrogen atoms are excluded)
As viewed in Figure 3.127, all of the four oxygen atoms are sitting exactly on their
mean plane (as defined by each set of oxygen atoms). Each set of four oxygen atoms
forms an irregular quadrilateral geometry of mean side by ca. 2.840 Å. Not all of the
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Rb+-O distances are equal, and the Rb+ cation is distorted above the cavity of the crown
ether unit. Consequently, each set of four nitrogen atoms forms an irregular rectangular
geometry of mean side ca. 3.807 Å. The average distance of Rb+-N is by ca. 3.035 Å,
which is slightly shorter than the corresponding bond length in (18C6)RbTCNQ (3.037
Å)272.
3.4.2

Preparation of (15C5)2RbTCNQ

Reaction of 15C5 with Rb2(TCNQ)3 and TCNQ0 (ratio 4:1:2) in dry acetonitrile
afforded a yield (14%) of a dark blue crystalline solid which contained single crystals
suitable for X-ray structural study (combustion data is awaited). The product after
reaction is a mixture of dark blue and bright yellow crystalline solids. The former is the
single crystal sample of (15C5)2RbTCNQ but the latter is TCNQ0. Full details including
an account of the structure solution and refinement are reported in the Experimental
Section and the Supporting Information (in the Appendices) respectively. The crystals
obtained were of (15C5)2RbTCNQ and the core unit is shown in Figure 3.128. Bond
lengths within the TCNQ units are summarised in Table 3.45.

Figure 3.128 Core unit of (15C5)2RbTCNQ (hydrogen atoms are excluded)
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(a) Definition of the bond lengths within the TCNQ•‒ molecule
Bond lengths (Å)
Structure
a

b

c

1.417 (3)
TCNQ•‒ unit

d

e

f

1.429 (3) 1.149 (3) 0.950

1.370 (3) 1.433 (3) 1.426 (3) 1.420 (4) 1.155 (3) 0.950
1.372 (3) 1.425 (3) 1.418 (3) 1.430 (3) 1.149 (3) 0.950
1.423 (3)

1.418 (4) 1.156 (3) 0.950

Table 3.45 Summary of bond lengths (Å) observed for TCNQ•‒ units in
(15C5)2RbTCNQ
In this structure, the Rb+ ion is sandwiched between two crown ether units. The TCNQ•‒
units form a dimer which is significantly short axis slipped and not directly co-ordinated
to the Rb+ ion (see Figure 3.129).

(a) Top view of TCNQ•‒ dimer

(b) Side view of TCNQ•‒ dimer
Figure 3.129 Top (a) and side (b) views of TCNQ•‒ dimer in (15C5)2RbTCNQ
(hydrogen atoms are excluded)
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As viewed in Figure 3.129, the packing pattern of (15C5)2RbTCNQ is similar to that
seen in (15C5)2KTCNQ (ref code: TETYOG)107. In the latter, each K+ ion is
encapsulated by two molecules of crown ether units. The presence of the ionophore of
15C5 inhibits direct cation-anion interactions and gives an architecture, in which each
pair of TCNQ•‒ dimer is isolated from other TCNQ•‒ dimers. Consequently, each pair of
TCNQ•‒ dimers is horizontal face-to-face π-stacked between two cation complexes of
(15C5)2K+. In contrast, in (15C5)2RbTCNQ, there are sheets of TCNQ dimer units
separated by sheets of cation complexes (see Figure 3.129)107.
The data in Table 3.45 suggest that TCNQ•‒ units have some quinonoidal character
because bond length “a” is less than “b”. The distribution of bond lengths is the same as
those reported for TCNQ•‒ 213. In (15C5)2KTCNQ, the TCNQ units are of course
TCNQ•‒ and in that case the c bond lengths values which compare well with those in the
present structure107.
Figure 3.130 shows top and side views of the packing pattern of (15C5)2RbTCNQ.
TCNQ•‒ and (15C5)2Rb+ form 1:1 alternating stacks. The ‘sandwich’ nature of the
cation complex prevents the TCNQ•‒ unit directly coordinating to the metal cation.
Surprisingly, the extra TCNQ0 [present in the reaction mixture because of the use of
Rb2(TCNQ)3] does not participate in the reaction as shown by the crystal structure
studies of this complex. Individual TCNQ•‒ units lie parallel in respect to each other
within each TCNQ•‒ dimer. Consequently, the TCNQ•‒ forms separated dimers with
equal π-π perpendicular distance between adjacent TCNQ•‒ units, which are closely
face-to-face π contact and short-axis slipped. The TCNQ•‒ dimers assemble into infinite
parallel sheets as viewed in Figure 3.130(a). Therefore, there is no direct interaction
between adjacent pairs of TCNQ•‒ dimers. Within a TCNQ•‒ dimer, each TCNQ•‒ unit
adopts a shallow paddle conformation, in which the cyano groups on adjacent TCNQ•‒
units are pushed away from each other. Figure 3.131 shows the TCNQ•‒ dimer geometry
and the extent of the short-axis slip.
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(a) Side view of the packing pattern of (15C5)2RbTCNQ
(Yellow area represents the TCNQ•‒ dimer)

(b) Top view of the packing pattern of (15C5)2RbTCNQ

(c) End view of the packing pattern of (15C5)2RbTCNQ
Figure 3.130 Side (a), top (b) and end (c) views of the infinite layers of
(15C5)2RbTCNQ (hydrogen atoms are excluded)
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(a) TCNQ•‒ dimer overlap

(b) TCNQ•‒ dimer conformation

Figure 3.131 TCNQ•‒ dimers geometries in (15C5)2RbTCNQ (hydrogen atoms are
excluded)
Distance and angles within the TCNQ stacks are summarised in Table 3.46.
TCNQ•‒ units

TCNQ•‒ dimer

π-π perpendicular distance (Å)

3.07

Distance (Å)

1.25

Angle (°)

22.11

Distance (Å)

0.0095

Angle (°)

0.18

Centroid-centroid distance (Å)

3.31

Short-axis slip

Long-axis slip

Table 3.46 Distances (Å) and angles (°) within the TCNQ•‒ stacks of (15C5)2RbTCNQ
Figure 3.132 summarises the various contact distances within the cation complex. The
ligating oxygen atoms lay above and below their mean plane (as defined by each set of
oxygen atoms) to form irregular pentagon geometry of mean side by ca. 2.865 (red) and
2.866 Å (blue), respectively. Not all of the Rb+-O distances in the complex of
(15C5)2RbTCNQ are equal but range between 2.938 and 3.119 Å respectively, which
demonstrates that the Rb+ cation is distorted above the cavity of crown ether unit.
Consequently, two crown ether mean planes (defined by a set of oxygen atoms) are
tilted in respect to each other by ca. 8.66° as viewed in Figure 3.132(b). Compared with
the case in (15C5)2KTCNQ107, where each set of five oxygen atoms form irregular
pentagon geometry of mean side by ca. 2.903 and 2.937 Å, which is longer than the
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corresponding data in (15C5)2RbTCNQ. Not all of the K+-O distances in
(15C5)2KTCNQ are equal but range between 2.815 and 3.204 Å. Consequently, two
crown ether mean planes (as defined by a set of oxygen atoms) are tilted in respect to
each other by ca. 3.77°, which is smaller than the case in (15C5)2RbTCNQ.

(a) Two vertical lines of oxygen atoms

(b) Distance (Å) (green labels) between sets

(O201-O205, O301-O305)

of oxygen atoms from their mean plane

3.016

(c) O-O distances (Å) (purple and black

(d) Rb+-O distances (Å) (light green and

labels) in 15C5

yellow labels) in 15C5

Figure 3.132 Various contact distances (Å) within the cation complex of
(15C5)2RbTCNQ (carbon and hydrogen atoms are excluded)
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3.4.3

Preparation of (18C6)Rb(TCNQ)2

Reaction of 18C6 and Rb2(TCNQ)3 with TCNQ0 (ratio 2:1:2) in dry acetonitrile
afforded a reasonable yield (61%) of a plate of dark blue crystalline solid which
contained single crystals suitable for X-ray structural study (combustion data is
awaited). Full details including an account of the structure solution and refinement are
reported in the Experimental Section and the Supporting Information (in the
Appendices) respectively. The crystals obtained were of (18C6)Rb(TCNQ)2, in which
TCNQ (B) lies on symmetry element, and the core unit is shown in Figure 3.133.

A

B

C

(a) Core unit of (18C6)Rb(TCNQ)2 (I)

A

C

B
A

(b) Core unit of (18C6)2Rb2(TCNQ)4 (II)
Figure 3.133 Core unit of (18C6)Rb(TCNQ)2 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.47.
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(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.391 (16)

d

e

f

1.492 (19) 1.124 (15) 0.950

1.400 (14) 1.397 (17) 1.437 (14) 1.418 (18) 1.130 (16) 0.950
TCNQ unit (A)
1.364 (14) 1.431 (15) 1.412 (13) 1.387 (17) 1.176 (15) 0.950
1.422 (16)

1.451 (15) 1.144 (12) 0.950

1.437 (13)

1.431 (16) 1.165 (13) 0.950

1.370 (12) 1.433 (13) 1.403 (12) 1.429 (14) 1.137 (12) 0.950
TCNQ unit (B)
1.370 (12) 1.437 (13) 1.403 (12) 1.431 (16) 1.165 (13) 0.950
1.433 (13)

1.429 (14) 1.137 (12) 0.950

1.431 (15)

1.387 (17) 1.176 (15) 0.950

1.364 (14) 1.422 (16) 1.412 (13) 1.451 (15) 1.144 (12) 0.950
TCNQ unit (C)
1.400 (14) 1.391 (16) 1.437 (14) 1.492 (19) 1.124 (15) 0.950
1.397 (17)

1.418 (18) 1.130 (16) 0.950

Table 3.47 Summary of bond lengths (Å) observed for TCNQ units in
(18C6)Rb(TCNQ)2
In this structure, the Rb+ ion is coordinated to one crown ether unit and two nitrile
groups on adjacent TCNQ units. The TCNQ units form a trimer which is significantly
long axis slipped (see Figure 3.134).
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(c) Top view of TCNQ trimer

(d) Side view of TCNQ trimer

Figure 3.134 Top (a/c) and side (b/d) views of TCNQ trimer in (18C6)Rb(TCNQ)2
(hydrogen atoms are excluded)
The data in Table 3.47 suggest that all of the TCNQ units have some quinonoidal
character because bond length “a” is less than “b”. In the TCNQ trimer, after measuring
the c bond lengths in each TCNQ unit, it seems that TCNQ unit (A) has more electron
density, which suggests TCNQ•‒ character. Consequently, the TCNQ unit (B) and
TCNQ unit (C) have TCNQ0 character. Therefore, in each TCNQ trimer, TCNQ units
form mixed stacks, which is TCNQ•‒ - TCNQ0 - TCNQ•‒ configuration as viewed in
TCNQ trimer stack in (18C6)Rb(TCNQ)2, which means two electrons delocalised over
the three TCNQ units but more negative charge density appears to reside on TCNQ unit
(A). Within the crystal, the TCNQ trimers assemble into infinite columns, separated by
an isolated TCNQ unit, i.e. the individual TCNQ units are assembled in an ABAC motif
(see Figure 3.135), in which trimer neighbours are significantly “diagonally” slipped
(see Figure 3.136).
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A

A

(a) Side view of TCNQ repeating units in (18C6)Rb(TCNQ)2
A
B
A
C
A
B
A
(b) End view of a “S” thread configuration of TCNQ repeating units in
(18C6)Rb(TCNQ)2
Figure 3.135 Observation of TCNQ repeating units in (18C6)Rb(TCNQ)2 (hydrogen
atoms are excluded)
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C
A
C
A

(a) Top view of TCNQ units (AC)

(b) Side view of TCNQ units (AC)

Figure 3.136 Top (a) and side (b) views of TCNQ units (AC) in (18C6)Rb(TCNQ)2
(hydrogen atoms are excluded)
Distances and angles within the TCNQ stacks are summarised in Table 3.48.
TCNQ units

TCNQ trimer AC

π-π perpendicular distance (Å)

3.11

3.32

Distance (Å)

0.15

2.20

Angle (°)

2.76

33.51

Distance (Å)

2.02

1.65

Angle (°)

32.97

26.41

3.71

4.31

Short-axis slip

Long-axis slip
Centroid-centroid distance (Å)

Table 3.48 Distances (Å) and angles (°) within the TCNQ stacks of (18C6)Rb(TCNQ)2
From these data, it will be evident that π-facial overlap between TCNQ units (AC)
within a column is not ideal for extended π-π delocalisation within the column. As
viewed in Figure 3.135, adjacent TCNQ trimers are separated by a TCNQ0 molecule
and a side view of the TCNQ units reveals a wave-like pattern of infinite stack with
long-axis slippage between adjacent TCNQ units. Each Rb+ cation is coordinated by
one crown ether unit and two adjacent TCNQ units and the resulting complex lies in
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channels between the TCNQ columns. The packing pattern in (18C6)Rb(TCNQ)2 is
similar as seen for (18C6)Cs(TCNQ)2. In the TCNQ trimer, the individual TCNQ units
are tilted in respect to each other by ca. 1.54° and having equal π-π perpendicular
distance. Consequently, each cation complex of (18C6)Rb+ is coordinated to two cyano
groups of the TCNQ trimer. Figure 3.137 shows TCNQ trimer geometries in
(18C6)Rb(TCNQ)2.

(b) A “S” thread configuration of TCNQ

(a) TCNQ trimer overlap

trimer conformation

Figure 3.137 TCNQ trimer geometries in (18C6)Rb(TCNQ)2 (hydrogen atoms are
excluded)
Figure 3.138 summarises the various contact distances within the cation complex. The
crown ether unit is disordered and the atomic occupancy for crown ether ring is 68.2%
(ellipsoids atoms) in respect to 31.8% (circle atoms). The ligating ellipsoid oxygen
atoms (red) are sitting above and below of their mean plane (as defined by each set of
oxygen atoms) to form irregular pentagon geometry of mean side by ca. 2.821 Å and for
the circle oxygen atoms (blue), the pentagon geometry of mean side by ca. 2.840 Å.
Because of coordination with two adjacent TCNQ units, the Rb+ cation is “pulled” out
of the cavity of crown ether mean plane by ca. 0.879 Å. Not all of the Rb+-O distances
are equal, the Rb+ ion lying above the cavity of crown ether unit. Two of the Rb+-N
distances are slightly longer than that of a van der Waals’ contact (Rb+-N = 3.03
Å)269,271.
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(a) Disordered crown ether unit and Rb+-N

(b) Distance (Å) between oxygen atoms

coordination

and their mean plane

2.830

2.801

3.183

2.760

3.018

2.906
2.879

(c) O-O distances (Å) (black and purple

(d) Rb+-O (yellow and black labels) and

labels)

Rb+-N (orange labels) distances (Å)

Figure 3.138 Various contact distances (Å) within the cation complex of
(18C6)Rb(TCNQ)2 (carbon and hydrogen atoms are excluded)
3.4.4

Preparation of (DB18C6)RbTCNQ

Reaction of DB18C6 (Dibenzo-18-crown-6) with Rb2(TCNQ)3 and TCNQ0 (ratio 2:1:2)
in dry acetonitrile afforded a yield (25%) of a plate of dark violet crystalline solid
(Combustion Analysis: Calculated: C: 59.13%, H: 4.34%, N: 8.61%. Found: C: 59.95%,
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H: 4.91%, N: 11.94%) which contained single crystals suitable for X-ray structural
study. Full details including an account of the structure solution and refinement are
reported in the Experimental Section and the Supporting Information (in the
Appendices) respectively. The crystals obtained were of (DB18C6)RbTCNQ and the
core unit is shown in Figure 3.139. Bond lengths within the TCNQ units are
summarised in Table 3.49.

Figure 3.139 Core unit of (DB18C6)RbTCNQ (hydrogen atoms are excluded)
H
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(a) Definition of the bond lengths within the TCNQ•‒ molecule
Bond lengths (Å)
Structure
a

b

c

1.424 (3)
TCNQ•‒ unit

d

e

f

1.421 (3) 1.152 (3) 0.950

1.363 (3) 1.424 (3) 1.421 (3) 1.419 (3) 1.148 (3) 0.950
1.367 (3) 1.427 (3) 1.421 (3) 1.423 (3) 1.150 (3) 0.950
1.419 (3)

1.421 (3) 1.153 (3) 0.950

Table 3.49 Summary of bond lengths (Å) observed for TCNQ•‒ units in
(DB18C6)RbTCNQ
In this structure, the Rb+ ion is coordinated by one crown ether unit and three nitrogen
atoms on cyano groups from adjacent TCNQ•‒ units. The TCNQ•‒ units form a dimer
which is significantly short-axis slipped (see Figure 3.140).
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(a) Top view of TCNQ•‒ dimer

(b) Side view of TCNQ•‒ dimer

Figure 3.140 Top (a) and side (b) views of TCNQ•‒ dimer
The data in Table 3.49 suggest that the TCNQ•‒ has some quinonoidal character because
bond length “a” is less than “b”. The distribution of bond lengths is reported for
TCNQ•‒ 213.
Figure 3.142 shows various views of the packing pattern within (DB18C6)RbTCNQ.
The TCNQ•‒ dimers and (DB18C6)Rb+ cation complexes form dimers which coordinate with lateral neighbours to form extended linear tapes through the structure.
Surprisingly, the TCNQ0 from Rb2(TCNQ)3 does not participate in the crystal structure
formed. Indeed the product obtained is a mixture containing a dark violet and a bright
yellow crystalline complex. After separation under a microscope and studies by X-ray
crystallography, the former is the single crystal sample of (DB18C6)RbTCNQ and the
latter is TCNQ0. In TCNQ•‒ dimer, the individual TCNQ•‒ units are parallel in respect to
adjacent TCNQ•‒ units. Consequently, in the TCNQ•‒ dimer, the TCNQ•‒ anions are
closely face-to-face π-stack and short-axis slipped (see Figure 3.141). Figure 3.141
shows TCNQ•‒ dimer geometries in (DB18C6)RbTCNQ, exhibiting the short-axis slip
(overlap view) and the distortion from planarity (conformation view). Within the
TCNQ•‒ dimer, the TCNQ•‒ units are approximately planar with slight twisting at each
end of TCNQ•‒ unit, which allows the cyano groups in adjacent TCNQ•‒ anions pushed
away in respect to each other. Therefore, the packing in (DB18C6)RbTCNQ is
dominated by the need to accommodate the volume of the two benzene rings on each
crown ether unit and the greater rigidity of DB18C6 when compared with 18C6 itself.
Compared with the case in (18C6)RbTCNQ (ref code: SEKZAJ)272, both of the Rb+
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ions are sitting above the crown ether mean plane (defined by a set of oxygen atoms).
For Rb+ ion in (DB18C6)RbTCNQ, the metal cation has a high coordination
environment, six coordinating by oxygen atoms from the crown ether ring and three
coordinating by adjacent cyano groups from TCNQ•‒ units, which will “pull” the metal
ion further away from the crown ether mean plane and will affect the packing pattern of
TCNQ•‒ dimers. Consequently, the benzene rings on the crown results in the formation
of extended polymer chains. In contrast, with the case in (DB18C6)K(TCNQ)2 in this
study, there are no cation-π interactions between adjacent cation complexes.

(a) TCNQ•‒ dimer overlap

(b) TCNQ•‒ dimer conformation

Figure 3.141 TCNQ•‒ dimer geometries in (DB18C6)RbTCNQ (hydrogen atoms are
excluded)

(a) Side view of the packing pattern within (DB18C6)RbTCNQ

(b) Top view of the packing pattern within (DB18C6)RbTCNQ
Figure 3.142 Side (a) and top (b) views of the packing pattern within
(DB18C6)RbTCNQ (hydrogen atoms are excluded)
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(a) Side view of TCNQ column in (DB18C6)RbTCNQ

(b) End view of TCNQ column in (DB18C6)RbTCNQ

(c) Top view of TCNQ column in (DB18C6)RbTCNQ
Figure 3.143 Various views of TCNQ column in (DB18C6)RbTCNQ (hydrogen atoms
are excluded)
Figure 3.143 shows various views of TCNQ column formation. Each TCNQ infinite
column is formed by separated TCNQ•‒ dimers, in which TCNQ•‒ dimer neighbours are
significantly long-axis slipped [Figure 3.143(b)]. Distances and angles within the
TCNQ•‒ stacks are summarised in Table 3.50.
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TCNQ•‒ units

TCNQ•‒ dimers TCNQ•‒ dimer neighbours

π-π perpendicular distance (Å)

3.18

3.29

Distance (Å)

0.62

5.80

Angle (°)

11.03

60.44

Distance (Å)

0.0023

0.090

Angle (°)

0.041

1.57

Centroid-centroid distance (Å)

3.24

6.67

Short-axis slip

Long-axis slip

Table 3.50 Distances (Å) and angles (°) within the TCNQ•‒ stacks of
(DB18C6)RbTCNQ
Figure 3.144 shows an angular analysis of the (DB18C6)RbTCNQ structure. The cation
complex lies in a channel between the sheets of TCNQ•‒ dimers. Because of the
coordination between metal cation and cyano groups, the Rb+ cation is “pulled” and sits
above the crown ether mean plane (as defined by each set of oxygen atoms) by ca.
1.337 Å. The bending angle of the DB18C6 mean plane is 48.57°, which is twisted at an
angle of 83.10° relative to benzene ring of the TCNQ•‒ unit. The coordination angle
between Rb+ and NC is 158.14° and so is not linear. As seen in the packing pattern of
(DB18C6)RbTCNQ, the presence of a TCNQ•‒ dimer is similar to that seen for
(15C5)MTCNQ (M = Li, Na) and (18C6)MTCNQ (M = K, Rb)131 except that in this
case each metal ion coordinates to three different cyano groups, which has not been
seen before.

(a) Angle analysis (I)

(b) Angle analysis (II)

Figure 3.144 Angle analysis of (DB18C6)RbTCNQ (hydrogen atoms are excluded)
Figure 3.145 summarises the various contact distances within the cation complex.
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(a) Oxygen atoms (O1-O6) and nitrogen atoms (N1, N2, N4)

(b) Distance (Å) (green labels) between oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels) in DB18C6

(d) Rb+-O and Rb+-N distances (Å) (orange and light green labels) in DB18C6
Figure 3.145 Various contact distances (Å) within the cation complex of
(DB18C6)RbTCNQ (hydrogen atoms are excluded)
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As viewed in Figure 3.145, the ligating oxygen atoms lay above and below their mean
plane to form irregular hexagon geometry of mean side by ca. 2.747 Å. The minimum
and maximum of Rb+-O distances are 2.975 and 3.102 Å respectively. The different
distances of Rb+-O demonstrate that the Rb+ cation is distorted above the cavity of
crown ether unit. Consequently, all of the Rb+-O and Rb+-N distances are similar to
those of a van der Waals’ contact (Rb+-O = 3.00 Å, Rb+-N = 3.03 Å)269,270.
3.4.5

Preparation of (Dicyc18C6)Rb(TCNQ)3

Reaction of Dicyc18C6 (Dicyclohexano-18-crown-6) with Rb2(TCNQ)3 and TCNQ0
(ratio 2:1:2) in dry acetonitrile afforded a plate of dark blue crystalline solid which
contained single crystals suitable for X-ray structural study (combustion data is
awaited). Full details including an account of the structure solution and refinement are
reported in the Experimental Section and the Supporting Information (in the
Appendices) respectively. The crystals obtained were of (Dicyc18C6)Rb(TCNQ)3 and
the basic unit is shown in Figure 3.146.

B

A

A’

Figure 3.146 Basic unit of (Dicyc18C6)Rb(TCNQ)3 (hydrogen atoms are excluded)
Bond lengths within the TCNQ units are summarised in Table 3.51. In this structure the
Rb+ ion is coordinated by one crown ether unit and two adjacent TCNQ units on both
sides of metal cation. The TCNQ units form a dimer which is significantly long axis
slipped (see Figure 3.148). The similarity of the bond lengths within the two TCNQ
units makes it difficult to distinguish between the TCNQ•‒ and TCNQ0 component.
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The data in Table 3.51 suggest that both TCNQ units have some quinonoidal character
because bond length “a” is less than “b”. For both components A and B, the distribution
of bond lengths is intermediate between these reported for TCNQ0 and TCNQ•‒
respectively213.
As viewed in Figure 3.147, the cation complex of (Dicyc18C6)Rb+ is in an “S”-shaped
conformation and each Rb+ ion is coordinated by one crown ether unit and two nitrile
groups on adjacent TCNQ units, which form a dimer with significant long axis slippage
(see Figure 3.148). The angle of N101-Rb+-N101 is 180° because the Rb+ ion is located
at the centre of symmetry and bond directly to the nitrogen atoms on adjacent TCNQ
units. The centroid-centroid distance between Rb+ ions is 7.970 Å and the perpendicular
distance of Rb+ ion to adjacent cation complex mean plane (defined by a set of oxygen
atoms) is 4.244 Å. Therefore, the slip distance in respect to an adjacent cation complex
is ca. 6.746 Å. Consequently, the angle between the cyclohexane plane and the mean
plane is 62.31°. The chain configuration of TCNQ…Rb+…TCNQ unit is similar to that
seen in (Dicyc18C6)K(TCNQ)3 in this study.

Figure 3.147 A “S”-shaped formation of cation complex in (Dicyc18C6)Rb(TCNQ)3
(hydrogen atoms are excluded)
The bond distances observed for TCNQ units in (Dicyclo18C6)Rb(TCNQ)3 are
summarised in Table 3.51.
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H

N

H
a

C

e N

f

C

b

d
c

C

C
H

N

H

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.439 (3)

d

e

f

1.432 (3) 1.152 (3) 0.951

1.359 (2) 1.441 (2) 1.399 (2) 1.434 (3) 1.148 (3) 0.949
TCNQ unit (A)
1.364 (2) 1.444 (3) 1.403 (2) 1.431 (3) 1.148 (3) 0.950
1.439 (2)

1.435 (3) 1.146 (3) 0.949

1.447 (2)

1.437 (2) 1.152 (3) 0.950

1.352 (3) 1.456 (2) 1.377 (3) 1.435 (3) 1.148 (3) 0.950
TCNQ unit (B)
1.352 (3) 1.447 (2) 1.377 (3) 1.437 (2) 1.152 (3) 0.950
1.456 (2)

1.435 (3) 1.148 (3) 0.950

Table 3.51 Summary of bond lengths (Å) observed for TCNQ units in
(Dicyc18C6)Rb(TCNQ)3
Each Rb+ ion is coordinated by one crown ether unit and two adjacent TCNQ units, in
which the resulting cation complex lies in channels between the wave-like TCNQ
columns. After measuring the c bond lengths in each TCNQ unit, it seems that TCNQ
unit (A) has more electron density, which suggests TCNQ•‒ character. Consequently,
the TCNQ unit (B) is less electron density, which suggests TCNQ0 character. Within the
crystal, the TCNQ dimers assemble into infinite column (see Figure 3.150). Each pair of
TCNQ dimers is separated by an isolated TCNQ unit, which is twisted by ca. 65.63° in
respect to adjacent TCNQ units (see Figure 3.149).
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A
A’
A’
A

(a) Top view of TCNQ dimer

(b) Side view of TCNQ dimer

Figure 3.148 Top (a) and side (b) views of TCNQ dimer in (Dicyc18C6)Rb(TCNQ)3
(hydrogen atoms are excluded)

A

B

A

B

(a) Top view of twisted TCNQ units

(b) Side view of twisted TCNQ units

Figure 3.149 Top (a) and side (b) views of twisted TCNQ units in
(Dicyc18C6)Rb(TCNQ)3 (hydrogen atoms are excluded)
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A
A’
B
A
A’

(a) Side view of TCNQ column

(b) Top view of TCNQ column
A
A’
B
A
A’
(c) End view of TCNQ column
Figure 3.150 Various views of TCNQ column in (Dicyc18C6)Rb(TCNQ)3 (hydrogen
atoms are excluded)
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Distances and angles within the TCNQ stacks of (Dicyc18C6)Rb(TCNQ)3 are
summarised in Table 3.52.
TCNQ units

TCNQ dimer

π-π perpendicular distance (Å)

3.05

Distance (Å)

0.014

Angle (°)

0.26

Distance (Å)

2.16

Angle (°)

35.29

Centroid-centroid distance (Å)

3.74

Short-axis slip

Long-axis slip

Table 3.52 Distances (Å) and angles (°) within the TCNQ stacks of
(Dicyc18C6)Rb(TCNQ)3
Within the TCNQ dimer, the individual TCNQ units adopt a shallow boat conformation
in which neighbouring –C(CN)2 units are twisted away from each other. The two TCNQ
planes are parallel in respect to each other. From these data, it will be evident that πfacial overlap between dimer neighbours within a column is not ideal for extended π-π
delocalisation within the TCNQ column. Figure 3.151 summarises the various contact
distances within the cation complex.
As viewed in Figure 3.151, the ligating oxygen atoms are sitting above and below their
mean plane (as defined by each set of oxygen atoms) to form irregular hexagon
geometry as mean side by ca. 2.860 Å. All of the Rb+-O distances are different and are
less than those of van der Waals contact (Rb+-O = 3.00 Å)269,271, thus it seems justifiable
to regard the metal cation and the oxygen atoms as being in contact. The different Rb+O distances demonstrate that the Rb+ cation is distorted inside the cavity of each crown
ether unit. The distance of Rb+-N (3.104 Å) is similar to those of van der Waals’ contact
(Rb+-N = 3.03 Å)269,271.
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(a) Oxygen atoms (O301-O303, O301’-O303’) on crown ether unit

(b) Distance (Å) (green labels) between the oxygen atoms and their mean plane

(c) O-O distances (Å) (green labels) in (Dicyc18C6)Rb+

(d) Rb+-O and Rb+-N distances (Å) (orange and light green labels) in (Dicyc18C6)Rb+

Figure 3.151 Various contact distances (Å) within the cation complex of
(Dicyc18C6)Rb(TCNQ)3 (hydrogen atoms are excluded)
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3.4.6

Preparation of (C222)Rb(TCNQ)2.5

Reaction of C222 (2.2.2-Cryptand) with Rb(TCNQ)1.5 and TCNQ0 (ratio 2:1:2) in dry
acetonitrile afforded a reasonable yield (59%) of a plate of dark blue crystalline solid
which contained single crystals suitable for X-ray structural study (combustion data is
awaited). Full details including an account of the structure solution and refinement are
reported in the Experimental Section and the Supporting Information (in the
Appendices) respectively. The crystal obtained were of (C222)Rb(TCNQ)2.5 and the
core unit is shown in Figure 3.152.

B
A
C

Figure 3.152 Core unit of (C222)Rb(TCNQ)2.5 (hydrogen atoms are excluded)
In this structure, the Rb+ ion is encapsulated by the cryptand, which prevents direct
contact with the TCNQ units. The TCNQ units form a pentamer, in which they are all πstacked long-axis slipped with alternate up and down with further forming a wave-like
configuration (see Figure 3.153).
Bond lengths within the TCNQ units are summarised in Table 3.53. The data in Table
3.53 suggest that all of the TCNQ units have some quinonoidal character because bond
length “a” is less than “b”. Within the TCNQ pentamer, after measuring the c bond
lengths in each TCNQ unit, it seems that both red and green TCNQ units have lower
electron density, and therefore have TCNQ0 character. Consequently, the blue TCNQ
units are more electron rich, and have TCNQ•‒ character. Therefore, in TCNQ
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pentamer, TCNQ units form mixed stacks, with a TCNQ0 - TCNQ•‒ - TCNQ0 - TCNQ•‒
- TCNQ0 motif (see Figure 3.153), which means that two electrons are delocalised over
the five TCNQ units but more negative charge density appears to reside on second and
fourth TCNQ units (blue ones) based on the c bond lengths. Figure 3.154 shows top and
side views of individual TCNQ units within and without TCNQ pentamer of
(C222)Rb(TCNQ)2.5.
H

N

H
a

C

e N

f

C

b

d
c

C
N

C
H

H

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.430 (11)

d

e

f

1.410 (13) 1.155 (11) 0.948

1.344 (12) 1.418 (12) 1.411 (12) 1.422 (12) 1.158 (11) 0.950
TCNQ unit (A)
1.362 (12) 1.430 (11) 1.414 (12) 1.405 (12) 1.156 (11) 0.949
1.431 (12)

1.444 (12) 1.149 (10) 0.950

1.434 (12)

1.434 (13) 1.145 (11) 0.951

1.350 (12) 1.442 (12) 1.391 (12) 1.454 (12) 1.137 (10) 0.951
TCNQ unit (B)
1.350 (12) 1.434 (12) 1.391 (12) 1.434 (13) 1.145 (11) 0.951
1.442 (12)

1.454 (12) 1.137 (10) 0.951

1.437 (12)

1.442(13) 1.131 (13) 0.951

1.357 (12) 1.430 (12) 1.399 (12) 1.437(12) 1.139 (12) 0.950
TCNQ unit (C)
1.356 (12) 1.431 (11) 1.400 (12) 1.427(13) 1.154 (13) 0.950
1.428 (12)

1.426(12) 1.160 (12) 0.950

Table 3.53 Summary of bond lengths (Å) observed for TCNQ units in
(C222)Rb(TCNQ)2.5
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C

B
A

A
C
Figure 3.153 Space-fill of TCNQ pentamer stack in (C222)Rb(TCNQ)2.5 (hydrogen
atoms are excluded)

C

C
C

C

(a) Top view of inter-TCNQ pentamer

(b) Side view of inter-TCNQ pentamer

neighbours (CC)

neighbours (CC)

A
C
A
C
(a) Top view of intra-TCNQ dimer (AC)

(b) Side view of intra-TCNQ dimer (AC)

B
A
B
A
(c) Top view of intra-TCNQ dimer (AB)

(d) Side view of intra-TCNQ dimer (AB)

Figure 3.154 Top (a/c/e) and side (b/d/f) views of TCNQ units in (C222)Rb(TCNQ)2.5
(hydrogen atoms are excluded)
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Within the crystal, the TCNQ pentamers can assemble into infinite columns (see Figure
3.155).

(a) Three pentamers π-stacked

(b) Packing side view of neighbouring TCNQ
columns

(c) Side view of pentamers TCNQ column

(d) End view of pentamers TCNQ column
Figure 3.155 Views of pentamers geometry and packing pattern in TCNQ column
(hydrogen atoms are excluded)
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There are more TCNQ units than Rb+ and C222, which making the wave-like TCNQ
column to create the cavity to fit the cation complex of (C222)Rb+. The packing pattern
is probably purely steric because there is no direct association between Rb+ ion and
nitrogen atoms from neighbouring TCNQ units.
The X-ray structural studies reveal that this is a 2:5 (C222)Rb(TCNQ)2.5 complex,
which is exactly the same as (C222)K(TCNQ)2.5 also prepared in this study. It consists
of two cation complexes of (C222)Rb+ together with three TCNQ0 and two TCNQ•‒
units. Because of the similarity of bond lengths, the electrons are delocalised between
TCNQ stacks. The TCNQ units are assembled into infinite π-π stacks, which are sitting
between two layers of (C222)Rb+ cation complexes. A side view of the TCNQ units
reveals a wave-like pattern of infinite stack with long-axis slippage between adjacent
TCNQ units. The cryptates sit in the cavities between the TCNQ columns. Because Rb+
cation is fully coordinated by crown ether unit, there is no direct coordination between
metal cation and TCNQ units.
Distances and angles within the TCNQ stacks are summarised in Table 3.54.
TCNQ units

AC

AB Inter-pentamer neighbours

π-π perpendicular distance (Å) 3.12 3.26

2.99

Distance (Å) 0.17 0.34

3.67

Short-axis slip
Angle (°)

3.12 2.95

50.83

Distance (Å) 1.95 1.95

2.44

Long-axis slip
Angle (°)

32.00 30.89

39.22

Centroid-centroid distance (Å) 3.68 3.81

5.32

Table 3.54 Distances (Å) and angles (°) within the TCNQ stacks of (C222)Rb(TCNQ)2.5
Within the TCNQ dimer (AC and AB), the individual TCNQ units adopt a shallow boat
conformation in which neighbouring –C(CN)2 units are twisted away from each other.
The two TCNQ planes are slightly tilted in respect to each other by ca. 4.44° in AC and
2.12° in AB respectively. From these data, it will be evident that π-facial overlap
between dimer neighbours within a TCNQ column is not ideal for extended π-π
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delocalisation within the TCNQ column. Descriptions of Rb+-O and Rb+-N distances of
cation complex have been summarised in Figure 3.156.

Figure 3.156 Rb+-O and Rb+-N distances in cation complex of (C222)Rb(TCNQ)2.5
(carbon and hydrogen atoms are excluded)
Each Rb+ cation is coordinated with six oxygen atoms and two nitrogen atoms on one
crown ether unit as viewed in Figure 3.156. Not all of the Rb+-O distances in
(C222)Rb(TCNQ)2.5 are equal, which shows the Rb+ cation is distorted inside the cavity
of crown ether unit. Consequently, all of the Rb+-O distances are less than that of a van
der Waals’ contact (Rb+-O = 3.00 Å)269,271 and thus it seems justifiable to regard the
metal cation and the oxygen atoms as being in contact. Two Rb+-N distances, which are
3.013 and 3.018 Å respectively, are slightly shorter than those of van der Waals contact
(Rb+-N = 3.03 Å)269,271 and thus it seems justifiable to regard the metal cation and the
nitrogen atoms as being in contact, respectively.
3.4.7

Conclusion

Concerning the Ionophore-RbTCNQ complexes prepared in this study, complexes of
(12C4)Rb(TCNQ)1.5, (15C5)2RbTCNQ, (18C6)Rb(TCNQ)2, (DB18C6)RbTCNQ,
(Dicyc18C6)Rb(TCNQ)3 and (C222)Rb(TCNQ)2.5 have been synthesised and
characterised.
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In (12C4)Rb(TCNQ)1.5, a polymeric chain is formed, in which each Rb+ ion is
coordinated to one crown ether unit and four adjacent TCNQ units. The four nitrogen
atoms are involved in the coordination sphere of the Rb+ ion, forming “sandwich”
configuration because the size of Rb+ ion is much larger than the cavity of 12C4. In
(15C5)2RbTCNQ, (15C5)2Rb+ and TCNQ•‒ can form 1:1 alternating stacks. Each Rb+
ion is coordinated by two crown ether units, which prevents any direct interactions with
TCNQ•‒ anions. TCNQ•‒ anions form dimers as the repeating unit, which can be
assembled into parallel sheets with cation complex of (15C5)2Rb+ sitting between them.
In (18C6)Rb(TCNQ)2, TCNQ units prefer to form a trimer as repeating unit, which can
be assembled into infinite column with the corresponding cation complex of (18C6)Rb+
sitting in the cavity between TCNQ columns. Consequently, each TCNQ trimer is
separated by an isolated TCNQ unit and the TCNQ units prefer to form mixed stacks. In
(DB18C6)RbTCNQ, the TCNQ•‒ dimers and (DB18C6)Rb+ cation complexes form
dimers which co-ordinate with lateral neighbours to form extended linear tapes through
the crystal structure. The Rb+ ion achieves a high coordination environment, in which
six oxygen atoms from a crown ether unit and three adjacent cyano groups from
neighbouring TCNQ•‒ units are involved. Consequently, the presence of benzene rings
on the crown results in the formation of extended polymer chains but there are no
cation-π interactions between adjacent cation complexes. In (Dicyc18C6)Rb(TCNQ)3,
each Rb+ ion is coordinated by one crown ether unit and two nitrile groups on adjacent
TCNQ units. In the TCNQ repeating unit, each pair of TCNQ dimer is separated by an
isolated TCNQ unit further forming infinite TCNQ columns. The cation complex of
(Dicyc18C6)Rb+ is sitting in the cavity between TCNQ columns. In
(C222)Rb(TCNQ)2.5, TCNQ units form pentamer as the repeating unit, which can be
assembled into infinite column with the corresponding cation complex of (C222)Rb+
sitting in the cavity between TCNQ columns. In TCNQ pentamer, TCNQ units prefer to
form mixed stacks, in which two electrons are delocalised over five TCNQ units and the
average negative charge is -0.4 electrons.
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3.5

Optical Behaviour of Ionophore-M-TCNQ Salts

The Infrared (IR) spectra of all the above Ionophore-M-TCNQ salts were recorded as
KBr discs and the main features are compared in Table 3.56. The Raman spectra of
these complexes have also been recorded and the main characteristics are compared in
Table 3.58. Only the key bands of interest are given below, full details of each
Ionophore-M-TCNQ salt being reported in the Experimental Section.
3.5.1

IR spectra of Ionophore Encapsulated M-TCNQ Salts

IR provides a valuable insight into the electronic nature of a TCNQ species since the
cyanide group resonances are particularly sensitive to the redox state of the TCNQ
molecule and whether it is coordinated to a metal cation. Table 3.55 shows the literature
values of MTCNQ and Ionophore-Metal TCNQ salts.
IR Spectra region (cm-1)
NO.

Complex
saturated CH stretch

CN stretch

1.

LiTCNQ262

-

2211, 2196, 2182, 2145

2.

NaTCNQ278

-

2206, 2195, 2175

3.

KTCNQ279

-

2200, 2185, 2170

4.

RbTCNQ280,281

-

2219, 2187, 2160

5.

Cs2TCNQ3282

-

2225, 2212, 2180, 2157

6.

(15C5)2KTCNQ283

2922

2202, 2183, 2154

7.

(18C6)KTCNQ283

2901

2201, 2187, 2177, 2158

8.

(18C6)RbTCNQ283

2900

2202, 2187, 2177, 2158

9.

(18C6)TlTCNQ283

2889

2181, 2154

Table 3.55 Literature values of MTCNQ and Ionophore-Metal TCNQ salts
Table 3.56 shows the IR spectra of all the Ionophore Encapsulated M-TCNQ Salts in
this study.
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IR Spectra region (cm-1)
NO.

Complex
saturated CH stretch

CN stretch

1.

(12C4)2LiTCNQ

2968, 2915, 2875

2173, 2151

2.

(12C4)2NaTCNQ

2962, 2916, 2875

2172, 2150

3.

(12C4)2Li(TCNQ)2

2970, 2928, 2882

2222, 2198, 2165

4.

(12C4)2Na(TCNQ)2

2969, 2935, 2881

2223, 2201, 2177

5.

(12C4)2K(TCNQ)2

2965, 2926, 2877

2195, 2179, 2167

6.

(12C4)Rb(TCNQ)1.5

2978, 2955

2224, 2212, 2184, 2152

7.

(15C5)LiTCNQ

2930, 2878

2195, 2174, 2153

8.

(15C5)NaTCNQ

2908, 2875

2179, 2152

9.

(15C5)Li(TCNQ)2.H2O

2878

2197, 2170

10.

(15C5)Na(TCNQ)2.H2O

2872

2196, 2167

11.

(15C5)2RbTCNQ

2900, 2864

2182, 2161

12.

(18C6)KTCNQ

2889

2174, 2156

13.

(18C6)Na(TCNQ)2.2H2O

2971

2223, 2196, 2179

14.

(18C6)K(TCNQ)2.5

2899

2209, 2196, 2176

15.

(18C6)Rb(TCNQ)2

2851

2209, 2196, 2171

16.

(18C6)Cs(TCNQ)2

2900

2209, 2196, 2170

17.

(B15C5)LiTCNQ.H2O

2942, 2888

2196, 2168

18.

(B15C5)2Cs(TCNQ)3

3050, 2971

2225, 2195, 2169

19.

(B18C6)K(TCNQ)2

3052, 2937

2226, 2195, 2166

20.

(DB18C6)K(TCNQ)2

2968, 2935, 2887

2214, 2189

21.

(DB18C6)RbTCNQ

2925, 2885, 2805

2189, 2181, 2168, 2157

22.

(DC18C6)K(TCNQ)3

2932, 2883

2222, 2201, 2174

23.

(DC18C6)Rb(TCNQ)3

2972, 2923, 2874

2223, 2202, 2174, 2152

24.

(DC18C6)Cs(TCNQ)2

3050, 2937

2222, 2201, 2179, 2157

25.

(C222)K(TCNQ)2.5

2961, 2885, 2810

2200, 2178, 2152

26.

(C222)Rb(TCNQ)2.5

3054, 2978, 2873

2232, 2203, 2173

Table 3.56 IR spectra of Ionophore Encapsulated M-TCNQ Salts in this study
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In (12C4)2MTCNQ (M = Li, Na), two complexes which are iso-structural, there are
observed absorptions corresponding to the aliphatic (sp3) CH in the region expected for
crown ether unit (three bands at ≈ 2970-2875 cm-1 which are identical with the free
12C4 ligand)284,285, and CN stretches (two bands at ≈ 2150 cm-1) for TCNQ•‒, which
conforming closely with the behaviour of the MTCNQ salts. These are shifted relative
to those seen for the sample salts no matter what alkali metal is involved.
In (12C4)2M(TCNQ)2 (M = Li, Na, K), there are observed absorptions corresponding to
the aliphatic (sp3) CH in the region expected for the crown ether ring (bands at ≈ 29702875 cm-1)284,285. With the presence of TCNQ0, there is a band (at ≈ 2200 cm-1)
characteristic of this unit. CN stretch bands (2230-2160 cm-1) represent TCNQ units,
which conform closely to the behaviour of the MTCNQ salts. These are shifted related
to those seen for the sample MTCNQ salts. In (12C4)Rb(TCNQ)1.5, there are observed
absorptions corresponding to the aliphatic (sp3) CH in the region expected for the crown
ether ring (bands at 2978, 2955 cm-1). There are four CN stretch bands represent TCNQ
units.
For (15C5)Li/NaTCNQ, the results of IR are as expected as listed in Table 3.56. The
peaks, representing for the functional groups of aliphatic (sp3) CH (two bands at ≈
2930-2870 cm-1 which is identical with the free 15C5 ligand)286 and CN (bands at ≈
2180-2150 cm-1) can be distinguished and the cyano group resonances appear at
positions similar to those observed for the corresponding (12C4)2MTCNQ (M = Li, Na)
complexes. It is interesting to note that despite of the markedly different solid-state
structures of these materials and the (12C4)2MTCNQ (M = Li, Na) complexes, there is
little change in the position of the cyano group resonances. However, in
(15C5)2RbTCNQ, the aliphatic (sp3) CH stretches (bands at 2900, 2864 cm-1) are
slightly shifted. Consequently, the CN stretch (two bands at 2182, 2161 cm-1) represent
for TCNQ•‒, which conforming closely to the behaviour of the MTCNQ salts.
In (15C5)M(TCNQ)2.H2O (M = Li, Na), there is observed absorption corresponding to
the aliphatic (sp3) CH in the region expected for crown ether unit (band at ≈ 2875 cm-1
which is identical with the free 15C5 ligand)286. CN stretch bands in the region (22002165 cm-1) represent TCNQ units, which conform closely to the behaviour of the
MTCNQ salt. Consequently, there is a broad band (at ≈ 3500 cm-1), which is shifted to a
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lower wavenumber287, represent the hydrogen bonding in (15C5)M(TCNQ)2.H2O (M =
Li, Na).
In (18C6)KTCNQ, there is absorption corresponding to the aliphatic (sp3) CH in the
region expected for crown ether unit (band at 2889 cm-1 which is identical with the free
18C6 ligand)288. Two CN stretch bands representing TCNQ•‒ unit can be distinguished
and the cyano group resonances appear at positions similar to those observed for the
corresponding (12C4)2MTCNQ (M = Li, Na) and (15C5)MTCNQ (M = Li, Na)
complexes respectively. Consequently, the CN stretch bands conform closely to the
behaviour of the MTCNQ salt.
In (18C6)Na(TCNQ)2.2H2O, (18C6)K(TCNQ)2.5, (18C6)Rb(TCNQ)2 and
(18C6)Cs(TCNQ)2, there are observed absorptions corresponding to the aliphatic (sp3)
CH in the region expected for crown ether ring (bands at ≈ 3060-2880 cm-1 which is
identical with the free 18C6 ligand)288. With the presence of TCNQ0, there is another
band (at ≈ 2200 cm-1) representing for this unit. The rest CN stretching bands conform
closely to the behaviour of the MTCNQ salt. Except for (18C6)Na(TCNQ)2.2H2O, the
metal cation of the rest three complexes are coordinated to adjacent TCNQ units.
However, the values of CN stretching bands (three bands at ≈ 2211-2156 cm-1) are
similar within these four complexes. Consequently, there is a broad band (at ≈ 3400 cm1

) representing the hydrogen bonding in (18C6)Na(TCNQ)2.2H2O.

In (B15C5)LiTCNQ.H2O and (B15C5)2Cs(TCNQ)3, there are observed absorptions
corresponding to the aliphatic (sp3) CH in the region expected for crown ether unit
(bands at ≈ 3050-2888 cm-1). There is a band associated with the presence of TCNQ0 (at
≈ 2200 cm-1). Other CN stretch bands (at ≈ 2196-2168 cm-1) conform closely to the
behaviour of the MTCNQ salt. Consequently, in (B15C5)LiTCNQ.H2O, there is a broad
band (at ≈ 3500 cm-1), which is shifted to a lower wavenumber287, represent the
hydrogen bonding in this complex.
In (B18C6)K(TCNQ)2, there are observed absorptions corresponding to the aliphatic
(sp3) CH in the region expected for crown ether unit (two bands at ≈ 3052, 2937 cm-1).
The CN stretches (three bands at 2226-2166 cm-1) represent for TCNQ unit conform
closely to the behaviour of the MTCNQ salts.
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For (DB18C6)K(TCNQ)2 and (DB18C6)RbTCNQ, there are observed absorptions
corresponding to the aliphatic (sp3) CH in the region expected for crown ether unit
(three bands at ≈ 2968-2805 cm-1). In (DB18C6)K(TCNQ)2, there is a band indicating
the presence of TCNQ0 (at ≈ 2214 cm-1). Other CN stretching bands (at ≈ 2189-2157
cm-1) represent TCNQ units conform closely to the behaviour of the MTCNQ salt.
In (DC18C6)M(TCNQ)3 (M = K, Rb) and (DC18C6)Cs(TCNQ)2, there are observed
absorptions corresponding to the aliphatic (sp3) CH in the region expected for crown
ether unit (bands at ≈ 3050-2874 cm-1). There is a band associated with the presence of
TCNQ0 (at ≈ 2200 cm-1) and there are three CN stretching bands (at ≈ 2222, 2201, 2174
cm-1) in (DC18C6)K(TCNQ)3, which indicate the weak TCNQ-TCNQ interactions as
the slip distance longer than the case in (DC18C6)Rb(TCNQ)3. Additionally, the CN
stretch bands (at ≈ 2223-2152 cm-1) represent TCNQ units in these three TCNQ
complexes conform closely to the behaviour of the MTCNQ salt.
In (C222)M(TCNQ)2.5 (M = K, Rb), there are observed absorption corresponding to the
aliphatic (sp3) CH in the region expected for the cryptand unit (bands at ≈ 3054-2810
cm-1). There is a band (at ≈ 2200 cm-1) indicating the presence of TCNQ0. The rest of
the CN stretching bands conform closely to the behaviour of the MTCNQ salt.
Consequently, the low wavenumbers of CN stretch bands in (C222)K(TCNQ)2.5, which
indicate the weak TCNQ-TCNQ interactions as the data of π-π perpendicular distance
and slip distance along long or short-axis are slightly longer than the case of
(C222)Rb(TCNQ)2.5. Table 3.57 shows the description of cyanide (CN) groups in
TCNQ and its five complexes.
Complex

CN stretch / cm-1

TCNQ0 289

2225

KTCNQ279

2200, 2185, 2170

(12C4)2LiTCNQ

2173, 2151

(12C4)2NaTCNQ

2172, 2150

(C222)KTCNQ55

2180, 2153

(C222)K(TCNQ)2.5 2200, 2178, 2152
Table 3.57 Description of cyanide (CN) groups in TCNQ and its five complexes
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Additionally, the bands representing for cyanide (CN) group of (12C4)2LiTCNQ,
(12C4)2NaTCNQ, (C222)KTCNQ and (C222)K(TCNQ)2.5 have been shifted to lower
energy region compared with TCNQ0 or KTCNQ respectively. This important shift to
lower frequency indicates that the CN groups are more weakly bonded consistent with
charge delocalisation290. There is an IR spectra sample of (12C4)2LiTCNQ which has
been shown in Figure 3.157. The rest of IR spectra of Ionophore Encapsulated MTCNQ
salts have been listed in Appendices.

Figure 3.157 IR spectra of (12C4)2LiTCNQ in this study
3.5.2

Raman spectra of Ionophore Encapsulated M-TCNQ Salts

Vibrational spectroscopy of Raman is applied to identify the vibrational modes that can
distinguish the chemical nature of TCNQ species291. Raman spectroscopy is a very
useful technique which can prove the charge transfer in TCNQ salts292. Faulques et
al.292 have shown that the C-CN stretching band (see Figure 3.158) is sensitive to
reduction from TCNQ0 to TCNQ•‒. Faulques et al.292 also found that in one-electron
reduction of LiTCNQ, the position of the C-CN stretching band is around 1394 cm-1,
whereas no band appears at 1453cm-1, which is represented as TCNQ0 state.
N

N
C

C

C

C

N

N

Figure 3.158 Key vibrational motion (black highlighted lines) in the TCNQ molecule
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As viewed in Table 3.58, because the π electrons are strongly polarisable, the C=C and
CN stretching bands of TCNQ units will generate strong Raman bands292. The peaks
sitting in a range between 2221 and 2190 cm-1 are ascribed to stretching bands
represented cyano groups in TCNQ molecule292. The peak at around 1600 cm-1
represents a mixture of C-C and C=C stretching bands, which is because the charge
transfer (CT) leading to the redistribution of the electron density on TCNQ molecule292.
The peak at 1454 cm-1 which is C-CN stretching band, is typical of TCNQ0. The lower
peak at ≈ 1390-1380 cm-1 proves the electron transfer from TCNQ0 to TCNQ•‒, which is
a significant peak distinguishing the TCNQ phases292,293. The peak at around 1206 cm-1
is ascribed to the C=C-H bending band. The wavenumber below 1200 cm-1 is probably
because the carbon-carbon bonds of the C(CN)2 units on TCNQ molecule292. Two
stretching bands at around 1454 cm-1 of TCNQ0 character and with that at around 13901380 cm-1 of TCNQ•‒ state appear in those of complex TCNQ salts, (crown
ether)mM(TCNQ)n, especially in Cs+ analogues, (DC18C6)mM(TCNQ)n and
(C222)K(TCNQ)2.5. It seems justifiable to regard these complex TCNQ salts exhibit
both TCNQ0 and TCNQ•‒ assignments in this study.
Faulques et al.292 indicate that the stretching frequencies of nitrile group in Raman
spectra are sensitive to charge transfer in TCNQ salts. The corresponding frequencies of
nitrile group of TCNQ0 and TCNQ•‒ are found to be around 2227±5 cm-1 and 2180±5
cm-1, respectively292. There seems to be a resonance structure of the nitrile group is
possible between the forms of C•-CN or C-C+=N-, in which this resonance structure of
nitrile group is in respect to the electron transfer and the effect of electron
delocalisation292.
Compared with the peaks representing for the aliphatic (sp3) CH in the region expected
for crown ether unit, the corresponding peaks won’t show in each Raman spectrum. The
reason probably because the coordination of the ligating atoms of the crown ether ring
to the metal ions will significantly influences the vibrational modes of the ligands, in
which the symmetry of ligands will be broken after coordinating with metal ion through
electrostatic interactions294.
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Raman Spectra region (cm-1)
NO.

Complex
CN stretch

C=C ring stretch

C-CN stretch

C=C-H bending

1.

TCNQ° in this study

2230

1603

1454

1206

2.

(12C4)2LiTCNQ

2214

1604

1384

1208

3.

(12C4)2NaTCNQ

2206

1609

1389

1206

4.

(12C4)2Li(TCNQ)2

2216

1606

1385

1207

5.

(12C4)2Na(TCNQ)2

2212

1602

1382

1206

6.

(12C4)2K(TCNQ)2

2217

1608

1390

1204

7.

(12C4)Rb(TCNQ)1.5

2203

1604

1389

1203

8.

(15C5)LiTCNQ

2216

1605

1379

1208

9.

(15C5)NaTCNQ

2207

1602

1380

1205

10.

(15C5)Li(TCNQ)2.H2O

2216

1606

1384

1206

11.

(15C5)Na(TCNQ)2.H2O

2206

1603

1384

1206

12.

(15C5)2RbTCNQ

2203

1604

1389

1203

13.

(18C6)K(TCNQ)2.5

2203

1603

1386

1204

14.

(18C6)Rb(TCNQ)2

2205

1604

1390

1203

15.

(18C6)Cs(TCNQ)2

2197

1606

1390, 1435

1198

16.

(B15C5)LiTCNQ.H2O

2188

1608

1388

1197

17.

(B15C5)2Cs(TCNQ)3

2201

1605

1391, 1433

1200

18.

(B18C6)K(TCNQ)2

2207

1606

1390

1205

19.

(DB18C6)K(TCNQ)2

2204

1605

1388

1205

20.

(DB18C6)RbTCNQ

2203

1603

1385

1196

21.

(DC18C6)K(TCNQ)3

2203

1605

1389

1195, 1204

22.

(DC18C6)Rb(TCNQ)3

2226

1601

1388, 1451

1194, 1205

23.

(DC18C6)Cs(TCNQ)2

2201

1605

1390, 1430

1197

24.

(C222)K(TCNQ)2.5

2189

1600, 1614

1389, 1434

1195

Table 3.58 Raman spectra of Ionophore Encapsulated M-TCNQ Salts in this study
A summary of Raman peaks within each of the Ionophore-Encapsulated MTCNQ salts
(M = alkali metals) has been posted in Figure 3.159.
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Key Raman Peak Positions
2290
2190
2090
1990
1890
1790
1690
1590
1490
1390
1290
1190
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

CN stretch

C=C ring stretch

C-CN stretch

C=C-H bend

Figure 3.159 A summary of Raman peaks of Ionophore Encapsulated MTCNQ salts
As viewed in Figure 3.159, the aromatic ring in TCNQ unit is not affected, since the
peaks representing of the C=C ring stretch (red) and C=C-H bend (purple) show no
significant change no matter whether TCNQ0 (sample 1) or ionophore encapsulated
MTCNQ salts (M = alkali metals) (2-24) are involved. However, the CN stretch bands
(2-24) are affected and move to a lower wavenumber compared with TCNQ0 (1), which
is corroborated by changes in the C-CN stretch band. This suggests that the cation
probably perturbs the –CN vibration consistent with the crystal structures. A typical
Raman spectrum, (DB18C6)K(TCNQ)2, is shown in Figure 3.160. The Raman spectra
of the other ionophore encapsulated MTCNQ salts are detailed in Appendices.

Figure 3.160 Raman spectra sample of (DB18C6)K(TCNQ)2 in this study
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3.6

Conductivity of Ionophore Encapsulated M-TCNQ Salts
Resistance (MΩ) at R.T. Conductivity (S.cm-1) at R.T.

No.

Complex

1.

(12C4)2LiTCNQ

> 200

< 2.5×10-8

2.

(12C4)2NaTCNQ

> 200

< 2.5×10-8

3.

(12C4)2Li(TCNQ)2

1.2

4.2×10-6

4.

(12C4)2Na(TCNQ)2

> 200

< 2.5×10-8

5.

(12C4)Rb(TCNQ)1.5

> 200

< 2.5×10-8

6.

(15C5)LiTCNQ

> 200

< 5×10-8

7.

(15C5)NaTCNQ

> 200

< 2.9×10-9

8. (15C5)Li(TCNQ)2.H2O

1.6

3.1×10-6

9. (15C5)Na(TCNQ)2.H2O

29.4

3.4×10-7

10.

(15C5)2RbTCNQ

30.0

3.3×10-7

11.

(18C6)K(TCNQ)2.5

87.1

3.8×10-8

12.

(18C6)Rb(TCNQ)2

28.4

1.2×10-7

13. (B15C5)LiTCNQ.H2O

1.9

1.8×10-6

14.

(B18C6)K(TCNQ)2

1.2

2.1×10-6

15.

(DB18C6)K(TCNQ)2

4.7

1.1×10-6

16.

(DC18C6)K(TCNQ)3

> 200

< 5×10-8

17. (DC18C6)Rb(TCNQ)3

153.4

3.3×10-8

18. (DC18C6)Cs(TCNQ)2

2.7

1.9×10-6

19.

1.1

4.0×10-8

(C222)K(TCNQ)2.5

Table 3.59 Conductivity of Ionophore Encapsulated M-TCNQ Salts in this study
Electrical conductivity measurements have been carried out on compressed circle disc
of TCNQ salt. The resistivity (𝜌) was calculated from the equation in Scheme 3.1, in
which (𝑅) represent for the electrical resistance, (𝑙) equals to the length of the piece of
material and the (𝐴) stands for the cross-sectional area of the specimen. Consequently,
265

Chapter 3
the value of conductivity (𝜎) can be calculated in Scheme 3.2. Because of the limited
amount of specific TCNQ salts and mixture achieved product, not every TCNQ sample
has been measured of conductivity. The results of the Ionophore Encapsulated MTCNQ Salts have been listed in Table 3.59.
𝜌=𝑅

𝐴
𝑙

Scheme 3.1 Calculation of resistivity (𝜌)
𝜎×𝜌=1

Scheme 3.2 The relationship between conductivity (𝜎) and resistivity (𝜌)
As viewed in Table 3.59, the electrical resistivities at R.T. of the simple TCNQ salts in
this study are larger than 200MΩ and the corresponding conductivities at R.T. are less
than 2.5×10-8 S.cm-1, respectively. Consequently, the complex TCNQ salts in this study
are much more conductive than the simple TCNQ salts, which is identical with what
Morinaga et al. found64. The reasons are probably because the π-π orbital interactions
between neighbouring TCNQ unit in an infinite column offer a good channel for
electrons to transfer and the Coulomb repulsion between the mobile electrons is much
more reduced in the complex TCNQ salts, which leading to a higher conductivity effect,
than the corresponding simple TCNQ salts64. The resistivities of simple and complex
TCNQ salts are higher than their corresponding original TCNQ salts (see Table 2.5),
such as (12C4)2LiTCNQ, (12C4)2Li(TCNQ)2; (15C5)LiTCNQ, (15C5)Li(TCNQ)2.H2O
compared with LiTCNQ and (12C4)2NaTCNQ, (12C4)2Na(TCNQ)2; (15C5)NaTCNQ,
(15C5)Na(TCNQ)2.H2O compared with NaTCNQ. Consequently, the conductivity of
simple and complex TCNQ salts are less than their corresponding original TCNQ salts
(see Table 2.7), respectively.
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3.7

Preliminary Electron Paramagnetic Resonance of Ionophore
Encapsulated M-TCNQ Salts

In this section, EPR spectra results of (15C5)LiTCNQ, (15C5)NaTCNQ,
(15C5)Li(TCNQ)2.H2O, (15C5)Na(TCNQ)2.H2O, (18C6)KTCNQ268 and
(18C6)K(TCNQ)2.5 will be illustrated.
After completing the X-ray structural studies, a number of the compounds have been
studied by single crystal EPR Spectroscopy. In each case, a good diffracting single
crystal was sealed in a capillary, the diameter of which is 0.5mm. The data of crystal’s
main face and rotation axis were recorded and the position of the crystal’s main face
was marked on the capillary. When measuring the electronic behaviour (EPR) of each
sample, the starting position was identical to the position where the tube had been
marked.
The electronic behaviour of a single crystal of (15C5)LiTCNQ has been measured using
variable-temperature EPR spectral experiments. The angular dependence of EPR spectra
of a single crystal of (15C5)LiTCNQ was recorded through a 360° rotation (0°-360°, at
5° increments) over a temperature range of 300 to 400K. Figure 3.162 shows the
roadmap as a function of angular displacement of an (15C5)LiTCNQ crystal at 300K in
this study. As viewed in Figure 3.161, there is a significant increase in EPR signal
intensity as a function of increasing temperature. This trend implies a thermally
generated material, but it is difficult to determine for certain that this is a triplet (a
central sharp resonance increasing in intensity with increasing temperature is usually
indicative of a thermally activated migrating triplet exciton). Looking at the rotation
roadmap (see Figure 3.162), it seems justifiable to regard that there are spectral
components crossing over as would be expected for a triplet excited signal, but nothing
is well resolved and if that is a triplet, the zero-field splitting is rather small.
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(a) EPR signal intensity as a function of temperature in (15C5)LiTCNQ

(b) The relationship between temperature and peak to peak signal intensity in
(15C5)LiTCNQ
Figure 3.161 The EPR signal intensity as a function of temperature in (15C5)LiTCNQ
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Figure 3.162 Roadmap as a function of angular displacement of an (15C5)LiTCNQ
crystal at 300K
The electronic behaviour of single crystal of (15C5)NaTCNQ has been measured by
variable-temperature EPR spectra experiments. The angular dependence of EPR spectra
of a single crystal of (15C5)NaTCNQ are recorded for a 180° rotation (-130°-60°, at 10°
increments) and over a temperature range (298-315K). Figure 3.163 shows the roadmap
as a function of angular displacement of an (15C5)NaTCNQ crystal at 315K in this
study. In (15C5)NaTCNQ, significant site-splitting is observed, which shows the
characteristic of a localised thermally activated triplet state within the isolated TCNQ•‒
dimer107. The position of the central peak is not orientation dependent. As the
temperature is increased to 315K, weak satellites signals will be appeared gradually
whose position change rapidly with orientation, in which the weak satellites signals
exhibit characteristic of a localised thermally activated triplet state within the isolated
TCNQ•‒ dimer36,107,132, which is identical with the property of the dipolar fine structure
(zero-field splitting) of an excited triplet exciton state268.
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EPR result of (15C5)NaTCNQ at 315K

Figure 3.163 Roadmap as a function of angular displacement of an (15C5)NaTCNQ
crystal at 315K
The electronic behaviour of single crystals of (15C5)Li/Na(TCNQ)2.H2O have been
measured by variable-temperature EPR spectra experiments. As viewed in Figure 3.164,
only the central peak can be observed in the EPR spectra, which is not orientation
dependent. As the temperature is increasing, there is no evidence for such localised
triplet excited states in both of the TCNQ salts. The reason is probably because the
electron is delocalised in both of the TCNQ salts, which may affect the spin-spin
interaction between electrons, which will further affect the zero-field splitting of an
excited migrating triplet exciton state.
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(a) EPR spectra result of (15C5)LiTCNQ.H2O at 380K

(b) EPR spectra result of (15C5)NaTCNQ.H2O at 300K
Figure 3.164 EPR spectra results of (15C5)Li/NaTCNQ.H2O at different temperatures
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The electronic behaviour of single crystal of (18C6)KTCNQ has been measured by
variable-temperature EPR spectra experiments. The angular dependence of EPR spectra
of a single crystal of (18C6)KTCNQ are recorded at a 140° rotation (40°-180°, 10°
increments) and over a temperature range (298K-380K). Figure 3.165 shows the
roadmap as a function of angular displacement of an (18C6)KTCNQ crystal at 380K in
this study, in which it is identical with what Grossel et al., have found268 . In
(18C6)KTCNQ, significant site-splitting is observed, which shows the characteristic of
a localised thermally activated triplet state within the isolated TCNQ•‒ dimer. The
position of central peak is not orientated dependent. As the temperature is increased to
380K, weak satellites appear whose positon change rapidly with orientation, in which
the weak satellites signals exhibit the characteristic of a localised thermally activated
triplet state within the isolated TCNQ•‒ dimer36,107,132, which is identical with the
property of the dipolar fine structure (zero-field splitting) of an excited triplet exciton
state268.

Figure 3.165 Roadmap as a function of angular displacement of a (18C6)KTCNQ at
380K
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The electronic behaviour of single crystal of (18C6)K(TCNQ)2.5 has been measure by
variable-temperature EPR spectra experiments. Compared with the case in
(18C6)KTCNQ, when the temperature is raised to 380K, only the central peak, which is
not orientation dependent, can be detected in the EPR spectra without any satellites
signals. There is no evidence for such localised triplet excited states in
(18C6)K(TCNQ)2.5.

,
Figure 3.166 EPR spectra result of (18C6)K(TCNQ)2.5 at 380K
Therefore, for simple complexes of MTCNQ with crown ether, such as
(15C5)Li/NaTCNQ in this study, the spin-spin interaction of the excited triplet observed
and measured by EPR spectra of a single crystal has principal values and directions
appropriate for the location of the intrinsic pair within the crystal structure.
Consequently, for MTCNQ with crown ether and TCNQ0, such as
(15C5)Li/Na(TCNQ)2.H2O, (18C6)K(TCNQ)2.5 in this study, only the central peak can
be observed from EPR spectra and there is no evidence for such localised triplet excited
states observed.

273

Chapter 4

4. TCNQ Salts of Some Lanthanide Cations
In the current study, two novel lanthanide TCNQ complexes have been synthesised in
deonised water and that two of these gave crystals suitable for X-ray structural study.
Reaction of lanthanide ions (Tb3+ and Yb3+) with LiTCNQ in deonised water (1:3) (the
ratio of Ln: salt is 1:3) afforded in each case, crystals of two novel complexes of
Tb(TCNQ)3(H2O)6.3H2O and Yb(TCNQ)3(H2O)6.3H2O and the solid-state behaviour of
these has been investigated.
Hong and co-workers295 have recently reported the solid-state behaviour and properties
of a number of lanthanide TCNQ salts including
[Yb(TCNQ)2(H2O)6][TCNQ].H2O.2MeOH. This latter contains both water and
methanol ligands. In this structure, each Yb3+ ion is coordinated to two nitrogen atoms
from neighbouring TCNQ•‒ anions and six oxygen atoms from six water molecules,
which conform a square antiprismatic coordination geometry295. Two of the methanol
molecules are not coordinated to Yb3+ ion. The relevant structural parameters of this
complex have been listed in Table 4.5.

4.1

Crystal structure description of Tb(TCNQ)3(H2O)6.3H2O

Reaction of TbCl3 with LiTCNQ (ratio 1:3) in deonised water afforded a bright blue
powder (41%) which contained single crystals suitable for X-ray structural study
(combustion data is awaited). Full details including an account of the structure solution
and refinement are reported in the Experimental Section and the Supporting Information
(in the Appendices) respectively. The crystals obtained were of
Tb(TCNQ)3(H2O)6.3H2O and the basic unit being shown in Figure 4.1.
A
C
B

D

Figure 4.1 Basic unit of Tb(TCNQ)3(H2O)6.3H2O [showing two halves of TCNQ units
(C and D)]
As viewed in Figure 4.1, each Tb3+ ion is coordinated by two nitrogen atoms from two
adjacent TCNQ units (A and B) and six oxygen atoms from six water molecules. There
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are in addition two uncoordinated TCNQ units (C and D), which lie on crystallographic
centres of symmetry, in the basic structure of Tb(TCNQ)3(H2O)6.3H2O. The mean plane
of TCNQ unit (A) (defined by the central aromatic ring) is tilted 2.84° in respect to
TCNQ unit (B). The TCNQ unit (D) can sit between TCNQ unit (A) and TCNQ unit
(B) and its molecular plane is tilted 87.97° in respect to that of the TCNQ unit (A) and
88.87° in respect to that of the TCNQ unit (B). A cyano group to water CN (N42)…H
(O3) hydrogen bond is formed, with a distance of 2.038 Å in the basic unit. Bond
lengths within the TCNQ units are summarised in Table 4.1.
H

N

H
a

C

e N

f

C

b

d
c
C

C
H

N

H

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.429 (6)

d

e

f

1.424 (7) 1.149 (7) 0.950

1.373 (6) 1.425 (6) 1.407 (6) 1.420 (7) 1.145 (7) 0.949
TCNQ unit (A)
1.357 (6) 1.425 (6) 1.428 (6) 1.413 (6) 1.147 (6) 0.949
1.418 (6)

1.406 (6) 1.150 (6) 0.950

1.420 (6)

1.425 (7) 1.146 (6) 0.950

1.365 (6) 1.430 (6) 1.416 (6) 1.432 (7) 1.160 (7) 0.950
TCNQ unit (B)
1.369 (6) 1.411 (6) 1.425 (6) 1.425 (6) 1.156 (6) 0.950
1.433 (6)

1.406 (6) 1.149 (6) 0.949

1.432 (7)

1.424 (7) 1.156 (7) 0.949

1.359 (8) 1.437 (7) 1.396 (8) 1.419 (7) 1.155 (7) 0.949
TCNQ unit (C)
1.359 (8) 1.432 (7) 1.396 (8) 1.424 (7) 1.156 (7) 0.949
1.437 (7)

1.419 (7) 1.155 (7) 0.949

1.427 (7)

1.421 (7) 1.148 (6) 0.950

1.372 (8) 1.418 (7) 1.415 (8) 1.423 (8) 1.158 (7) 0.950
TCNQ unit (D)
1.372 (8) 1.427 (7) 1.415 (8) 1.421 (7) 1.148 (6) 0.950
1.418 (7)

1.423 (8) 1.158 (7) 0.950

Table 4.1 Summary of bond lengths (Å) observed for TCNQ units in
Tb(TCNQ)3(H2O)6.3H2O
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The data in Table 4.1 suggest that all of the TCNQ units have some quinonoidal
character because bond length “a” is less than “b”. In this structure, the TCNQ units (A,
B and C) form a pentamer, in which they are all π-stacked long-axis slipped alternately
up and down, thereby forming a wave-like motif which is shown in Figure 4.2. Within
the TCNQ pentamer, after measuring the c bond lengths in each TCNQ unit, it seems
that green TCNQ unit (C) has lower electron density, and therefore have TCNQ0
character. Consequently, the blue and red TCNQ units (A and B) are more electron rich
and have TCNQ•‒ character. TCNQ units (B, A and C) form an angle of 123.37° and
TCNQ units (A, C and A’) for an angle of 164.36° as viewed in Figure 4.2.
B

A

C

A’
B’
Figure 4.2 Space-fill of TCNQ pentamer stack in Tb(TCNQ)3(H2O)6.3H2O with Tb3+
ions shown in cyan (hydrogen atoms and interstitial solvents are excluded)
The π-π stacking interactions between neighbouring TCNQ units generate infinite onedimensional columns. These run throughout the entire crystal structure of
Tb(TCNQ)3(H2O)6.3H2O. Therefore, intermolecular hydrogen bonds, π-stacking
interactions and electrostatic interactions coexist in the crystal structure of
Tb(TCNQ)3(H2O)6.3H2O.
Except for TCNQ unit (B) which is flat, TCNQ unit (A) and TCNQ unit (C) adopt a
shallow boat conformation in which neighbouring –C(CN)2 units are twisted away from
each other. The two TCNQ planes are slightly tilted in respect to each other by 2.84° in
BA dimer and 1.24° in AC dimer, respectively. Consequently, TCNQ unit (A) and
TCNQ unit (C) are rotated 14.34° and 6.97° in respect to TCNQ unit (B), respectively.
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(a) Top view of inter-stack pentamer neighbours

(b) Side view of inter- stack pentamer neighbours

(BB’)

(BB’)

(c) Top view of intra-stack TCNQ dimer (BA)

(d) Side view of intra-stack TCNQ dimer (BA)

(e) Top view of intra-stack TCNQ dimer (AC)

(f) Side view of intra-stack TCNQ dimer (AC)

Figure 4.3 Top (a/c/e) and side (b/d/f) views of TCNQ units in Tb(TCNQ)3(H2O)6.3H2O
(hydrogen atoms are excluded)
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The packing diagram of Tb(TCNQ)3(H2O)6.3H2O is shown in Figure 4.4. The TCNQ
units lie in infinite stacks with slight rotational twisting between adjacent anion units.
These infinite stacks adopt wave-like motif with slight long-axis slippage between
adjacent anions (see Figure 4.5). An uncoordinated TCNQ unit (D) is sited in the cavity
between neighbouring TCNQ columns. One sheet of uncoordinated TCNQ units (D) is
rotated with respect to adjacent sheets by 18.84° as viewed in Figure 4.4(b). Distances
and angles within the TCNQ stacks are summarised in Table 4.2.

(a) Top view of Tb(TCNQ)3(H2O)6.3H2O

(b) Side view of Tb(TCNQ)3(H2O)6.3H2O
Figure 4.4 Packing diagram of Tb(TCNQ)3(H2O)6.3H2O viewed along vertical axis
(hydrogen atoms and interstitial solvents are excluded)
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TCNQ units

BA

AC

Inter-stack pentamer neighbours (BB’)

π-π perpendicular distance (Å)

3.19

3.19

3.14

Distance (Å)

0.50

0.11

0.051

Angle (°)

8.91

1.97

0.93

Distance (Å)

1.88

1.84

2.14

30.51 29.98

34.28

3.73

3.80

Short-axis slip

Long-axis slip
Angle (°)
Centroid-centroid distance (Å)

3.69

Table 4.2 Distances (Å) and angles (°) within the TCNQ stacks of
Tb(TCNQ)3(H2O)6.3H2O

(a) Three pentamers π-stacked

(b) Side view of pentamers TCNQ column with oxygen atoms in yellow

(c) End view of pentamers TCNQ column
Figure 4.5 Views of pentamers’ geometry and packing pattern in the TCNQ stack with
Tb3+ cations in cyan (hydrogen atoms are excluded)
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The eight coordinating atoms at Tb3+ ion afford a bicapped trigonal prism coordination
geometry236, which is shown in Figure 4.6.

Figure 4.6 Perspective view of coordination geometry in Tb(TCNQ)3(H2O)6.3H2O
One of the two triangular faces is defined by three oxygen atoms (O2, O4 and O5) from
three water molecules and the other one is defined by three oxygen atoms (O1, O3 and
O6) from the other three water molecules. The tilt angle between the two triangular
faces is by 14.59°. The two distances of Tb3+-N are 2.446 and 2.515 Å, and the six
distances of Tb3+-O are in the range of 2.330-2.392 Å. The angle of N1-Tb1-N21 is
126.13°. The tilt angle between the two TCNQ mean planes (as defined by each set of
aromatic ring) is 2.84°.

4.2

Crystal structure description of Yb(TCNQ)3(H2O)6.3H2O

Reaction of YbCl3 with LiTCNQ (ratio 1:3) in deonised water afforded a bright blue
powder (40%) which contained single crystals suitable for X-ray structural study
(combustion data is awaited). Full details including an account of the structure solution
and refinement are reported in the Experimental Section and the Supporting Information
(in the Appendices) respectively. The crystals obtained were of
Yb(TCNQ)3(H2O)6.3H2O and the basic unit being shown in Figure 4.7.
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A
C

D

B

Figure 4.7 Cationic structure of Yb(TCNQ)3(H2O)6.3H2O [showing two halves of
TCNQ units (C and D), hydrogen atoms are excluded]
As viewed in Figure 4.7, each Yb3+ ion is coordinated by two nitrogen atoms from
adjacent TCNQ units (A and B) and six oxygen atoms from six water molecules. There
are two uncoordinated TCNQ units (C and D), which lie on crystallographic centres of
symmetry, in the basic structure of Yb(TCNQ)3(H2O)6.3H2O. The mean plane of TCNQ
unit (A) (defined by the central aromatic ring) is tilted 2.75° in respect to TCNQ unit
(B). The TCNQ unit (D) can sit between TCNQ unit (A) and TCNQ unit (B) and is
tilted 88.19° in respect to the TCNQ unit (A) and 87.81° in respect to the TCNQ unit
(B). Bond lengths within the TCNQ•‒ units are summarised in Table 4.3.
The data in Table 4.3 suggest that all of the TCNQ units have some quinonoidal
character because bond length “a” is less than “b”. In this structure, the TCNQ units
form a pentamer as repeating unit, in which they are all π-stacked long-axis slipped
alternately up and down thereby forming a wave-like motif which is shown in Figure
4.8. Within the TCNQ pentamer, after measuring the c bond lengths in each TCNQ unit,
it seems that green TCNQ unit (C) has lower electron density, and therefore has TCNQ0
character. Consequently, the blue and red TCNQ units (A and B) are more electron rich,
and have TCNQ•‒ character. TCNQ units (B, A and C) form an angle of 123.06° and
TCNQ units (A, C and A’) for an angle of 165.02° as viewed in Figure 4.8.
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H

H

N

a

C

e N

f

C
d

b
c
C

C
H

H

N

N

(a) Definition of the bond lengths within the TCNQ molecule
Bond lengths (Å)
Structure
a

b

c

1.418 (7)

d

e

f

1.404 (7) 1.145 (6) 0.950

1.372 (7) 1.419 (7) 1.432 (7) 1.413 (7) 1.150 (7) 0.950
TCNQ unit (A)
1.359 (7) 1.433 (7) 1.409 (7) 1.418 (8) 1.156 (8) 0.950
1.432 (7)

1.426 (8) 1.145 (8) 0.949

1.417 (7)

1.406 (7) 1.157 (7) 0.951

1.359 (7) 1.426 (7) 1.434 (7) 1.404 (7) 1.154 (7) 0.950
TCNQ unit (B)
1.382 (7) 1.431 (7) 1.411(7) 1.419 (6) 1.159 (8) 0.950
1.424 (7)

1.427 (6) 1.149 (7) 0.949

1.431 (8)

1.433 (8) 1.140 (8) 0.950

1.353 (9) 1.443 (8) 1.397 (9) 1.426 (8) 1.147 (7) 0.950
TCNQ unit (C)
1.353 (9) 1.431 (8) 1.397 (9) 1.433 (8) 1.140 (8) 0.950
1.443 (8)

1.426 (8) 1.147 (7) 0.950

1.434 (7)

1.435 (8) 1.146 (8) 0.950

1.368 (8) 1.420 (8) 1.411 (8) 1.433 (8) 1.151 (8) 0.949
TCNQ unit (D)
1.368 (8) 1.434 (7) 1.411 (8) 1.435 (8) 1.146 (8) 0.950
1.420 (8)

1.433 (8) 1.151 (8) 0.949

Table 4.3 Summary of bond lengths (Å) observed for TCNQ units in
Yb(TCNQ)3(H2O)6.3H2O
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B

A

C

A’
B’

Figure 4.8 Space-fill of TCNQ pentamer stack in Yb(TCNQ)3(H2O)6.3H2O (Yb3+ ions
in light green, hydrogen atoms and interstitial solvents are excluded)
The π-π stacking interactions between neighbouring TCNQ units generate onedimensional columns. These form one-dimensional channels that run throughout the
entire crystal structure of Yb(TCNQ)3(H2O)6.3H2O. Therefore, intermolecular hydrogen
bonds, π-stacking interactions and electrostatic interactions coexist in the crystal
structure of Yb(TCNQ)3(H2O)6.3H2O.
Except for TCNQ unit (B), which is flat, TCNQ unit (A and C) adopt a shallow boat
conformation in which neighbouring –C(CN)2 units are twisted away from each other.
The two TCNQ planes are slightly tilted in respect to each other by 2.75° in BA dimer
and 0.62° in AC dimer, respectively. Consequently, TCNQ unit (A) and TCNQ unit (C)
are rotated 14.73° and 21.23° in respect to TCNQ unit (B), respectively.
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(a) Top view of inter-stach pentamer neighbours

(b) Side view of inter-stack pentamer neighbours

(BB’)

(BB’)

(c) Top view of intra-stack TCNQ dimer (AB)

(d) Side view of intra-stack TCNQ dimer (AB)

(e) Top view of intra-stack TCNQ dimer (BC)

(f) Side view of intra-stack TCNQ dimer (BC)

Figure 4.9 Top (a/c/e) and side (b/d/f) views of TCNQ units in Yb(TCNQ)3(H2O)6.3H2O
(hydrogen atoms are excluded)
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Figure 4.10 shows the packing diagram of Yb(TCNQ)3(H2O)6.3H2O viewed along
vertical axis. The TCNQ unit lie in an infinite stack with slight rotational twisting
between adjacent TCNQ units. The TCNQ units assemble as wave-like infinite stacks
with slight long-axis slippage between adjacent TCNQ units. An uncoordinated TCNQ
unit is situated vertically between infinite TCNQ columns. One sheet of uncoordinated
TCNQ units (D) is rotated with respect to adjacent sheets by 26.20° as viewed in Figure
4.10(b). Distances and angles within the TCNQ stacks are summarised in Table 4.4

(a) Top view of Yb(TCNQ)3(H2O)6.3H2O

(b) Side view of Yb(TCNQ)3(H2O)6.3H2O
Figure 4.10 Packing diagram of Yb(TCNQ)3(H2O)6.3H2O viewed along vertical axis
(hydrogen atoms and interstitial solvents are excluded)
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TCNQ units

BA

AC

Inter-pentamer neighbours

π-π perpendicular distance (Å)

3.19

3.17

3.13

Distance (Å)

0.48

0.10

0.058

Angle (°)

8.56

1.81

1.06

Distance (Å)

1.86

1.83

2.13

30.25 30.00

34.24

3.72

3.79

Short-axis slip

Long-axis slip
Angle (°)
Centroid-centroid distance (Å)

3.67

Table 4.4 Distances (Å) and angles (°) within the TCNQ stacks of
Yb(TCNQ)3(H2O)6.3H2O

(a) Three pentamers π-stacked

(b) Side view of pentamers TCNQ•‒ column with oxygen atoms in yellow

(c) End view of pentamers TCNQ•‒ column
Figure 4.11 Views of pentamers’ geometry and packing pattern in the TCNQ stack
(hydrogen atoms are excluded)
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The eight coordinating atoms around Yb3+ adopt a bicapped trigonal prism coordination
geometry236 as viewed in Figure 4.12.

Figure 4.12 Perspective view of coordination geometry in Yb(TCNQ)3(H2O)6.3H2O
One of the two triangular faces is defined by three oxygen atoms (O3, O5 and O6) from
three water molecules and the other one is defined by three oxygen atoms (O1, O2 and
O4) from the other three water molecules. The tilt angle between the two triangular
planes is by 14.44°. The two distances of Yb3+-N are 2.390 and 2.466 Å, and the six
distances of Yb3+-O are in the range between 2.278 and 2.351 Å. The angle of N1-Yb1N21 is 126.30°. The tilt angle between the two TCNQ•‒ mean planes (as defined by each
set of aromatic ring) is 2.75°.

4.3

Comparison between Tb(TCNQ)3(H2O)6.3H2O and
Yb(TCNQ)3(H2O)6.3H2O complexes

The important bond distances, coordination number, ligands and coordination geometry
of Tb(TCNQ)3(H2O)6.3H2O (1), Yb(TCNQ)3(H2O)6.3H2O (2) and
[Yb(TCNQ)2(H2O)6][TCNQ].H2O.2MeOH (3) are summarised in Table 4.5.
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No. lanthanide Ln3+-N (Å) Ln3+-O (Å) Ln…Ln (Å) Coordination number Coordination geometry
1.

Tb

2.45, 2.52

2.33-2.39

8.005

8

bicapped trigonal prism

2.

Yb

2.39, 2.47

2.28-2.35

10.62

8

bicapped trigonal prism

3.295

Yb

2.43, 2.51

2.28-2.34

11.02

8

square antiprismatic

Table 4.5 Significant structural parameters for 1-3
In these two complexes (1 and 2), except for the Ln…Ln distance, the distances of Ln3+N and Ln3+-O show a slight decrease along with the size of the lanthanide ions from the
larger Tb3+ ion to the smaller Yb3+ ion236. The longer Ln…Ln distance in
Yb(TCNQ)3(H2O)6.3H2O compared with the case in Tb(TCNQ)3(H2O)6.3H2O is
because one extra TCNQ•‒ unit is inserted vertically in respect to the plane of two
coordinated TCNQ•‒ units. The trend in structural parameters of 1 and 2 verifies the law
of lanthanide contraction236.
A notable feature of both structures reported here is the formation of TCNQ pentamer
stacks similar to those seen in two structures reported earlier in this study namely
(C222)K(TCNQ)2.5 and (C222)Rb(TCNQ)2.5, respectively. In both of the previous
examples, the TCNQ column consisted of mixed valence TCNQ stacks, i.e. stacks
containing a mixture of TCNQ0 and TCNQ•‒, adopting a wave-like motif. Such a
situation may also occur in the two structures under discussion here since; (i) there is
significant variation in bond lengths in the three different TCNQ components A, B and
C suggesting mixed redox states; and (ii) it is not clear whether the crystals only contain
H2O molecules or whether some of these are actually hydroxide ions. If the latter were
true it would compensate (in charge terms) for the presence of a neutral TCNQ
component. Furthermore, over a period of two years the crystals of
Tb(TCNQ)3(H2O)6.3H2O and Yb(TCNQ)3(H2O)6.3H2O have changed from dark blue to
green in colour consistent with, for example, oxidation of TCNQ•‒ to TCNQ0 which
could occur if water molecules were being converted into hydroxide ions. In order to
test this, an X-ray structural study of the degraded green crystals is to be attempted in an
attempt to gain insight into this degradation process. In addition it is hoped that samples
of the original complexes might be able to be analysed by neutron diffraction techniques
in the hope of detecting the locations of the hydrogen atoms in the sample.
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5. Conclusions and Further Work
In the course of this project, a number of novel simple and complex TCNQ salts have
been synthesised and the solid-state behaviour of these new compounds has been
studied with a view to gaining further insight into the potential for crystal engineering of
the properties of such materials.
The simple 1:1 TCNQ salts tended to form when the cavity of the crown ether was
comparable to or larger than the corresponding size of the cation, whereas when the
crown ether had a cavity smaller than the size of the cation, a 2:1 stoichiometry was
seen arising from the cation being sandwiched between two crown ether units126,264. For
much larger cations, such as in (12C4)Rb(TCNQ)1.5, four nitrogen atoms from adjacent
TCNQ units compensate for the failure of the crown ether to satisfy the coordination of
the metal cation. In simple TCNQ salts, the TCNQ•‒ units prefer to form dimers which
are then further packed into infinite columns.
From the table of Infrared frequencies, there are certain characteristics which highlight
the reduction of TCNQ0 into TCNQ•‒. These contain: (a) the splitting of the nitrile
frequencies; and (b) conversion of a quinonoid structure into an aromatic system.
Intense EPR spectra observed in M+(15-crown-5)TCNQ•‒ (M = Li, Na) at ambient
temperature and above, in single crystal samples, are typical of thermally excited triplet
state species (S = 1).
Some of the materials show more complex or unusual behaviour. For example, in
(15C5)2RbTCNQ, TCNQ•‒ dimers assemble into infinite parallel sheets. In
(DB18C6)RbTCNQ, the TCNQ•‒ dimers and cation complex of (DB18C6)Rb+ form
assemblies which coordinate with lateral neighbours to form infinite linear tapes
through the crystal structure. Within the series of complex TCNQ salts studied, in
(18C6)Rb(TCNQ)2, (18C6)Cs(TCNQ)2 and (B15C5)2Cs(TCNQ)3, the TCNQ units
prefer to form trimers which further assemble into infinite columns. In
(15C5)Na(TCNQ)2.H2O, TCNQ units form a tetramer as repeating unit. In
(18C6)K(TCNQ)2.5, (C222)K(TCNQ)2.5 and (C222)Rb(TCNQ)2.5, the TCNQ units
prefer to form pentamer as the repeating unit which further assembles into wave-like
infinite TCNQ column. In (12C4)Rb(TCNQ)1.5, (Dicyc18C6)K(TCNQ)3 and
(Dicyc18C6)Rb(TCNQ)3, each TCNQ dimer is separated by an isolated TCNQ unit. In
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complex TCNQ salts, the electrons are delocalised within the TCNQ repeating unit and
these materials have a higher electrical conductivity than the corresponding simple
TCNQ salts.
This study has led to the discovery of a number of novel packing motifs of ionophorecomplexed alkali metal TCNQ salts. Future work would involve the synthesis of 1:1
ratio of RbTCNQ, CsTCNQ and reacting of these with different sizes of crown ethers in
order to investigate the packing pattern of such TCNQ “simple” complexes.
Initial studies of the conductivity and EPR behaviour of these materials needs to be
extended to see how different packing patterns influence their behaviour. For simple
ionophore-complexed alkali metal TCNQ salts prepared in this study, the spin-spin
interaction of the excited triplet has been studied by EPR spectroscopy of a single
crystal and has principal values and directions appropriate for the location of the
intrinsic pair within the crystal structure. For complex TCNQ salts prepared in this
study, there is no evidence for such localised triplet excited states. In future work,
conductivity measurements over a range of different temperatures will also be needed in
order to measure the activation energies for charge migration in each of the TCNQ salts.
Two lanthanide TCNQ complexes have also been prepared: Tb(TCNQ)3(H2O)6.3H2O
and Yb(TCNQ)3(H2O)6.3H2O. Both of the lanthanide TCNQ salts were synthesised in
2012 and since that time the colour of both complexes has changed from dark blue to
green. This is probably because the TCNQ•‒ anion has been oxidised into TCNQ0.
Consequently, the packing motif of TCNQ unit may have changed. This needs further
X-ray crystallographic study to identify any changes. Within the two lanthanide TCNQ
salts in this study, the wave-motif of the repeating unit of TCNQ pentamer implies that
there is probably TCNQ0 present within the pentamer and if so coordinated H2O
molecules might have been converted to OH- in order to maintain charge balance. In
future work, these two complexes need to be studied by UV-Vis to identify the
oxidation state of the lanthanide cations.
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6. Experimental Details
6.1
6.1.1

General Details and Instrumentation
Melting Points

Melting points were measured on an Electrothermal melting point apparatus and are
uncorrected.
6.1.2

Elemental Analysis

Elemental combustion analyses were performed by Medac Ltd, Chobham Business
Centre, Chertsey Road, Chobham, Surrey, GU24 8JB.
6.1.3

Nuclear Magnetic Resonance Spectra

6.1.3.1

Bruker AVII400 FT-NMR Spectrometer (400/1)296

The 400/1 is equipped with a 5mm BBFO probe for routine observation of proton,
carbon, fluorine and phosphorous with deuterium lock fitted with z-gradient coils and
an automatic sample changer.
The 400/1 is intended for rapid acquisition of routine NMR experiments (1D 1H, 13C,
19

F, 31P spectra, HH COSY, HH TOCSY, HMQC, HMBC, FF COSY). Samples can be

entered into an automated queue using the 60 position sample changer.
Data are available for remote processing once acquisition has been completed.
6.1.3.2

Bruker AVIIIHD400 FT-NMR Spectrometer (400/3)297

The 400/3 is equipped with a 5mm SMART probe for routine observation of proton,
carbon, fluorine and phosphorous with deuterium lock fitted with z-gradient coils and
an automatic sample changer.
The 400/3 is intended for rapid acquisition of routine NMR experiments (1D 1H, 13C,
19

F, 31P spectra, HH COSY, HH TOCSY, HMQC, HMBC, FF COSY). Samples can be

entered into an automated queue using the 60 position sample changer.
Data are available for remote processing once acquisition has been completed.
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6.1.4

Infra-Red Spectroscopy

IR (KBr discs) spectra were obtained using a Golden Gate sampling attachment on a
Mattson Satellite 3000 FTIR at the University of Southampton.
6.1.5

UV / Vis Spectroscopy

UV/Vis spectra were recorded on a Shimadzu 1601 UV-Visible spectrophotometer.
Samples were prepared as a solution in a quartz cell.
6.1.6

Raman Spectroscopy

Raman Spectra were collected using a Renishaw In-Via system with a high powered
near Infrared (HPNIR) 785nm laser and microscope using a 50× objective at the
University of Southampton.
6.1.7
6.1.7.1

Mass Spectroscopy298
MaXis ELECTROSPRAY IONISATION

Samples were analysed using a MaXis (Bruker Daltonics, Bremen, Germany) mass
spectrometer equipped with a Time of Flight (TOF) analyser. Samples were introduced
to the mass spectrometer via a Dionex Ultimate 3000 autosampler and uHPLC pump.
Ultra performance liquid chromatography was undertaken via a Waters UPLC BEH
C18 (50 mm x 2.1mm 1.7µm) column. Gradient 20% acetonitrile (0.2% formic acid) to
100% acetonitrile (0.2% formic acid) in five minutes at a flow rate of 0.6 mL/min. High
resolution mass spectra were recorded using positive/negative ion electrospray
ionisation.
6.1.7.2

solariX ELECTROSPRAY IONISATION/APPI IONISATION

Samples were analysed using a solariX (Bruker Daltonics, Bremen, Germany) mass
spectrometer equipped with a 4.7T magnet and FT-ICR cell. Samples were introduced
to the mass spectrometer via infusion at a flow rate of 5µL/min into an electrospray
ionisation source. High resolution mass spectra were recorded using positive/negative
ion electrospray ionisation or Atmospheric pressure photoionization.
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6.1.8

Single Crystal X-ray Diffraction299

Crystal structures of the charge transfer TCNQ complexes were measured using Rigaku
FR-E+ Ultra High Flux Diffractometer AKA Ros, Rigaku FR-E+ Ultra High Flux
Diffractometer AKA Kat and Rigaku 007-HF Diffractometer AKA Dot at the
University of Southampton. The structures were solved by direct methods (SHELXS)300
and refined by full-matrix least squares techniques based on F2 (SHELXL)300 within
Olex2301. The non-H atoms were refined with anisotropic displacement parameters,
except for the disordered crown ether TCNQ complexes, in which the less percentage of
the component is kept as isotropic. Molecular illustrations were made with Mercury302.
Each of the crystal structure’s data were processed by CrystalClear303-305.
6.1.8.1

Rigaku FR-E+ Ultra High Flux Diffractometer AKA Ros

Named after Rosalind Franklin, Ros is the left-hand port on new FR-E+ SuperBright
Molybdenum X-Ray generator. This side has a highly focused beam (70µm) achieved
with the new VariMax VHF (Very High Flux) optics. The setup is completed with an
AFC12 goniometer and an enhanced sensitivity Saturn 724+ 18bit CCD detector. Ros is
possibly THE most powerful laboratory-based diffractometer in the world! Data is
routinely collected at 100K with the aid of an Oxford Cryosystems Cobra.
6.1.8.2

Rigaku FR-E+ Very High Flux Diffractometer AKA Kat

Named in honour of Kathleen Lonsdale, Kat is the right-hand port on new FR-E+
SuperBright Molybdenum X-Ray generator. This side is equipped with VariMax HF
(High Flux) optics and the beam is slightly de-focused (100µm). As for Ros, the
diffractometer also features the AFC12 goniometer and an enhanced sensitivity Saturn
724 + 18bit CCD detector. Kat and Ros together offer the most powerful diffraction
equipment that can be found in a departmental laboratory for Chemical Crystallography.
Data is routinely collected at 100K with the aid of an Oxford Cryosystems Cobra.
6.1.8.3

Rigaku 007-HF Diffractometer AKA Dot

In honour of Dorothy Hodgkin, the new Rigaku 007 HF (High Flux) diffractometer was
named Dot. This Copper rotating anode, equipped with a Saturn 944+ enhanced
sensitivity detector, is a very popular solution for macromolecular crystallography, but
also provides numerous advantages over the traditional Mo-based systems for chemical
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crystallographys. Data is routinely collected at 100K through the use of an Oxford
Cryosystems 700 Series CryoStream.
6.1.9

Electron Paramagnetic Resonance

Bruker EMX X/Q-band EPR spectrometer. All of the measurements were performed at
X-band which means microwave frequency ~10GHz and magnetic field ~3500G. The
exact field and frequency depends on the sample for each individual experiment.
A Bruker High Sensitivity resonator (part number ER 4119HS) or a Super High Q (ER
4122 SHQE) were used for the earlier measurements. The programmable goniometer
was Bruker ER 218PG1. Temperature control was achieved using nitrogen gas flow
from a B-VT 2000 temperature controller with a quartz dewar insert. The dewar insert
holder is Bruker part number ER 169DIS. The data were collected and the results were
solved by Dr. Christopher Wedge (University of Warwick – Department of Physics).
6.1.10

Resistance

Resistance data were recorded by MASTECH MY64 Digital Multimeter AC/DC
Voltage Current Resistance Tester Detector with Diode.

6.2

Preparation & Purification of Starting Materials, Solvent &
Reagents

(i). Acetonitrile was dried over calcium hydride and distilled before use.
(ii). Diethyl ether was dried over sodium wire and was freshly decanted before use.
(iii). Methanol was dried over calcium sulphate and distilled before use.
(iv). Ethanol was dried over calcium sulphate and distilled before use.
(v). DCM was dried over calcium hydride and distilled before use.
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6.3
6.3.1

Preparation of TCNQ complexes
Purification of TCNQ283

Pure TCNQ (2.15g, 10.5mmol) is a yellow crystalline solid which was purified by
recrystallization from dry acetonitrile (50ml). This procedure was repeated until crystals
were yellow-gold, without hint of green. IR vmax/cm-1 2220 (CN stretch). Raman
vmax/cm-1 2229 (CN stretch), 1602 (C=C ring stretch), 1454 (C-CN stretch), 1206 (C=CH bending). Raman vmax/cm-1 2230 (CN stretch), 1603 (C=C ring stretch), 1454 (C-CN
stretch), 1206 (C=C-H bending). M.p.>250℃. (lit283. 287-289℃ (dec.))
6.3.2

Preparation of NaTCNQ283

To a boiling solution of TCNQ (1.02g, 5mmol) in dry acetonitrile (CH3CN, 50ml) was
added a boiling solution of sodium iodide (1.12g, 7.5mmol) in dry acetonitrile (CH3CN,
50ml). The mixture was stirred for several minutes, then left to cool down, and the
precipitate was filtered off. The solid was washed with acetonitrile until washings
changed from purple to bright green. The solid was then further washed with diethyl
ether (50ml). The residue was dried in vacuum to give a bright purple powder of
NaTCNQ (0.97g, 86%). IR vmax/cm-1 2187, 2147 (CN stretch), 1568 (C=C(CN)2
stretch), 1501 (C=C ring stretch), 1360 (CH bend), 1319 (C-C ring stretch), 1164 (C-CN
and C-C ring stretch), 983 (C-C ring stretch), 817, 716 (CH out of plane bend). (lit283.
2181(plus two more in the same envelope)). M.p.>250℃. (lit283. >300℃).
6.3.3

Preparation of LiTCNQ283

To a boiling solution of TCNQ (0.80g, 4mmol) in dry acetonitrile (50ml) was added a
boiling solution of lithium iodide (0.95g, 7mmol) in dry acetonitrile (50ml). The
mixture was stirred for several minutes, left to cool down. The precipitate was filtered
off. The solid was then washed with acetonitrile until washings changed from purple to
bright green, and then further washed with diethyl ether (50ml). The solid was dried in
vacuum to give a dark purple powder of LiTCNQ (0.70g, 85%). IR vmax/cm-1 2201,
2171 (CN stretch) (lit283. 2204, 2193), 1580 (C=C(CN)2 stretch), 1501 (C=C ring
stretch), 1360 (CH bend), 1325 (C-C ring stretch), 1165 (C-CN and C-C ring stretch),
985 (C-C ring stretch), 821, 718 (CH out of plane bend). M.p.>250℃. (lit283. >300℃).
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6.3.4

Preparation of KTCNQ80

To a boiling solution of TCNQ (1.02g, 5mmol) in dry acetonitrile (50ml) was added a
boiling solution of potassium iodide (1.25g, 7.5mmol) in dry acetonitrile (50ml). The
mixture was stirred for several minutes (longer than used for making LiTCNQ and
NaTCNQ, because the potassium iodide does not dissolve in acetonitrile very well at
lower temperatures), and then left to cool down. The precipitate was filtered off. The
solid was then washed with acetonitrile until washings changed from purple to bright
green, and the further washed with diethyl ether (50ml). The solid was dried in vacuum
to give a bright purple powder of KTCNQ (0.94g, 83%). IR vmax/cm-1 2215, 2152 (CN
stretch), 1578 (C=C(CN)2 stretch), 1505 (C=C ring stretch), 1366 (CH bend), 1332 (CC ring stretch), 1175 (C-CN and C-C ring stretch), 988 (C-C ring stretch), 825, 720 (CH
out of plane bend). M.p.>250℃. (lit80. >300℃).
6.3.5

Preparation of Rb2(TCNQ)3

RbI (0.1908g, 0.9mmol) was placed in 250ml round bottom flask and TCNQ0 (0.1224g,
0.6mmol) was added. The mixture was dissolved in dry acetonitrile and the resulting
solution was left to reflux and stir overnight. The product was filtered while still warm
and was washed with dry acetonitrile (100ml) with the washings were bright green.
Further washing was completed using dry diethyl ether (100ml) and the product was
dried in vacuum over CaCl2 to give a bright purple crystalline solid (0.12693g, 81%). IR
vmax/cm-1 2229, 2214, 2181, 2162 (CN stretch), 15779 (C=C(CN)2 stretch), 1503 (C=C
ring stretch), 1367 (CH bend), 1352 (C-C ring stretch), 1183 (C-CN and C-C ring
stretch), 984 (C-C ring stretch), 825, 717 (CH out of plane bend). M.p.>250℃.
6.3.6

Preparation of Cs2(TCNQ)3

CsI (0.234g, 0.9mmol) was placed in 250ml round bottom flask and TCNQ0 (0.1224g,
0.6mmol) was added. The mixture was dissolved in dry acetonitrile and the resulting
solution was left to reflux and stir overnight. The product was filtered while still warm
and was washed with dry acetonitrile (100ml) until the washings were bright green.
Further washing was completed using dry diethyl ether (100ml) and the product was
dried in vacuum over CaCl2 to give a bright purple crystalline solid (0.14498g, 83%). IR
vmax/cm-1 2225, 2210, 2180, 2160 (CN stretch), 1579 (C=C(CN)2 stretch), 1503 (C=C
298

Chapter 6
ring stretch), 1368 (CH bend), 1326 (C-C ring stretch), 1182 (C-CN and C-C ring
stretch), 963 (C-C ring stretch), 823, 716 (CH out of plane bend). M.p.>250℃.
6.3.7

Preparation of (12C4)2LiTCNQ

A solution of LiTCNQ (0.424g, 2mmol) and 12-crown-4 (0.700g, 4mmol) in dry
acetonitrile (50ml) was boiled for five minutes, and filtered whilst hot and the mixture
was then left to cool. The solvent was allowed to evaporate slowly over a period of
several days during which a solid was formed which was separated by filtration. The
solid was washed with diethyl ether (50ml) and dried in vacuum to give small black
chunks (0.437g, 78%). MS (solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z:
375.2 (2 × Crown + Na+), 199.2 (Crown + Na+). IR vmax/cm-1 2968, 2915, 2875
(saturated CH stretch), 2173, 2151 (CN stretch), 1589 (C=C(CN)2 stretch), 1505 (C=C
ring stretch), 1361 (CH bend), 1177 (C-CN and C-C ring stretch), 986 (C-C ring
stretch), 819, 718 (CH out of plane bend). Raman vmax/cm-1 2214 (CN stretch), 1604
(C=C ring stretch), 1384 (C-CN stretch), 1208 (C=C-H bending). M.p. 234℃ (dec.).
Combustion Analysis: Calculated: C: 59.68%, H: 6.44%, N: 9.94%. Found: C: 59.80%,
H: 6.15%, N: 10.36%.

C28H36LiN4O8

a = 16.854(4) Å

α = 90°

Mr = 563.55

b = 20.568(5) Å

β = 90.539(16)°

Monoclinic, C2/c

c = 8.316(3) Å

γ = 90°

T = 100(2) K

V = 2882.8(14) Å3

Z=4

λ = 1.54187 Å, Dot

0.36 × 0.32 × 0.05 mm3

Chunks; Black

Dc = 1.298 Mg / m3

μ = 0.787 mm−1

Completeness = 99.6%

Independent reflections = 2657 [Rint = 0.1317] R1 [I≥2σ(I)] = 0.0922 wR2 [all data] = 0.2795

Table 6.1 Crystal structure information of (12C4)2LiTCNQ in this study
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6.3.8

Preparation of (12C4)2NaTCNQ283

A solution of NaTCNQ (0.454g, 2mmol) and 12-crown-4 (0.700g, 4mmol) in dry
acetonitrile (50ml) was boiled for five minutes, and filtered whilst hot. The mixture was
then left to cool. The solvent was allowed to evaporate slowly over a period of several
days during which a solid was formed separately filtration. The solid was washed with
diethyl ether (50ml) and dried in vacuum to give small bright black needles (0.269g,
47%). MS (solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 375.2 (2 × Crown
+ Na+), 199.2 (Crown + Na+). IR vmax/cm-1 2962, 2916, 2875 (saturated CH stretch),
2172, 2150 (CN stretch) (lit283. 2177, 2156), 1567 (C=C(CN)2 stretch), 1505 (C=C ring
stretch), 1361 (CH bend), 1177 (C-CN and C-C ring stretch), 986 (C-C ring stretch),
820, 718 (CH out of plane bend). Raman vmax/cm-1 2257 (CN stretch), 1609 (C=C ring
stretch), 1389 (C-CN stretch), 1206 (C=C-H bending). M.p. 226℃ (dec.) (lit283. 185187℃). Combustion Analysis: Calculated: C: 58.03%, H: 6.22%, N: 9.67%. Found: C:
57.64%, H: 6.16%, N: 9.48%.

C28H36N4NaO8

a = 17.191(2) Å

α = 90°

Mr = 579.60

b = 20.518(2) Å

β = 90.131(6)°

Monoclinic, C2/c

c = 8.3079(9) Å

γ = 90°

T = 120(2) K

V = 2930.4(5) Å3

Z=4

λ = 0.71075 Å, Ros

0.56 × 0.06 × 0.02 mm3

Needles; Black

Dc = 1.314 Mg / m3

μ = 0.109 mm−1

Completeness = 99.9%

Independent reflections = 3352 [Rint = 0.1059] R1 [I≥2σ(I)] = 0.0852 wR2 [all data] = 0.3046

Table 6.2 Crystal structure information of (12C4)2NaTCNQ in this study
300

Chapter 6
6.3.9

Preparation of (12C4)2Li(TCNQ)2

A solution of LiTCNQ (0.0211g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 12-crown4 (0.0352g, 0.2mmol) in dry acetonitrile (50ml) was heated under reflux for three hours,
filtered whilst hot and then left to cool. The solvent was left to evaporate slowly over a
period of several days and the solid which formed was then separated by filtration. The
solid was washed with diethyl ether (50ml) and dried in vacuum to form a plate of a
dark green crystalline solid (0.02122g, 28%). MS (solution) (MeCN) (ESI-) m/z: 204.7
(TCNQ-). (ESI+) m/z: 375.6 (2 × Crown + Na+), 199.4 (Crown + Na+). IR vmax/cm-1
2970, 2940 (saturated CH stretch), 2215, 2188 (CN stretch), 1558 (C=C(CN)2 stretch),
1507 (C=C ring stretch), 1327 (CH bend), 1134 (C-CN and C-C ring stretch), 953 (C-C
ring stretch), 861, 694 (CH out of plane bend). Raman vmax/cm-1 2216 (CN stretch),
1606 (C=C ring stretch), 1385 (C-CN stretch), 1207 (C=C-H bending). M.p. 312℃
(dec.).

C40H40N8LiO8

a = 8.2048(5) Å

α = 72.456(6)°

Mr = 767.74

b = 13.7261(10) Å

β = 83.046(7)°

Triclinic, P-1

c = 17.8891(13) Å

γ = 86.624(7)°

T = 100(2) K

V = 1906.3(2) Å3

Z=2

λ = 0.71075 Å, Ros

0.05 × 0.04 × 0.02 mm3

Plate; Dark Green

Dc = 1.338 Mg / m3

μ = 0.095 mm−1

Completeness = 98.1%

Independent reflections = 8615 [Rint = 0.4704] R1 [I≥2σ(I)] = 0.1055 wR2 [all data] = 0.3544

Table 6.3 Crystal structure information of (12C4)2Li(TCNQ)2 in this study
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6.3.10

Preparation of (12C4)2Na(TCNQ)2

A solution of NaTCNQ (0.0227g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 12crown-4 (0.0352g, 0.2mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was left to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to afford
plates of metallic black crystalline solid (0.01085g, 14%). MS (solution) (MeCN) (ESI-)
m/z: 204.5 (TCNQ-). (ESI+) m/z: 375.7 (2 × Crown + Na+), 199.5 (Crown + Na+). IR
vmax/cm-1 2969, 2935, 2881 (saturated CH stretch), 2223, 2201, 2177 (CN stretch), 1560
(C=C(CN)2 stretch), 1506 (C=C ring stretch), 1302 (CH bend), 1136 (C-CN and C-C
ring stretch), 951 (C-C ring stretch), 848, 689 (CH out of plane bend). Raman vmax/cm-1
2212 (CN stretch), 1602 (C=C ring stretch), 1382 (C-CN stretch), 1206 (C=C-H
bending). M.p. 310℃ (dec.). Combustion Analysis: Calculated: C: 61.30%, H: 5.14%,
N: 14.29%. Found: C: 61.17%, H: 4.46%, N: 14.39%.

C40H40N8NaO8

a = 8.1038(5) Å

α = 78.713(5)°

Mr = 783.79

b = 13.6922(10) Å

β = 86.236(5)°

Triclinic, P-1

c = 17.7103(11) Å

γ = 85.684(5)°

T = 100(2) K

V = 1919.0(2) Å3

Z=2

λ = 0.71075 Å, Ros

0.10 × 0.09 × 0.02 mm3

Block; Black

Dc = 1.356 Mg / m3

μ = 0.106 mm−1

Completeness = 98.4%

Independent reflections = 8692 [Rint = 0.1518] R1 [I≥2σ(I)] = 0.0625 wR2 [all data] = 0.1703

Table 6.4 Crystal structure information of (12C4)2Na(TCNQ)2 in this study
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6.3.11

Preparation of (12C4)2K(TCNQ)2

A solution of KTCNQ (0.0972g, 0.4mmol), TCNQ0 (0.0816g, 0.4mmol) and 12-crown4 (0.1408g, 0.8mmol) in dry acetonitrile (50ml) was heated under reflux for three hours,
filtered whilst hot and then left to cool. The solvent was left to evaporate slowly over a
period of several days and the solid which formed was then separated by filtration. The
solid was washed with diethyl ether (50ml) and dried in vacuum to form a block of
metallic black crystalline solid (0.01942g, 24%). MS (solution) (MeCN) (ESI-) m/z:
204.4 (TCNQ-). (ESI+) m/z: 375.6 (2 × Crown + Na+), 199.4 (Crown + Na+). IR
vmax/cm-1 2965, 2926, 2877 (saturated CH stretch), 2195, 2179, 2167 (CN stretch), 1560
(C=C(CN)2 stretch), 1508 (C=C ring stretch), 1363 (CH bend), 1181 (C-CN and C-C
ring stretch), 956 (C-C ring stretch), 828, 700 (CH out of plane bend). Raman vmax/cm-1
2217 (CN stretch), 1608 (C=C ring stretch), 1390 (C-CN stretch), 1204 (C=C-H
bending). M.p.>300℃ (dec.). Combustion Analysis: Calculated: C: 60.06%, H: 5.04%,
N: 14.00%. Found: C: 59.82%, H: 4.44%, N: 15.74%.

C40H40KN8O8

a = 8.0286(5) Å

α = 80.496(3)°

Mr = 799.90

b = 13.6593(10) Å

β = 85.502(3)°

Triclinic, P-1

c = 18.3991(13) Å

γ = 85.407(3)°

T = 100(2) K

V = 1979.3(2) Å3

Z=2

λ = 0.71075 Å, Kat

0.11 × 0.06 × 0.02 mm3

Block; Black

Dc = 1.342 Mg / m3

μ = 0.197 mm−1

Completeness = 99.3%

Independent reflections = 9058 [Rint = 0.1413] R1 [I≥2σ(I)] = 0.0514 wR2 [all data] = 0.1537

Table 6.5 Crystal structure information of (12C4)2K(TCNQ)2 in this study
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6.3.12

Preparation of (12C4)Rb(TCNQ)1.5

A solution of Rb2(TCNQ)3 (0.0784g, 0.1mmol) and 12-crown-4 (0.0704g, 0.4mmol) in
dry acetonitrile (50ml) was heated under reflux for three hours, filtered whilst hot and
then left to cool. The solvent was left to evaporate slowly over a period of several days
and the solid which formed was then separated by filtration. The solid was washed with
dry diethyl ether (50ml) and dried in vacuum to form a bright purple plate of crystalline
solid (0.01302g, 23%). MS (solution) (MeCN) (ESI-) m/z: 204.4 (TCNQ-). (ESI+) m/z:
375.6 (2 × Crown + Na+), 199.4 (Crown + Na+). IR vmax/cm-1 2978, 2955 (saturated CH
stretch), 2224, 2212, 2184, 2152 (CN stretch), 1569 (C=C(CN)2 stretch), 1507 (C=C
ring stretch), 1361 (CH bend), 1129 (C-CN and C-C ring stretch), 941 (C-C ring
stretch), 823 (CH out of plane bend). Raman vmax/cm-1 2203 (CN stretch), 1604 (C=C
ring stretch), 1389 (C-CN stretch), 1203 (C=C-H bending). M.p. 235℃ (dec.).
Combustion data is awaited.

C26H22N6O4Rb

a = 7.6697(5) Å

α = 90°

Mr = 567.96

b = 13.8448(10) Å

β = 95.695(2)°

Monoclinic, P21/n

c = 23.7805(17) Å

γ = 90°

T = 100(2) K

V = 2512.7(3) Å3

Z=4

λ = 0.71075 Å, Kat

0.09 × 0.08 × 0.02 mm3

Plate; Purple

Dc = 1.501 Mg / m3

μ = 2.015 mm−1

Completeness = 99.4%

Independent reflections = 5727 [Rint = 0.3024] R1 [I≥2σ(I)] = 0.0703 wR2 [all data] = 0.1892

Table 6.6 Crystal structure information of (12C4)Rb(TCNQ)1.5 in this study
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6.3.13

Preparation of (15C5)LiTCNQ

A solution of LiTCNQ (0.280g, 1.321mmol) and 15-crown-5 (0.291g, 1.321mmol) in
dry acetonitrile (50ml) was boiled for five minutes, and filtered whilst hot and then left
to cool. The solvent was left to evaporate slowly over a period of several days during
which a solid formed which was separated by filtration. The solid was washed with
diethyl ether (50ml) and dried in vacuum to give small crystals of a purple solid
(0.459g, 81%). MS (solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 243.2
(Crown + Na+). IR vmax/cm-1 2930, 2878 (saturated CH stretch), 2195, 2174, 2153 (CN
stretch), 1579 (C=C(CN)2 stretch), 1503 (C=C ring stretch), 1347 (CH bend), 1179 (CCN and C-C ring stretch), 985 (C-C ring stretch), 829, 717 (CH out of plane bend).
Raman vmax/cm-1 2216 (CN stretch), 1605 (C=C ring stretch), 1379 (C-CN stretch),
1208 (C=C-H bending). M.p. 202℃ (dec.). Combustion Analysis: Calculated: C:
61.25%, H: 5.61%, N: 12.98%. Found: C: 61.46%, H: 5.51%, N: 13.29%.

C22H24LiN4O5

a = 9.7939(7) Å

α = 90°

Mr = 431.39

b = 15.2363(12) Å

β = 102.087(7)°

Monoclinic, P21/c

c = 14.7146(12) Å

γ = 90°

T = 100(2) K

V = 2147.1(3) Å3

Z=4

λ = 0.71075 Å, Ros

0.05 × 0.04 × 0.01 mm3

Plate; Purple

Dc = 1.335 Mg / m3

μ = 0.095 mm−1

Completeness = 99.7%

Independent reflections = 4910 [Rint = 0.1117] R1 [I≥2σ(I)] = 0.0575 wR2 [all data] = 0.1454

Table 6.7 Crystal structure information of (15C5)LiTCNQ in this study
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6.3.14

Preparation of (15C5)NaTCNQ

A solution of NaTCNQ (0.450g, 2mmol) and 15-crown-5 (0.440g, 2mmol) in dry
acetonitrile (50ml) was boiled for five minutes, and filtered whilst hot and then left to
cool. The solvent was left to evaporate slowly over a period of several days during
which a solid formed which was separated by filtration. The solid was washed with
diethyl ether (50ml) and dried in vacuum to give small crystals of a purple solid
(0.426g, 48%). MS (solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 243.2
(Crown + Na+). IR vmax/cm-1 2908, 2875 (saturated CH stretch), 2179, 2152 (CN
stretch), 1576 (C=C(CN)2 stretch), 1504 (C=C ring stretch), 1343 (CH bend), 1177 (CCN and C-C ring stretch), 986 (C-C ring stretch), 820, 717 (CH out of plane bend).
Raman vmax/cm-1 2207 (CN stretch), 1602 (C=C ring stretch), 1380 (C-CN stretch),
1205 (C=C-H bending). M.p. 160℃ (lit64. 150℃). Combustion Analysis: Calculated: C:
59.06%, H: 5.41%, N: 12.52%. Found: C: 58.76%, H: 5.02%, N: 12.32%.

C44H48N8Na2O10

a = 9.2479(14) Å

α = 83.755(7)°

Mr = 894.88

b = 11.0432(17) Å

β = 89.933(6)°

Triclinic, P-1

c = 11.8476(17) Å

γ = 68.656(8)°

T = 100(2) K

V = 1119.3(3) Å3

Z=1

λ = 0.71075 Å, Kat

0.08 × 0.06 × 0.01 mm3

Plate; Purple

Dc = 1.328 Mg / m3

μ = 0.112 mm−1

Completeness = 98.8%

Independent reflections = 5059 [Rint = 0.0748] R1 [I≥2σ(I)] = 0.0698 wR2 [all data] = 0.1581

Table 6.8 Crystal structure information of (15C5)NaTCNQ in this study
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Chapter 6
6.3.15

Preparation of (15C5)Li(TCNQ)2.H2O

A solution of LiTCNQ (0.0211g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 15-crown5 (0.044g, 0.2mmol) in dry acetonitrile (50ml) was heated under reflux for three hours,
filtered whilst hot and then left to cool. The solvent was left to evaporate slowly over a
period of several days and the solid which formed was then separated by filtration. The
solid was washed with diethyl ether (50ml) and dried in vacuum to form plates of a
bright black crystalline solid (0.03565g, 56%). MS (solution) (MeCN) (ESI-) m/z: 204.1
(TCNQ-). (ESI+) m/z: 243.2 (Crown + Na+). IR vmax/cm-1 ~3500 (OH stretch), 2878
(saturated CH stretch), 2201, 2173 (CN stretch), 1560 (C=C(CN)2 stretch), 1507 (C=C
ring stretch), 1340 (CH bend), 1100 (C-CN and C-C ring stretch), 954 (C-C ring
stretch), 836, 700 (CH out of plane bend). Raman vmax/cm-1 2216 (CN stretch), 1606
(C=C ring stretch), 1384 (C-CN stretch), 1206 (C=C-H bending). M.p. 270℃ (dec.).
Combustion Analysis: Calculated: C: 62.48%, H: 4.63%, N: 17.14%. Found: C:
62.47%, H: 4.45%, N: 17.38%.

C34H30LiN8O6

a = 8.3276(5) Å

α = 97.533(8)°

Mr = 653.60

b = 12.4763(9) Å

β = 100.335(9)°

Triclinic, P-1

c = 16.6170(11) Å

γ = 99.982(9)°

T = 100(2) K

V = 1648.6(2) Å3

Z=2

λ = 0.71075 Å, Ros

0.08 × 0.05 × 0.02 mm3

Plate; Black

Dc = 1.316 Mg / m3

μ = 0.093 mm−1

Completeness = 95.6%

Independent reflections = 7259 [Rint = 0.1159] R1 [I≥2σ(I)] = 0.0949 wR2 [all data] = 0.2865

Table 6.9 Crystal structure information of (15C5)Li(TCNQ)2.H2O in this study
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Chapter 6
6.3.16

Preparation of (15C5)Na(TCNQ)2.H2O

A solution of NaTCNQ (0.0277g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 15crown-5 (0.044g, 0.2mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was left to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form
plates of a bright black crystalline solid (0.03906g, 60%).MS (solution) (MeCN) (ESI-)
m/z: 204.1 (TCNQ-). (ESI+) m/z: 243.2 (Crown + Na+). IR vmax/cm-1 ~3500 (OH
stretch), 2872 (saturated CH stretch), 2277, 2195, 2165 (CN stretch), 1560 (C=C(CN)2
stretch), 1508 (C=C ring stretch), 1343 (CH bend), 1112 (C-CN and C-C ring stretch),
948 (C-C ring stretch), 836, 697 (CH out of plane bend). Raman vmax/cm-1 2206 (CN
stretch), 1603 (C=C ring stretch), 1384 (C-CN stretch), 1206 (C=C-H bending). M.p.
252℃ (dec.). Combustion Analysis: Calculated: C: 60.98%, H: 4.52%, N: 16.73%.
Found: C: 61.28%, H: 4.30%, N: 16.69%.

C34H30N8NaO6

a = 8.3578(5) Å

α = 102.623(7)°

Mr = 669.65

b = 12.4677(9) Å

β = 92.032(6)°

Triclinic, P-1

c = 16.7424(11) Å

γ = 99.911(7)°

T = 100(2) K

V = 1672.2(2) Å3

Z=2

λ = 0.71075 Å, Ros

0.16 × 0.08 × 0.02 mm3

Plate; Black

Dc = 1.330 Mg / m3

μ = 0.105 mm−1

Completeness = 98.0%

Independent reflections = 7499 [Rint = 0.0449] R1 [I≥2σ(I)] = 0.0835 wR2 [all data] = 0.2748

Table 6.10 Crystal structure information of (15C5)Na(TCNQ)2.H2O in this study
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Chapter 6
6.3.17

Preparation of (15C5)2RbTCNQ

A solution of Rb2(TCNQ)3 (0.0782g, 0.1mmol), TCNQ0 (0.0408g, 0.2mmol) and 15crown-5 (0.088g, 0.4mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was left to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
mixture of a plate of metallic dark blue and a bright yellow-green crystalline solid
(0.01046g, 14%). The product of bright yellow-green was proved to be TCNQ0 after
analysis by an X-ray crystallographic study. The dark blue solid had: MS (solution)
(MeCN) (ESI-) m/z: 204.5 (TCNQ-). (ESI+) m/z: 243.5 (Crown + Na+). IR vmax/cm-1
2900, 2864 (saturated CH stretch), 2182, 2161 (CN stretch), 1561 (C=C(CN)2 stretch),
1507 (C=C ring stretch), 1349 (CH bend), 1182 (C-CN and C-C ring stretch), 983 (C-C
ring stretch), 829, 714 (CH out of plane bend). Raman vmax/cm-1 2203 (CN stretch),
1604 (C=C ring stretch), 1389 (C-CN stretch), 1203 (C=C-H bending). M.p. 210℃
(lit64. 202-203℃). Combustion data is awaited.

C32H44N4O10Rb

a = 8.9191(5) Å

α = 66.628(4)°

Mr = 730.18

b = 14.1097(10) Å

β = 83.769(5)°

Triclinic, P-1

c = 15.2376(11) Å

γ = 77.738(5)°

T = 100(2) K

V = 1719.5(2) Å3

Z=2

λ = 0.71075 Å, Ros

0.11 × 0.05 × 0.02 mm3

Plate; Dark Blue

Dc = 1.410 Mg / m3

μ = 1.500 mm−1

Completeness = 99.7%

Independent reflections = 7874 [Rint = 0.0425] R1 [I≥2σ(I)] = 0.0440 wR2 [all data] = 0.1143

Table 6.11 Crystal structure information of (15C5)2RbTCNQ in this study
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Chapter 6
6.3.18

Preparation of (B15C5)LiTCNQ.H2O

A solution of LiTCNQ (0.0211g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and Benzo-15crown-5 (0.0268g, 0.2mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was let to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
mixture of a block of bright yellow-green and a plate of metallic dark blue crystalline
solid (0.01491g, 30%). The bright yellow-green solid was shown to be TCNQ0 by an Xray crystallographic study. The dark blue solid had: MS (solution) (MeCN) (ESI-) m/z:
204.5 (TCNQ-). (ESI+) m/z: 291.6 (Crown + Na+). IR vmax/cm-1 ~3500 (OH stretch),
2942, 2888 (saturated CH stretch), 2196, 2168 (CN stretch), 1560 (C=C(CN)2 stretch),
1508 (C=C ring stretch), 1342 (CH bend), 1128 (C-CN and C-C ring stretch), 958 (C-C
ring stretch), 838, 754 (CH out of plane bend). Raman vmax/cm-1 2188 (CN stretch),
1608 (C=C ring stretch), 1388 (C-CN stretch), 1197 (C=C-H bending). M.p 220℃
(dec.). Combustion data is awaited.

C26H26LiN4O6

a = 6.9047(5) Å

α = 64.605(5)°

Mr = 497.45

b = 14.1536(10) Å

β = 80.543(6)°

Triclinic, P-1

c = 14.1883(10) Å

γ = 80.656(6)°

T = 100(2) K

V = 1228.98(16) Å3

Z=2

λ = 0.71075 Å, Ros

0.09 × 0.05 × 0.02 mm3

Plate; Dark Blue

Dc = 1.344 Mg / m3

μ = 0.096 mm−1

Completeness = 99.6%

Independent reflections = 5598 [Rint = 0.1442] R1 [I≥2σ(I)] = 0.0503 wR2 [all data] = 0.1338

Table 6.12 Crystal structure information of (B15C5)LiTCNQ.H2O in this study
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Chapter 6
6.3.19

Preparation of (B15C5)2Cs(TCNQ)3

A solution of Cs2(TCNQ)3 (0.0878g, 0.1mmol), TCNQ0 (0.0408g, 0.2mmol) and
Benzo-15-crown-5 (0.1072g, 0.4mmol) in dry acetonitrile (50ml) was heated under
reflux for three hours, filtered whilst hot and then left to cool. The solvent was left to
evaporate slowly over a period of several days and the solid which formed was then
separated by filtration. The solid was washed with diethyl ether (50ml) and dried in
vacuum to form a mixture of a bright yellow-green block and a plate of metallic dark
blue crystalline solid (0.00683g, 5%). The bright yellow-green product was shown to be
TCNQ0 after an X-ray crystallographic study. The dark blue solid had: MS (solution)
(MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: (Crown + Na+). IR vmax/cm-1 3050,
2970 (saturated CH stretch), 2225, 2195, 2169 (CN stretch), 1569 (C=C(CN)2 stretch),
1506 (C=C ring stretch), 1353 (CH bend), 1126 (C-CN and C-C ring stretch), 938 (C-C
ring stretch), 862, 746 (CH out of plane bend). Raman vmax/cm-1 2201 (CN stretch),
1605 (C=C ring stretch), 1391, 1433 (C-CN stretch), 1200 (C=C-H bending). M.p.
280℃ (dec.). Combustion data is awaited.

C64H52CsN12O10

a = 18.7775(13) Å

α = 90°

Mr = 1282.09

b = 8.8172(5) Å

β = 99.453(1)°

Monoclinic, C2/c

c = 35.982(3) Å

γ = 90°

T = 100(2) K

V = 5876.5(7) Å3

Z=4

λ = 0.71075 Å, Kat

0.10 × 0.10 × 0.02 mm3

Plate; Dark Blue

Dc = 1.449 Mg / m3

μ = 0.702 mm−1

Completeness = 99.7%

Independent reflections = 6746 [Rint = 0.0828] R1 [I≥2σ(I)] = 0.0411 wR2 [all data] = 0.1011

Table 6.13 Crystal structure information of (B15C5)2Cs(TCNQ)3 in this study
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Chapter 6
6.3.20

Preparation of (18C6)KTCNQ283

A solution of KTCNQ (0.0243g, 0.1mmol) and 18-crown-6 (0.0264g, 0.1mmol) in dry
acetonitrile (50ml) was boiled for five minutes, and filtered whilst hot and then left to
cool. The solvent was left to evaporate slowly over a period of several days during
which a solid formed which was separated by filtration. The solid was washed with
diethyl ether (50ml) and dried in vacuum to give small crystals of a metallic dark violet
solid (0.02839g, 56%). MS (solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z:
287.6 (Crown + Na+). IR vmax/cm-1 2889 (saturated CH stretch), 2174, 2156 (CN stretch)
(lit283. 2177, 2156), 1581 (C=C(CN)2 stretch), 1504 (C=C ring stretch), 1346 (CH
bend), 1178 (C-CN and C-C ring stretch), 961 (C-C ring stretch), 830, 721 (CH out of
plane bend). M.p. 202℃ (lit36. 185℃)

C48H56K2N8O12

a = 23.6591(17) Å

α = 90°

Mr = 1015.22

b = 8.1779(5) Å

β = 98.037(1)°

Monoclinic, C2/c

c = 26.7609(19) Å

γ = 90°

T = 100(2) K

V = 5126.9(6) Å3

Z=4

λ = 0.71075 Å, Kat

0.26 × 0.25 × 0.04 mm3

Plate; Dark Violet

Dc = 1.315 Mg / m3

μ = 0.252 mm−1

Completeness = 99.7%

Independent reflections = 5883 [Rint = 0.0291] R1 [I≥2σ(I)] = 0.0256 wR2 [all data] = 0.0712

Table 6.14 Crystal structure information of (18C6)KTCNQ in this study
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Chapter 6
6.3.21

Preparation of (18C6)Na(TCNQ)2.2H2O

A solution of NaTCNQ (0.0227g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 18crown-6 (0.0264g, 0.1mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was let to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
plate of metallic dark blue crystalline solid (0.00343g, 5%). MS (solution) (MeCN)
(ESI-) m/z: 204.3 (TCNQ-). (ESI+) m/z: 287.6 (Crown + Na+). IR vmax/cm-1 ~3400 (OH
stretch), 2970 (saturated CH stretch), 2223, 2196, 2179 (CN stretch), 1569 (C=C(CN)2
stretch), 1507 (C=C ring stretch), 1353 (CH bend), 1125 (C-CN and C-C ring stretch),
961 (C-C ring stretch), 862, 750 (CH out of plane bend). M.p. 275℃ (dec.). Combustion
data is awaited.

C36H36N8NaO8

a = 7.1430(5) Å

α = 88.618(6)°

Mr = 731.72

b = 8.2470(5) Å

β = 78.909(7)°

Triclinic, P-1

c = 17.5533(13) Å

γ = 64.488(5)°

T = 100(2) K

V = 913.77(12) Å3

Z=1

λ = 0.71075 Å, Ros

0.13 × 0.08 × 0.02 mm3

Plate; Dark Blue

Dc = 1.330 Mg / m3

μ = 0.106 mm−1

Completeness = 99.4%

Independent reflections = 4163 [Rint = 0.1636] R1 [I≥2σ(I)] = 0.0606 wR2 [all data] = 0.1879

Table 6.15 Crystal structure information of (18C6)Na(TCNQ)2.2H2O in this study
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Chapter 6
6.3.22

Preparation of (18C6)K(TCNQ)2.5

A solution of KTCNQ (0.0243g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 18-crown6 (0.0264g, 0.1mmol) in dry acetonitrile (50ml) was under refluxing for three hours,
filtered whilst hot and then left to cool. The solvent was left to evaporate slowly over a
period of several days and the solid which formed was then separated by filtration. The
solid was washed with diethyl ether (50ml) and dried in vacuum to form a needle of
bright black crystalline solid (0.04311g, 61%). MS (solution) (MeCN) (ESI-) m/z: 204.1
(TCNQ-). (ESI+) m/z: 287.2 (Crown + Na+). IR vmax/cm-1 2899 (saturated CH stretch),
2209, 2196, 2176 (CN stretch), 1566 (C=C(CN)2 stretch), 1522 (C=C ring stretch), 1341
(CH bend), 1159 (C-CN and C-C ring stretch), 961 (C-C ring stretch), 839, 700 (CH out
of plane bend). Raman vmax/cm-1 2203 (CN stretch), 1603 (C=C ring stretch), 1386 (CCN stretch), 1204 (C=C-H bending). M.p. 256℃ (dec.). Combustion Analysis:
Calculated: C: 61.98%, H: 4.21%, N: 17.21%. Found: C: 61.84%, H: 4.00%, N:
17.08%.

C42H34KN10O6

a = 8.1026(5) Å

α = 90°

Mr = 813.89

b = 31.843(2) Å

β = 100.894(2)°

Monoclinic, P21/c

c = 16.2844(11) Å

γ = 90°

T = 100(2) K

V = 4125.8(5) Å3

Z=4

λ = 0.71075 Å, Kat

0.56 × 0.06 × 0.04 mm3

Needle; Black

Dc = 1.310 Mg / m3

μ = 0.189 mm−1

Completeness = 96.3%

Independent reflections = 9114 [Rint = 0.0453] R1 [I≥2σ(I)] = 0.0391 wR2 [all data] = 0.0993

Table 6.16 Crystal structure information of (18C6)K(TCNQ)2.5 in this study
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Chapter 6
6.3.23

Preparation of (18C6)Rb(TCNQ)2

A solution of Rb2(TCNQ)3 (0.0392g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 18crown-6 (0.0264g, 0.2mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was left to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
needle of bright black crystalline solid (0.04311g, 61%). IR vmax/cm-1 2851 (saturated
CH stretch), 2209, 2196, 2171 (CN stretch), 1564 (C=C(CN)2 stretch), 1505 (C=C ring
stretch), 1353 (CH bend), 1154 (C-CN and C-C ring stretch), 962 (C-C ring stretch),
840, 700 (CH out of plane bend). Raman vmax/cm-1 2205 (CN stretch), 1604 (C=C ring
stretch), 1390 (C-CN stretch), 1203 (C=C-H bending). M.p. 240℃ (lit64. 235℃).
Combustion data is awaited.
The Rint value of (18C6)Rb(TCNQ)2 is not available, which probably caused by several
reasons. The structure might be disordered which needs further analysis; the shape of
the crystal which will affect the absorption of the X-ray; the symmetry interpretation of
the product; the quality of the data or the systematic error. The crystal structure of this
sample needs to be further analysised.

C36H33.27N8O6Rb

a = 8.1907(5) Å

α = 100.771(9)°

Mr = 759.44

b = 12.8013(9) Å

β = 95.148(8)°

Triclinic, P-1

c = 17.8935(13) Å

γ = 101.724(9)°

T = 100(2) K

V = 1788.7(2) Å3

Z=2

λ = 0.71075 Å, Kat

0.04 × 0.02 × 0.02 mm3

Needle; Black

Dc = 1.410 Mg / m3

μ = 1.441 mm−1

Completeness = 99.4%

Independent reflections = 8172 [Rint = N/A*] R1 [I≥2σ(I)] = 0.1197 wR2 [all data] = 0.3745
*N/A: not available

Table 6.17 Crystal structure information of (18C6)Rb(TCNQ)2 in this study
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Chapter 6
6.3.24

Preparation of (18C6)Cs(TCNQ)2

A solution of Cs2(TCNQ)3 (0.0439g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and 18crown-6 (0.0529g, 0.2mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was left to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
plate of metallic dark blue crystalline solid (0.01072g, 13%). MS (solution) (MeCN)
(ESI-) m/z: 204.5 (TCNQ-). (ESI+) m/z: 287.5 (Crown + Na+). IR vmax/cm-1 2900
(saturated CH stretch), 2209, 2196, 2170 (CN stretch), 1563 (C=C(CN)2 stretch), 1505
(C=C ring stretch), 1327 (CH bend), 1105 (C-CN and C-C ring stretch), 961 (C-C ring
stretch), 840, 699 (CH out of plane bend). Raman vmax/cm-1 2197 (CN stretch), 1606
(C=C ring stretch), 1390, 1435 (C-CN stretch), 1198 (C=C-H bending). M.p. 308℃
(dec.). Combustion data is awaited.

C35.97H32CsN8O6

a = 8.1734(5) Å

α = 97.124(6)°

Mr = 805.30

b = 12.9982(9) Å

β = 96.993(6)°

Triclinic, P-1

c = 18.1214(13) Å

γ = 100.605(6)°

T = 100(2) K

V = 1857.0(2) Å3

Z=2

λ = 0.71075 Å, Ros

0.05 × 0.04 × 0.02 mm3

Plate; Dark Blue

Dc = 1.051 Mg / m3

μ = 1.052 mm−1

Completeness = 99.6%

Independent reflections = 8489 [Rint = 0.1145] R1 [I≥2σ(I)] = 0.0568 wR2 [all data] = 0.1258

Table 6.18 Crystal structure of (18C6)Cs(TCNQ)2 in this study
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Chapter 6
6.3.25

Preparation of (B18C6)K(TCNQ)2

A solution of KTCNQ (0.0243g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and benzo-18crown-6 (0.0312g, 0.1mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was left to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
needle of metallic dark blue crystalline solid (0.04326g, 57%). MS (solution) (MeCN)
(ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 335.2 (Crown + Na+). IR vmax/cm-1 3052, 2937
(saturated CH stretch), 2226, 2195, 2166 (CN stretch), 1559 (C=C(CN)2 stretch), 1507
(C=C ring stretch), 1301 (CH bend), 1120 (C-CN and C-C ring stretch), 937 (C-C ring
stretch), 830, 684 (CH out of plane bend). Raman vmax/cm-1 2207 (CN stretch), 1606
(C=C ring stretch), 1390 (C-CN stretch), 1205 (C=C-H bending). M.p. 200℃ (dec.).
Combustion Analysis: Calculated: C: 63.40%, H: 3.99%, N: 14.78%. Found: C:
62.88%, H: 3.70%, N: 15.02%.

C40H30.06KN8O6

a = 6.4464(5) Å

α = 90°

Mr = 757.88

b = 35.158(3) Å

β = 99.822(2)°

Monoclinic, P21/m

c = 8.0945(5) Å

γ = 90°

T = 100(2) K

V = 1807.7(2) Å3

Z=2

λ = 0.71075 Å, Kat

0.28 × 0.06 × 0.04 (mm3)

Plate; Dark Blue

Dc = 1.392 Mg / m3

μ = 0.208 mm-1

Completeness = 98.3%

Independent reflections = 4182 [Rint = 0.0573]

R1 [I≥2σ(I)] = 0.0494

wR2 [all data] = 0.1461

Table 6.19 Crystal structure information of (B18C6)K(TCNQ)2 in this study
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Chapter 6
6.3.26

Preparation of (DB18C6)K(TCNQ)2

A solution of KTCNQ (0.0243g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and dibenzo18-crown-6 (0.0360g, 0.1mmol) in dry acetonitrile (50ml) was heated under reflux for
three hours, filtered whilst hot and then left to cool. The solvent was left to evaporate
slowly over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
block of black crystalline solid (0.0565g, 70%). MS (solution) (MeCN) (ESI-) m/z:
204.1 (TCNQ-). (ESI+) m/z: 383.2 (Crown + Na+). IR vmax/cm-1 2968, 2935, 2887
(saturated CH stretch), 2214, 2189 (CN stretch), 1579 (C=C(CN)2 stretch), 1528 (C=C
ring stretch), 1379 (CH bend), 1161 (C-CN and C-C ring stretch), 948 (C-C ring
stretch), 815, 709 (CH out of plane bend). Raman vmax/cm-1 2204 (CN stretch), 1605
(C=C ring stretch), 1388 (C-CN stretch), 1205 (C=C-H bending). M.p. 220℃ (lit64. 224225℃). Combustion data is awaited.

C44H32KN8O6

a = 7.8459(3) Å

α = 96.6200(10)°

Mr = 807.87

b = 14.5336(4) Å

β = 93.222(2)°

Triclinic, P-1

c = 17.8334(4) Å

γ = 101.779(2)°

T = 120(2) K

V = 1970.77(10) Å3

Z=2

λ = 0.71075 Å, Ros

0.32 × 0.25 × 0.03 (mm3)

Block; Black

Dc = 1.361 Mg / m3

μ = 0.196 mm-1

Completeness = 98.7%

Independent reflections = 8916 [Rint = 0.0769]

R1 [I≥2σ(I)] = 0.0845

wR2 [all data] = 0.1855

Table 6.20 Crystal structure information of (DB18C6)K(TCNQ)2 in this study
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6.3.27

Preparation of (DB18C6)RbTCNQ

A solution of Rb2(TCNQ)3 (0.0784g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and
dibenzo-18-crown-6 (0.0720g, 0.2mmol) in dry acetonitrile (50ml) was heated under
reflux for three hours, filtered whilst hot and then left to cool. The solvent was left to
evaporate slowly over a period of several days and the solid which formed was then
separated by filtration. The solid was washed with diethyl ether (50ml) and dried in
vacuum to form a mixture of a plate of metallic dark violet and a plate of a bright
yellow-green crystalline solid (0.0081g, 25%). The product of bright yellow-green was
shown to be TCNQ0 after by an X-ray crystallographic study. The dark violet solid had:
MS (solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 383.5 (Crown + Na+).
IR vmax/cm-1 2925, 2885, 2805 (saturated CH stretch), 2189, 2181, 2168, 2157 (CN
stretch), 1582 (C=C(CN)2 stretch), 1503 (C=C ring stretch), 1343 (CH bend), 1175 (CCN and C-C ring stretch), 941 (C-C ring stretch), 824, 751 (CH out of plane bend).
Raman vmax/cm-1 2203 (CN stretch), 1603 (C=C ring stretch), 1385 (C-CN stretch),
1196 (C=C-H bending). M.p. 226℃ (lit64. 173-177 ℃). Combustion Analysis:

Calculated: C: 59.13%, H: 4.34%, N: 8.61%. Found: C: 59.95%, H: 4.91%, N: 11.94%.

C32H27RbN4O6

a = 11.3645(8) Å

α = 90°

Mr = 649.04

b = 9.1162(5) Å

β = 100.490(1)°

Monoclinic, P21/n

c = 28.758(2) Å

γ = 90°

T = 100(2) K

V = 2929.6(3) Å3

Z=4

λ = 0.71075 Å, Kat

0.10 × 0.06 × 0.02 mm3

Plate; Dark Violet

Dc = 1.472 Mg / m3

μ = 1.742 mm-1

Completeness = 98.3%

Independent reflections = 6623 [Rint = 0.0831] R1 [I≥2σ(I)] = 0.0349 wR2 [all data] = 0.0901

Table 6.21 Crystal structure information of (DB18C6)RbTCNQ in this study
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6.3.28

Preparation of (DC18C6)K(TCNQ)3

A solution of KTCNQ (0.0243g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and
dicyclohexano-18-crown-6 (0.0372g, 0.2mmol) in dry acetonitrile (50ml) was heated
under reflux for three hours, filtered whilst hot and then left to cool. The solvent was
left to evaporate slowly over a period of several days and the solid which formed was
then separated by filtration. The solid was washed with diethyl ether (50ml) and dried in
vacuum to form bright purple crystalline needles (0.0516g, 63%). MS (solution)
(MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 395.2 (Crown + Na+). IR vmax/cm-1
2932, 2883 (saturated CH stretch), 2222, 2201, 2174 (CN stretch), 1559 (C=C(CN)2
stretch), 1507 (C=C ring stretch), 1330 (CH bend), 1125 (C-CN and C-C ring stretch),
950 (C-C ring stretch), 841, 749 (CH out of plane bend). Raman vmax/cm-1 2203 (CN
stretch), 1605 (C=C ring stretch), 1389 (C-CN stretch), 1195, 1204 (C=C-H bending).
M.p. 228℃ (dec.). Combustion Analysis: Calculated: C: 65.67%, H: 4.72%, N: 16.41%.
Found: C: 65.85%, H: 4.79%, N: 16.66%.

C56H48KN12O6

a = 7.9615(5) Å

α = 87.104(4)°

Mr = 1024.16

b = 9.9749(7) Å

β = 79.048(4)°

Triclinic, P-1

c = 16.7923(11) Å

γ = 80.132(4)°

T = 100(2) K

V = 1289.68(15) Å3

Z=1

λ = 0.71075 Å, Kat

0.32 × 0.11 × 0.04 mm3 Needle; Bright Purple
μ = 0.167 mm-1

Dc = 1.319 Mg / m3

Completeness = 99.8%

Independent reflections = 5895 [Rint = 0.0298] R1 [I≥2σ(I)] = 0.0354 wR2 [all data] = 0.1006

Table 6.22 Crystal structure information of (DC18C6)K(TCNQ)3 in this study
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6.3.29

Preparation of (DC18C6)Rb(TCNQ)3

A solution of Rb2(TCNQ)3 (0.0784g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and
dicyclohexano-18-crown-6 (0.0745g, 0.2mmol) in dry acetonitrile (50ml) was heated
under reflux for three hours, filtered whilst hot and then left to cool. The solvent was
left to evaporate slowly over a period of several days and the solid which formed was
then separated by filtration. The solid was washed with diethyl ether (50ml) and dried in
vacuum to form a plate of metallic dark violet crystalline solid (0.02745g, 51%). MS
(solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 395.2 (Crown + Na+). IR
vmax/cm-1 2972, 2923, 2874 (saturated CH stretch), 2223, 2202, 2174, 2152 (CN
stretch), 1541 (C=C(CN)2 stretch), 1514 (C=C ring stretch), 1330 (CH bend), 1125 (CCN and C-C ring stretch), 988 (C-C ring stretch), 858, 749 (CH out of plane bend).
Raman vmax/cm-1 2226 (CN stretch), 1601 (C=C ring stretch), 1388, 1451 (C-CN
stretch), 1194, 1205 (C=C-H bending). M.p. 220℃ (dec.). Combustion data is awaited.

C56H48RbN12O6

a = 7.9703(5) Å

α = 87.019(5)°

Mr = 1070.53

b = 9.9460(7) Å

β = 79.386(5)°

Triclinic, P-1

c = 16.9055(11) Å

γ = 80.334(5)°

T = 100(2) K

V = 1298.21(15) Å3

Z=1

λ = 0.71075 Å, Ros

0.07 × 0.06 × 0.02 mm3

Plate; Dark Violet

Dc = 1.369 Mg / m3

μ = 1.017 mm-1

Completeness = 99.5%

Independent reflections = 5939 [Rint = 0.1672] R1 [I≥2σ(I)] = 0.0549 wR2 [all data] = 0.1421

Table 6.23 Crystal structure information of (DC18C6)Rb(TCNQ)3 in this study
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6.3.30

Preparation of (DC18C6)Cs(TCNQ)2

A solution of Cs2(TCNQ)3 (0.0878g, 0.1mmol), TCNQ0 (0.0204g, 0.1mmol) and
dicyclohexano-18-crown-6 (0.0745g, 0.2mmol) in dry acetonitrile (50ml) was heated
under reflux for three hours, filtered whilst hot and then left to cool. The solvent was
left to evaporate slowly over a period of several days and the solid which formed was
then separated by filtration. The solid was washed with diethyl ether (50ml) and dried in
vacuum to form a plate of metallic dark blue crystalline solid (0.02613g, 57%). MS
(solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 395.2 (Crown + Na+). IR
vmax/cm-1 3050, 2937 (saturated CH stretch), 2222, 2201, 2179, 2157 (CN stretch), 1542
(C=C(CN)2 stretch), 1506 (C=C ring stretch), 1336 (CH bend), 1155 (C-CN and C-C
ring stretch), 990 (C-C ring stretch), 862, 698 (CH out of plane bend). Raman vmax/cm-1
2201 (CN stretch), 1605 (C=C ring stretch), 1390, 1430 (C-CN stretch), 1197 (C=C-H
bending). M.p. 218℃ (dec.). Combustion data is awaited.

C44H44CsN8O6

a = 8.2698(5) Å

α = 90°

Mr = 913.78

b = 13.2663(9) Å

β = 90°

Orthorhombic, P212121

c = 38.069(3) Å

γ = 90°

T = 100(2) K

V = 4176.5(5) Å3

Z=4

λ = 0.71075 Å, Ros

0.07 × 0.03 × 0.02 mm3

Plate; Dark Blue

Dc = 1.453 Mg / m3

μ = 0.945 mm-1

Completeness = 98.8%

Independent reflections = 9300 [Rint = 0.1716] R1 [I≥2σ(I)] = 0.0720 wR2 [all data] = 0.1948

Table 6.24 Crystal structure information of (DC18C6)Cs(TCNQ)2 in this study
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Chapter 6
6.3.31

Preparation of (C222)K(TCNQ)2.5

A solution of KTCNQ (0.243g, 1mmol), TCNQ0 (0.204g, 1mmol) and 2.2.2-Cryptand
(0.377g, 1mmol) in dry acetonitrile (50ml) was boiled for five minutes, filtered whilst
hot and then left to cool. The solvent was left to evaporate slowly over a period of
several days and the solid which formed was then separated by filtration. The solid was
washed with diethyl ether (50ml) and dried in vacuum to a small bright black crystalline
solid (0.4002g, 49%). MS (solution) (MeCN) (ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z:
399.2 (Crown + K+). IR vmax/cm-1 2961, 2885, 2810 (saturated CH stretch), 2200, 2178,
2152 (CN stretch) (lit165. 2177, 2156), 1557 (C=C(CN)2 stretch), 1512 (C=C ring
stretch), 1354 (CH bend), 1175 (C-CN and C-C ring stretch), 949 (C-C ring stretch),
834, 749 (CH out of plane bend). Raman vmax/cm-1 2189 (CN stretch), 1600, 1614 (C=C
ring stretch), 1389, 1434 (C-CN stretch), 1195 (C=C-H bending). M.p. 210℃ (dec.).
Combustion Analysis: Calculated: C: 62.25%, H: 5.01%, N: 18.15%. Found: C:
62.18%, H: 5.02%, N: 18.06%.

C96H92K2N24O12

a = 8.049(8) Å

α = 90°

Mr = 1852.14

b = 36.85(3) Å

β = 98.002(14)°

Monoclinic, P21/n

c = 15.941(13) Å

γ = 90°

T = 100(2) K

V = 4682(7) Å3

Z=2

λ = 0.71075 Å, Kat

0.20 × 0.20 × 0.20 mm3

Plate; Dark Blue

Dc = 1.314 Mg / m3

μ = 0.176 mm−1

Completeness = 92.3%

Independent reflections = 9830 [Rint = 0.0630] R1 [I≥2σ(I)] = 0.0870 wR2 [all data] = 0.1924

Table 6.25 Crystal structure information of (C222)K(TCNQ)2.5 in this study
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6.3.32

Preparation of (C222)Rb(TCNQ)2.5

A solution of Rb2(TCNQ)3 (0.0784g, 1mmol), TCNQ0 (0.408g, 2mmol) and 2.2.2Cryptand (0.754g, 2mmol) in dry acetonitrile (50ml) was heated under reflux for three
hours, filtered whilst hot and then left to cool. The solvent was left to evaporate slowly
over a period of several days and the solid which formed was then separated by
filtration. The solid was washed with diethyl ether (50ml) and dried in vacuum to form a
plate of metallic dark blue crystalline solid (0.02859g, 59%). MS (solution) (MeCN)
(ESI-) m/z: 204.1 (TCNQ-). (ESI+) m/z: 399.2 (Crown + K+). IR vmax/cm-1 3054, 2978,
2873 (saturated CH stretch), 2232, 2203, 2173 (CN stretch), 1560 (C=C(CN)2 stretch),
1522 (C=C ring stretch), 1341 (CH bend), 1200 (C-CN and C-C ring stretch), 924 (C-C
ring stretch), 847, 763 (CH out of plane bend). M.p. 300℃ (dec.). Combustion data is
awaited.

C48H46RbN12O6

a = 8.0182(5) Å

α = 90°

Mr = 972.44

b = 36.908(3) Å

β = 97.938(3)°

Monoclinic, P21/n

c = 15.7974(11) Å

γ = 90°

T = 100(2) K

V = 4630.2(6) Å3

Z=4

λ = 0.71075 Å, Ros

0.09 × 0.06 × 0.20 mm3

Plate; Dark Blue

Dc = 1.395 Mg / m3

μ = 1.133 mm−1

Completeness = 99.4%

Independent reflections = 10576 [Rint = 0.2504] R1 [I≥2σ(I)] = 0.1184 wR2 [all data] = 0.3089

Table 6.26 Crystal structure information of (C222)Rb(TCNQ)2.5 in this study
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Chapter 6
6.3.33

Preparation of Tb(TCNQ)3(H2O)6.3H2O

Following the established procedures of Zhang et al.236, a suitable amount of LiTCNQ
(0.124g, 0.6mmol) was dissolved in deionised water (20ml) at room temperature.
Terbium(III) chloride (0.071g, 0.2mmol) was also dissolved in deionised water (20ml)
at room temperature. These two separated solutions were then mixed in a suitable round
bottom flask without any further heating or stirring. The solid which formed was filtered
and was washed with dry diethyl ether. Then, drying the complex in vacuum afforded a
bright blue powder of Tb(TCNQ)3(H2O)6.3H2O (0.061g, 41%). IR vmax/cm-1 2186, 2123
(CN stretch). Combustion data is awaited.

C36H30TbN12O9

a = 11.110(3) Å

α = 90°

Mr = 933.64

b = 25.401(6) Å

β = 107.180(4)°

Monoclinic, P21/n

c = 15.210(4) Å

γ = 90°

T = 100(2) K

V = 4100.8(18) Å3

Z=4

λ = 0.71075 Å, Kat

0.05 × 0.01 × 0.01 mm3

Block; Bright Blue

Dc = 1.512 Mg / m3

μ = 1.791 mm−1

Completeness = 99.9%

Independent reflections = 9392 [Rint = 0.0701] R1 [I≥2σ(I)] = 0.0536 wR2 [all data] = 0.1044

Table 6.27 Crystal structure information of Tb(TCNQ)3(H2O)6.3H2O in this study
6.3.34

Preparation of Yb(TCNQ)3(H2O)6.3H2O

Following the established procedures of Zhang et al.236, a suitable amount of LiTCNQ
(0.126g, 0.6mmol) was dissolved in deionised water (20ml) at room temperature.
Ytterbium(III) chloride (0.062g, 0.2mmol) was then dissolved in deionised water (20ml)
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at room temperature. These two solutions were then mixed in a suitable round bottom
flask without any further heating or stirring. The solid which formed was filtered and
was washed with dry diethyl ether. Then, drying the complex in vacuum afforded a
bright blue powder of Yb(TCNQ)3(H2O)6.3H2O (0.065g, 40%). IR vmax/cm-1 2162, 2190
(CN stretch). Combustion data is awaited.

C36H30YbN12O9

a = 11.067(2) Å

α = 90°

Mr = 947.76

b = 25.288(5) Å

β = 107.063(6)°

Monoclinic, P21/n

c = 15.120(3) Å

γ = 90°

T = 100(2) K

V = 4045.3(14) Å3

Z=4

λ = 1.54187, Dot

0.1 × 0.09 × 0.01 mm3

Sheet; Bright Blue

Dc = 1.556 Mg / m3

μ = 4.852 mm−1

Completeness = 99.6%

Independent reflections = 7101 [Rint = 0.0721] R1 [I≥2σ(I)] = 0.0505 wR2 [all data] = 0.1196

Table 6.28 Crystal structure information of Yb(TCNQ)3(H2O)6.3H2O in this study
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Appendix 1

(a) [Na(18C6)(H2O)2][C7H5N4S] (CUJQAZ)306

(b) [Na(18C6)][Ni(4-pedt)2].2H2O (FOSHUR)100

(c) [Na(18C6)(H2O)2][I3] (HORZET)273

(d) [Na(18C6)(H2O)2][Fe(TPP)(N3)2] (RIXTEX)307

(e) [Na(18C6)(H2O)2][N3] (HORZAP)273

Figure A.1 Five examples of Na+ ion coordination in crown ether complexes (hydrogen
atoms are excluded)
There are not any chosen examples, showing the Na…H2O…Na bridge coordination,
which are listed in Figure A.1. In Figure A.1 (a), each Na+ ion is not disordered with
two H2O molecules coordinated and an N…H hydrogen bond is formed between
hydrogen atom from H2O molecule and nitrogen atom from adjacent tetrazolate
anion306; in Figure A.1 (b), each Na+ ion is not disordered sitting in the cavity of crown
ether ring with two H2O molecules coordinated. N…H hydrogen bonds are formed
between hydrogen atom from H2O molecule and nitrogen atom from adjacent counteranion. The distance of Na+…H2O is 2.332 Å which is longer than the
(18C6)Na(TCNQ)2.2H2O complex (2.138 Å)100; in Figure A.1 (c), each Na+ ion is not
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disordered sitting in the cavity of 18C6 unit with two H2O molecules coordinated. There
is no water-anion interaction but instead the hydrogen atom from H2O molecule can
bond to crown ether oxygen with further forming a linear H2O…Na+…H2O interaction273;
in Figure A.1 (d), each Na+ ion is not disordered sitting in the cavity of 18C6 with two
H2O molecules coordinated and an N…H hydrogen bond is formed between hydrogen
atom from H2O molecule and nitrogen atom from adjacent counter-anion. The distance
of Na+…H2O is 2.329 Å which is longer than the (18C6)Na(TCNQ)2.2H2O complex
(2.138 Å)307; in Figure A.1 (e), each Na+ ion is disordered in the cavity of crown ether
ring with two H2O molecules coordinated, which participate in forming the
intramolecular hydrogens273.
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