Structures and Properties of Multifunctional Molecular

Materials: Combining Chirality and Conductivity

Jordan R. Lopez

A thesis submitted in partial fulfilment of the requirements of Nottingham Trent University
for the degree of Doctor of Phdophy.

August 2017

School of Science and Technology
Nottingham Trent University
Clifton Lane

Nottingham

NG11 8NS




This work is the intellectual property of the author, and may also be owned by the research
sponsor(s) and/ or NottingtmaTrent University. You may copy up to 5 % of this work for
private study, or personal, n@emmercial research. Any -tese of the information
contained within this document should be fully referenced, quoting the author, title,
university, degree level drpagination. Queries or requests for any other use, or if a more

substantial copy is required, should be directed in the first instance to the author.




Acknowledgements

First andforemost,special thanks goes to my familiyiendsand Alicefor supportingme
throughout my studies and giving me opportunities (also excuses) to relax outside of the lab.
Thanks goes to all the staff at NTU; lecturers and lab technicians for being on hand to answer
guestions and help with requests. Your support and willingoelslp has been invaluable

over the last four years.

Thanks goes to Professor Koichi Kikuchi and his research group for hosting me at Tokyo
Metropolitan University for three months and helping with uniaxial and hydrostatic resistivity
measurements. Yourfina mous | unch time 6spicy noodl ed a
fond memories.

Thank you to Professor Jundichi Yamda and Dr
research group, for allowing me to work in your lab at Hyogo University and helggmnvgtim

low temperature resistivity measurements. Also for your support and friendship during my
time in Japan.

Huge thanks goes to Professor Yasuhiro Nakazawa, Professor Hiroki Akutsu, Dr. Ryo
Yoshimoto and Dr. Yamashita for allowing me to visit your lat) eork within your research
group. Hi r oki 6 s -raxcpsallographyeandamaghetit reehgurenents have
been key to the completion of this thesis. Endless trips to my favouritek&atsin restaurant

and lzakayas always helped ease the péihours trying to mount crystals for resistivity
measurements.

Thanks to Laurence, Dan, Tom, Zayd, Matteo and all the other postgrad researchers for the
laughs, beer and costa trips.

Special thankgoesto Professor John Wallis, for your continued acadesupport, friendship

and seemingly endless knowledge about cricket.

Lastly, but by no means least, thanks to Dr. Lee Martin for your friendship and guidance
throughout this project. Your constant support, expertise and enthusiasm in this area of

researchnspired me over the last few years.




Abstract

The objective of this thesis is to investigate the influence of chirality upon conducting
materials through the synthesis of changasfer salts by diffusion or electrocrystallisation

of enantiopure/racemicothor molecules and anions.

This thesis presents the characterisatiomex chargdransfer salts from two new donor
molecules: BHMEDT-TTF and BHMBEDT-TTF. BHM-EDT-TTF has produced a family

of 1:1 semiconductors with tetrahedral and octahedral aniops@®; and Pk. The room
temperature resistivities and activation energies are similar for all enantiopure salts but slightly
different for their racemic/meso forms. The racemic donor BBEBDT-TTF forms a
semiconducting 2:1 salt with chloride, and an iaing 1:1 salt with TCNQ which has an
interesting packing arrangement in that the donors are segregated into stacks consisting of

only a single enantiomer in the mo88:SS:RR:RR:SS:SS.

o~ <10

Figure A: Chemdraw representation of TTF and BEDH

The first chargdransfer saltshave been synthesised and characterised from BEH
(Figure A)with racemic spiroboronate anions. Five salts of BEOF with either B(malate)
B(mandelate) or B(glycolate) show a variety of novel packing arrangements and conducting
properties. Thes salts are also the first examples of preferential diastereomeric induction
within the electrocrystallisation environment. Using spiroboronate anions with enantiopure

ligands has also produced crystals having a macromolecular helical morphology.




The first examples of chargeansfer salts containing racemic and chiral lanthanide anions are
reported including the spontaneous resolution of the raggdidipicolinato}]* anion in the

presence of BEDITTF and bromobenzene to produce a chiral, paramageetiiconductor.

A new molecular superconduct® ,BEDT-TTF)[(H20)(NH4)Cr(C:;04)3].18-crown6, has

been synthesised. This is the 2D superconductor with the widest gap between conducting

|l ayers where only a singl e derconducting eriickli ng mao
temperatures at ambient pressure observed by electrical transport and magnetic measurements

are 4.04.9 and 2.5 K, respectively. The strong 2D nature of this system strongly suggests that

the superconducting transition is a Kosteflihouless transition.
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Abbreviations Unitsand Symbols

BCS Bardeen, Cooper and Schriefféneory
BHM-EDT-TTF Bis(2-hydroxypropylthio)ethylenedithiotetrathiafulvalene
BHM-BEDT-TTF trans-vic-bis(hydroxymethyl)ethylenedithiotetrathiafulvalene

BEDT-TTF or ET Bis(ethylenedithio)tetrathiafulvalene

clo 4-Oxo-4H-pyran2,6-dicarboxylic Acid

CTS 31 BHM-EDT-TTF.X (X = BF4, ClOsandPFs)
CTS 3.2 BHM-BEDT-TTF,.CI(H20).

CTS 3.3 BHM-BEDT-TTF.Pk

CTS 34 BHM-BEDT-TTF.TCNQ

CTS 4.1 U(BEDT-TTF).Bris[(R/9malate].(H20)z.85
CTS 4.2 U(BEDT-TTF)[Bs(R-malate})]

CTS 4.3 b-(BEDT-TTF):Bris[(R/9mandelate]

CTS 4.4 Bis(S-mandelato)borate and BEBPITF

CTS 4.5 U / -@BBDT-TTF)[Bris(glycolate)]

CTS5.1 U 6-@BDT-TTF):gLa(dpa)].(EtOH).(H0)n
CTS5.1a U 6-@BDT-TTF).{Gd(dpa}].(EtOH).(H20),
CTS5.2 U(BEDT-TTF),[Gd(dpa}.Hz0.H:0

CTS5.3 U-(BEDT-TTF)s[Th(clo)s]

CTS6.1 b {BEDT-TTE):[(H20)(NH4)-Cr(C:04)4].18-crown6
CTS 6.2 b {BEDT-TTF):[(H20)(NH4)2Ir(C204)3].18-crown-6
dpa Pyridine2,6-dicarboxylic Acid Ligand

Ea Activation Energy

eV Electron Volts

Hc Superconducting Critical Field

HOMO Highest Occupied Molecular Orbital

k Boltzmann Constant




LUMO
MS
NMR

(0):¢

SQUID
Tc
TCNQ
Twmi
TTF
TMTSF

Tc

vdwW

Lowest Unoccupied Molecular Orbital

Mass Spectnmetry

Nuclear Magnetic Resonance

Oxalate LigandC,0s

Positive Charge on Electron Donor Molecule
Superconducting Quantum Interference Device
Superconducting Critical Temperature
Tetracyanoquinodimethane

Metakinsulator Transition Temperature
Tetrathiafulvalene
Tetramethyltetraselenafulvalene

Curie Temperature

Neel Temperature

van der Waals
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Figure 3.3.28. Single stack of donors and acceptors in CTS 3.4 viewed along the long axis of

the donor molecule. S...8mtacts are showninlighttdu and red (hanging con
Figure 3.3.29. S...S contacts within rows of donors in CTS 3.4 are shown in light blue and red
(hangingcontat s) éééééééeéééééeééééééééééeéééééé. 149
Figure 3.3.30. Donor packing in CTS 3.4 vemhalong thé axis. TCNQ moleculesdve been
removed for clarityééééééeééééeécéeéééeééééeeéeéececé
Figure 3.3.31. Capped stick diagram of independent donor in CTS X. S...S contacts are shown

in red dotted lines and contacts atoms are shown in black. Colatagtiss and central TTF

bod | engths are shown in greenééééééééééééecécécé
Figure 3.3.32. Side on profile viewofted e pendent donor in CTS 3. 4¢
Figure 3.3.33. Hydrogen bonding interactions in CTS 3.4 between donor molecules are shown
inlight blue. TCNQ moleculesshv e been removed for clarityééeé

Figure 3.3.34. Hydrogen bonding interactions in CTS 3.4 between acceptor and donor

molew | es are shown in |ight blueééééeééeéééeéeeéce
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Figure 4.1 Representation of thenoal BSRRmalato anion. Ellipsoids are drawn at the 50%
probability |levelééééeeéééeceééececééé. ecegééeecéé
Figure 4.2. ORTEP diagram of asymmetric unit of CTS 4.1. Displacement ellipsoids are drawn

at the 50% probability level. Hydgens are omittedfolcar i t yé é éééé. .60ééé. . 1
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Figure 4.5. Donor packing of CTS 4.1 viewed alongcthgis. Donor A is colowd green and
donor B coloured dark blue. S...Scontactssa s hown in | ight bl2ae |ine

Figure 4.6. CTS 4.1: Donor A with S...S contacts drawn in red and contact atoms labelled in

////////
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Figure4.7.CTS4.1:S&@ on profile view of donor /MBéeéeéeéeéecé
Figure 4.8. CTS 4.1: Donor A with S...S contacts drawred and contact atoms labella

black. Contactlengthandcentral TTFbdonl engt hs ar e shown i4n gr een
Figure4.9.CTS4.1:Sd on profile view of donor Méééceeéecé
Figure 4.10. Shows the hydrated anionic layer of CTS 4.1 as viewed alam thé s € .4. . € 1 6
Figure 4.11. Capped stick diagram of the anionic layer in CTS 4.1 with hydrogen bonding

intr actions shown in |light blueééééeééébéeéeééécéc
Figure 4.12. ORTEP diagram of the asymmetric unit of CTS 4.2. Displacement ellipsoids are
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drawnatthe50% prbabi | ity | evel ééééééééécéeéééeréeéécecd
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in Ilight blue linesééééééééééééééééeécéreeeéeceé
Figure 4.15. Layered structure of CTS 4.2. Viewed alondthes. Ellipsoids arerawnat

the 50% probability level ééééééécéééecdéééeececéé
Figure 4.16. CTS 4.2: Donor A with S...S contacts drawn in red and contact atoms labelled in

black. Contactlengthandcentral TTFdonl engt hs are shown i5n gr een
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Figure 4.17.CTS2:Sideon prof il e view of donor A&éééeééeé:q
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Figure 4.18. CTS 4.2: Donor B with S...S contacts drawn in red and contact atoms labelled in

black. Contact length and central TTFdon| engt hs ar e shown i5n gr een

Figure 4.20. Anionic layer of CTS 4.2 asviewedalongthex i s é éééééeééeéed. . 17
Figure 4.21. Hydrogebonding interactions betweersBRa ni ons i n CTS74. 2¢é¢éé

Figure 422Repr esent ati on s f e dtéh e B (pmadondaef | BRRREe W i
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dawnat t he 50% probability |l evel éééécéééécéceé
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Figure 4.25. Layered structure of CTS 4.3. Viewed alongtinés. S...S contactseshown
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in Ilight blue linesééééeécéééceéeééeecéérecececee
Figure 4.27. End on projection of donor stacking in CTS 4.3. Viewed alorgakis. S...S
contactsareshowninlightldu | i nesééééééééeééééeceéécge. é18
Figure 4.28. CTS 4.3: Donor A with S...S contacts drawn in red and catbats labelled in

black. Contactlengthand central TTFbéné ngt hs ar e shown i n9 greenté
Figure 4.29.CTS4.3:59d on profile view of donor ®Rééeéeéeéé
Figure 4.30. CTS 4.3: Donor B with S...S contacts drawn in red and contact atetesllab

black. Contactlengthand central TTFbéné ngt hs ar e shown i ®0 gr eené
Figure 4.31.CTS4.3:Siden prof il e view of donor B¥®ééeéééé
Figure 4.32. Hydrogen bonding interactions between B(mandekate)i ons i n ICTS 4. 3
Figure 4.33. (Bottom) High resolution (1 mm) TEM images of the chiralcdotkwise
helices of CTS 4. 4¢ééééééééééééééééééépééécéécsé

Figure 4. 34. (Top) Hi gh r e stohaf one beflix of C3IH 0 & m)

4. 4¢éeeéééeceééééeececéééececeééeeceééeeeceéeen . 19
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Figure 4.35Representatioaf the chiral BR/gglycolate) anion, thermal ellipsoids are drawn

sz 7 7z £ £ 7z 7 7z 7z 7 7z z

atthe50% r obabi | iétéyé éléeévécél ébébé ééé. . . 66 éééé6€é%20
Figure 4.36. ORTEP diagram of the asymmetric unit of CTS 4.5. Displacement ellipsoids are
drawnat t he 50% probability |l evel éééééédéeéceécéeé.
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Figure 4.39. Lattice packing of CTS 4.5, viewed alonghthgis. Facdo-face S...S contacts

are shown in light blue lines. Crystallographically independent Donor A (greemjoandB

(blue) stacks are shownéééééééééeécéeéeéeeeéececéeé
Figure 4.40 (top): Crystallographically independent donor A stack in CTS 4.5 and (bottom):
crystallographically independent donor B stack in CTS 4.5. S...S contacghawn in light

bluelins é 6 é6éééééééééééééééééééééeééééééé. 7.20

Figure 4.41. CTS 4.5: Donor A with S...S contacts drawn in red and contact atoms labelled in

black. Contactlengthandcentral TTFbdonl engt hs ar e shown i8n gr een
Figure 4.42. CTS 4.5: Sacbn profileviewo f donor Aéééééceéééegéée. . 2
Figure 4.43. CTS 4.5: Donor A with S...S contacts drawn in red and contact atoms labelled in

black. Contactlengthandcentral TTFbdonl engt hs are shown i9n gr een
Figure 4.44. CTS 4.5: Sadon profile viewofdonoA é é € é é é é €6 éééééé. 920

Figure 4.45. Anionic BR/gglycolate) layer in CTS 4.5. Viewed alongthe x i s é é 4@ 2

Figure 4.46. Hydrogen bonding interactions betweRrydgjlycolate} anions ad BEDT-TTF

donor in CTS 4.5¢ééééééeecéééeeeeeéeéeeceloeeeeecece
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Figure 5.2. ORTEP diagram of asymmetric unit of CTS 5.1. Displacement ellipsoids are drawn

at the 50% probability level. Hydregn s ar e omi tted fédréé&l B22t y é é ¢
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Figure 5.5. Single donor stack in CTS 5.1, viewed alongath&is. Donors are coloured

according to symmetry equivalence and short sulphuractiens below the sum of the vdW

,,,,,,,

radii (3.6 A) are shown in blue lines. Hydrogens are omitted fotcharé ¢ é é é ¢ é éR 2
Figure 5.6. Donor packing of CTS 5.1, viewed alonghilis. S...S contacts are shown in
bluelines.Hydrgens are omittédéddééectacee¢ygé&éd2
Figure 5.7. CTS 5.1: Capped stick diagram of donor A. S...S contacts are shown in dotted red

lines and contacts atoms are labelled in black. Contact length and central TTF bond lengths in
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angstroms are shown in greenééécéééééerd2cécécéeée

///////

Figure5.8.CTS5.1:S&@ on profile view of donor Aéeéeéeéeéecé
Figure 5.9. CTS 5.1: Capped stick diagram of donor B. S...S contacts are shown in dotted red

lines and contacts atoms are labelled in black. Contact length and centralridlenmgths in
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angstroms are shown in greenéééceécééeceééececd
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Figure5.10.CTS5.8Bi de profil e view of donor B&ééeééé
Figure 5.11. CTS 5.1: Capped stick diagram of donor C. S...S contacts are shown in dotted red

lines and contactd@ms are labelled in black. Contact length and central TTF bond lengths in
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angstroms are shown in greenéééeééééec@gécecececeésd

,,,,,,

Figure5.12.CTS5.8i de profil e view of donor C&8ééeéeééé
Figure 5.13. CTS 5.1: Capped stick diagram of donos DS contacts are shown in dotted

red lines and contacts atoms are labelled in black. Contact length and central TTF bond lengths
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inangstroms are shown in greenéééééécegéeéecéecéecd

Figure5.14.CTS5%i de profil e view of donor DB8éééééé
Figure 5.15. CTS 5.1: Capped stick diagram of donor A. S...S contacts are shown in dotted
red lines and contacts atoms are labelled in black. Contact length and central TTF bond lengths

,,,,,,,,,,,,,,

inangstroms are shown in greenééééééécéegééeéecécéecd
Figure 516.CTS5.1Si de profil e view of donor E&ééééeée
Figure 5.17. Spacefilling diagram of anion layer with guest solvent and water molecules
removed. Viewed along theaxis. Anions are coloured according to the respective chirality.
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Figure 5.18. Capped stick diagram of the insulating layer including guest solvent and water
molecules. Viewed alongtliea x i séééééééeéecééeééeéeééeéeé.l.. 23
bl ackéééeeéééeecéééeecééééececéééceeceéééeececeeééxr. . 23
Figure 5.20. ORTEP diagram of asymmetric unit of CTS 5.2. Displacement ellipsoids are

drawn at the 50% probability level. Hygfee ns ar e omi tted for 6¢cl ar it
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Figure 5.23. Donor stack in CTS 5.2m viewed alongcthgis. S...S contacts below the sum

of the vdW radii (3 A)areshownib | ue | ineséééééé¢ééécééégééeéé23s
Figure 5.24. CTS 5.2: Capped stick diagram of donor A. S...S contacts are shown in dotted

red lines and contacts atoms are labelled in black. Contact length and central TTF bond lengths

,,,,,,,,,,,,,,,,,

in angstroms aé¢éecccbdvaééeacgéeecéacéeééeé22s
Figure 5.26. CTS 5.2: Capped stick diagram of donor B. S...S contacts are shown in dotted red

lines and contacts atoms are labelled in black. Contact length anal @& bond lengths in
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Figure 5.28. CTS 5.2: Capped stick diagram of donor C. S...S contacts are shown in dotted red

lines anccontacts atoms are labelled in black. Contact length and central TTF bond lengths in
Figure 5.29. CTS 5. 2: Siéded éoéné épérécéféiél.ada0vi ew o
Figure 5.30. CTS 5.2: Capped stick diagraimonor D. S...S contacts are shown in dotted

red lines and contacts atoms are labelled in black. Contact length and central TTF bond lengths

inangstroms are shown in greenééeééeééeadeecécéc

Figure 5.31.CTS5.2:S8d on prof i |l e éewviéedw écfé édkcdrear. 4m@é
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Figure 5.33. Spacefilling diagram of the chiral anionic layer in CTS 5.2. Viewed aloeg the

axis. Guest moleculeshv e been removed for clarity2eéeéeééeéé
Figure 5.35. ORTEP diagram of the asymmetric unit of CTS 5.3. Thermal ellipsoids are drawn

atthe 50% probabilitievel. Hydrgens ar e omitted for cl @rityéé.

Figure5.36.Indeendent unit cell of CTS 5. 3¢éé8éécecéeée

Figure 5.38. CTS 5.3: Displays rotation of neightirogi donor stacks and alternating chirality

of [Tb(clo)]* anions. The cationic and neutral donors are coloutadkband yellow

Figure 5.39. Donor packing arrangement of CTS 5.3 viewed alongdkis. S..S contacts

belowthe sumofthevdWradii@. i) are shown in blue I5 nesééé
Figure 5.40. CTS 5.3: Capped stick diagram of donor A. Short sulphur interactions below the

sum of the vdW radii (3.6 A) are shown in red dotted lines and contaats are labelled in

black. Contact length and central TTF bond lengtlessing st r oms ar e s héown i n
Figure5.41.CTS5.83i de profil e view of donor A&éEéééEeéé:
Figure 5.42. CTS 5.3: Capped stick diagram of donor B. Short sulpkuadtions below the

sum of the vdW radii (3.6 A) are shown in red dotted lines and contacts atoms are labelled in

black. Contact length and central TTF bond lengtlssing st r oms ar e s h7own i n
Figure 5.43. CTS 5.3: Side profile viewof don@rB é ¢ é € é ¢ é €6 é é é é . é 257

Figure 5.44. CTS 5.3: Capped stick diagram of donor C. Short sulphur interactions below the

sum of the vdW radii (3.6 A) are shown in red dotted lines and contacts atoms are labelled in

black. Contact length and central TTF bond lesgtrarmgstroms are shown in green......... 825
Figure5.45.CTS5.83i de profile view of donor C&8éééééé
Figure 5.46. Displays two separate insulating layers alternating along akis in CTS

5. 36¢é6ééééécécéeeéeccceeeececeeeecececeeceeeeeees . 25
Figure 5.47. Lattice packing viewed along theaxis. Donors are coloured according to

symmetry equivalence and anions are coloured green. gly@nos ar e omit 9ed f or
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Figure 5.48. Geometry of hydrogen bonding intetactis b et ween ani 8606 and d
Figure 5.49. Possible hydrogen bonding interactions between anion, water and disordered
guest Et OH molecule in CTS 5.3é¢éécécecéohécéeéccecé
Figure 6.1. ORTEP diagram of the asymmetric unit of CTS 6.2. Displacement ellipsoids are

drawn at the 50%robability level. Hydrg ens ar e omitted for70cl ar it
Figure 6.2. Unit cell of CTS 6.2 viewed along the crystallographixis. Donors are coloured

accodi ng to symmetry equivalenceéééécééeléeécéecéeé
Figure 6.3. Layered structure of € 6.2. Of noteisthewit h of t he i ns@l ating
Figure 6. 4. Betab6bé packing motif of donors i
in light blue lines. Hanging contacts areremovedandlr ogens omi tte@ for cl
Figure 6.5 (left). Insulating layer of CTS 6.2 viewed along thaxis. Crown ether molecules

are sandwiched either sidebytrisok at e and ammoni um mol eXul es éé
Figure 6.6 (Right). Insulating layer of CTS 6.2. Crown ether molecules occupy the hexagonal
cavityleft by the packing arrangememtft t he tri soxal ate mol3ecul esé
Figure 6.7. CTS 6.2: Donor A with S...S contacts drawn in red and contact atoms labelled in

black. Contactlengthandcentral TTFbdonl engt hs are shown i4n gr een
Figure6.8.CTS6.2:Sd on profile view of donor Méééceéeeéecé
Figure 6.9. CTS 6.2: Donor B with S...S contacts drawn in red and contact atoms labelled in

black. Contactlengthandcentral TTFbdonl engt hs are shown i4n gr een
Figure6.10.CTS8:Sie on profile view of donor Béééééé
Figure 6.11. Light blue dotted lines show ether oxygen and animastiort contacts in CTS

6. 26666éééeeeééeeeeeeeeeeeeeeeeceeeee.e27
Figure 6.12. Short contacts between ammonium cations and uncoatdoatzoxylate

oxygens in CTS 6.2. Completed contacts are shown in light blue lines, hangtagts@re
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shown in red lineséééééééééécécécéeécececréeececte
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Chapter 1: Introduction

1.1 Conductivity

1.1.1Introduction

The fundamentally important relationship between current, voltage and resistancedssOhm
Law, eqn.1 below:

V=IR egn.1

I, current, is measured in Amperes and is the equivalent of 1 coulomb of charge moving past
a certain point every second. So current is the flow of charge carriers per unit of time. V,
voltage, is measured in Volts anddsquantitative expression of the potential difference
between two points in an electrical field, or the quantity of charge carriers that pass a fixed
point per unit of time. The greater the voltage, the greater the flow of electrical current. R,
resistancehas units o©Dhmsandis aquantitythatreflectshowamaterialreducesheelectrical

current flowing througli.

Electrical conduction is the flow of electrons and electron holes (charge carriers) through a
materialdattice.If thematerialhaslow resistancethenthechargecarrierswill flow relatively
unhindered through the lattice and a large current can be achieved with the same voltage. If
the conductor has high resistance to the flow of charge carriers, then a larger voltage will be

required 6 produce an equivaleatirrent.

1.1.2Resistance

Electrical resistance is a property held by every type of conductor apart from superconductors
below their specific critical temperaturec),Tcritical current () and critical field (B). It can

be explaned as the loss of an electranementum as it travels through a conducting material.

As explained above a charge is transported through a material by the movement of charge
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carriers.In theory, the wawdike electrons should travel through a materiatgifer repetitive
lattice in a perfectly straight line withoatny loss in momentum,as would be seenin a
theoreticald p e rcfr ey csittomeled,in reality this is not the case, as every crystal contains
defects. Any deviation from the electrons favoungath due to defects will introduce
resistance into the system. The electrons are scatbreda zig-zagpathdueto a large
number ofcollisionswith fixed atomswithin the conducting materials positive lattice and
hence a loss in voltageabserved.

Resistanceanbeintroducednto a materialin two differentways.Firstly, throughthepresence

of structural defects within the molecular lattice of the matesidmples of these are shown

in Figure 1.0.Structural defects are present in every crydtdtie and are unavoidable due

to the presence of trace amounts of impurities in the matsyiathetic procesOne type of
structural defect that will occur at isolated atomic positions is a point defect. This is where an
atom is missing or is in arrégular place within the lattice and includes-geférstitial atoms

T where an atom has forced itself into an interstitial void in the crystal structure. Self
interstitial atoms occur in low concentrations as they highly stress the tightly packed atoms
within the lattice. Another point defect is the presesfdaterstitialimpurity atoms theseare
muchsmallerthanthebulk atomsin thematrix and can fit into spaces between the atoms of
the lattice. Substitutional atoms can lead to point defamlare causedy impuritieswithin
theengineeringprocessTheyareof similar sizeto the bulk atoms of the material and hence
can fit within the lattice without forcing strain or causing instability of the molegelametry.

Lastly, vacancies within theepeating structure of a crystal can cause resistance. These are
emptyspacesvhereatomsshouldbe.Vacanciebecomanorecommonathighertemperatures
asatomsareconstantlymovinganddisplacingduetothermalvibrations All pointdefectsother

thanvacancies are independentt@mperature.

Figure 1.0. Examples of points defects in a crystal lattice. Left: Interstitial
impurity. Middle: SeHnterstitial. Right: Vacancy.
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The second point to consider when discussing the presence of resistance in closed systems is
thermal vibrations. Thermal vibrations associated with crystalline solids are based on the
individual atoms possessingovational motion. At any temperature above absolute zero the
atoms within a lattice will possess thermal energy, which is observed as vibrations away from
the original equilibrium position. An atom can vibrate through three dimensions, therefore the
total thermal energy for N atoms will be 3NKT, where k = Boltzmann constant and T =
Absolute temperature. An electron travelling through a crystals lattice will be scattered by
collisions with atoms vibrating away from their equilibrium. This scattering of [#etrens
hinderghepaththroughthematerialandwill causelossintheelectroris momentumAt higher
temperatures atoms will possess more thermal energy and will be displacing further from the
equilibrium position, the further an atom moves fronmoitiginal position, the more likely it

is to contact a charge carrier and hence in the case of metallic conductors, electrical

conductivity has an inverse temperatdependence.

1.1.3Band Theory

Conductivity can be justified on a molecular level in solttirough band theory, which
explains the movement of electrons through a solids lattice via molecular orbital Weery.

two atomsform a covalentbond,eachof their valenceorbitalsoverlap toform two molecular
orbitals. For example whentwo hydrogan atomsform a covalentbond, both the 1s orbitals

will combine either in phase to give a bonding orbital or out of phase tagamtibonding
orbital. Theresultis thattwo molecularorbitalsareformed.A moleculeof N atoms forms N
molecular orbitad. The bonding orbital is lower in energy than the original atomic orbitals and
the antibonding is higher in energy. Electrons are fermions and therefore have to obey the
Pauli Exclusion Principle; only two electrons of opposite spins can be found mateeular
orbital. The electrons will spin pair into the lowest energy bonding orbital until full and
consecutively fill the molecular orbitals of increasing energy. The bonding arkcanating
molecular orbitals are separated by an energy gappiénants the electrons from entering

the higher energy orbitals and in the case of a hydrogen molecule they are contained in the
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lower energyi, bonding orbitals. When looking at a molecule containing ten atoms, there will
befive bondingorbitalsandfive antibondingorbitals.As moreatomsareaddedheenergy gap
betweerthelowestenergybondingandhighestenergyanti-bondingorbitalsincreasesbut the

gap between each individual orbital desem When considering a crystattice one can
assume an infinite number of atoms are covalently bonded, this results in the overlap of an
infinite number of atomic orbitals which leads to an inBmumber of molecular orbitateat

are so closely spaced in energy they can be considered as a continuous band of energy levels.
Thisproducesrangeof energiesheelectronsn thosemoleculamrbitalsarepermittedo enter.
Takealine of atomsthateachhasanavailables orbitalwhich overlapswith its neighbours, this

will form an s band within a specific range of energies, if those same atoms have p orbitals
available to overlap then a p band will be formed. p orbitals lie in a higher energytihamg

s orbitals of the same valence shell and so there will be a gap of forbidden energies (band gap)
between the s and p bands. The electrons in the s band cannot enter the p band and vice versa.
In the case of metallic conductors, the bands formed @iffierent atomic orbitals are often
sowidein energytheyoverlapandthereareno bandgaps.The electronswithin thelattice can

be thought of as delocalised across the whole |attiealy.

The band formed from the bonding molecular orbitals acteeasalence band and the band
formed from the amtbonding molecular orbitals acts as the conduction band. When an
electrical current is passed through a conducting material, electrons flow from the HOMO in
the valence band to the LUMO in the conductioncha@nfree electron in the conduction band
cannowbeginto movethroughthebandinto higherenergylevels,carryingthechargehrough

the material. Also, the loss of an electron from the HOMO in the valence band creates an
el ectron 0 ho lbefiled bytan aehtrorcfram the eheegy level directly below it.
Sotheconductiorof electricitycanbevisualisedasthemovemenbf electronghrougha band

into higher energy levels, or the movement of electron holes through a band into lower energy

leveld.
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1.1.4Metals

Metallic conductivity is the result of an overlap between a partially filled valence band and an
empty conductionband. The bandsspana wide rangeof energiesand no band gapsare
observed. The electrons are then free to move thenvalence bands through the conduction
bands with little resistance. A stronger interaction between atomic orbitals results in a larger
overlap between conduction and valence bands, causing an increase in conducting properties.
A metals conductivity wilshow an inverse temperature dependence due to atberimal
motioncausingesistanceo theflow of chargecarriers Structuraldefectsandtemperaturare

the only factors that will affect a metals resistance to the flow of an electricaht!.

1.1.5Fermi-Level
The highest occupied molecular orbital at T=0 is termed the Fermi level. At absolute zero,
electrons will half fill each available molecular orbital before spin pairing, following the Pauli

and Aufbau principles. In a material containM@toms, if each atom donates @wiectron,
atT=0, the lowest N orbitals are occupied. Due to this the Fermi level is often found close

to the centre of the valence band. When the valence band is partially full, electrons close to

the Fermi levelcan be promoted to empty levels in the conduction band that are close in
energy. The now mobile promoted electrons can then move relatively unhindered through the

band. Aghetemperaturés decreasetbwardsabsolutezeromoreelectronswill beginto pack

cl oser to the Fer mi |l evel, resulting in a |
energy |l evels within the conduction band. Tt
from energy levels below these to be promoted, increasing conduclikigéyexplanation of

the Fermi level, along with thermal motion, offers a thorough conclusion as to the inverse

temperature dependency seen in metatlieductors.
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1.1.6Density ofstates

The density of states in a conducting material is defined asithber of energy levels in an
energyrange dividedby thewidth of therange.As explainedabovethe energylevelswithin

a certainrangeare not distributedevenlyandthereforethe densityof statesis not uniform
across a band-his is shown in Figure.1. In three dimensions the greatest density of states

lie near the centre of a band a&hdlowest density at thedges.The

1.1.7Semimetals

A semimetal is a material in which there is a very small overlap between the bottom of the
conduction band ahthe top of the valence band at or near the Fermi level, usually due to the
fact that both energy bands are very broad. These materials are not good conductors when
comparedvith conventionametals.Thebandstructurds similarto thatof semiconductorand
insulatordn thatthereis anemptyconductiorbandandafull valenceband.Mostsemimetals

will show temperature independent conductivity at or above room temperature and undergo a
semimetaisemiconductor transition as temperature is decreasedtdthe small overlap of
valenceandconductiorbandsasemimetalis thoughtto havenegligibledensityof statesatthe

Fermi level.

1.1.8Insulators

Aninsulatingmaterialhasavery highresistancéo theflow of electronssuchthatthenetflow

of charge carriers is zero. Insulators cannot transport an electrical current due to a full valence
band that is separated by a large band gap from an empty conduction band. As the band gap
is toolargein energyfor theelectrongo be promoted at normal tgreraures antheresultis
amaterialin whichthechargecarriers are stationary. Insulating polymers are commonly used

to coat conducting wires to prevent cross connections and short circuits within electrical

devices.

43




1.1.9Intrinsic Semiconductors

Semiconductors have the same band structure as insulators, however, in this case the band gap
betweerthefull conductiorbandandemptyvalencebandis sufficientlysmallthattheelectrons

can be thermally excited across it. At high temperatures, therstat electrons within the
valencébandpossesgnougtthermalenergyto bepromotedacrosghesmallbandgapandinto
theemptyconductiorband.Thepromoteckelectronis thenfreeto movethroughtheconduction
bandinto higherenergylevelsandthed H daefiinthevalencebandcanbefilled byanelectron

from an energy level below. In semiconductors, there is a direct temperature dependency
where the conductivity increases as an exponential function of temperature. Unlike metallic
conductorsthermad motionof atomiccentreglaylittle to norolein theresistancavithin these
systems, the number of mobile electrons present in the conduction band is dependent on only
thesizeof thebandgapandtemperatureSemiconductorshowArrheniustypebehavour with

regards to their temperature dependent conductivity and the following equation, egn. 2 is used

to calculate the band gap of a semiconducting material:

Or= o@XplpE / eX)Keqgn. 2
(I is the conductivity of t § B a materiad specdid at a
constant. I§, is the Boltzmanndés constant and oE is
(activation) energy needed to promateelectron from the valence band into the conduction
band is given by @E/ 2. This is due to the fo
el ectron: A mobile electron in the conduct:i

valence band. Thebove equation can be rearranged into graphical form with a gradient equal

to ogpE/ 2K
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1.1.10Extrinsic Semiconductors

Extrinsic semiconductors are achieved by the presence of a specific dopant used in order to
create a tailemade band gap of desiredergy. The idea is to dope the semiconductor with
elements that contain either less or more valence electrons, creating either electron rich or
electron deficient bonds between the dopant and original element. Electron rich bonds will
create fullenergydnds just below the conduction band,
electrons are easily promoted into the empty conduction band and can transport the charge
through the material. These are knowmdgpe semiconductors.

Electron deficient bonds prade a partially full energy band just above the valence band,

known as the acceptor level. Electrons from the full valence band can easily be promoted into

the acceptor level. However, the acceptor level is usually discrete due to the small amounts of
dopants present in extrinsic semiconductors, therefore transport cannot occur in them. The

el ectron 6holesd left in the valence band al
p-type semiconductors.

Germanium and silicon are the most commonly udethents to produce semiconducting
materials within information technology. The combinatiomaind p-type semiconductors

within electronic devices led to the groubikaking discovery of devices such as LEDs and

transistors, without which the modern ageamputing could not exist today.

7 B B o Conduction Band
’g |§ Band G: L§ g
and Gap
f ™ —=> Dopand Band
DOS DOs8 D08 DOs

Matal Insulator Intrinsic Semiconductor N-type Semiconductor

Figure 1.1 Density of states for metals, insulators, intrinsic atyplsl semiconductors.
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Figure 1.2. Resistivity as a function of temperature for metallic (blue), semiconducting (red) and
superconducting (green) materials.

1.2 Superconductivity

1.2.1Introduction

Superconductors exhibit two main characteristics when within the critical parameters: zero
resistancandperfectdiamagnetismT his allowsfor extremelylargevoltagesto beproduced

with little to no loss in current and also the production of very strong magnetic fields. If the
critical parameters, namely temperaturg @nd external magnetic field {Hare not met then
superconductivity will be suppressed. Above ttioal temperature the material usually will
behave as a conventional metal and is often an unremarkable conductor. Superconductors are
grouped into two types: Type | (soft) and Type Il (hard), depending on their response to an
external magnetic field oincreasingstrength.Resistivty as a function of temperatuie

shown in Figure 1.2

1.2.2History

In 1911 Hieke Kamerlingh Onnes observed the resistivity of liquid mercury dropping to an
almost immeasurablylow point (Figure 1.3)when cooledin liquid helium?. It had been
predictedhatmetallic elements would become better dactors at low temperatures before

this, however zero resistance was previously thought possible.

This was due to Ohmés | aw: I = V/ R, stating
would tend to infinity, which was not observed®gnesn his experimentsSoit wasthought

thatthemagnetidield within asuperconducting sample below its critical temperature must be
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0trappedd within it. Walter

case. Instead, the magnetic field@npletely epelled by a material in the superconducting

staté’.

Since the discovery of superconductivity in liquid mercury, initial efforts were foarsedd
elementahndbinarymetalalloysandit wasfoundthatoverhalf of theelementargompounds
undergo a superconducting transition. The receribiTthis group of materials was reached
in 1973with NbsGe (T.= 23K)“. In 1986BednorzandMuller sparkednterestwhenresults

were published claiming the observation of superconductivity at dr80K in ceramic
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Figure 1.3. Onnes original graph of superconductivity discovery in liquid Mercury.

compound®f theLa-Ba-Cu-O systenf!. Thesaesultswerequickly reproduceelsewherend

high T superconductivity rapidly became an area of huge interest. It is apparent tat the
O planes in the materials perovskite structure playedmportant role in the transition to
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superconductivitandassuchtheresearctiocusedmainly on copperoxide materials.ln 1987
a T of 93K was achieved in the copper oxide ¥Ba:Os-+,?, the significance of thiinding
was that the critical tempetat could be reached by cooling with liquid nitrogerthallium
cuprate, TiBaCaCwOio held the highest dTat 125K”. The record Teurrently stands at

156K in the HgBaCaCuwOs + system under pressiftéFigure 1.4)
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Figure 1.4. Timeline of superconductor discov®ig. Jensen Rag.| & (i S NINels Bakrdnstitute,
Faculty of Science, University of Copenhagen. Copenhagemdiie November 2015.
DOI:10.6084/m9.figshare.2075680.v2

Shortlyafterthediscoveryof theproductionof fulleritesin 1991 (quantitiesof fullerenedarge
enoughoallowtraditionalsolid-stateexperimentsit wasfoundthattheintercalatiorof certain
alkali-metals in solid & (fullerides) produced materials that undergo a superconducting
transition. A T of 33K at atmospheric pressure was observed for the RbeJalleride and
under pressure @3 enters the superconducting state aE 40K, The interest in these
materids is due to there being a completely new class of supercondwitioslargeTc. The
origin of superconductivityn thesematerialdgs notfully understoodutit is believed that they
ares-wave BCSlike (for BCS theory see section 1.2sBperconduats driven by traditional
electronphonon effects although there is no conclusive evidence that thiscieste

In 2001 the discovery of superconductivity at=T39K in MgB; renewed interest in high.T
conventional phonemediated superconductivity. More recently in 2006 the discovery of
superconductivity in the irepnictide, LaFePO at 4K has given birth to a large class of new

superconductofd!. Iron-pnictideshavealayeredstructureof FeAsor FePandit is thought the
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magneticbehaviourfrom 3d electronsis closelyrelatedto the superconductivitySo far the
highestTcin this classof superconductonsasreachedn 2008andstandsat 26K in LaFeAsQ.

3. Unlike the high T copperoxide superconductors, the electronic and magnetic
propertesof iron-baseduperconductorarewell understooéndit is hopedheymightprovide

a route to explaining the origin of unconventional Tymigerconductivitylt had been stated
previously by Bill Little that the superconducting state in polymerganic conductors could
theoretically support critical temperatures approaching and surpassing room température
In 1980, Klaus Bechgaard and Denis Jerome synthesised the first gigaaiconductor in

the form of a charge transfer salt with the fola(TMTSF}PFs with a Tc of 0.9K at 12kbdH,
(TMTSF = Tetramethyltetraselenafulvalene). This sparked a major interest in the synthesis of
molecular radical cation salts. The first ambient pressure organic superconductor was

synthesised soon aftdf,MT SF)CIO4 with a T of 1.3K*%. Since then, many charge transfer

salts have beeprepared in the search for the superconducting ground state, however a large
number of interesting and unexpected properties have since been discovered in these systems,
including the first paramagnetic superconduétor

Very recently in 2015 it was discovered that hydrogen sulphidsS)(Hindergoes a
superconducting transition when under high pre§<uiehe major significance of thigding

was that the recorded.Wwas 2@K, only 70 degrees below room temperature. Under
conventional BCS superconducting theory, it is thought that lighter elements can oscillate at
a higher frequency, therefore giving rise to elecbonon interactions at higher
temperatures. Since superdantivity in elemental hydrogen has eluded scientists so far,

efforts in this specific area are now focusedund hydrogen rich materials.

1.2.3BCSTheory
John Bardeen, Leon Cooper and Robert Schieffer earned a Nobel prize in physics in 1972 for
their research into the electronic behaviour of superconductors below the critical

temperaturé®. BCS theory offers a reasonable explanation for the macroscopic quantum
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phenomena of superconductivity through the existence of coupled electrons (Cooper pairs)
travelling through a materials positive lattice. The idea of coupled electrons being prevalent
in producing superconductivity was first proposed by Frohlich in 4850

An electron travelling through a cationic lattice will experience a slight attractmpasitive

ion which in turn distorts the lattice around it, creating an area of increased positive charge
density. A second electron at the same distance from the positive ion in the lattice is attracted
to the charge distortion (phonon). This creates ebetironphononelectron interaction
overcoming electromlectron repulsion and the two electrons are indirectly attracted to one
another and condense to form a Cooper pair. As the Cooper pair moves through the lattice, the
leading electron causes an irase in positive charge around itself and the trailing electron is
attracted by this. If the energy required to condense the electrons into Cooper pairs is less than
theenergyof thermalvibrationsof thelattice,thentheelectronswill stayboundandthematerial

will enter the superconductiragate.

Cooper pairs are more stable than a single electron and so experience less scattering from
lattice vibrations. BCS theory also states that all Cooper pairs in a lattice are correlated which
constitutes a systn that functions as a single entity. This suggests that for one pair of Cooper
electrons to be scattered, they would all have to be.

Experimental evidence to support BCS theory in Type | superconductors was shown through
the isotope effe, in which he critical temperature,;Tof a superconductor ffroportional

to the reciprocal of the square root of the elements mass number, M.

Te:
o

eqgn. 3
Eqgn. 3 suggests that the transition to superconductivity is not purely electronic and involves a
rearrangement of the lattice. However, when changing frdfitdDO*® in the Type I
superconducting ceramic cuprates mentioned above, there was no apparent isotope effect
observed. It is thought that phonons may play a part in the electrical behaviour of Type II

superconductors however, no credible theory that explainseatbxperimental data has yet
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emerged.

A material that shows good electrical conductivity at room temperature proves that its
electrons experience minimal interactions with the positive lattice. Hence these materials will
not form superconductors as therf@ation of electrosphonon interactions are much less
favourable. Materials with high resistance at room temperature exhibit this property because
the electrons experience a strong interaction with the cationic lattice, this suggests that at low
temperature it is more favourable for Cooper pairs to form and superconductivity to be

observed.

1.2.4MeissnerEffect

Walter Meissner and Robert Oschenfeld measured the magnetic flux distributions of tin and
lead while cooling to below their:Tin an external maggtic field. They found tha#t the

transition from metal to superconductor the materials spontaneously became perfectly
diamagneti€. They completely expelled the external field cancelling all magnetic flux inside

the material.In the metallic groundstae the magneticfield will passthroughthe material,

however when the critical temperature is reached a magnetic field of negative and equal flux
density to the applied field is produced and results in the complete expulsion of the magnetic
field from themat er i al . Thi s property is known as
demonstratedxperimentallyastheactof levitatinga superconductingampleabovea magnet

(Figure 1.4)

Figure 1.4. Example of Meissner effect.
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1.2.5Magnetic Properties oSuperconductors

Another way to suppress superconductivity a material below its Tc is through the
application of an external magnetic field. It was stated previously that a superconducting
sample will spontaneously become a perfect diamagnet due to the condensation of free
electrons into Cooper pairs. Howeverhen an external critical field, Hs reached, the
internal magnetic field of a superconductor will behave in two different ways. BejdianeH
perfect diamagnet will express an internal field of negative flux density equal to the applied
field (Figure 1.6).Above H: superconductivity is lost and the material returns to the normal

stateregardless of temperature.

Figure 1.6. Magnetic fields around a material in the superconducting €a2010Geek3d GNUFDL.
commons.wikimedia.org/wiki

1.2.6Type | Superconductors

Type | superconductors will completely expel an external magnetic field up to a critical field,
Hc. As the external field stngth is increased the internal field of the superconductor remains
diamagnetic aneM = H, where M is magnetisation of the sample and H is the external field.
When the critical field is reached, M falls suddenly to zero as the external field enters the
sanple and superconductivity is lost. Elemental superconductors, such as Lead, Mercury and

Tin are type | superconductors.
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1.2.7Type Il Superconductors

As in Type | superconductorgyl = H up to a critical field, |. It is at this critical field the

behaviar differs to Type | superconductivity. AtcH the magnetic flux of the applied field

will begin to enter the sample however, not uniformly. The flux enters the material in the form

of vortices which concentrate the external field into localised areash#ld the bulk of the

sample from the external field. The material is inligedé vor t ex é or 6 Abri kos
superconductivity is not suppressed. As the external field is increased a second critical field,

Hc is reached. Between:Hand H; the amount of magnetic flux entering the material
increases until the magnetisation of the sample reaches zero and superconductivity is lost

(Figure 1.7).All organic and high dsuperconductors are typle By doping lead with 3%

indium it is possibleo achieve the chaegrom type | to type Isuperconductivity.

Type I superconductor
Type II superconductor

| I
| |
| |
| |
| |
|3, ‘
. | . [
Superconducting | - Mixed state ———— | Normal state

state | |
| |
| I
| I
| \
| H,
| |

H, A 2N

Figure 1.7. Magnetic behiur of Type | and Type Il superconductis

1.2.8Applications

A superconducting wire can transport huge currents over long distances, provided the wire is
constantly cooled to below its critical temperature. However, it is the consequential magnetic
fieldthatis producedy thelargedensityof chargecarriersmovingthroughasuperconducting

coil that provides the largest applications in commercial, medical and pgridatgries.

Some of the strongest electromagnets known are produced by supeticmndaies and
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although they must be constantly cooled to below the critical temperature to produce the
magnetic fields, which can be expensive, there is very little loss of thermal energy through
dissipation. So oftentimes they are cheaper to run thameatinnal room temperature
electromagnets. Superconducting magnets are found in MRI machines, NMR spectrometers,
mass spectrometers and particle accelerators.

Japans high speed MagLev (magnetic levitation) trains utilise the Meissner effect in order to
sugpendatrain carriageslightly aboveatrack, allowing for nofriction betweerguidewayand
vehiclé??. High speeds can be reached and as there is no conventional fossil fuel burning
engine presentt is a muchmorecosteffectiveandenvironmenffriendly way to travellong

distances.

1.3Magnetism

1.3.1Introduction

A compelling property of highly ordered solid state materials is that the characteristics of
individual atoms or molecules can interact cooperatively throughout the lattice when an
externalforce is applied. Cooperative effects can occur for the response of a crystal to
mechanicastresselectricalor magnetidields. Suchpropertieshavebeenwidely manipulated

to produce a range of materials with huge commercial and industpiattance.

A magnetic field produces lines of force that will penetrate a material that is placed within it,
thedensityof thelinesproducedromthemagnetidield is knownasthemagnetidlux density,

H and is related to magnetic field, B and the permeabilitiyesf spaceg, by the following
eguation, eqn. 4:

B =H eqn.4

A magnetianaterialwill repel(diamagneticpr increasdparamagnetidheflux densityof the
magnetic field as it flows through it. The magnetic field flowing through the material while

within the eternal field is termed itmagnetisationM and the magnetic flux density can now
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be expressed in egnas:

B s(H€M) eqgn. 5

Magnetisation is more commonly expressed as magneticse pt i bi | i t W, 6, whe

1.3.2Diamagnetism

A certainamountof diamagnetisnis associatedith everymaterialasit is apropertyexpressed
through the existence of paired electrons. Diamagnetism is fundamentally a very weak
propertyandis difficult to observef othereffectsarepresenthoweveraperfectdiamagret will
completely repel an external magnetic field, reducing the magnetic flux density of the applied
field to zero within the sample. Atoms or molecules with closed electronic shells at lower

energy than the Fermi Level atiamagnetic.

1.3.3Paramagneism

The presence of unpaired electrons within a material gives rise to paramagnetism. A simple
paramagnet will have randomly orientated dipoles at different centres within the mtterial,
applicationof an externalmagneticfield will causethe magneticmomentson each centréo

beginto alignwith thefield andconsequentlyvith eachother.As themomentshegin to align

the magnet will be attracted to the applied field. The thermal energy possessed by the
paramagnet however, prevents the magnetic morfremtsaligning perfectly. In the absence

of an applied magnetic field this thermal randomization causes the dipoles on different centres
to align randomly and hence no lerange magnetisation is retained by the material. This

inverse temperature dependens expressed by the Culiéeisslaw:
Gn= —

eqn. 6

Whernesct he mol ar suscept ilpCibthd curie Coastant,sTpse c i f i c

temperature in Kelvin and aflainstsempefatere Willegives s
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a straight Iline of gradient 1/ C and a value
paramagnet will have a Weiss constant of zero and will have independent maghatiour
athightemperaturesn respect to ntal complexes, thisolatednetalcentreandits associated

dipole acts as a small magnet producing its own magnetic field. If the material contains the
same metal complex then each magnet will produce a magnetic field of equal magritude,
thermalmotioncausingheorientationof eachindependenrtield to berandom.

TheCurieconstantC, is relatedto thenumberof unpairedspinsper moleandto thespinonly
magnetianomentOrbitalangularmomentuntanbeneglectedvhencalculatinghemagnetic
momentsfor first row transitionelementglueto thelifting of thefivefold degeneracygf the3d

orbitals. Leaving the equation below.

€s=0 |7|S(S+1) eqn. 7

S, the spin quantum number describes the angular momentum of an electron, g is a constant
whichfora fr ee el ectr on h a,ghe $pim enly maghaticemo@entdsGm 2 3 a |
Bohr magnetongB.M). Forheaviemetal ionscontributionsfromtheorbitalangulamomenta

are greaterand may needto be considered. When calculating magnetic momentsttier

lanthanide series the total angular momentum of the electrons, J, is used in éjuation

J=L+S egn.8

e=gWJJ+1) eqgn. 9

Wherel is theorbitalangulaiTmomentums is thespinangulamomentunandJ, totalangular
momenta is the vector surfiloand S. This can lead to large magnetic moment$ $bells

that are more than hélill.
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1.3.4Ferromagnetism

Ferromagnetic materials exhibit a lerange ordering phenomenon which causes the dipoles
on each atomic centre to align parallel withreather in a region termed a domain. The short
range exchange interactions present in a ferromagnet stem from eldettyon repulsions
andinitially keepneighbouringnomentsalignedparallelwith respecto oneanother, however,

long range magnetidipole interactions alsoccur,and these tend to align the spins -anti
parallel. This results in localised domains of equivalent spin alignment within the lattice.
However, eachdomainis alignedrandomlywith respectto the next. This resultsin a net
cancdation of the individual magnetic moments and at temperatures high above the Curie
temperature the material acts as a simple paramagnet. It is only at or approaching the Curie
temperaturéhatthethermalrandomisatioslowsenougho allowthedomaingo alignparallel

and the moments add up constructively to exhibit a net magnetient In order to quarity

this behaviour, see again the CiMikeiss law, eqn. 6.

The sign of d wildl g-fange exchangeiintehdtiens présemtrm tto - t h
material above its specific long range ordering temperature. A positive value suggests
ferromagnett coupling A ferromagnet at high temperature will have domains randomly
aligned, like a simple paramagnet. However, when the sample is cooled the atijaezints
throughout the lattice aligmhemselvesparallel with respectto one another. Plotting
susceptibilityagainsttemperaturewill show a sharprise in susceptibilityat the ordering
temperaturethe Curie temperatur€Tc), as the material becomesatgly magnetized. The
molar susceptibility of a ferromagnet at temperattaeabovethe Curietemperaturéollows

theCurieWeisslaw with apositiveWeiss constant.

A particularly interesting and useful property of ferromagnetarisasymmetry in the
magnetisation as a function of field that leads to #imlity to retain magnetisation
(information)when the external field is removed. This is known as hysteresis arglained

asa ferromagnets magnetisation as a funadioexternal field strength. ¥Wen the ferromagnet

is placed in an external field of zerop, Hhe domains are aligned randomly due to thermal
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energy. As the external field is increasedtiaderials magnetisation follows a nbmear path

to reach its magnetic saturations,Mue tothe alignment of all domains. If the external field

is then reduced back to zero the material does not follow the initial curve as some
magnetisation is retained by the material, this vadfieM: is known as the remnant
magnetisation. In order to drive the@gnetisation of the ferromagnet back to zero the external
field must be decreased to a valug, khown as theoercive field. This is the point at which

the domains align themselves randomly again @nedmagnetic memory retained by the
material is lostFerromagnets can have varied valt@sH: and M, those with high values

for both are termed hard magnets and those with lgalees termed soft magnets.

1.3.5Applications of Ferromagnets

Many applications have been found for ferromagnets, mostlyadthethysteretic behaviour
explainedaboveputalsobecaus¢heyareaform of permanenmagnetHardmagnetsareused

due to their ability to retain information with large values of coercivity and remnantisation,
such as magnetic tape in audio cassettag] disks or drives, credit cards and permanent
magnetsSoft magnetareusedaselectromagnetsn thecoreof transformer&ndin motorsor
electrical generators. This is due to their low coercivity which reduces the energy loss

associated withysteesis.

1.3.6Antiferromagnetism

Antiferromagnetism is a property associated with materials whose unpaired electrons will
spontaneously align arpiarallel with one another below a specific temperature, the Neél
Temperature, J. Above this temperature theaterial will act as a simple paramagnet with a
negative Weiss constant. The independent spins will tend to align with an external magnetic
field, howeverif thetemperaturés increasedar enoughthermalrandomisatiomominatesand
nomagnetianoments observedWhenthetemperaturés decreasetb belowTn thespinswill

align themselves antiparallel to their neighbour, gradually cancelling the magnetisation in the

58




material. However, in reality antiferromagnets always contain impurities and therefoes the

magnetisation will never reach zero.

1.3.7Ferrimagnetism

Ferrimagnetism is closely linked to antiferromagnetism, with an internal force tendiignto
spins antiparallel with one another in the presence of an applied magnetic field. However, in
this casetheneighbouringspinsareof differentmagnitudej.e a differentnumberof electrons.

The effect canbe interpretedas two competingferromagneticsublatticesand the magnetic
behaviour is characterised in the same way as ferromagnets. In tordgistinguish
ferromagnetic behaviour from ferrimagnetic it is important to look at magnetic data over a
large range of temperaturésgure 1.8 shows tharientation ofmagnetic moments in different

magnetic raterials.

Fe rromagnetic Magnetic moments are
l 1 l l 1 l aligned.
Antiferromagnetic Zero net magnetic

moment at sufficiently

l I l 1 1 T low temperatures.

Ferrimagnetic Magnetic moments
oppose but do not

1 n 1 $ 11 cancel.

Random magnetic moments.
Magnetic moments will align
with an applied magnetic field.

Occurs above Curie
temperature.

Figure 1.8. Orientation of magnetic moments in magnetic materials.

Paramagnetic
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1.4Charge TransferSalts

1.4.1Introduction

Charge transfer salts have been used widely to produce multifunctioledutar conducting
materials. Particularly, organinorganic hybrids have attracted attention from sstate
chemists and physicists as a route to study the origins and behaviour of organic
superconductivity. The two moieties crystallise in separatekstand the stack segregation
throughout the lattice produces materials in which the properties of each component can be
expresseds separate characteristics, allowing for the production of multifunctional materials.
The majority of conducting moleculaharge transfer salts contain the TMTSF, TFigure

1.9) or BEDT-TTF chalcogenides as the organic electroactive unit, however organic
conductors have also been derived from several different organic electron donor molecules,
including DMET, MDT-TTF, BEDOTTF and metabrganic acceptor complexes
[M(dmit)2]*. These donors can adoptasmge of packing motifs and the lattice formation is
heavily controlled by noftovalent interactions and charge compensation between donor and
anion. Therefore, a large number of aniafgliffering size, shapeandchargecanbe co-
crystallisedwith organicdonorsto produce a huge number of new materials with a wide range

of properties. The largest and most interesting group of organic conductors and
superconductors has arisen from the BEDIF (FigureA) donor molecule due to its ability

to adopt an extended range of packing modes and the expression of distinguished electronic

properties includinguperconductivity.

|:S Sj HSCISG> SQICH
S S HaC Se Se” “cn
Figure 1.9. Right: TTF, tetrathiafulvalene and Left: TMTSF, (tetramethyl)tetraselenafulve
organic donor molecules.

3
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1.4.2History

The synthesis of the electron acceptor tetracymgoinodimethane (TCNQ) in 1968, the
electron donor tetrathiafulvalene (TTF) in 1§#Gnd their subsequent combination in 1972

l ed to the dniokalardomeagceptof conpleeT THFCNQ®. The material
conducts along the stacking axis and the conductivity increases with decreasing temperature
to 10'Y . c'at around 60 K, bew which a metainsulator transition occurs due lattice
distortions and localisation of the conducting electrons. The discovery and characterisation of
this material kickstarted a serious investigation into the synthesis of synthetic metals.

In 1976the first organic superconductor was synthesised by Bechghald(TMTSF}PFs

(Figure 1.10)The material shows metallic behaviour at ambient pressuréY<1a:)rand a

sharp metalinsulator antiferromagnetic ordering transition occurs at 15 K, forming a Mott
Hubbard insulator. A temperature drop to 0.9 K and a hydrostatic pressure of 12 kbar
suppresses the antiferromagnetic change and leads to a supeticonthansitioft”. The
Bechgaard salts of formula (TMTSK) (X = e.g Pk, Sbk, CIOs) affordedthe first

isostructural families of metallic and supendacting charge transfer salts.

? :‘, OO0~ O=—0—0~—O~—0
o}
O OO OO aeelO—00
oo O — OO D=
/ o
o
% <> > PO~—0
a_ / OO OOl — >80
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/ o .
OO0~ 0000 ~=0
OO0 —O—9) %

Figure 1.10. TMTSHKRrystal structure showing BEDTF stacks).
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Since then a number of organic superconductors have betesiged and are summarised

in Table 1.0 belo¥. T, values have increased to around 14 K.

Organic Superconductor Tc/K
(TMTTF)CIO4 1.4

d-(ET)2ls 3.6
U-(ET)KHg(SCN), 0.3 (1.2 at 1.2 kbar)

b 6(BT)SFECH.CRSO;

5.3

5-(ET)2Cu[N(CNY]CI

12.8 (at 0.3 kbar)

9-(ET)2Cu[N(CNY)]CI deuterated

13.1 (at 0.3 kbar)

9-(ET).Cu[N(CN)]Br deuterated | 11.2
9-(ET)2Cu(NCS)» 10.4
an-(ET)Cu(CR)4- TCE 9.2

aH-(ET)Ag(CR)4- TCE 11.1

Table 1.0. Summary of organic superconductors

Charge transfer salts are an appealing route to multifunctional materials and in 2010 the first
exampleof ferromagnetismand metallic conductivityin the samematerialwasachiewed??.

This salt contained the BEDTTF molecule cecrystallised with the bimetallic oxalato
complex [MA'Cr'"(C,04)s]. Throughout the material the anion forms polymeric sheets in
which the metal centres can cooperatively interact to produce a ferreticagaterial.

Anionic coordinatiorcomplexesareanobviousdirectionin whichto focuswhenattemptingo
prepare bfunctional materials through the synthesis of charge transfer salts. The metal
complexes can be carefully designed through the choidéfefent metal centres or ligands,

to producecompounddlisplayinga variety of electronicproperties.The oxalatometallates

{IM( C204)3]"} have afforded a large family of charge transfer salts. Included igrbigp are

a number of superconducting maaés?® and importantly the first example of a paramagnetic
superconductdf. Subtle changes in anion size or shape can produce large chatiges
propertiesobserveti®. The metaltrisoxalatemoleculecontainsa chiral axis; thesesalts and

other targe transfer salts containing chiral anions will be discussediefudetail in section

1.5.3.2.
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1.4.3Bis(ethylenedithio)tetrathiafulvalené BEDT-TTF
Tetrathiafulvalenes generahrechemicallystableandcanbesynthesisedtcloseto standard
conditions (room temperature and pressuBEDT-TTF wassynthesisety Mizuno et al in
198234, the structureis shownbelow in Figure 1.11 The symmetrical central TTF unit is
flanked either side by 18ithiol six- membered rings which provides morese for potential

orbital over | depddmativareaddnduictingropartiesvinesconaspared
with tetrathiafulvalen€éTTF). The terminal ethylene groups adopt fulanar geometry while
the central unit remains relatively flat. Neutral BEDTFis slightly bent with respect to the
central portion and the molecule wilatten on oxidation. The central C=C is extremely
sensitiveto chargetransferandthe bond length increases on oxidation. This allows for an
estimation of the molecular afgge bycalculatinghedifference inbondlengthsof thecentral
TTF unit usingthefollowing equatio®, wher e U is the average bon
chargeestimation.

g = (iga+d) c)

Q=6.3477. 46 31 eqn. 10

Figure 1.11. BEBITF with Central TTF bonds labelled for charge estim&ions

It is noted that the radical cation can adopt a wide variety of packing modes owing to the
flexibility of the terminal ethylene groupsvhile the central TTF portion remains relatively
planar. The 6twistbé confirmation is observed
side of the plane of the molecule defined by thelamar sulphur and inner carbon atoms of

the sixmembered rig, however one group is always displaced to a lesser degree. When both
sides of the molecule show t wist confirmati

where the ethylene carbon atoms on either side of the molecule are displaced to the same side
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of the plane and hence eclipse each other when viewed along the long axis of the molecule,
and the O0Ostaggeredd confirmation where the ¢
respect to the central TTF plane. A boat confirmation can also exist wbtrestinylene

groups are displaced to the same side of the plane of the molecule. NeutralTBEDiRS

one side in a twist confirmation and one side in a boat confirmation.

1.4.4BEDT-TTF Packing Motifs

The wide variety of electronic ground states and dbesequential number of properties
assigned to charge transfer salts of the BHOF donor molecule is due to the array of
packing motifs that have been observed. Each results in different intramolecular interactions
and characteri st iacts. ihetand strikctire forimed $héb&gt dorom t
stacks within each motif give rise to markedly different conducting properties,
superconducting transition temperatures and
The most commonly observed phases are discussed here along with theedbkacac
conducting properties.

The alpha pligse adopts a herringbone arrangemvéth the donorsveakly dimerised.
Adjacent layers are orientated orthoganol to each other. This phase usually produces a semi
metallic band structure indicating a smalledap of valence and conduction bands (ig

1.12.

Figure 1.12/ NB & i I t & ENHabdigdasERleftRafidc fright) axes].
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The delta phase consists of mixed stacks of the donor and anion layers, parallebto the
plane. This phase usually exhibits metallic behaviour with a firetalator transition on

cooling(Figure 1.13).

Figure 1.13. Crystal structure o ET ) viewed along thex axig2¢l.

In the beta mphhas e, within stacks the molecules ar
contacts are between stac@@igure 1.4). This phase tends to produceD2electrical

properties. A modified beta phase has been observed with linear anioAsilfl 1Br,)

producig quasi 1D conductors with pairs of ET (ET = BEBNTTF) molecules more strongly
dimerise#®. This phase has produced ambient pressure superconductors and applying

hydrostatic pressure reduces the Tc of superconductors.

CAIdNB momn o /-EBlgalbhgtheOiiNawa danBR 2R i o
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The & e tiplade,is imilar however the dimers carry effectively héilfed flat bands
producing Mott insulatordhelet a 6 6 p h a s e -Dnewlswith layers af adjgoerd s i 2
stacks almost coplanar and at low temperatures this can give ssperconducting propersi

(Figure 1.15).

CA3IdzNBE modmp © [/ NETHQH dlohg the@ @izhdl d@ighr) age®4. | QQ

In the kappak, phase the molecules form dimer pairs arranged orthogonally to each other. In
superconducting kappa phase the C=C of one ET lies aboabered ring of the other ET
in the dimer paifFigure 1.16)In the norsuperconducting phase the C=C lig®ctly above

theC=C oftheother molecule ithedimer pairwhith pr oduces | onger SéS c

X7y

Figure 1.16. Crystal structure G{ET)Isviewed along the (left) andb (right) axe&4.
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1.5Chirality

1.5.1 Introduction

Chirality is a property expressed by molecules or materials that can exist as two non
superimposable mirror imageEhe materials can be characterised by the optical rotation of
linearlypolarisedight. Theleft-handedenantiomewvill rotatetheincidentlight anticlockwise
(levorotaryi L) and the righthanded enantiomer clockwise (dextrorotarfp). A common
examples shown below in fgure1.17as a tetrahedral carbon atom bonded to four different
groups, this is known as atomic chirality where the handedness is confined to a
configurationally stable atomic centre. The two enantiomers can have drastically different

properties even though tagomatom bondingds identical.

k&(_:i\l [ (E I

> \._I_.-"
|r’ ’cﬂ ‘1|
F F

Figure 1.17. Stereogenic carbon atom bonded to R@groups

Axial chirality is possessed by molecules or materials that are devoid of a stereogenic centre,
butinsteacholdanaxisof chirality aboutwhichsubstituentarearrangedguchthattheir mirror

images are neeuperimposable. When synthesising axially chiral molecules the choice of
ligand is important in creating the axes about which the chirality is defined, homoligatily is
essential.

The preparation of multifunctional materials using molectailding blocks possessing
chirality asonefunctionhaslong beenanareaof interestfor chemistsandphysicistsalike as

it is hoped the handedness will modulate or synergise with the other integrated pféherties
Families of materials prepared fragnantiopure or racemic reagents can be synthesised and
the subtle differences in properties can be studied intensively. It follows that efforts have been

madeto producamoleculamaterialsvhereoneor moreof theprimarybuildingblockscontain
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aformof chirality. Chiralconductindatticesareof particularinterestdueto theobservatiorof
electricalmagnetotranspornisotropyphenomenauchascircular dichroismand Electrical

Magneto Chiral AnisotropgeMChA)*?,

1.5.2Magnetotransport Anisotrop

A conducting material can be chiral due to many reasons, it can crystallise in a chiral space
group, can be made up of chiral subunits or it can adopt a chiral shape even if the individual
units are achirad.g.a helix. Therefore, a chiral conductor st in two forms where each

is the mirror image of the other. Chiral materials show optical activity depending on the
enantiomer, Rikkenet al showed that an analogous effect exists for electrical
magnetotranspoiin chiral conductor$®. The Electrical MagnetoChiral Anisotropy Effect
argues that t dleetricalresistancef anychiralconductorshoulddependinearlybothonthe
external magnetidield and the current through the conductoras well as the materials
handedness d. Asingawhhinia gagneticdigldracqaine someremgular motion
due to their cyclic motion, so charge carriers moving parallel to the magnetic field fulfil this
condition and forna chiral systemDueto a longitudinalexternalmagnetidield causinghe
chargedarticles to adopt a chiral motion while travelling through the hdittde.

Major interest was sparked in 2001 after the discovery of the Magneto Chiral Anisotropy
Effect in conducting chiral bismuth helices and chiral carbon nanotubes, where ttigtsesis
within an external magnetic field perpendicular to the direction of current was dependent on
the enantioméi®. This phenomenon arises not due to the structural integrity, as both
enantiomers are identical, but due to the Lorentz effect.

In 2017 he first observation of the effect of chirality upon superconductivity was reported in
an individual nanotube of tungsten disulpfifleln an achiral material, the current flows
equally in both directions, but in tungsten disulphide nanotubes the sngectioity has been
shown to reflect the chiral structure where the forward and backward current flows are not
equivalent in an applied magnetic fié#d This antisymmetric superconducting transport may

be useful for appli cmatuicdrisngi i odiersddui t s as
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1.5.3Chiral Charge Transfer Salts

The synthesis of chiral charge transfer salts in order to study the eMChA effect is an attractive
avenue. The introduction of an enantiopure molecule within these salts, which display
molecular stackingmotifs, could cause the stacks to form helical twists or screw axes
throughout the material. This chiral twist is analogous to the helical morphology seen in the
carbon nanotubes mentioned above and the conducting electrons would follow this path,
possiblyproducing an advanced expression of the MChA effect. Also, as already mentioned,
charge transfer saltsfer the possibility of introducing multifunctionality into charge transfer
salrs with cooperative magnetic effects existing in tandem with conduginogerties.
Investigating the interplay between phenomena such as MChA and ferromagnetism in the
same material would be highly interesting and it is hoped that novel and exciting electrical or
magnetic properties could be discovered.

It is known that th@roduction of a chiral entity must take place within a chiral environment
anddueto thistherearethreeroutesto achievechiral latticeswithin hybridradicalcationsalts,

through either of the two molecular building blocks, or the crystallisativinonment.

1.5.31 Chiral Donors

A straight forward strategy to introduce chirality within charge transfer salts is through the
radical cation. It is well known that structural disorder can affect the conducting properties of
a material so inclusion of ern@@pure donors within charge transfer salts is hoped to produce
cleaner and more distinguished electronic properties. Given that the synthesis of families of
enantiopure and racemic donor molecules also allows for the creation of families of radical
cation salts, it is also an effective way to investigate eMChA between enantiomers and
racematesWallis et al. providedthefirst routeto anenantiopurel TF derivativein theform

of a tetramethyl substituted BEBTTF molecul&®. Numerous chiral TTF derivats have

been synthesised since, including Ta¥azoline¥?, EDT-TTF derivative&”, hydroxyalkyt
BEDT-TTF<*3 and pyrroleTTFS*. Substitutionat anyof thefour methylenecarbonsof the

BEDT- TTF molecule produces a chiral molecule. It is therefefatively easy to design
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donorswith chiral sidechain®f differing propertiesAnotherrouteto chiral TTF derivativess
theselective transformatioaf oneof the centralsulphuratomsto a sulfoxide. This hasthe

effect of placing thechiral informaion directly onto the core of the potentially mobile
electrons However,the highoxidationpotentialof thesedonorsmeanghatradicalsaltscan

only besynthesisethrough solvent evaporation with suitably oxidising acceptor molecules,
like TCNQ-F4“4,

Electro Chiral Magneto Anisotropy has been observed previously in chiral perchlorate salts of
DM-EDT-TTF®¥ andalsoin chiral TTF-oxazoline&?, wherethereis a small difference in
resistivity observed between enantiomers. The only reported etnargder salts to combine
chirality with conductivity was-(S,3-DM-BEDT-TTF).CIO4*, but other groups have since

synthesised this salt and not been able to observe any superconductivity.

1.5.3.2Chiral and Racemic Anions

The chargdransfer salts from the donor molecule BEDTF have produced the majority of
superconductors and so have been the focus for electrocrystallisation with a variety of racemic
and chiral anions of different sizes, shapes and charges. The most well known, and also the
largest family of BEDFTTF salts, are those with racemic tris(oxa)metallate anionga

racemic pair is shown iRigure 1.18) Since the first discovery of supercondudiofBEDT-
TTF)J(H30)Fe(GO4)3).benzonitrilein 1995*¢ a multitude of semiconducting, metallic and
superconducting salts have been prepared through making small changes to the formula by
changing the metal centté and the solvent moleclff8. Efforts to produce a chiral
superconductor from tris(oxalate)metallate were unsuccessful owing to the racemisation of
Cr(oxalate) in the time taken for crystals to gr# Several other racemic and chiral anions
have been used to produce radication salts vih BEDT-TTF including Fe(croconatg¢)?,

Cr ( DipyXdxalate)®?, Sky(L-tartrate)®3, TRISPHAT®? andFe(GO.Cly)z. Fe(GO4Clo)s

has also been combined with tetrametBEIDT-TTF where a chiral donor and chiral anion

have been combined, atilngh
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the anion crystallised as a racemic mixttre.

Figure 1.18. Enantiomers of the metal tris(oxalate) molecule.

1.5.3.3Chiral Solvents

The inclusion of a guest solvent molecule of crystallisation is a relatively common occurrence
in chargetransfer salts grown via electrocrystallisation and hence the use afsdlirents is

an attractive avenue. It has been shown that chiral solvents can affect charge transfer salts in
two different ways. Through chiral inclusion, where the solvent molecule is included in the
insulating layer of the latti€& and chiral indction, where in situ resolution of racemic
reagents is possibté.

The aforementioned family of BEDTTF salts with tris(oxalate)metallate anions contain a
cavity within their inorganic layer trisoxalate framework. The hexagonal shape is ideally
suited tothe templating effect of a solvent molecule having the size of a benzene ring with a
small side group (benzonitrile, bromobenzene, chlorobenzene, nitrobenzene).evalifi
usedsecphenethyl alcohol as the medium for electrocrystallisation andlfdwat enantiopure
secphenethyl alcohol molecules could be incorporated the lattice(Figure 1.19) When
repeatingthe synthesis from racemgecphenethyl alcohol the guest solvent molecule was
disordeed in the hexagonal cavity within the trisoxa&aayer which had the effect of
increasing the metahsulator transition in the sali §BEDT-TTF)4{(Hs0)Fe(GOs)s).sec

phenethyl alcohol. Repeating the synthesis using the larger chiral molegekrone gave
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a different chargéransfer salt, possibly due to the solvent molecule being too large to fit
within the hexagonal cavity in thesoxalate layer. Instead, a chiral induction was observed
and the presence dR)-carvone led to chiral induction giving the first chatggnsfer salts
containing only a single enantiomer o0€r(C0s)s: or Al(Cx04)s despite the

electrocrystallisation beg performed with the racemic starting tris(oxalate)metéftate

Sttt
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Q0 O )

Figure 1.19. Anion layer bf { BEDIT TR)[(H;O)Fe(&Ds)s].seephenethyl alcohdt®l.

1.6 Aims

1.6.1Introduction

Building multifunctionality into materials is an area of great interest in modern materials
science. The production of molecular materials that can dérat@swo or more properties
desirable to the information technology sector offers the prospect of designing future devices
in which the efficiency is greatly increased. Bespoke molecular building blocks can be used
to manipulate and tweak desired propertso that materials can be tailor made for particular
applications. Conventional continuous lattice solids pose a much harder route to achieve this
aim. Through the use of molecular materials, devices can be produced where the useful
physical propertiesra contained within a much smaller area, allowing for the miniaturisation

of future technologies that perform tasks
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electronic8Y.

In this respect, anion/cation salts are an attractive avenue as each anahetwiork can
furnish distinct properties to the material and even novel properties can arise due to the co
existence of the two. It was long thought that superconductivity and magnetism were inimical
however, charge transfer salts in which the superottiny and localized magnetic networks

are expressed in tandem have shown this not to be th& €hséithough long range magnetic
ordering such as ferromagnetism is yet to be achieved in a superconducting charge transfer
salt and it is suggested thanless the Curie temperature is much lower than the critical
temperature the former suppresses the latter.

The question of whether chirality has an effect on the electrical properties of a material
(Electrical Magnetochiral Anisotropy = eMChA) has only eetty been experimentally
observed owing to a lack of suitable enantiopure matéfialBhe mechanism is not known

and the aim of this project is to investigate routes to providetiepane materials to help
formulate a model for eMChAResearch conduad for this thesiss centred around the
production of multifunctional molecular materials combining chirality and conductivity via
the synthesis and characterisation of chargesfer salts made from racemic and chiral donor

and anion molecules.

1.6.2Racemic and Chiral Donor Molecules

One part of the project will produce families of chiral chargasfer from both racemic and
chiral donor molecules. This allows for a meaningful investigation into the effect that chirality
plays on the physical propersi when the handedness is associated to the conducting phase.
Chiral derivatives of the conducting TTF molecule are synthesised by Professor John Wallis
at NTU with chiral sidechains which may induce expression of a chiral crystal packing on the
molecular material, e.g. chiral hydroxylalksBEDT-TTF derivatives with the aim of
transmitting the chirality between anion and conducting donor layers through hydrogen
bonding interactions. Other chiral TTF molecules with large-sidens have the potential for
forming helical crystal packing arrangements, which, like spiral staircases, can- o left
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right-handed. The helix provides a natural axis along which to measure the conductivity as a
function of magnetic field to investigate eMChA.

Slow diffusion techrgues will be employed at first using TCNQ as acceptor, and then
electrocrystallisation will be performed using newly synthesised chiral and racemic organic
donor molecules to prepare conducting materials with simple anions suc, &&I'PBr and

I3~ at first, and if successful future work can employ more complex chiral/racemic anions.
Some donors can be synthesised in bothRlReor SS or racemic forms to provide an
analogous series on which to study the effects of chirality change upon the magdetic a

electrical properties.

1.6.3Racemic and Chiral Anios

The other part of the project will produce families of chiral chdrgesfer salts from racemic

and chiral anions. There are a variety of chiral anions having axial, helical or propeller
stereogeit elements and this project will focus on those with boron or lanthanide centres.
The synthesis of bishelated spirofrate anions offers the prospect of creating complexes
with more than one stereogenic centre. In the case of B(mathteghirality ofthe bidentate
chelated malate ligand is retained but diastereoisomers are produced through two possible
stereochemical configurations at the boron centre which is labile in solution. There are a
multitude of bidentate ligands of different sizes and shapiégble for preparing bishelated
spiroborate anions.

Using dianionic tridentate ligands, a variety of racemic 1tioerdinate lanthanide anions
varying in size, shape and hydrogemnding ability will be synthesised. As well as being
racemic, these lahanide anions also offer the opportunity to introduce luminescent properties
to the material. The presence of highly magnetic lanthanidblotk metal centres in an odd
parity environment (chiral) also offers the prospect of the observation of anentdéiu
effects or electric current induced magnetisation orginating frompheléctron interactions.

The family of salts of BEDATTF with tris(oxalate)metallate anions has produced a large
number of racemic superconductors, metals, semiconductorsigrdtors, and also chiral
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semiconductors. New salts in this family will be sought out, in particular those from the

tris(oxalate)iridate anions which has the potential to remain as a single enantiomer in solution

for the duration of electrocrystallisationnlike tris(oxalate)chromate.

1.6.4Magnetic, Chiral/Racemic Conducting/Superconducting Charge Transaits

To further investigate the synergy and-edstence between chirality, conductivity and
magnetism through the production of muflthctional hyrid charge transfer salts. By
synthesising a wide range of magnetic, Hmaggnetic, chiral and racemic coordination
complexes and ecorystallising with BEDFTTF it will be possible to gain a further
understanding of how these properties interact.
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Chapter 2i Experimental

2.1 Purchase and Purification of Chemicals

Bis(ethylenedithio)tetrathiafulvalene (BEBITF) waspurchased from Sigmaldrich and
recrystallised from chloroform. BEDTTF can also be synthesised by the methods of Larsen
and Lenoir (1988Y and Mizunoet al (1986%. Alternatively the synthesis of chiral donors
results in the side production of BEEXTTF that can be recrystallisém chloroformand
used.Solventswerepurchasedrom TCI and SigmaAldrich and distilled prior to use. 18
crown6 was obtained from Sigmaldrich and dried over acetonitrile. Chiral donors received
from Wallis et al wererecrystallisef. All other chemicals were used as received unless

otherwisestated.

2.2 Experimental Techniques

2.2.1X-ray Crystallography

Several structures presented in this thesis were solved at room and low temperatures at NTU,
Osaka University idapan and the National Crystallographic Service (NCS) in Southampton.
Data was collected in Osaka by Professor Hiroki Akutsu on a RigakXIB VII imaging

plate system with FREE SuperBright HigkBrilliance Rotating Anode Generator with confocal
monochromat ed Mo KU radiati on, using Rapid Auto
Structuresveresolvedvia programdromthe SHELX family by directmethodsandrefinedon
F2full-matrix least squares using all unigigga.

Data was collected by Claire Wilsontae NCS on a Rigaku AFC12 diffractometer with Mo
rotating anode, using standard control and processg software. Structures were solved via
programgromtheSHELX family by directmethodsandrefinedonF2full -matrixleastsquares

using all uniquelata.

Data was collected at NTU on a Agilent Excalibur System equipped with a Sapphire detector
at120K, or atroomtemperatureStructuresveresolvedvia programdromtheSHELX family

by direct methods and refined off@l matrix least squares using all goiedata.
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2.22 Raman Spectroscopy

Raman spectra were recorded at University College London at room temperature with a
Renishaw InVia Raman microscope equipped with a diode laser (785 nm) and a 1200 I/mm
grating using a laser power ch. 1mW. Scans wereepformed from 1200 to 1650 chio
observe the BEDATTF vsandvsbandswhich shift depending on the charge upon the BEDT

TTF moleculé!,

2.2.3Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy was used to deduce the nature of the diasteretnmiexie anions
synthesised in chapter 2 and discussed in chapter 4.1, It is a useful technique for attaining the
ratio of diastereomers present in solutitth. and*3C spectravererecordedona JEOLECX
400instrumenti 400MHz for *H NMR and 100.6 MHz fo!3C NMR. All chemical shiftsd)

are quoted in ppm and coupling constants (J) measured in Hertz. Residual signals from the

solvents were used as an internal reference.

2.2.4 Infra-red Spectroscopy
Infra-red spectra were recorded on a Peidimer Spectrum 100 FIR spectrophotometer,

with only the characteristic peaks reported in‘fcm

2.2.5 SQUID Magnetometry

SQUID magnetometers work by arranging two Josephson junctions, connected in parallel on
a superconducting loop and is operated in the voltage state with a current bias. Whien the

in the loop is increased, the voltage oscillates. By detecting small chang#tage,one is

able to detect a change in flux in a magnetic sample at a very low level.

Magnetic susceptibility measurements were performed with a Quantum Design MPSM2
SQUID magnetometer using randomly orientated polycrystalline material encased in
aluminiumfoil andplacedn adiamagnetistraw.Magnetizatiorwasrecordedrom 2 to 300K

either cooling or warming within a range of external magnetic fields dependingeon th
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behaviour of the sample being analysed. Data was collected by Professor Hiroki Akutsu at

OsakaUniversity.

2.2.6 Transport Measurements

Two and four probe electrical transport measurements were performed. Faoselniting
samples with high resistandfetwo-probetechnique can be used as contact resistance was
assumed to be negligible. Four probes were used on samples with low resistance to eliminate
crystatelectrodeontactresistancesyith thecurrentbeingpassedhroughtheouterprobesand

the voltagedropmeasuredcrosghetwo innerprobesDC transporimeasurementseremade

on crystals using a HUSO HECS 994 mghiannel conductometer. Gold wire electrofles

pKm diameter) were attached to the crystal using conducting carbon cemertd paga and

the wires were connected via silver paint or gold paste to an integrategieigircuit plug.

2.2.7 Band Structure and Fermi Surface Calculations

Electronic band structure diagrams are plots of energy versus thedimea@sional
wavevector k. Band diagrams are drawn along various lines from point to point. Points and
lines inside the Brillouin zone are given Greek letters, whilst points on the surface of the
Brillouin zone are given Roman lettefBhe; poi nt d eanddineg through the 0
Brilloiun zone connect special symmetry points, %] X, Y, U). Fermi energyEs, is also
shown on these diagrams.

Electronic band structures are calculated through the Huckel tight binding approximation
which ugs atomic orbitals as individual wave functions in order to build up a picture of the
energy level of separate bands located within the material. Similar to the linear combination
of atomic orbitals which is used to describe band theory in solids. Thexapption starts

from the wave functions of free atoms and is relatively good for the description of the inner
electronic shells of atoms and relatively localised bands. However, it is not so effective for the
explanation of conduction electrons, this iedo the fact that the origin of the free electrons

is different to the nature of the localised atosigtes. Tight binding band calculations were
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performed by Professor Hiroki Akutsu of Osaka University using the software of Prof

Takehiko Mori of TITECH

2.2 .8 Crystallisation Techniques

2.28.1H-cells

The Hecells had two platinum electrodes separated by a porous glass frit to prevent
contamination between the anodic and cathodic solutions. Elestrwere cleaned by
applying a small current (3D 0 0 ¢ A) subrheigéddntlM bBCQy resulting in the evolution

of Hand Q. The direction of current waken swapped and repeated for 1 minute. They were
then washed with distilled water, etha@apid driecthoroughly. The Kcells were cleaned by
passing conc. HN§) acetone and distilled water (separately, in that ottiesugh the glass

frit. Then washed with distilled water, then acetone and thoroughly dried in the oven at 60°C.
A solutionof electrolyte(50-100mg), solvent(20ml) andcrownether(sodium,potassiumand
ammoniunsaltsonly) (200-320 mg) wasstirreduntil dissolutiorandaddedo thecathodeside

of the Hshaped cell. Donor (10mg) was added to the anode side along with solvent (20ml).
Alternatively, the solution containing the source of the anican be filtered directly into the
cathodesideof theH-celland the solution allowed to equilibrate through the porous glass frit
into the anode side containing the neutral donor. For crystalptizgaevere produced during

this research the crystal habit and structural integrity could be improved depending which of
the two techniques was used, however, it is impossible to say which is more effective as it
depends on the thermodynamics and affinftthe individual phase during nucleation, that is

to say it is crystal specific.

All joints present on electrodes anddells were sealed tightly with paraffin film. The cells
were fixed in blackout boxes on a vibration free table and kept at a constanterature of

293K. Aconstantcurrentof 0. 5 € A was passed through the p
two months. In any cells that showed no activity after 3 weeks the current was increased daily

up to 5.0 €A to i nduc e crystal grbvahawere detacheddrerh| s t h
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current source and crystals harvested. The electrode was carefully removed and rinsed with
acetone to remove single crystals onto filter paper. Any crystals still present on the electrode
were removed very carefully with scalpel after evaporation of the acetone. Crystals that
remained in the Hcell after removal of the electrode can be retrieved by filtering toelH
solution and washing with acetone. Crystal integrity can be improved remarkably by recycling
the Hcell solution. After harvesting single crystals from theéll the remaining solution was
filtered into a freshly cleaned and drieecHll containing donor (5mg) in the anode side, the
electrodes replaced, sealed with paraffin film and theeHreplaced athe same previous
constant current. As the new batch of donor added dissolves and the radical species is formed
it is thought that a higher concentration of cation will cause a more uniform nucleation and
single crystals of superior quality than the pregidatch can be grown. This method can be
employed up to three times, after which the eventual lowered concentration of electrolyte

causes a decrease in crystal quality.

2.2.8.2Electrocrystallisation

Electricfield induced phase transformation is a tégha used to create the deposition of
molecules on an electrode from a solution through the application of a sufficiently high electric
field. Electrocrystallisation involves tlie situanodic oxidation of the neutral donor molecule

in an electrolytic saition which contains the anion to be incorporated into the charge transfer
salt.It is a very sensitive technigue and crystal habit can be changed subtly or dramatically by
varying any of the external variables slightly, i.e. electrolyte, current, terperat
concentration of starting material and purity of chemicals used. Several phases can grow on
the anode at the same time and undesdineonditions if both are thermodynamicadiable.

The transition from liquid to crystal involves the rearrangemémbolecules into a spatially
ordered lattice. The molecules will pack in the lowest energy geometry which heightens
interactiondetweerthedipolesof neighbouringnoleculesNon-covalentnteractionsarekey

in deciding the phase and motifs adoptedhi®yanion and in turn the donor molecule during
nucleation.
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2.2.8.3Chiral Donors

The use of chiral donors to express handedness throughout hybrid radical cation salts offers a
differentroutethanthatof chiralanions Firstly, thechiralinformationwil | becontainedvithin
acloserenvironmentothepotentiallymobile” electronsaandhencecouldinfluencethecharge
transport more radically than chiral anions. Secondly, a higher potential for observing helical
twiststhroughoutonorstacksxistsasenantiopursidechainscouldadoptahelicalgeometry
whenstacking.Theresolutionof axially chiral coordinatiorcomplexedecomesnoredifficult

dueto thermalinfluencesaffectingthelability of metalcentresChiraldonormoleculescanbe
synthesised using enantiopure or racemic starting reagents, or resolvegrfjesically and

hence families of enantiopure and racemic charge transfer salts are more easily achieved. A
chiral sidechain will provide a decrease in packing motifs of derivatised TTF,-EDF and
BEDT-TTF donors and therefore crystal engineering i$ ftseempted with mononuclear and

linear anions or highly oxidising acceptors such as iodide, bromide, chloride and TCNQ (and
its fluorinatedanalogues)Electrocrystallisatioexperimentganthenbeattemptedisingsmall
monavalent anions in the form dfetrabutylammonium salts. Small tetrahedral or octahedral
molecules allow for a wide number of donor orientations throughout crystal nucleation. The
useof highly oxidisingacceptorsllowsfor theremovalof anelectriccurrentin orderto create

the radcal cation species, this provides more scope for a variety of crystallisationques.

2.2.8.4Hot Diffusion

A hot solution of donor (5mg) in solvent (3ml) was added to a hot stirred solution of acceptor
(10mg) in solvent (6ml). The reaction mixturesa@eated to reflux for 5 hours, during which

time the solution turned opaque black indicating successful oxidation of donor molecule and
charge transfer. The solution was cooled to room temperature and slow evaporation of the
solvent afforded black shinyystals which were harvested, washed with acetone and dried
thoroughly. Crystal integrity can be changed by allowing the solvent to evaporate at different
rates.

For donors with lower oxidation potential, this technique can be applied but with the removal
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of heat. Simply, the two solutions are mixed together and allowed to stand in a seafed flask

up to 5 hours before slow evaporation of sbévent.

2.2.8.5Test Tube Diffusion

Donor (5mg) was placed in the bottom of a test tube. Solvent A (3ml) wasd atimvly. A

50:50 mixture of solvent A and B (2ml total volume) was then added carefully down the side
of the tube to ensure not to break the surface of the bottom solvent layer. A 0.1M solution of
solventB (3ml) andacceptomwasthenaddedslowly to thetop of themiddlesolventlayer. The

test tube was sealed and placed in a dark and vibrationless environment. Slow diffusion across
the solvent boundaries allows for a highly controlled rate of nucleation as the length (total
volume) of the middle layeram be adjusted. Over a period oft 2veeks black crystals will

begin to grow on the side of the tube. These were harvested, washed with acetone and dried

thoroughly.

2.2.8.6Vapour Diffusion

A 10ml sample vial containing donor (5mg) and solvent (5ml) mlased upright in a large
beakercontainingodinepellets(ca. 20mg).Thebeakemwassealedvith paraffinfilm andover

time iodine vapour diffused into the donor solution and the solution turned black. The solvent
was allowed to evaporate slowly at rodemperature to afford black single crystals. By
changing the concentration of donor solution one can control the rate of charge transfer.
Alternatively, the size of beaker or amount of iodine can determine the rate of diffusion into
the donorsolution.

2.3 Synthesis of Tetrahedral Spiroborate Complexes

Synthesising coordination complexes using a central atom of small atomic radius like boron
creates smaller anions and allows us to look into the effect of decreased size and charge on the
structure of layemhybrid charge transfer salts. A variety of ligands with differing size, shape
and functionality can be used. The low charge and decreased geometric radii of the tetrahedral
borate complexes should prove to produce charge transfer salts with a highgpasokimg
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density, increasing the potential for roovalent interactions between conducting and
insulating layers. The coordination of a stereogenic ligand to the boron centre allows for the
production of enantiopure complexes for use in crystal engimgeaith BEDT-TTF.

Boron in its trivalent state can formcbordinate anions. The reaction of electrophilic boric
acid(B(OH)s) with two equivalent®f conjugatdigandin abasicaqueousolutioncanproduce

a tetrahedral borate complex carrying a fornegjative charge. B(OHl}s capable of cleaving
protons from water to form a monoprotic acid in aqueous solution. However, B¢@ilso
dissociate and form two complexes in aqueous solhi&h(OH)> and BL*. A slight excess

of ligand is therefore redred to force the equilibrium towards the formation d¢tsahedral

BL: anion. The borate anions in this thesis were synthesised using meeifeztiures from

the methods of Zviedret al'®, Arndtsenet all? and Leitneret al®®.

B(OH); + MOH + 2LH2 A M[B(L)2] + 4 H:O eqgn. 11

O\@/OD
) o

Figure 2.0. Chemdraw representation of the B@gmplex.

Thecoordinatiorof two identicalchiralligandsto thecentralboronatomwill produceachiral
complex, holding a stereogenic centm each ligand. Also, the coordination of two identical
asymmetridigandsproducesnaxially chiralcomplex,showinga clockwiseor anti-clockwise
6spiraneb6 | ike twist at ihHelatedlbaratecanionstieerefore e .
offers the prospect of creating complexes with more than one stereogenic centre, where the
chirality of the chelated ligand is retained but diastereomers are produced through two possible
stereochemical configurations at the boron centre which is labile in soldtidgdroxyl acid

derivatives can be used as dioxo bidentate ligands to create a large family of chiral
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diastereomeric anions as the R group alpha to the stereogenic centre can easily be substituted.

R
o] o @] o [}
R
\o 7= N
R (s}gﬁfo S D R) y f:"o aA
H™s 0 \ L A
o =
S

W SJ = S)
HWw o \\ HW™) o/ )
o

Figure 2.1: Six possible diastereomeric configuratioithe B(l)) complex when ugsg a racemié -hydroxy acid

derivative as a ligand

Figure 2.1 shows the six possible diastereoisomers that can be produced when using a racemic
Uhydroxy acid derivative as a ligand (R= H, Ph, COOH,©B0OH, CHOCOOH) If using

an enantiopure ligand diastereomer4 Wwill be produced depending on the chirality of the
ligand. In the case of glycolic acid (R=H) diastereomers are not produced as the ligand does
not have a chiral centre, but enantiomers still exist due to thecatar dissymmetry at the

boron centreTartronicacid (R=COOH)doesnot possesa chiral centreasthe neutralacid.
However, the deprotonated ligand in the presented coordination geometry now becomes chiral
due to the absence of two carboxylate grolreviously charge transfer salts have been

engineered to contain racemic or chiral anions, but the inclusion of chiral and diastereomeric
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anions within the same radical salt has not been seen before. It is hoped that the presence of
three separate stereoge centres within the anion will lead to new and exciting electronic

properties.

2.3.1 K[B(R/SC4H405)].H 20 - Potassium bis(R/Snalato)boratehydrate

B(OH)s + 2 GOsHs + KOH A K[B(C4OsHa)].H20 + 4 HO

Boric acid (2.47g, 40mmol) was added to a rapidly stirred soluti®i®malic acid (10.73g,
80mmol) in HO (20ml). Agueous potassium hydroxide (2.08g, 40mmol).d 20ml) was
addeddropwiseandthereactionmixturewasstirredin anopenflask at 95°Cfor 3 hours.After
evaporatiorof thewaterthecrudeboratesaltwasisolatedasawhite powder.Theproductwas
dissolved in a minimum of hot# and excess cold ethanol added to precipitate the white
crystallinepowderwhichwascollectedvia vacuundiltration andwashedvith icecoldethanol.
Yield = 10.47g (79%). Calculated for K[B{OsH4)2].H-0, C 28.95%, H 3.01%; found: C
28. 94 %, H(408 MI9z4CRCN):four diastereomers, 4.44.51 (2H, m) (X OCH),
2.652.74 (2H, m) (2 x C#HsCO;H), 2.46 2.55 (2H, m) (2 x CiHsCOH ) i (100 MHz,
CD:CN): 178.3 & 178.4 (2 x CiB), 171.8(2 x CGH), 72.2& 72.4 (2 x OCH), 38.87, 38.91,

39.11 & 39.14 (2 x CHCOH).

2.3.2 K[B(R-C4H40s),] 1 Potassium bis(Rmalato)borate

B(OH)s + 2 GOsHs + KOH A K[B(C4OsHa)2] + 4 HO

Boric acid (2.47g, 40mmol) was added to a rapidly stirred solutiédtroflic acid (10.73g,
80mmol) in HO (20ml). Agueous potassium hydroxide (2.08g, 40mmol).D F20ml) was
addeddropwiseandthereactionmixturewasstirredin anopenflaskat 95°Cfor 3 hours After
evaporatiorof thewaterthecrudeboratesaltwasisolatedasa white powderandrecrystallized
twicefrom minimumhotH-O. Yield = 10.34¢(82%).Calculatedor K[B(C4O0sH4)2], C 30.6%,

H 2.57%;found: C 30.32%,H 2.72%.0+ (400MHz, CDsCN): two diastereomerm ratio2: 1,

4.47 (2H, dd, J = 7.9, 4.3 Hz, major) & 4.49 (2H, dd, J = 8.6, 4.2 Hz, minor) (2 x OCH), 2.67
(2H, dd, J = 15.6, 4.2 Hz, minor) & 2.71 (2H, dd, J = 15.8, 4.3 Hz, major) (2#4CB:H),
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2.49 (2H, dd, ¥ 15.6, 8.6 Hz, minor) & 2.52 (2H, dd, J = 15.8, 7.9 Hz, major) (2 x
ChHsCOH ) (100 MHz, CBCN): 178.2 & 178.3 (2 x CB), 171.8 (2 x CGH), 72.1 &

72.3 (2 x OCH), 38.8 & 39.0 (2 x GHOH).

2.3.3 K[B(S-C4H40s);] T Potassium bis(Snalato)borate

B(OH)s + 2 GOsHs + KOH A K[B(C4OsHa)s] + 4 H:O

Boric acid (2.47g, 40mmol) was added to a rapidly stirred solutiGnodlic acid (10.73g,
80mmol) in HO (20ml). Aqueous potassium hydroxide (2.08g, 40mmol).d 20ml) was
addeddropwiseandthereactionmixturewasstirredin anopenflaskat 95°Cfor 3 hours After
evaporatiorof thewaterthecrudeboratesaltwasisolatedasawhite powderandrecrystallised

twice from minimum hot BD. Yield = 10.41d83%).

2.3.4 K[B(R/SCgHe0s)2] T Potassium bis(R/$nandelato)borate

B(OH)s + 2 GOsHg + KOH A K[B(CsHsO5)s] + 4 H:O

Boric acid (0.62g, 10mmol) arid/Smandelic acid (3.04g, 20mmol) were dissolved wOH
(30ml). Potassiunmydroxide(0.56g,10mmol)in H-O (10ml) wasaddeddropwiseto thestirred
solution. The reaction mixture was heated to reftux& hours. The solvent was removed in
vacuoandthewhite powderwasrecrystallisedwice from hot H,O andoncefrom hot EtOH.
Thefinal productwasdissolvedn minimumhotH,O andleft to crystalliseover3 daysto leave

off white powder. Yield = 2.94(85%).

2.3.5 K[B(S-CgHe0s),] T Potassium bis(Snandelato)borate

B(OH); + 2 GHsOs + KOH A K[B(CsHsOs)2] + 4 HO

Boric acid (0.62g, 10mmol) an8mandelic acid (3.04g, 20mmol) were dissolved #OH
(30ml). Potassiunmydroxide(0.56g,10mmol)in H,O (10ml) wasaddeddropwiseto thestirred
solution. The reaction mixture was heated to reflux8ftwours. The solvent was removed in
vacuo and the white product recrystallised twice from minimum hGt &hd once form hot

EtOH. The final product was dissolved in minimusCHand left to crystallise over 3 days to
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leave off white powder. Yield = 3.4{88%).

2.3.6 K[B(R-CgH603)2] 1 Potassium bis(Rmandelato)borate

B(OH)s + 2 GHgOs + KOH A K[B(CgHs0s)2] + 4 HO

Boric acid (0.62g, 10mmol) an@-mandelic acid (3.04g, 20mmol) were dissolved y©OH
(30ml). Potassiunmydroxide(0.56g,10mmol)in H-O (10ml) wasaddedropwiseto thestirred
solution. The reaction mixture was heated to reflux8ftiours. The solvent was removed in
vacuo and the white product recrystallised twice from minimum hGt &hd once form hot
EtOH. The final product was dissolved in minimusCHand left to crystallise over 3 days to

leave off white powder. Yield = 3.018§7%).

2.3.7 K[B(C:H203),] i Potassium bigglycolate)borate

B(OH)s + 2 GH403 + KOH A K[B(C2H205)] + 4 H:O

Potassium hydroxide (0.56g, 10mmol) isH(10ml) was added dropwise to a stisetlition

of boric acid (0.62g, 10mmol) and glycolic acid (1.25g, 20mmol).@ E0ml). The reaction
mixturewasheatedo reflux for 7 hours.Thesolventwasremovedn vacuoto leavecolourless

oil which was dissolved in minimum EtOH. The flask was stoppered and left to stafinekfor
days during which time colourless crystals formed from solution and were recrystallised from

minimum hot ethanol. Yiel = 1.269g (64%).

2.4 Synthesis of Racemic Nineoordinate Lanthanide Complexes

Thesynthesi®f racemimine-coordinatdanthanoiccomplexedor inclusioninto hybridcharge
transfer salts poses compelling questions as to how the increased size afgdngidrepecies

will affect the packing motifs of the organic conducting layer. The potentidngfrange
magneticorderingof delocalisedanthanoicelectronsor paramagnetimetalcentresalongside

the mobile conducting electrons of the organic layanisirea that can be investigated in the
charge transfer salts synthesised in thiapter.

Rare earth metal complexes and associated materials have been used widely in

cathodoluminescent displays, lasers and lamps due to their photoluminescent prapérties
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their ability to exhibit high quantum efficiencies and very sharp spectral bands. Lanthanide
aromatic carboxylates in particular have good luminescence properties and adsorption
characteristics in the near UV region. The strong electron attractiemgfiexed lanthanides
leads to metaligand bonds that are mostly ionic in nature and hence the coordination sphere
is controlled by a subtle interplay between métgnd interactions and interligand steric
constraints.

The production of highly ordered aalination environments rely largely on the geometrical
preferencesf themetalion butalsoonthechoiceof appropriatdigands.Thelanthanideseries
however doesné6t show the same geometrical pr
and theréore the careful selection of ligands is important in order to influence some control
over the coordinatiosphere.

The Hdpa ligand is known to form a number of stable chelates with simple metal ions and
oxometal cations as it can display a variety ofrdow@tion geometries. As a tridentate ligand,

it has been shown to form chiral tdkelated complexes with most of the lanthanide d&ries

all in ninecoordinate geometry. Due to the high coordination number of toesglexes they

have much higher lalities (relative to eblock complexes) and hence optical resolution is via

a chiral crystallisation environment is preferred.

The trischelate nosflexible dp& and clg ligands Figure 2.9 create rigid ninecoordinate
complexes with heteroatoms outsitthe coordination sphere well placed to form-nowalent

bonds with neighbouring complexes, providing a scope for building 4atad
supramolecular architectures and the potential forassdémbly of molecular devices and
nanostructuré¥!. In fact, dpa lanthanoids have shown the ability to form infinite siagle
strand helicatés!. The ability of heteroatoms outside the coordination sphere to take part in
nortcovalent interactions shows good potential for crystal engineering of these complexes

with BEDT-TTF.
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OH 0]
OH OH

H.dpa = pyridine2,6-dicarboxylic acid H,oda = oxydiacetic acid Haclo = chelidonic acid

Figure 2.2H,dpa, H,oda andH.do tridentate ligands

Flexible aliphatic ligands such asdda,which holds donor atoms in the same orientation as
the above dpaligand, have formed mononuclear tris(oxydiacetate) lanthanates(lll) in which
theligandis fully deprotonatédf!. ThemononucleaflL.n(oda)]* anion(Ln = Ce,Nd, Sm, Eu,

Gd, Yb) againshaws potentialfor crystallisationwith BEDT-TTF due to the presence of
heteroatoms outside the coordination sphere. Other lanthanoids formed froweogahown

to be polynuclear and/or bridged. Spontaneous resolution of some of these cofipekss

Pr) in the presence of NaBFas been possible without the use of chiral auxiliaries or

solvent$§3l,

2.4.1 Synthesis of Racemic Nin€oordinate Lanthanide Complexes of the dpa Ligand

2.4.11 Nag[La(C704H3N)3].xH.O (Method 1) 7 Sodium tris(dipicolinatolanthanate
hydratd®!

LaCls.6H,O + 3 GOsHsN + 6 NaOHA Nag[La(C704HsN)3] + 6 HO + 3 NaCl

Dipicolinic acid (1.50g, 9mmol) was suspended y©OH30ml). Aqueous sodium hydroxide
(0.72g, 18mmol) in LD (10ml) was added dropwise and the solution stirredverrhinutes.
Lanthanum (lll) chloride hexahydrate (0.75g, 3mmol) was added and the reaction mixture
heated to reflux for 5 hours before cooling to room temperature. The solution was condensed
to 10ml and cooled to 0°C to precipitate large white block alysthich were collected via
vacuum filtration and washed with ice caléter. The product was recrystallised three times
from minimum hot HO and crystallinity increased remarkabfhe identity of the product

was confirmed by a unit cell of 10.4A, 11.087.4A, 74.1°, 77.6°, 72.6field = 0.94g (45%).
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2.4.1.2Nag[La(C;04H3N)].xH-0 (Method 2)i Sodium tris(dipicolinato)lanthanate hydrate
LaCls.6H,0 + 3 NaOHA La(OH)s + 3 NaCl

Lanthanum (lll) chloride hexahydrate (5.00g, 20mmol) was dissolved - 0ml)
Aqueous sodiurhydroxide(2.40g,60mmol)in H»O (10ml) wasaddeddropwiseanda white
precipitateformed instantly. The mixture was stirred for 5 minutes and the gelatinous white
precipitate collected via vacuum filtration and dried over the pump fomientes. The
gummy product was suspended in water and stirred for half an hour before isolation via

vacuum filtration. The washing procedure was repeated times. Yield = 2.36g (62%).

La(OH)s + 3 GOsHsN + 3 NaOHA Nag[La(C7O4HsN)s] + 6 HO

Lanthanum (llIl) hydroxide (0.57g, 3mmol) and dipicolinic acid (1.50g, 9mmol) were
suspended in # (30ml). Aqueous sodium hydroxide (0.72g, 18mmol) ¥ H10mIl) was

added dropwise until pH 7 was reached. The clear solutiorheated to reflux for 5 hours,
condensed to 10ml and cooled to 0°C to precipitate white powder. The product was collected
via vacuum filtration, washed with ice cold water and recrystallised twice from minimum hot
H20. The identity of the product was confied by a unit cell of 10.4A, 11.0A, 17.4A, 74.1°,

77.6°, 72.6%ield = 1.08g (51%).

2.41.3Nag[Gd(C;04H3N)3]).xH 0 (Method ) i Sodium tris(dipicolinato)gadolinate

GdCk.6H,0 + 3 GOsHsN + 6 NaOHA, Nas[Gd(C,04HsN)s] + 6 HO + 3 NaCl

Dipicolinic acid (1.50g, 9mmol) was suspended y®©H30ml). Aqueous sodium hydroxide
(0.72g, 18mmol) in BD (10ml) was added dropwise and the solution stirred for five minutes.
Gadolinium (lll) chloride hexahydrate {@®g, 3mmol) was added and the reaction mixture
heated to reflux for 5 hours before cooling to room temperature. The solution was condensed
to 10ml and cooled to 0°C to precipitate large white block crystals which were collected via
vacuum filtration and wshed with ice cold water. The product was recrystallised three times
from minimum hot HO and crystallinity increased remarkabifhe identity of the product

was confirmed by a unit cell of 10.4A, 11.0A, 17.4A, 74.1°, 77.6°, 7@i€l8l = 1.35g (62%).
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2.41.4 Nag[Gd(C;O4H3N)].xH 0 (Method 2)i Sodium tris(dipicolinato)gadolinate

GdCh.6H,0 + 3 NaOHA Gd(OH) + 3 NaCl

Gadolinium(l1l) chloridehexahydrat€s.26g,20mmol)wasdissolvedn H,O (20ml). Aqueous
sodiumhydroxide(2.40g,60mmol)in H»O (10ml) wasaddeddropwiseandawhite precipitate
formed instantly. The mixture was stirred for 5 minutes and the gummy white precipitate
collected via vacuum filtration and dried over the pump for ten minutes. The gummy product
was suspended in water and stirredHalf an hour before isolation via vacuum filtration. The

washing procedure was repeated tlimes.Yield = 3.34g (80%).

Gd(OH) + 3 GOsHsN + 3 NaOHA Nag[Gd(C;04HzN)z] + 6 H,0

Gadolinium (lll) hydroxide (0.62g, 3mmol) and dipicolinic acid (1.50g, 9mmol) were
suspended in # (30ml). Aqueous sodium hydroxide (0.72g, 18mmol) ¥ H10mIl) was
added dropwise until pH 7 was reached. The clear solutiorheated to reflux for 5 hours,
condensed to 10ml and cooled to 0°C to precipitate white powder. The product was
collectedvia vacuum filtration, washed with ice cold water and recrystallised twice from
minimum hotHz0. The identity of the product was confied by a unit cell of 10.4A, 11.0A,

17.4A, 74.1°, 77.6°, 72.6%ield = 1.269 (58%).

2.4.2Synthesis of Racemic Nin€oordinate Lanthanide Complexes of the clo Ligand

2.4.2.1 Na[Th(C7H206)3] T Sodium tris(chelidonato)terbate

C/H406 + 2 NaOHA 2Na'(C7H206)? + 2 HO 3[2Na(CrH206)%] + TbCl.6H,0 A Nas[Thb(C7H206)3]

+ 3 NaCl

Sodium hydroxide (0.24g, 6mmol) i@ (20ml) was added dropwise to a stirred solution of
chelidonic acid (0.52g, 3mmol) in-B (20ml). The pink suspension dissolved angiow
solutionwasformed. Terbium(lll) chloride hexahydrat€0.26g, 1mmol) dissolvedin H.O

(5ml) was added and the reaction mixture stirred at room temperature for 15 hours. During
which time a yellow precipitate formed and was removed via vacuumtitity Excess cold

ethanol was added to the filtrate to precipitate light yellow powder which was recrystallised
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from hotH20:EtOH.Yield = 0.58g (69%).

2.5Synthesis of Metal Trisoxalates

Theuseof d-blockcoordinatiorcomplexedor inclusioninto hybrid chargdransfersaltsallows

for the potential of including central metal atoms with unpaired 3deléctrons, leading to
cooperative or independent magnetic behaviour. By changing the size and shape of the ligand
used to produce these complexes @l be possible to produce charge transfer salts where
the coordination sphere of the inorganic anion is the right size to encourage cooperative
magnetieffects.Longrangemagnetiorderingsuchasferromagnetismalongsideaconductive
pathway made poisde from the presence of BEBTTF within the same material is very
interesting and has been shown previdifsi§. The coordination of a central metal to three
identical bidentate ligands will produce an enantiomeric complex with left orhégided
propellerlike twistscreatinga chiralaxisthroughthecomplex.Theracemicmetal trisoxalates

have afforded the largest family to date of hybrid charge transfer salts and multifunctional
materials have been produced, such as paramagnetic superconducfersoraagnetic
metal§®!’. This is due to the ease of substitution of the central metal, making the synthesis
of a family of complexes of differing size and properties relatively easy. The use of central
metals of relatively low lability also allows rfahe chiral resolution osome of these

complexes and the potential production of the first chiral superconductor.

2.5.1 (NH4)3[Ir(C 204)3] T Ammonium tris(oxalato)Iridate (l11)

Ammonium hexachloroiridate(IV) monohydrate (2.00g, 4.20mmol) and ammoixaate
monohydrat€17.91g,12.6mmol)weredissolvedn H,O (40ml)andrefluxedfor five days.The

solution was cooled to room temperature and slowly stirred into 600ml ethanol. The
precipitated oxalates were separated via vacuum filtration, washed witioletreglissolved

in H20 (ca. 500ml), reduced to 40ml and refluxed for five further days. The ethanol precipitate
procedure was repeated. Tetrabutylammonium sulphate (4.20g, 12.6mmol) was added to the

aqueous solution and the product was extracted witbméthane (6 x 25ml). The combined

95




extractaveredriedin vacucandthegummyproductwasdissolvedn ca.60mlidichloromethane,
filtered to remove a small amount of white impurity and evaporated to dryness. The final
product was then dissolved in 100mlaatbl and precipitated with ammonium acetate (1.94qg,
2520mmol) in ethanol (100ml), collected via vacuum filtration and washed with ethanol. The
product was dissolved in minimum:® and stored over ethanol to produce gwddles®.
Theidentity of the poduct was confirmed by a unit cell of 12.6A, 11.5A, 21.2A, 90°, 95.9°,

90° Yield = 1.07g (50%).

2.5.2 (NH4)3[Cr(C204)3] T Ammonium tris(oxalato)chromate(lll)

This was prepared previously by Dr Lee Martin and used as received.
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Chapter 3: Chiral Donor Charg Transfer Salts

Chiral donor charge transfer salts have proved a fruitful area in which to design
multifunctional materiald? and also to study eMChA in radical catemits®>*. Thesynthetic
researclgroupof ProfessodohnWallis at NTU areoneof very few groupsto producenovel

chiral donorsfor the solepurposeof the productionof multifunctional conductingnaterial§

7. As such, there is a large variety of chiral donors available for crystal engineering. In this
chapter is discussed threanngroups of chiral and racemic radical cation salts.

The first group to be investigated are two new families of isostructural 1:1 radical salts of the
EDT-TTF derivative bis(zhydroxypropylthio)ethylenedithiotetrathiafulvalenBHP-EDT-

TTF. This group of avel materials are semiconductors with modest activation energies and
the long sidechainontaininga chiral carboncentreon thedonormoleculeappeargo playan
important role in the formation of the lattice during crystal growth. The results of phgsita
structural characterisation are discussed and a comparison is made between the three families.
Thesesaltsaresomeof veryfew enantiopurehargdransfersaltsto havebeensynthesisednd

it follows that a deeper understanding of how chiralitynsténg from the radical cation can
affect the conducting properties of a material has beared.

The second family of salts to be investigated is a large family efsostructural radical salts
containing the BEDITTF derivative bis(zhydroxymethyl)ethienedithiotetrathiafulvalene
(BHM-BEDT-TTF). This new family of salts are semiconductors, with large difference in
stoichiometry between salts. Some of the less common donor packing motifs have been
observed. The physical and structural characterisatfensad deep insight into the properties

of the donor and a new route to producing novel multifunctional conducting materials.

3.1 Bis(hydroxypropylthio)ethgnedithiotetrathiafulvalene BHPEDT-TTF

The TTF based donor molecule bid{droxypropylthio)ethy¢nedithiotetrathiafulvalene
(Figure 3.1) canbe synthesisedrom R, S or racemicmethyl oxirane(propyleneoxide) as

starting material. Synthesis of the racemic analogue actually produces an inseparable

statistical mixtureof compoundsthemesdorm (1:1:2, R,RS,SR,S. Duringthediscussionn
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thissection (3.1jhetermmesacandracemicwill beconsiderednterchangeable.

Hydroxyl groups are positioned on the extremities of chiral sidechains with the intent of
increasing noftovalent interactions betweehe radical cation and anion throughout crystal
engineering. The donor has the potential to form hydrogen bonds through its ehiral 2
hydroxypropylthio sidechains and the flexible sidechains can adopt a number of different
orientations throughout the tete. Electrocrystallisation of BHMEDT-TTF has previously
produced a family of trdodides® in which the isostructural enantiomers display
semiconducting behaviour and the racemates display completely different lattices and are
insulators. In this sedhn is discussed three isostructural semiconducting families of chiral and
racemic salts, produced from the monovalent BEIOs and P anions respectively. The
structural and physical characteristics have been investigated and a possible explanation fo

the observed properties through chiral influence is suggested.

PerSe®

Figure 3.1. Chemdraw representatiohBH-EDTTTE

3.1.1BHP-EDT-TTF salts with BFy, PFs, or CIOy

Three salts of the title compound are discusS&8IBHP-EDT-TTF.X and R, R-BHP-EDT-
TTF.X are isostructurawhile the disorderedmeseBHP-EDT-TTF.X forms an almost
isostructuralattice (X = BF,, ClO; andPFs). The results for thesalts were publish&d?.

Synthetic procedures, structural and physical property characterisation aregutiesient.
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3.1.2 Electrocrystallisatiormable

Donor |Counterion [Electrolyte [Solvent (Current |Crystal Observation

HA Growth
SS TBA* BF4/ClOs/PFsPhCI 0.1 YEST Large quantity d
BHM- Collected |pblack needles we
EDT- after threcollected fom thg
TTF weeks. electrode.
RR- TBA* BF4/ClOs/PFRsPhCI 0.1 YEST Large quantity d
BHM- Collected |pblack needles we|
EDT- after three [collected from th
TTF weeks electrode.
mese [TBA* BF4/ClOs/PFsPhCI 0.1 YEST Large quantity o
BHM- collected black needles we
EDT- after three [collected from th
TTF weeks. electrode.
SSRR-[TBA* BF4/ClOs/PFRs|PhCI 0.51.1 NO Black amorphol
BHM- solid
EDT- was collected from th
TTF electrode.
(50:50)

Table 3.1.1. Electrocrystallisation table for synthesis of enantéopnd racemic salts of CTS 3.1.

In all casepresentedh table3.1.1above chlorobenzenproducedrystalsof superiorquality

when compared with other organic solvents. Crystal engineering of an analogue containing a

true racemic mixture of th§Sand R,R enantiomers was attempted, however it is clear that to

obtainanexactmixtureof bothenantiomershroughameasurementy massmethods almost

impossibleandnocrystalgrowthwasobservedThelongneedleshapedrystalsof theS S R R

andrac/mesoanalogues were extremely thin, with dimension typically in the range (6.001

0.005) x (0.001 0.005) x (0.005 0.01mm).
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3.1.3 Crystal Structures

S,SBHP-EDT-TTF.X
BF4 CIOs PFe¢

Formula C14H1802SgF4B C14H1806SsCl C14H1802SgF6P
M/g mof* 561.58 574.28 619.74
Temp /K 293.1 296.1 298.0
Radiation Mo KU Mo KU Mo KU
\Wavelength 0.7107 0.7107 0.7107
Crystal System Orthorhombic Orthorhombic Orthorhombic
Space group C222, C222 C222
alA 7.8100(13) 7.8561(6) 7.937(7)
b/A 21.2384) 21.2753(16) 21.4936(16)
c/A 26.989(5) 27.155(2) 27.622(3)
u/e 90 90 90
b/° 90 90 90
o °/ 90 90 90
V/IA3 4476.6(13) 4538.6(6) 4712.3(7)
VA 8 8 8

/g cmi* 1.666 1.681 1.747
e/cnt 8.416 0.338 8.844
Absorption Applied |Yes Yes Yes
Abs. Type Numerical Numerical Numerical
Abs. Range 0.786i 0.968 0.860i 0.966 0.893i 0.966
Total Reflections 17369 15558 24711
Unigue Reflections |5151 5099 5293

R [all data] 0.0761 0.0811 0.0557
R[> ]23a (1 )0.0647 0.0589 0.0517
WR [all data] 0.203 0.1424 0.1618
Goodness of fit 1.299 1.052 1.199
Refinement Program | SHELX SHELX SHELX
Refinement Mode F? Single Single
Flack Parameter -0.01(17) -0.09(15) 0.07(12)

Table 3.1.2. Xay data forSSenantiomers CTS 3.1.
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Figure 3.1.1. ORTEP diagminasymmetric unit of enantiopurs,SCTS 3.1, RRnalogue. Displacemesllipsoids

are drawn at the 50% level. Hydrogens are omitted for clarity
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R,R-BHP-EDT-TTF.X
BF4 ClOs PFe¢

Formula C14H160,SsF4B C14H1806SsCl C14H180,SgF6P
M/g mof* 561.58 572.21 619.73
Temp /K 293.1 293.0 100.2
Radiation Mo KU Mo KU Mo KU
\Wavelength 0.7107 0.7107 0.7107
Crystal System Orthorhombic Orthorhombic Orthorhombic
Space group C222 C222 C222
alA 7.8172(13) 7.707(16) 7.8564(18)
b/A 21.232(4) 21.04(9 21.389(5)
c/A 26.987(5) 26.59(5) 27.036(6)
u/e 90 90 90

b/° 90 90 90
o °/ 90 90 90
V/A3 4479.1(13) 4312(15) 4543.1(18)
VA 8 8 8

/g cmit 1.665 1.769 1.812
e/cnt 8.401 0.906 0.9.18
Absorption Applied |Yes Yes No
Abs. Type Numerical Semiempirical n/a
Abs. Range 0.808i 0.958 0.2371 1.000 n/a
Total Reflections 17569 0727 11781
Unigue Reflections |5132 3893 4938

R [all data] 0.0919 0.2257 0.0700
Rifl > 1204 (1 )0.0678 0.1393 0.0678
WR [all data] 0.1812 0.3991 0.1550
Goodness ofiff 1.029 1.031 1.205
Refinement Program | SHELX SHELX SHELX
Refinement Mode F F2 F?

Flack Parameter -0.03(19) -0.2(5) 0.08(7)

Table 3.1.3. Xay data folRRenantiomers of CTS 3.1.
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Figure 3.1.2. ORTEP diagram of asymmetric unit of enantidRfReCTS 3.1, RFRanalogue. Displacement

ellipsoids are drawn at the 50% level. Hydrogens are omitted for clarity.
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rac/meseBHP-EDT-TTF.X
BF4- ClOs PFe¢

Formula C14H160,SsF4B C14H1806SeCl C14H180,SgF6P
M/g mof* 561.58 571.19 619.73
Temp / K 300.1 100.0(2) 298.0
Radiation Mo KU Mo KU Mo KU
\Wavelength 0.7107 0.7107 0.7107
Crystal System Monoclinic Monoclinic Monoclinic
Space group C2/; C2lc C2lc
alA 7.807(3) 7.6787(3) 7.958(14)
b/A 21.223(6) 21.1403(8) 21.560(4)
c/A 26.9927) 26.7794(10) 26.950(5)
u/e 90 90 90

b/° 91.394(7) 01.782(4) 93.670(2)
0 °/ 90 90 90
V/A3 4471.0(3) 4345.0(3) 4614(15)
VA 8 8 8

/g cmi* 1.669 1.749 1.784
e/cnt? 8.416 0.976 0.833
Absorption Applied |Yes Yes Yes
Abs. Type Numerical Multi-scan Multi-scan
Abs. Range 0.849i 0.981 0.666i1 1.000 0.312i 1.000
Total Reflections 17283 4444 14353
Unigue Reflections |4994 3360 6683

R [all data] 0.1770 0.1332 0.2707
Rl > 120G (1 )o.10@ 0.1053 0.1796
WR [all data] 0.33581 0.2478 0.4803
Goadness of fit 1.419 1.161 1.050
Refinement Program | SHELX SHELX SHELX
Refinement Mode F F2 F2

Flack Parameter n/a n/a n/a

Table 3.1.4. Xay Data for racemic CTS 3.1.
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Figure 3.1.3. ORTEP diagram of asymmetric unit of enantiGh8&TS 3.1, RBnalogue.

Displacementllipsoids are drawn at the 50% level. Hydrogens are omitted for clarity.
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Both SSBHP-EDT-TTF.X andRR-BHP-EDT-TTF.X (X = PFs, ClOs, BFs) crystalise in
the orthorhombic crystal system in the chisgace group C222whilst meseBHP-EDT-
TTF.X crystallises in monoclinic C2/(Tables3.1.23.1.4. The asymmetric unit of all three
salts have one donor molecule and two crystallographically indepesiens. Both anions
lie on symmetry elements, af@d axis for the enantiomegnd a centre of symmetry for the
meso/racemate. The chiral C22mhit cell for S,SBHP-EDT-TTF.PF is shown below in

Figure 3.1.4.

Figure 3.1.4. Unit cell of CTS,%I1SBHRPEDTTTF.P£

FortheBF; family of saltsthenon-hydrogeratomswererefinedwith anisotropiaisplacement
parameters apart from BRnions of thaneso/racsalt, which were refined isotropically. In

all the enantiopure salts the anions appear diseddwith F and O atoms modelled over two
partially occupied sites, apart from t8eSBHP-EDT-TTF.PRK salt where the anions are not
disordered. There is disorder present in one OH grouRBHP-EDT-TTF.CIO, with the
oxygen modelled over twpartially occupiedsites (0.75/0.250ccupancy).The anionsin
Rac/mes@BHP-EDT-TTF.CIO, areboth disordered with oxygen atoms modelled over two
partially occupied sites and occupancy competitively refined. Static disorder is also present

on both OH groups with two geible positions for the oxygen depending on the chirality of
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themolecule.

In all nine salts the donor molecules form stacks in&hdirection (Figure 3.1.5) with
neighbouring stacks segregated inlttdérection by anions. In the enantiopure salts bt

planesof donorcationdie atca.68°tothestackingaxis,thiscausesnABAB stackinghrough

thec direction. In the racemic salts each plane of donors lies at the same angle to the stacking
axis, causing an AAA stacking through the c directigigire 3.1.6). Pairs of donors, related

by a 2fold axis, are dimerised fage-f ace wi th short SéS contacts
TTF sulfur atoms as shown in Figure 3.1.8. S
rac/meso salts (Table 3.1.5)onors within each dimer are orientated such that the terminal
ethylene groups are lying above the stereogenic centre of the donor below. The top donor of
eachdimerlieslevelwith thebottomdonorin adjacenpairs Theplané planedistancéetween

donoss in all three salts are similar: ca. 3.37 A within a pair, and ca. 3.77 A between pairs,
despitahedifferentcrystalsystemsAdjacentpairsareslippedby ca.2.3A, while within apair

the slip distance is ca. 0.9 A. The ethylene groups on each dwlecule hold a twist
confirmationandeachanionoccupieghecavitybetweertheoutlying2-hydroxypropylthicside

chains.

"(b‘., ‘-i;:

Figure 3.1.5. Lattice packing of enantiopure CTS 3.1 viewed aloh@#i®The salt shown here §,SBHRPEDT

- ‘:’:j-

¥ l% o~

TTF.PE
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Figure 3.1.6. Lattice packing of racemic CTS 3.1 viewed alobgattie Salt shown here igac/meseBHREDT
TTFCIQ

There are no SéS contacts observed bet ween s
dimers. The space group of the chiral salticates a 2screw in the ¢ axis, however the
directionof chargeranspordoesnotlie onthesesymmetryelementsieitherdoesit follow the
samedirection.

The central C=C bond lengths in all cases are close to the value expected for a TTF donor
charg of I (Table 3.1.6). For the enantiopure salts the two hydroxylated side chains adopt
differentconformationspneliesin thedonorplaneanddirectedoutfromthedonortowardsan

anion, while the other bends down under the donor. Dimer pairs axetbikdeé connected by
hydrogerbonding,sincetwo symmetryrelatedoxygenatomsfromthelattertypeof sidechains

lie ca. 2.8 A apart in both enantiomers. There is a loBgHOC contact from the other side

chain to the ethylene bridge of a donor molecule (2. 5%/Rlisomer).

For therac/mesosalt, the overall conformation of the donors is very similar to that in the
enantiomeric salts (Figure 3.1.6), but there are two pasifior each hydroxyl oxygen atom.

For the side chain directed out from the donor, both O positions are directed towards anions.
Fortheothersidechain,oneoxygenpositioncorrespondso thosanvolvedin ahydrogerbond

between donor pairs, while thehet is directed towards amion.

106



T E LA AT E
CEE @*«Y} (‘Kw@
2 TRy s T Wt o
fx»m f}?«f} f‘xi»&r)
o o
PR A Y T?‘ A

Figure 3.1.7. Lattice packing of enantiopure CTS 3.1 viewed aloagi#&The salt shown here 5,SBHPEDT

TTF.PF

Figure 3.1.8. Single donor stack in CTS 3.1. S...S contacts within dimers are shdwiblrelifhe salt shown

here isS,SBHRPEDTTTF.P&
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Figure 3.1.9. RHayer in enantiopure CTS 3.1. Long P...P contacts are shown in green dotted lines and P...P

distances are shown in angstroms. Viewed alongcttiieection.
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Figure 3.1.10. ClQayer in racemic CTS 3.1. Oxygens are modelled as two partially occupied sites (900).

Cl...Cl contacts are shown in green dotted lines and CI...Cl distances are shown in angstroms. Viewedcalong the

direction
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Figure3.1.9and3.1.10displaysthepackingarrangemenof theanionsfor theenantiopurd®Fs

salt and the racemic ClGsalt. The packing and inter atomic distances (green dotted lines,
numbers are distance in angstroms) are similé bBnds range from 1.450(1)1.579(1) A

and C+O bondsrange from 1.330(1) 1.500(1)A.

Two short contacts exist between sulphur atoms and outlying hydroxyl groups. Each central
sulphurof thecrystallographicallyndependentionormoleculemakesaS é Gontactwith the

chiral sidechain that is directed undéhe donor, one with the oxygen on the same molecule
(S1...02, 2.970 A) and one with the oxygen on the donor from a neighbouring 8imeD2,

3.275 j). One OéO contact exists between the

Figure 3.1.11. Orientin of short contacts between donors of separate dimer pairs in CTS 3.1 are shown in light

blue.

3.1.4S...SContacts

BF4 ICIO, PFs

S,S

S3éS5 [/ 38.557(2) 3.565(1) 3.613(1)
S4éS6 [/ [3.466(2) 3.475(1) 3.524(1)
R,R

S3..S5/A 3.562(2) 3.586(1) 3.5211)
S4..56/ A 3.468(2) 3.502(1) 3.450(1)
rac/meso

S3..S5/A 3.560(4) 3.586(1) 3.527(1)
S4..56/ A 3.476(4) 3.502(1) 3.450(1)

Table 3.1.5. Short sulphur interactions below the sum of the vdW radii (3.6 A) are shown for both the racemic

and enantopure salts for all three familiegigure 3.1.3 shows atom numbering scheme.
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The short sulphur interactions below the sum of the vdw radi &) are shown above in
Table3.1.5.Eachdimermakedour shortfaceto-facecontactghroughthefour centralsulfurs

of each donor. The BFsalts show very little difference between the enantiopure and racemic
salts. The S...S contacts in the ¢l€alts are the same for the R,R enantiomer and the
racemate, andlightly shorter for the S,S enantiome3,SBHP-EDT-TTF.PK salt has
significantly longer contacts. Thalueobservedor the S3...S5contactis abovethatneeded

for efficient pi orbital overlap(3.60 A) while theR,Renantiomer and racemate have the same
values for both contacts. It is noted that suedt data for thdk,Renantiomer was collected

at low temperature while data for the racemate was collected at room temperature. However,

the high R factor for the racemic Pé€rystal structure makes the valugseliable.

3.1.5 C=C Bond Length ChargeCalculations and Raman

BF4 CIO, PFs
S,S
C=C Bond Length /A [1.400(5) [1.402(7) [1.379(2)
R,R
C=C Bond Length /A [1.398(6)  [1.400(4)  [1.381(1)
rac/meso
C=C Bond Length / A [1.389(10) [1.361(1)  [1.364(1)

Table 3.1.6. CTS 3.1: Central C=C bond lengthstfotte racemic and enantiopure salts of all three families.

The central TTF C=C bond lengths for the enantiopure and racemic salts are consistent with
that expected of a TTF donor of charge The central bond lengths of the racemic salts are

slightly shorter than the enantiomers within each family.

S,SBHP-EDT- |R,RBHP-EDT-  |meseBHP-EDT-
TTF.CIO, TTE.CIOs TTF.CIO,

a/A 1402 1.404 1.361

b/A  [1.721 1.73 1.730

c/A 1736 1.745 1.732

d/A  [1.365 1.382 1.368

U 0.69 0.689 0.733

Q 1.198 (1) 1.205 (1) 0.877 (1)

Table 3.1.7. Donor charge calculations for racemic and enantiopugesal®'ll estimated as 1
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S,SBHP-EDT- R,R-BHP-EDT- |MesoBHP-EDT-
TTF.PFs TTF.PFs TTF.PFs

a/A  [1.379 1.381 1.364

b/A [1.726 1.729 1.744

c/A [1.737 1.740 1.721

d/A  [1.368 1.360 1.434

U 0.716 0.728 0.667

Q 1.003 (1) 0.914 (1) 1.369 (1)

Table 3.1.8. Donor charge calculatidasracemic and enantiopure PEaltg!1l.

Theoriginal methodfor estimatinghedonorchagewasdesignednlyfor BEDT-TTF radical

cation salt8¥. Therefore the presence tbie chiral side chain on the BHEDT-TTF donor

molecule will have an effect on the results. However, the values of charge for all the salts are

consistent witha donor chargeof 1*. The donorchargein the racemicCIlO, saltis skewed
negativelywith respect to the enantiopure salts, however it is still consistent with a donor
charge of'1 given thénaccuracyf thecalculationdueto thepresencef thechiralsidechais.

Thedonorcharge in the racemic PBalt is much higher than expected however, this result is

likely to be unreliable due to the high error in the crystiaicture.

Wanget al™ previouslyfoundthatanapproximately linear dependence exists betwbe
degree of charge transfer and the Raman active C=C strebicdqungnciesn conductingsalts
of the BEDT-TTF donor molecule.Correlationof the gz a n & symmetric C=C vibration
frequencies with oxidation states of the BEDTF donor in 1:1 radical cation salts, showed

t hat t he

R a ma n dvibintior ftequénoiesexist bet@eeiy 1400420 and 1450

1470 cmtrespectively.

Consequently

TTF derivative and therefore it can be concluded that the values presented bgtValkHg
will not be entirely accurate, due to the presence of thechidins and the diffent molecular

structureHowever therearestill two totally symmetricalC=Cbondsthatcorrespondo theg.

t

he donor

a n dvibgationfrequencies.

under

i nv es tTTHyrather am EDTi n

t hi

Reproducible room temperature Raman scattering experiments were performed on several
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crystals of the§S and RR) enantiomers for both the ClGnd PFE salts. High intensity

peaks (>150) are observed at shifts of 13336 and 1474474 cntin each of the four salts.

These peaks al most cmamtdeotgly syynmetrioalt G=€ silgationd t o t
frequencies for a donor cation df charge. The smalt peak observed in between these two

values may be due t@me other Raman active stretching frequency present in the donor
moleculebut is impossible to assign to a specific bomte results are therefore in good

agreement with experimental data collected on 1.1 BEDF salts.

250
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Graph 3.1.1. Relate intensity of Raman shifts f@SBHREDTTTF.CIQ The high intensity Raman shifts are

labelled.
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Graph 3.1.2. Relative intensity of Raman shiftsR&BHREDTFTTF.CI® The high intensity Raman shifts are

labelled.

500
450
400
350
300

250

Intensity

200
150
100

50

7

00 900 1100 1300

1474.11

137%6.8¢

1500 1700 1900 2100

Raman Shift / cnd

Graph 3.1.3. Relative intensity of Raman shifts S&BHPEDTTTF.P& The high intensity Raman shifts are

labelled.
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Graph 3.1.4. Relative intensity of Raman shiftRBrBHREDTT TF.P4 High intensity Raman shifts are labelled.

3.16 ResistivityData

Table 3.1.9. Activation energy and room temperature resistivityvar different samples (A and Bj racemic

S,SBHP-EDT- R,R-BHP-EDT- MesoBHP-EDT-
TTF.BF4 TTF.BF4 TTF.BF4
Ea(A) 0.218 eV 0.244 eV 0.156 eV
I RT (J1.3x160hm.cm [2.9x130hm.cm [1.6 x 16Ohm.cm
Ea (B) 0.205 eV 0.202 eV 0.167 eV
I RT ( [2.0x160hm.cm [1.1x16Ohm.cm (8.6 x 16Ohm.cm

and enantiopure BFsalts.
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P/ Prr

Graph 3.1.5. Temperature dependent resistivity for racemic and enantiopuredts.

S,SBHP-EDT- R,RBHP-EDT-TTF.CIO4
TTFE.CIOs
Ea (A) 0.079 eV 0.094 eV (cooling)

0.088 eV (heating)
I RT (3.4x160hm.cm (3.2 x 16GOhm.cm (cooling)

2.5 x 1§Ohm.cm (heating)
E.(B) [0.084 eV 0.083 eV
I RT (9.05x160hm.cm [7.1 x 160Ohm.cm

Table 3.1.10. Activation energy and room temperature resistivitytfay different samples (A and B) of

enantiopure Cl@salts.
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Graph 3.1.6. Temperature dependent resistivity of enantiopure G¥i. Black lines are sample A and grey lines

are sample B.
S,SBHP-EDT- R,R-BHP-EDT-TTF.PFs
TTF.PFe
E.(A) [0.083 eV 0.128 eV

(A1) 0.083 eV
I RT (x10*Ohm.cm 5.2 x 1§Ohm.cm

(A1) X 100Ohm.cm
Ea(B) |0.082eV 0.085 eV

(B1) 0.082 eV
I RT (x10?Ohm.cm 5.2 x 1§Ohm.cm

(B1) X 10°Ohm.cm

Table 3.1.11. Activation energy and room temperature resistivitytfay different samples (A and B) of

enantiopurePFs salts.
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Graph 3.1.7. Temperature dependent resistivity for enantiopurg $¥its.Grey lines are samples A and black

lines are samples B.

Reproduciblefour-probe transportmeasurementshow that SSBHP-EDT-TTF.BF:;, RR-
BHP-EDT-TTF.BFsandmeseBHP-EDT-TTF.BF:areall semiconductingTable3.1.9).The

room temperatureresistivities are similar but the activation energy for the racemate is
significantly smaller than either th&S or R,R enantiomers. This result differs from the
previous examples of chiral and racemic conductors, witeisorderedacematés usually
foundto havealargeractivationenergythanits chiral counterparts.

Fourprobe transport measurements on crystals of B@landR,R enantiopure Cl@ salts

(Table 3.1.10) show the salts to be s@wnducting with activation energies and room
temperature resistivities similar between the two enantiomers. There is a small hysteresis

observed in sample A of tlRR enantiomer between cooling and heating runs. Howdver
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changeinEand J} RT is negligible and the hysteres

structural integrity of the thin needle crystals.

Four-probe transport measurements were made on several crySS8BHP-EDT-TTF.PFs
andR R-BHP-EDT-TTF.PFs. The samples show semiconducting behaviour (Table 3.1.11). At
around 220 K theesistivity of theR,R enantiomer reaches a peak, therefore the exponential
curve is only displayed from 280220 K. TheR,R enantiomer has a higher room temperature
resistvity comparedwith the SS enantiomerThe activation energy is significantly different
between sample A and sample B of BB enantiomer and as can be atvee from Graph
3.1.7, sample B does not produce a smooth curve. Due to the extremely smallcsiztads

of the RR enantiomer it was not possible to mount mibrantwo samplesThe oscillation

from the meanresistivity value seenin sampleB of the R R enantiomemaybe dueto gold
contactaot beingattacheckfficiently duringthe mounting procss.

All transport measurements were made parallel to the long axis of the-sbhagkd crystals.

S,S R,R
BHP-EDT-TTF.BF4
Ea/ eV 0.212 0.223
BHP-EDT-TTF.CIO,
Ea/ eV 0.162 0.266
BHP-EDT-TTF.PFs
Ea/ eV 0.165 0.214

Table 3.1.12. Average activatienergies in eV for the six enantiopure salts of BBEEDITTE

The table above shows the average activation energies for the enantiopure salts of each family
discussed in this section. The results are significantly lower for th4e aio Plg' salts and

there is a noticeable difference between38andR R enantiomers for these two salts, both
average activation energies being lower for3f&enantiomerSSBHP-EDT-TTF.BF; also

has a loweraverage activation energy than its chiral counterpart, henviée difference is
negligible and cannot be deemed significant. The room temperature resistivities of all chiral
salts are similar.

The cause of this difference in conducting properties between enantiomers could be due to
electromagnetochiral anisotropjiowever in the absence of magnetic field dependent
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resistivity data it is not possible to calculate the eMChA voltage and to prove if this effect is

due to chiral anisotropy.

119




3.2 transvic-Bis(hydroxymethyl)bis(ethylenedithio)tethiafulvalene, BHM-EDT-TTF

The chiral transvic-bis(hydroxymethyl)ethylenedithiothetrathiafulvalene donor molecule,
BHM-EDT-TTF, is a disubstitutedEDT-TTF derivative.Thedonoris producedisaracemic
mixtureof thetrans(SS) and R R) analogueswith two hydroxymethyl groups of the same
chiral configuration on each methylene carbon of one side of the BHP-Tunit. Moriet al
previously synthesised the enantiopure version of the donor by using chiral HPLC after the
initial Diels-Alder addition toremove theR,R) enantiomer of ththioné'?,

The outlying hydroxyl groups on the donor are well placed for participation htowaient
interactions during crystal engineering, and the stereogenic centre is positioned directly on the
BEDT-TTF unitwhich placeghechiralinformationclosertothepotentiallymobile” electrons.
Previouslyan enantiopuresemiconductingadical cationsalt of donorBHM-EDT-TTF and
theperchlorate anion was reported along with a racemic analogue of thas@mé.

The new donor has proved to be successful in producing a numbergé ¢ransfer salts for
investigation. In this section is discussedrfseparate radical cation salts containing the title
molecule and the anions CCIOs, PRy, TCNQ Rotation at the CHOH bond can allow for

a number of different geometries to be ptéal inthe solidstate and the radical cation shows
different packing motifs in each of the salts. Structural, physical and magnetic properties of
the salts are discussed and compared.

Figure 3.2 below shows a chemdraw representation of chiral @itd-BEDT-TTF.

HO\[S S S S
[ >=CI )
HO—" SIS S S
Figure 3.2. Chemdrawepresentation of BHMBEDITTE
3.2.1BHM-EDT-TTF2CI(H20).
A charge transfer salt of the title compound has been produced through constant current
electrocrystallisatioexperimentswith BHM-BEDT-TTF andtetrabutylammoniunchloride.

The crystal size and habit obtained was suitable for structural, magnetic and physical

characterisation. The synthesis, structure and physical properties of the semiconducting charge
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transfer salt are discussed in debalow.

3.2.1.1 Electrocrystllisation Table

Donor Counterion [Electrolyte [Solvent Current |Crystal Observation
A Growth
BHM- TBA* cr PhCI 0.1 YEST Large quantity of thig
BEDT-TTF Collected [plack rhombi wer
after 4 collected form
weeks. the electrode.

Table 3.3.1. Electrocrydtisation table for synthesis of CTS 3.2

Chlorobenzene produced crystals of superior quality compared with the other solvent systems
that were used.e PhBr PhCIEtOH of differing ratiosThe crystal size was roughly
0.5x0.4x0.03(mm). Due to the crysthickness and apparent twinning, the sample was sent

to the National Crystallographic Service in Soutpé&n for final data collectian

3.2.1.2 Crystal Structure

BHM-BEDT-TTF,.CI(H20).
Formula Cz4SlGOeH28C|
M,/g mol* 960.97
Temp / K 150
Radiation Mo KU
\Wavelength 0.7103
Crystal System Monoclinic
Space group P2
al A 7.4627(4)
b/A 13.1892(5)
c/A 18.1041(9)
u/° 90
b/° 03.961(5)
0 °/ 90
V/IAS 1778.23(14)
VA 2

/g cmit n/a
elcnt? n/a
Absorption Applied No
Abs. Type n/a
Abs. Range n/a
Total Reflections 25258
Unique Reflections (11474

R [all data] 0.104

Rl > 1204 (1 )0.104
WR [all data] n/a
Goodness of fit n/a
Refinement Program |[SHELX
Refinement Mode F

Flack Parameter n/a

Table 3.3.2. Xay datafor BHMBEDTT TE.C[(HO)
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Figure 3.3.1. ORTEP diagram of the asymmetric urBHBEDTTTE.C[H0). Displacement ellipsoids are

drawn at the 50% probability level. Hydrogens are omitted for clarity.

CTS3.2crystallisesn themonocliniccrystalsysterin centrosymmetrispacegroupP 2,. The
crystalis twinnedwith thetwo componentgxistingin a4:1ratio. Theasymmetriainit contains
two crystallographically independeBHM-BEDT-TTF molecules one chloride ion ango
independent water molecules. The ORTEP diagram with nungbecheme is shown in
Figure3.3.1.Belowshowstheindependentnit cell (Figure3.3.2).Thedonoris synthesiseds

the trans racemic analogue and the two symmetry inequivalent donors adopt eiR@ the
(Donor A) or theS,S(Donor B) chiral configuation. The donors form stacks in the ab plane

with neighbouring stacks separated in ¢hdirection by the insulating chloridayer.
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Figure 3.3.2. Unit cell of CTS 3.2.

Each BHMBEDT-TTF moleculds twistedby about25°with respecto thedonorbelow and

aboveit in thea directionwith eachrow of donorsalongtheb axisin the sameorientation but

of alternatingchirality. Thelattice packingasviewedalongtheb axisis shownin Figure
3.3.3.Thedonorsform headto-tail stackgn whichthecrystalographicallyindependentionors
alternatehroughthea axis. Thisalternateshedirectionin whichthechiralsidechainprotrudes

into the insulating layer. The neiodglab dwr iorg
Ohetaldeadd adongcthen teehéehddhenddepadcki ng next
enantiomeandcreatinghecavityin whichthechlorideionssit. Thecrystalpackingasviewed

alongthe a axis is alsoshownin Figure 3.3.4,the chlorideions occupythe cavity creaed by

the outlying chiral side chains of the donor molecules and the ca. 25° twist through each donor

stack.
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Figure 3.3.3. Lattice packing of CTS 3.2, viewed alorgakis.

oc® oe® o
| T oc® oc®

Figure 3.3.4. Lattice packing of CTS 3.2, viewed alorayakis.Donors are coloured according to symmetry.
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Figure 3.3.5. Single stack of donors in CTS 3.2, viewed aloagattie. S...S contacts are shown in light blue.

Donors A and B are coloured green and blue respectively.

Figure 3.3.5 above shows the dopacking arrangement viewed along #heexis, with short
sulphurinteractionselowthesumof thevdW radii (<3.6 A) shownin blue.Only sideto-side
contactsareobservedetweerrows of donors with each donor making a total of eight S...S
contacts. Th halfchair confirmation of theubstituted dithiin rings places the tw@H.OH
groups in pseudo axial positions for bainors. Due to the alternating chirality of the donors
through both the andb directions this causesvery slight staggeringof the chlorideions,
suchthattheydonotlie parallelthroughout the insulating layer. The hydrated insulating layer

as viewed along thedirection is shown in Figure 3.3.6.
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Figure 3.3.6. Insulating hydrated chloride layer of CTS 3.2 viewed aloogtise

Figure 3.3.7 pictures donor A, shown above in green. Short sulphuadtibers below the

sum of the vdW radii (<3.6 A) are shown in dotted red lines, contact length and central TTF
bond |l engths are shown in green. Tthg€dedonor
contacts withneighbouringdonor B molecules.Donor A has a twisted confirmationat the
ethoxygroups, with both ethoxy carbons displaced from the central axis of the molecule by
the same distance. The opposite end of the molecule has a sofa confirmation with one of the
methylene groups displaced by a much éardegree than the other. Figure 3.3.8 shows the
side on profile of the donor, the shape is heavily bent from the central C=C bond and both
hydroxyl bonds adopt similar geometries pointing alongetbigection. The hydroxyl bonds

are directed almost diagally between théc plane. Donor A is calculated to have a neutral
charge. Throughout therystallatticedonorA adoptsexclusivelytheR,R chiral configuration

atthehydroxymethyl sidechains.
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Figure 3.3.qleft). CTS 3.2: Capped stick diagrandafor A. S...S contacts are shown in dotted red lines and
contacts atoms are labelled in black. Contact length and central TTF bond lengths are shown in green. Figure 3.3.8

(right). Side profile view of donor A.

Figure 3.3.9 shows donor B, pictured abavelue. Short sulphur interactions below the sum

of the vdW radii (<3.6 A) are shown in dotted red lines, contact length and central TTF bond

|l engt hs are shown in green. The -tadside $.tS makes
contacts with neighbaoing donor A molecules. The chiral sidbains have a twisted
confirmations at the ethoxy carbons with both carbons displaced by equal amounts from the
central axis of the molecule. The other end is also in the twisted confirmation with the four
terminal goups staggered as viewed down the long axis of the molecule. The side on profile
pictured in Figure 3.3.10 shows the central portion of the donor is relatively planar until the
terminal ethylene and ethoxy carbons. Both the@H#OH bonds are directed awfrom the

central axis of the molecule but the hydroxyl bonds are slightly different. One bond is directed

almost diagonally between tlae plane and the other is more parallel with ¢rexis.
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Figure 3.3.9left). CTS 3.2: Capped stick diagram ofatoh. S...S contacts are shown in dotted red lines and
contacts atoms are labelled in black. Contact length and central TTF bond lengths are shown in green. Figure

3.3.10(right). Side profile view of donor A.

There is likely to be a network of hydrogbanding interactions between the two hydroxyl
groups, the chloride ion and the two water molecules. A summary of the possible hydrogen
bonding is shown below in Figure 3.3.11. However, there is disorder present in the two
hydroxyl groups with a possible mir confirmation for each disubstituted dithiin ring. Due

to the inherent disorder it was not possible to locate with any certainty the hydrogens for the
two hydroxyl groups and the two water molecules. The present structure refined-taare R

of 10% havever no completely convincingadel has been obtained to date.

Figure 3.3.11. Possible geometry of hydrogen bonding between donor stacks, chloride ions and water molecules.
It was not possible to locate the hydrogens on the hydroxyl groups or the watecaies due to a possible minor

confirmation for the chiral sidehain.
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3.213SéS Contact s

BHM-BEDT-TTF,.CI(H20).
Atom...Atom  |Length / A
S1...S15 3.387
S12...S15 3.492
S13...52 3.465
S13...S10 3.550
S6...S16 3.418
S11...S16 3.537
S14...S3 3.426
S14...S9 3.497

Table 3.3.3. S...S contacts for CTS 3.2

Table 3.3.3 shows the sulphsulphur interactions below the sum of the vdW radii (3.6 A).
There ar e ei ¢goside contaats opseraed lzetiveen nedjttoouring donors within

each stack. No faem-face contacts are present.

3.2.1.4 C=C Bond Length, Charge Calculations and Raman

AT Green B - Blue
C=C Bond Length /A [1.349 1.364

Table 3.3.4. Central C=C bond lengths for CTS 3.2.

The central C=C bond lengths for A and B in table 3.3.4 indicate that the two donors carry
different charges and the values are consistent with the presence of one neutral donor and one

donor cation.

A - Green B - Blue
a/A [1.349 1.364
b/A [1.749 1.724
c/A [1.755 1.741
d/A [1.337 1.341
U 0.818 0.760
Q 0.182 0.675

Table 3.3.5. Chargmlculations for independent donor molecules in CTS 3.2.
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BHM-EDT-TTF consists of a complete BEDTTF core and it follows that the charge
estimations using Kepeet al™ average TTF bond length calculations should not be skewed
considerably in the gsence of the chiral siddnain.

Considering the salts 2:1 stoichiometry it would be expectadtith donors carry a charge

of *0.5. However,theresultsin Table3.3.5alongwith the centralC=C bondlengthsabove

suggest that the majority of the chaigéocalised to donoA.
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Graph 3.3.1. Relative intensity against Raman shift a single crystal for CTS 3.5. Raman shifts for the high intensity

peaks are labelled.

Reproducible room temperature Raman measurements were made on severatysiadse

of CTS 35. The stretching frequencies expected for a neutral BEDHF donor are 1486
1494cmt and 1546 1554cmtf o r 4& th @moges respectively. Here one observes only a
peak at 1486ct) whi ch coul d sstretchingensogecohacheutrab BEBTfiFe g
type donor. The stretching frequencies expected for a 1:1 BEDHradical cation salt are
14067 1416cm® and 1448 1465cmtf or s& h dmoges respectively. In the spectra

above one can observe both peaks (1418 and 14%2expected for &1 radical cation.
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However, it is noted that the peak at 1452¢snat a higher intensity than the 1418trfhis
is in contrast t o pmodevsiawaysobseitvad dtiadigherwtersitye t h e
t hanmoidee.g |t i s possarmd et h d astretdhiftgenodaeseareg r a | (
occurring at the same frequencies and hence overlap to prageedk of higher intensity.

3.2.1.5 Magnetic Data
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Graph 3.3.2. Temperature dependant magnetic susceptibility for CTS 3.2.

Temperature dependent magnetic susceptibility measurements were performed on 0.3488 mg
of randomly orientated crystale sample. Above 250 K the data becomes incoherent and
noisy, perhaps due to such small sample 3iaes. data has been fitted to the CeMieiss law

for a simple paramagnet by Prof. H. Akutsu of Osaka University and he proposes that there is

a charge loalisation with one spin on donor B and donor A in a neutral state.
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3.2.1.6 Resistivity Data

BHM-BEDT-
TTF,.CI(H20).
Ea 0.0787 eV
Cooling
Ea 0.0743 eV
Heating
] RT 6.615 Ohm.cm

Table 3.3.6. Activation energy and room temperature resistivity oficg and heating runs for CTS 3.2.

Fourprobe resistivity measurements were performed on two single crystals of CTS 3.2. The
temperature dependant resistivity profile from 30010 K is shown in Graph 3.3.3. The salt
shows perfect Arrhenius semicondugtibehaviour below 200K with a rooremperature
resistivity of 6. 615 aYiinimumat afoime 117 K. Shes fsiav i t y
hysteresis observed between cooling and heating runs which is defined by a small decrease in
activation energy. Inset shows the logarithmic resistivityreggdi/T for both the cooling and
heating runs. Above 200K the salt deviates from Arrhenius semiconducting behaviour as is
seen from the deviation from the straight line in the graph inset, the material is still a
semiconductor with a positive temperaturependency however it no longer follows an
exponential trend. The activation energy for both the cooling and heating runs was calculated
from fitting the straight lines below 1/T = 0.005 = 200 K (Graph 3.3.5 and 3.3.6). The

activation energies and room teengture resistivity are given in Table 3.3.6.
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Graph 3.3.3. Temperature dependent resistivity for CTI8s¥t Graph 3.3.4. Logarithmic resistivity against 1/T

for CTS 3.2.
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Graph 3.3.5. Logarithmic resistivity agaihsE for Arrhenius temperature range of cooling run for CTS 3.2.
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Graph 3.3.6. Logarithmic resistivity against 1/T for Arrhenius temperature range of heating run for ¢

3.2.2 BHM-BEDT-TTF.PFs

A charge transfer salt of the title compound has been produced through constant current
electrocrystallisation experiments wit BHM-BEDT-TTF and tetabutylammonium
hexafluorophosphate. It wamt possibleto completechargetransportmeasurementdueto

the extremely small size of the crystals. However, structural, magnetic and Raman
measurements were performed.

3.2.2.1 Electrocrystallisation Table

Donor Counterion [Electrolyte [Solvent Current |Crystal Observation

HA Growth
BHM- TBA* 1,1,2TCE [0.2 Yes Large quantity of sma
BEDT-TTF PR black plates we

collected from th
electrode after 1

week.
BHM- TBA* DCM 0.2 Yes Large quantity of tin
BEDT-TTF PR black plates we

collected from the
electrode after 2
weeks.

Table 3.3.7. Electrocrystallisation table for synthesis of CTS 3.3.
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Both 1,1,2trichloroethane and dichloromethane produced crystals of similar qualitgy X
diffraction experiments eludated that the crystals are twinned with many reflections
overlapping, however they are not perfect merohedral twins but instead may be called pseudo

merohedral twin.

3.2.2.2Crystal Structure

U-BHM-BEDT-TTF.PFs

Formula C24S51604H24PFs
M/g mof* 1034.36
Temp /K 290
Radiation Mo KU
\Wavelength 0.7105
Crystal System Monoclinic
Space group P2k
alA 16.1236(12)
b/A 6.7918(5)
c/A 17.1860(14)
u/° 90
b/° 98.783(7)
0 °/ 90
\V/IA3 1859.94
VA 2

/g cm? 1.847
elcnt? 1.038
IAbsorption Applied [Yes
Abs. Type Multi-scan
IAbs. Range 0.198i 0.990
Total Reflections 4257
Unigue Reflections 3059

R [all data] 0.1332

Rl > 120 (1 )0.1169
WR [all data] 0.0856
Goodness of fit 0.9614
Refinement Program [SHELX
Refinement Mode F?

Flack Parameter n/a

Table 3.3.8. Xay data for CTS 3.3.
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Figure 3.3.12. ORTEP diagram of the asymmetric unit of CTS 3.3. Displacement ellipsoids are drawn at the 50%

probability level. Hydrogens are omittéar clarity.

CTS3.3crystallisesn themonocliniccrystalsystenin thecentrosymmetrispacegroupP 2/c.

The asymmetric unit contains one crystallographically indepen&i1-BEDT-TTF
moleculeandhalfaPFRsanion.Theanionliesona?2-fold axisof symmetry Figure3.3.12above
showsthe ORTEPdiagramof theasymmetriaunit with numberingschemeThedonorsform

AAA stacks in thec direction with neighbouring stacks separated inattrection by the
insulating |l ayer, t hmiotd. FigueeBI8.1L3nskows tlse inklepemdemt  a s
unit cell for CTS 3.3 as viewed along thaxis. The donor is calculated to have a charge of

+0.5 and thgositive charge is satisfied by the monovaleng &ton in a 2:1 stoichiometry.

The crystalexistsas a pseudemerohedratwin andthe currentmodel wasrefinedto an R

factor of 11.3%.

Figure 3.3.13. Unit cell of CTS 3.3.
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The donors form stacks in tie plane with the chiral (bis)hydroxymethyl group alternating
throughthec axis.BHM-BEDT-TTF packsheadto-tail within stacksandthedonorpackingis
arrangels uch t hat mol ecul es of nei ghbtotuaiiln@ ot a

0 hetalde ad &eRknadni ons occupy t he edmevtihtyyl elneefdt pbayc k

donors. The latticpading is shown below in Figure 3.3.14 viewed along tlaeib.

Figure 3.3.14. Lattice packing of CTS 3.3 viewed alorigekis.

Throughout each stack the donors are ordered (RR).(RR).(SS).(SS). This means that the side
chain pointing into the insuliaig layer alternates between enantiomers within a stack. The
Ohetaldeadd arrangement of donors through neig
enantiomer. It is of note that in the previous chloride salt discussed in this chapter the donor
molecuks packed in a similar AAA fashion however the smaller chloride anion occupied the
cavity formed by the outlyindgpydroxyl group. In this example the P&nion which is of
considerably larger size cannotifiside the space between the hydroxyl groupsiasteéad

packs between the two ethylene groups of neighbouring donors. This causes the donors to
adopt a less staggered arrangement along each stack throggixihe
Thedonorpackingviewedalongthea axisis shownin Figure3.3.15 five layersof dororsare

shown along thé axis and each row of donors is coloured only to ease the viewing of each
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separate molecule. Short sulphur interactions below the sum of the vdW radii (<3.6 A) are
shownin blue.Thedonordie parallelalong thea axisbutareshifted atabout45° betweerrows

of donorsalong the ¢ axis. Only 6 i pnl a n e-fo-side icahtacts are observed between
neighbouring donors along the crystallographidirection. Figure 3.3.16 shows the donor
layer viewed down the long axis of the green patpble molecules, the figure demonstrates

the 45° twist seen between rows of donors in each layer.

Figure 3.3.15. Donor packing of CTS 3.3 viewed along &xés. Donor molecules are coloured separately for

ease of viewing single molecules. S...Saxin are shown in light blue. Hydrogens and omitted for clarity.
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Figure 3.3.16. Donor stack in CTS 3.3 viewed along the long axis of the green and purple molecules to show twist

throughout donor stack. Hydrogens are omitted for clarity.

The lattice pcking as viewed along tleaxis is shown in Figure 3.3.17, note the double layer
of anionsthroughoutheinsulatinglayer. This canbeseermoreclearlybelowin Figure3.3.18
which shows a single insulating layer viewed alongalagis. The PE moleales can only
occupy the space left by the ethylene groups oftaaiil donors and as such this creates a
staggered effect throughout the¢PRyer along thec direction due to the 45° twist seen
throughout the conducting layer. Two fluorine atomsaafePk protrude into the conducting

layer while the other four flourines are pointing into beis.
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Figure 3.3.17. Lattice packing of CTS 3.3 viewed alorggttis. Hydrogens are omitted for clarity.

Q8 [ o g [ P
(fﬁ‘ ‘fﬁ\' a l‘ﬁl
o € £
0. (‘*‘/“ € ¢ l‘“( £ ¢
o 3 =
€ € € € L3
Qs e f
« f "vxi{ € € (“" € €
((ﬁ{ r‘*?‘r |‘*%l
'Y e #

(. ("?‘ e 8 l(ﬁ( e
1‘*&1 :l{( *

Figure 3.3.18. RHayer in CTS 3.3ewed along thea axis.

The Pk anion is shown below in Figure 3.3.19. Atoms arfel Bond lengths are labelled. The
2-fold axis running through the centre of the molecule is also presénhdhds range from

1.571(1)i 1.584(1) A.
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Figure 3.3.19Independent P§&anion in CTS 3.3 with atoms labelled in black. The green numbers reppresent
bond lengths in angstroms, A. The green line represents thad2axis running through the centre of the

molecule.

Figure 3.3.20 shows the independent dgm@asent in CTS 3.3. Short sulphur interactions
below the sum of the vdW radii (<3.6 A) are shown in dotted red lines, contact length and
central TTF bond | engths are shown in-green.
to-sideS...Scontactswith neighbouringlonormoleculesalongthecrystallographid direction,
nofaceto-faceS...ScontactareobservedTheterminalethyleneandethoxygroupsarein the
eclipsedsofaconfirmationwith onecarbondisplacedromthecentralaxisof themolecukand
theotherin plane.Theethoxycarbonis displacedromtheBEDT-TTF planebyalargerdegree
thanthemethylenecarbon.Thechiralhydroxyl groupsadoptadifferentorientatiortothatseen
in thechloridesaltabovewherethe C-O bondwaspointedaway andto thecentreof thecentral
BEDT-TTF axis. Here the © bond points away from the central axis, one group ahoge
onebelow.However thebondis directedowardsheedgeof BEDT-TTF molecule rathethan
towardsthe centre.The centralTTF portion of the donoris planaruntil theterminal groups

which is shown in the side on profile view in Fig3t8.21.
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Figure 3.3.2@Qleft). CTS 3.3: Capped stick diagram of independent donor. S...S contacts are shown in dotted red
lines and contacts atorrare labelled in black. Contact length and central TTF bond lengths are shown in green.

Figure 3.3.21right). Side profile view of independent donorCTS 3.3.

There is a large network of hydrogen bonding and short contacts between insulating and
conducing layers, the short contacts from¢P# donor are shown iRigure 3.3.22. Each
independent fluorine atom makes a short contact with at least one donor molecule creating a
total of five F...H contacts per half anion. The shortest contacts are betw&and-autlying
hydrogens of either the terminal ethylene group or the chirak$idie of donor molecules in

the same stack (F13...H22, 2.359 and F13...H91, 2.528 A). F14 makes one short contact
(F14...H1212.663(1)R) andF11makegwo shortcontactsvith neighbouringlonormolecules
(F11...H1122.668(1)andF11...H1222.611(1)R). Thereis onehydrogerbondbetweerdonor

mol ecul es along the b dirag823).on (0O2éH123, 2.

Figure 3.3.22. Hydrogen bonding interactions between rowgoabrs in the conducting stack are shown in light

blue linesfor CTS 3.3.
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Figure 3.3.23. Hydrogen bonding interactions betweeg &#on and donor molecules are shown in lighie
linesfor CTS 3.Fluorine atoms are labelled in black.

3.2.2.3S é S onfacts

Contact Length / A
S2..S1/A 3.485(1)
S8éS7 / j3.600(1)

Table 3.3.9. S...S contacts for CTS 3.3.
Short sulphur interactions below the sum of the vdW radii (3.6 A) are presented in table 3.3.9.
There are only two S...S contacts present.

3.22.4 C=C Bond Lengthand Charge Calculations

C=C Bond Length / A
C5..C6 1.353(9)

Table 3.3.10. Central C=C bond lengths for CTS 3.3.

The central BEDITTF C=C bond length is consistent with a donor charg®.6f

a/A [1.353
b/A [1.745
c/A [1.746
d/A [1.361
U 0.777
Q 0.548

Table 3.3.11. Charge calculations for independent donor in CTS 3.3
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Charge estimations using the Keparal*® average TTF bond length calculations agree with

the proposed0.5 valency for the independent donor present in CTS 3.3.

3.22.5 Magnetic Data

Temperature dependent magnetic susceptibility measurenwritsverefitted to theCurie
Weissequatiorby Prof. H. Akutsu of Osaka Universitsom 2-20K anda Curiespinof 3.3%

of S=%2- theorigin of whichwould seento beimpurities in the crystal lattice (Graph 3.3.7).

The Curie tail can bne Gaphh38srsiowstadhdad pealoamund t 0 ¢
170 K and the data can be fitted to a 2D Heisenberg model, idiclateshattheelectron

holesin thed e | layerarelocalisedandthereforethe material should show semiconducting

behaviour.
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Graph 3.3.7. Temperature dependent magnetic susceptibility for CTS 3.3
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Graph 3.3.8Integrated magnetic susceptibility (after subtraction of Curie tail) against temperatu@Tsr3.3.

3.2.3BHM-BEDT-TTF.TCNQ

A charge transfer salt of the title compound has been produced through room temperature test
tube diffusion experiments with BHBEDT-TTF and tetracyanodimethanequinone. The salt

is insulating witha checkerboargackirng of alternatingdonorandacceptomoleculeswith the
chiraldonorpackingin enantiopurstackghroughoutStructurabndRamardataarepresented

anddiscussed.
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3.23.1 ElectrocrystallisationTable

Donor /Acceptor Solvent A Solvent B Crystal Observation
Growth
BHM- TCNQ MeCN DCM Yes Large quantity of blac
BEDT-TTF diamonds collected frg
electrode.

Table 3.3.12. Test Tube Diffusion table for synthesis of CTS 3.4.

Evaporation of the solvent left large black plates of CTS 3.4. The crystals weretarnggh
for structurabndphysicalcharacterisatiornt wo proberesistivitymeasurementnthematerial
showedh resistance of over 1 Mohm suggesiimgulatingbehaviour.

3.2.32 Crystal Structure

BHM-BEDT-TTF.TCNQ
Formula C24H1602SsN4
M/g mof* 648.94
Temp /K 293
Radiation Mo KU
\Wavelength 0.7103
Crystal System Orthorhombic
Space group Ac2a
alA 50.6068(18)
b/A 12.5452(5)
c/A 8.5422(3)
u/e 90
b/° 90
2 °/ 90
V/IA3 5423.2(3)
VA 8

/g cnit 1.589
elcnt? 0.691
IAbsorption Applied [Yes
Abs. Type Analytical
IAbs. Range 0.8101 0.985
Total Reflections 0189
Unigue Reflections 3960
R [all data] 0.0683
Rl > 120 (I )0.0670
WR [all data] 0.1359
Goodness of fit 1.176
Refinement Program [SHELX
Refinement Mode F?
Flack Parameter n/a

Table 3.3.13. Xay data for CTS 3.4
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Figure 3.3.24. ORTEP diagram of the asymmetric unit of CTS 3.4. Displacement ellipsoids are drawn at the 50%

probability level. Hydrogens are omitted for clarity.

CTS 3.4 crystallises in the orthorhombic crysigstem in the achiral space group Ac2a. The
asymmetrianit containsonecrystallographicallyndependentionormoleculeandoneTCNQ
acceptorThereareeightformulaunitsin theindependentell, picturedbelowin Figure3.3.25,

with the crystallogralpic a axis significantly larger than the other two vectors. There is no
disorder present in CTS 3.4 and as such it was possible to locate all hydrogen atoms.
Interestingly, the donors and acceptors alternate throughout stacks lic tiiane with
neighbouing stacks packing at an angle of ~90° througtattiigection. There are no discrete
conductingandinsulatinglayers.lt is of notethateachstackcontainsonly a singleenantiomer,
producing enantiopure stacks. The four stacks shown below in the elhialernate

SS.SS.RR.RR.

Figure 3.3.25. Unit cell of CTS 3.
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Figure 3.3.26 shows the lattice packing of CTS 3.4 viewed betweenatieh axes. Along

thea axis the stacks alternate at an angle of aB8deg.However,asseerbelowalongtheb
axisthestacksareorientatedn anX Y Y X é f anithhthie denvatisedendof the BEDT-

TTF moleculepointingtowardsthecentreof the stacking pair. Also of importance is that each
stacking pair is racemic i.e. is made up of two enantiopure stacks of oppbsaldy.

The salt is expected to have a fsinichiometric charge transfer. The Flandreisal™®
method using the TCNQ bond length differences was employed for charge calculation of the
acceptor, attempt® calculateTCNQ chargeusingeitherthe Coppenset al™ methodor the

Kistenmachét® equation produced unrealistiesults.

Figure 3.3.26. Lattice packing of CTS 3.4 viewed betweemahdb axes.
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Figure 3.3.27. Single stack of donors and acceptors in CTS 3.4 viewed alvagjshe

The single stack packing viewed along theexis is shown in Figure 3.3.27 above. The chiral
hydroxymethylkidechain®f thedonorareall positionedn thesameorientationandareall the
samechiralconfiguration Sideto-sideS...Scontactsareobservedetweerrowsof donorsand

no faceto-face contacts are present due to the alternating arrangement of donor and acceptor
molecules. Figure 3.3.28 shows the packing arrangement of a single stack as viewed along the
longaxisof thedonormolecule Shortsuphurinteractiondelowthesumof thevdW radii (3.6

A) are shown in blue and hanging contacts are shown in red. BotEB#DH bonds oeach
molecule are almost perpendicular to the central BHDF axis, however one GFHOH bond

is positioned parallel ith the central axis and the other protrudes into the TCNQ layer.
Figure3.3.29 displays the conduction pathway via S...S contacts for a single layer of donor
moleculesComplete S...S contacts are shown in blue and hanging contacts in red. Only one

coniact per donor below the sum of vdW radii (3.6 A) is present.
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Figure 3.3.28. Single stack of donors and acceptors in CTS 3.4 viewed along the long axis of the donor molecule.

S...S contacts are shown in light blue and red (hanging contacts).
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Figure 33.29. S...S contacts within rows of donors in CTS 3.4 are shown in light blue and red (hanging contacts).
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As discussed at the top of this sectiBRIM-BEDT-TTF is synthesised as the trans analogue
and produced as a racemic mixture of enantiopure mole¢id@gever, in contrast to the other

salts in this series, which all consist of racemic stacks throughout the crystal structures; the
lattice is made upf enantiopurestacks.Figure 3.3.30showsthe alternatingarrangementf

enantiomerslong thea direcion TCNQ molecules are removed for clarity. The central two
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stacks become one stacking pair as described above. The chiethaide of each molecule

are positioned towards the cemfeherespectivestackingpairandeachstackingpairis made
upofopposinggenant i omer s. Ther eRendteSe ntdnbe adso Rao rpso slei r
endto-R-e n d GGerwtoS@ndd. By packing in racemic stac
of the crystal remains centrosymmetric but the configuration of the latticegdorystal

growth is heavily relianbn the difference in chirality between the two enantiopure donor

molecules.
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Figure 3.3.30. Donor packing in CTS 3.4 viewed alorigakis. TCNQ molecules have been removed for clarity.

Belowin Figure3.3.31is picturedtheindependentonorin CTS3.4.Shortsulphurinteractions
belowthesumof thevdW radii (3.6 A) areshownin dottedredlines,contactengthandcentral

TTF bondlengthsareshownin green.Thedonormakesonly onesideto-sideS...Scontactwith
neighbouring donor molecules. There are no donor stacks throughout the lattice and therefore
no faceto-face contacts are observed. The ethylene group on the donor adopts the sofa
confirmation while the chiral hydroxyethyl groups adopt the-bbhéir. Figure 3.3.32 below

shows both the side and end on profile view of the donor molecule. It is clear to see that the
central TTF portion of the donor is heavily bent and the hydroxymethyl groups both adopt
differentpositions Onehydroxylis positionedcaway fromthecentralplaneandtheotheris bent

parallel with the plane of th@onor.

150




Figure 3.3.31left). Capped stick diagram of independent donor in 84SS...S contacts are shown in red dotted
lines and contacts atoms are shown in black. Cdstengths and central TTF bond lengths are shown in green.

Figure 3.3.32right). Side on profile view of the independent donor in CTS 3.4

ShortO...Hcontactdetweeroutlying chiral side-chainswithin a stackingpair aredisplayedn

Figure 3.3.33. Té gap between donors is occupied by TCNQ molecules, which have been
removed for clarity. Each donor makes two hydrogen bonds with neighbouring donor
molecules, one between donors in the same stack (09...H101, 1.924(1) A) and one between
stackswithin thestackingpair (H91...010,1.919(1)A). Theshortcontactsreatea networkof

hydrogen bonds running through the racemic channel within stag#irg
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Figure 3.3.33. Hydrogen bonding interactions in CTS 3.4 between donor molecules are shown in ligigNe

molecules have been removed for clarity.
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The acceptor also makes a number of short contacts throughout the lattice. Each peripheral
nitrogen makes at least one short contact with neighbouring acceptor or donor molecules.
However,nocontactsareobervedbetweem CNQ moleculesof differentstacksFigure3.3.34

shows, in blue, the contacts for the central labelled TCNQ molecule. There are four inter
acceptocontactbetweeT CNQsinthesamestackN36...H2012.708(1)A)and(H291...N22,
2.663(1)A), onebetweerdonorandacceptoin thesamestack(N38...56,3.272(1)A) andtwo

contacts between acceptor and donor in neighbouring stacks (the neighbouring stack is not
within a stackingpair) (N37...H2512.736(1)andN37...H3222.663(1)A). Interestigly three

out of the four contacts between cyclic TCNQ carbons and central TTF sulphurs aréabelow

sum of vdW radii (3.6 A) with the fourth just above (3.68%))

Figure 3.3.34. Hydrogen bonding interactions in CTS 3.4 between acceptor rmovdnalmlecules are shown in

light blue.

3.233S¢éS Contact s

Contact Length / A
S26S7  3.358(1)

Table 3.3.14. S...S contacts for independent donor in CTS 3.4.

Only one sideo-side short sulphur interaction below the sum of the vdW radii (3.6 A) is

observed due to the lack of a discrete donor layer.
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3.2.3.4 C=C Bond Length, Charge Calculations and Raman

Donor A
C=C Bond Length / A [1.32

Table 3.3.15. Central C=C bond lengths for independent donor in CTS

The central BEDITTF C=C bond length for the independent donor in CTS 3.4 seems to be
much lower than expeador BEDT-TTF type radical cation. The length is consistent with a

charge somewhere between 1/3 and zero.

Donor A
a/A [1.329
b/A [1.764
c/A [1.756
d/A [1.324
U 0.875
Q -0.183(+ 0.1)

Table 3.3.16Charge calculations for independent donor in CTS 3.4.

Charge calculations for the independent donor in CTS 3.4 are unrealistic. Given the low R

factor associated with the crystal structure the donor bond leagtlexpected to be accurate.
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Graph 3.3.9. Relative intensity against Raman shift for a single crystal of CTS 3.4.

153




Reproducible room temperature Raman measurements were made on several single crystals
of CTS3.4.Dueto theramanactivesymmetricalvibrationfrequenciepresenin TCNQit is

more complexo deducehechargeof thedonormoleculefrom the RamanspectraTCNQ s

known to form norstoichiometric salts with TTF and BEBTTF® and this is likely to be

the case in CTS.4.

Thering C=Cstretchingnodefor TCNQis observeditashift of 1451cntt. Thetwo remaining

symmér i c al stretching modes C=C and CIWN are

The remaininghigh intensitypeakat 1445cm* is consistentith thegs stretchingmodeof a

BEDT- TTF**typedonor.

3.3 ChapterConclusiors

We report the crystal striures and resistivities of a series of new 1:1 salts of the enantiopure
donor bis(2hydroxylpropylthio)ethylenedithiotetrathiafulvalene, BHDT-TTF, with
tetrafluoroborate, perchlorate or hexafluorophosphate difforsiso reported are crystal
structure of the corresponding racemic salts. The crystal structures, room temperature
resistivities and activation energies are similar for all four enantiopure salts from perchlorate
and hexafluorophosphate salts, and are comparable to those from the isadtructur
tetrafluoroborate salts which were reported previdtisly

The crystal structures of the previously reported hydrated chloride salt are quite different. The
flexibility and hydrogerbonding ability of the sidehains of the donor molecule are
responsibd for producing the variety in packing motifs, and the hydroxyl groups are involved
in interactions with the anions in the cases reported here. In contrast for the salts with
polyiodide ions, the hydrogen bonding almost exclusively involves interactibnedreside
chaing’. The resistivities of some of the chiral radication salts reported here are lower
than might have been expected for (dosfogdimers having intedimer S--S contacts >3.7

A. This donor has now produced a family of semiconduciod a single metallic radical

cation salt with triiodide.
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A new family of nonisostructural salts has been synthesised from d8HdA-BEDT-TTF.

The disubstituted BEDITTF derivative shows a propensity to form a number of
stoichiometries depending on theion and crystallisation environment owing to the hydroxyl
groups on the sidehains.

The donor forms a semiconducting hydrated 2 : 1 salt in the presence of a solzbirihel

ions. The crystals are twinned with a possible minor confirmation ofdherd. It is clear
however that the interactions between hydroxyl groups and the insulating layer is key to
producing the packing motif of the donor. The two independent donorsaackange ordered

"1 and 0 ground state, leading to semiconducting cteistics and Curi&Veiss magnetic

behaviour.
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Chapter 4: Chiral Racemic and Diastereomeric Spiroborate Anion

Charge Transfer Salts

In this chapter is discussed BEETF charge transfer salts derived from diastereomeric and
chiral borate anions. The synthesis of the borate anions is discussed in Chapter 2. Toe presen
of a configurationally stable stereogenic carbon centre on the ligand as well as the axially
chiral mol ecul e that can be formed by the
produces anionic compounds which hold two separate origins of chirality.

Thus, the introduction of borate anions within charge transfer salts of BHIBTshould
increasehe handednesthroughoutthe materialandleadto electrachiral properties where

the chirality affects the conducting properties ofrtiederial.

Presentedhere are two families of chiral and diastereomeric charge transfer salts produced
using the Bmalate) and Bmandelate) anions respectively. The former produces charge
transfer salts in which the conducting properties and structural motifi®ticeally different
dependinggnwhethertheracemicor chiral malatdigandis usedduring synthesis of the anion.

The latter family consists of two charge transfer salts, produced using either the racemic or
chiral forms of mandelic acid during synthesis ofdh#ns. The chiral form produced crystals

of helical morphology, the bent nature of these crystals meant thaty Xtructure
determination is impossible. However, conducting and magnetic data shows that there is a
noticeable difference between the raceamd chiral forms. These two families of salts show

the first examples of diastereomeric induction within the electrocrystallisation enviréthment
Also presented is a racemic charge transfer salt of BEDH and the Bglycolate) anion.

The glycolateiband is devoid of a chiral centre and the only point of chirality is that from the

6spiraneb6 twist through the | abile boron cen

4.1 Bis(malate)borate
The first examples of radicghtion salts of BEDATTF with chiral borate anions are discussed

in this section, the results are published in the RSC journal Dalton Trans¥ctions
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[B(malatg,]” was prepared using either enantiopure or racemic bidentate malate ligands and
in the former case only one of two diastereoisomers of the borate anion gnated, while

in the racemic salt one racemic pair of borate anions contairfitgna aS malate ligand is
incorporated. The synthesis of such-tlieelated borate anions offers the prospect of creating
complexes with more than one stereogenic centithelcase of the [Bhalate) reported here

the chirality of the bidentate chelated malate ligand is retained but diastereoisomers are
produced through two possible stereochemical configurations at the boron centre which is
labile in solution. Therefore, wheusing enantiopurB-malic acid (R)-hydroxybutanedioic

acid), a mixture of diastereoisomeric anions will be produced in solutigRR®ith anS

boron centre and twB malate ligands, anddBRwhich differs only in having aR boron
centreH NMR in deuteric-acetonitrile shows the anions exist in a 2 : 1 ratio with very similar
NMR spectra. When using raceniil_ -malic acid, four further diastereoisomers wik
produced: BSSand BSS(the mirror images of the anion described above) asiRiISRnd

BrRS *H NMR in deuterieacetonitrile is complex but consistent with the presence of these
diastereomers. Reported in this section is a chiral raditegdn salt of BED¥TTF,
synthesised in the presence of chirgRR and B&RR in which just the ERR anion is
incorporated into the structure. When repeating the synthesis using a mixture of the six
possible diastereomeric borate anions the two racemic pairs are not incorporated, instead only

the BsRSand BkRSarepresent.

Figure 4.1Representation of the dinal B)RRmalato anion. Ellipsoids are drawn at the 5gfébability level.
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4 . 1-(BEDTUITF)Brs[(R/S)malate].(H20)..s5

Structural, conducting and magnetic data for the title compound is discussed. The salt

crystallises in the centrosymmetric spaceugr R1 with only two of the possible six

diastereoisomers present throughout the lattice. The two independent BEDMolecules

pack in the alpha motif and semiconducting behaviour is observed down to 150 K.

4.1.1.1 Electrocrystallisation Table

Donor (Counterion Electrolyte Solvent |Current |Crystal [Observation
A Growth
ET K* 1,1,2TCE|0.2 YES Large quantity g
BR/9(R/9malate} black hexagon

crystals collected fro
the electrode aftetl
days.

Table 4.1. Electrocrystallisation table for the thgsis of CTS 4.1.

1,1,2Trichloroethanassolventduringelectrocrystallisatioproducedigh quality crystalsof

CTS 4.1. Electrocrystallisation experiments using other organic solNEhiSI, PhBr)

produced only amorphous materials withangstallinity.
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4.1.1.2 Crystal Structure

U(BEDT-TTF):Bris[(R/9malate].(H20)2.85
Formula CagH29.71012.85516B
M/g mof* 1095.61
Temp /K 200
Radiation Mo
\Wavelength 0.7105
Crystal System Triclinic
Space group P-1
alA 8.69808(16)
b/A 11.9375(2)
c/A 21.7391(4)
u/° 76.897(5)
b/° 84.153(6)
2 °/ 70.370(5)
V/IA3 2069.79(1)
VA 2

/g cmit 1.758
e/cnt? 8.959
IAbsorption Applied |Yes
Abs. Type Multi-scan
IAbs. Range 0.8141.000
Total Reflections 21987
Unigue Reflections 9478

R [all data] 0.0557

Rl > 1204 (1 )0.0378
WR [all data] 0.1059
Goodness of fit 1.034
Refinement Program [SHELX
Refinement Mode Single
Flack Parameter n/a

Table 4.2. Xay data for CTS 4.1
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Figure 4.2. ORTEP diagram of asymmetric unit of CTS 4.1. Displacement ellipsoids are drawn at the 5086 probabi

level. Hydrogens are omitted for clarity.
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CTS4.1crystallisesn thetriclinic crystalsystemn thecentrosymmetrispacegroupP-1. The
asymmetric unit contains two crystallographically independent BEDF molecules, one
racemic borate anion and8% water molecules with the formula (BEETF).Br/{(R/S-
malate)}.(H.0).5 Only two of the six possible diastereoisomers are present in the lattice,
BrRSandBsRS Each borate anion contains bothRarand anS- malate ligand and they differ

only inthe configuration at the boron centre with each anion of the racemic pair present in the
unit cell (Figure 4.1). This is the first example of spontaneous diastereomeric induction within

the electrocrystallisation environment. Figure 4.2 above shows th&EPRiiagram of the

asymmetric unit with numberirgcheme.

Figure 4.4. Layered structure of CTS 4.1 viewed along dhes.
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Figure 4.4 abovehows the layered structure of CTS 4.1 viewed aloag txis. The water
molecules occupy the space left by the outlying@®BIOH sidechains. The anions alternate
between BRSand BRSthrough theab plane. The crystallographically independent donors
pack separately in each stack alongalaeis with stackslternating along thk axis.

Each independent donor forms separate stacks alorgattie and the stacks lie side by side

in theb direction. This corresponds to the alglhpe packing motif with the two planes of
donors arranged at an angle of 70.646nor layers are separated in thdirection by the
hydrated insulating layer, containing the borate anions and hydrogen bonded water molecules.

Each donor has thirteen sitieside S...S contacts below the sum of the vdW radii (3.6 A).

Figure 4.5. Domopacking of CTS 4.1 viewed along ¢texis. Donor A is coloured green and donor B coloured

dark blue. S...S contacise shown in light blue lines.

Figure 4.6 shows donor A, pictured above in green. Short sulphur interactions below the sum
of the vdW ralii (3.6 A) are shown in red dotted lines. Contacts atoms are shown in black,
contact length and central TTF bond lengths are shown in green. The donor makes a total of

thirteeno ipd aanddd of p | agidetd-sideS...ScontactsDueto thesegregagdstacking
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between donors A and B all contacts are with the other independent donor B. The terminal
ethylene groups both show the half chair confirmation with eaércaspon displaced
equidistant from the plane of the central TTF unit, the displacedrando not eclipse one
anothemwhenviewedalongthelongaxisof theBEDT-TTF molecule Estimationof chargeper
Kepertet al. methodof averaginghe centralTTF bondlengthsagreewith a donorchargeof

*0.5. The side on profile view Figure 4.7, shohattthe entral TTF portion of the donor

remains relatively planaxcept forthe terminal spcarbonswhich are considered to have’sp

hybridised valence orbitals.

b
~

@,&—-&—b-*ﬁrvt

w

Figure 4.61éft). CTS 4.1: Donor A with S...S contacts drawn in red and contact lateetied in black. Contact
length and central TTF bond lengths kdeelledin green. Figure 4.7ight). CTS 4.1: Side on profile view of donor

A.

Figure 4.8 shows donor B, pictured above in blue. Short sulphur interactions below the sum

of thevdW radii (3.6 A) areshownin red dottedlines. Contactsatomsare shownin black,

contact length and central TTF bond lengths are shown in green. The donor makes a total of
thirteen O6in pl an-o8idedbnd cortasts with dohor A The temdd s i d e
ethylene groups both show the same confirmation as donor A; the uneclipsekaialfvith

each spcarbon displaced equidistant from the plane of the central TTF unit. Estimation of
charge per Kepedt al method of averaging the central TTF bormils calculate that donor

B also carries a charge @.5. This is in good agreement with the formula stated above and

both donors satisfy the monovalency of the racemic borate anion. The side on profile view,
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Figure 4.9, shows the central TTF unit to fiedatively planar until the terminal ethylene

groups.

7

Figure 4.8l¢ft). CTS 4.1: Donor A with S...S contacts drawn in red and contact atoms labelled in black. Contact
length and central TTF bond lengths are shown in green. Figuregh®.(CTS 4.1Side on profile view of donor

A

The insulating layer packs in thb plane with each layer containing an equal number of each
anionsin theracemicpair. Theanionlayercontains2.85watermoleculegperborateanionand
these are hydrogen bonded thgbaut to create a network of hydrogen bonding interactions

between the water molecules angdBR/9mal}] ~anions.

Figure 4.10Hydrated anionic layer of CTS 4.1 as viewed along ¢hes.
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The two carboxylic hydrogen atoms are each hydrogen bondezi¢o molecules (1.78.85

A), one of the waters is also hydrogen bonded to two borate ring O atoms (2.05 and 2.15 A),
while the other water is hydrogen bonded to a ring carbonyl oxygen (2.20 A) and to a third
water molecule (1.99 A). This third water malée makes a second hydrogen bond to a ring
carbonylO atom(1.93A). Donor A makestwo shortcontactswith two of thewatermolecules
(S7-013, 3.28(5) A and S®11, 3.142 A) and donor B has one short contact with a borate

anion (S10...04, 3.14(%).

Figire 4.11. Capped stick diagram of the anionic layer in CTS 4.1 with hydrogen botetiacfions shown in

light blue.
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41.13SéS Contact s

Contact |Atom Atom Length / A
1 S1 S10 3.539(12)
2 S1 S12 3.594(18)
3 S5 S16 3.475(18)
4 S7 S16 3.582(11)
5 S2 S9 3.497(10)
6 S4 S9 3.569(18)
7 S8 S13 3.569(18)
8 S8 S15 3.512(10)
9 S8 S10 3.499(8)
10 S8 S12 3.587(9)
11 S1 S13 3.477(3)
12 S1 S15 3.469(8)
13 S7 S9 3.563(8)

Table 4.3. Short sulphur interactions in CTS 4.1 below the sum of the vd\(Bradh).

There is a total of thirteen short sulphur interactions below the sum of the vdW radii (3.6 A).

The shortest of these is between donor Adombr B (S1...S15, 3.469(2) A).

4.1.1.4 C=C Bond Length Charge Calculations and Raman

A - Green B - Blue

C=C Bond Length / A [1.364(3) [1.362(4)

Table 4.4. Central C=C bond lengths for donors A and B in CTS 4.1.

ThecentralC=Cbondlengthsfor thetwo independentlonorspresenin CTS4.1arepresented
above in Table 4.4. The two values are very lsimand it can be deduced that both donors

therefore carry the samsbarge.
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AT Green B i Blue
a/A [1.364 1.362
b/A [1.740 1.739
c/A [1.749 1.749
d/A [1.354 1.352
¥ 0.771 0.774
Q [0.593(x0.1) [0.571(x0.1)

Table 4.5. Charge estimations acdogito Keperet all?l average TTF bond length calculations for CTS 4.1.

Charge estimation for the two independent BEDIIF molecules in CTS 4.1 suggest that the
two donors both carry equal charges@b. This is in good agreement with the central C=C

bond lengths.

120 1455.96 crmt

100

80

Intensity
(e}
o

N
o

N
o

800 1000 1200 1400 1600 1800 2000
Raman Shift ¢ém-1

Graph 4.1. Relative intensity against the Raman &hifa single crystal of CTS 4.1

Reproducible room temperature Raman measurementawaele on several crystals of CTS
4.1.Thestretchingrequenciegxpectedor a2:1 BEDT-TTFradicalcationsaltare14571471
cm*and14881498cm™ for thegsandgs modesrespectively.

Although the spectrum above is noisy, the observation of high intensity peaks between 1450
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and1480cm!areconsistentvith thepresencef two *0.5radicd cations Thehighestintensity

peak is labelled for reference. Along with central C=C bond lengths and charge estimations it

can be concluded that CTS 4.1 is a 2:1 radical caatin

4.1.1.5 Magnetic Data
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Graph 4.2. Temperature depengiemagnetic susceptibility for CTS 4.1

Magnetic susceptibility measurememgre performedusing only 0.38 mg of randomly
orientated polycrystallineample Thedatahasbeenfitted to theCurieWeisslaw by Prof. H.
Akutus of Osaka UniversityNo magneic transitionis observedrom3007 2K whichsuggests
thattheground state of the salt is namagnetic as is expected from the BEDTF molecular

charge calculations showing that the salt is not in the paramagnetic charge disproportionation

state at lest down to 15(K.
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4.1.1.6 Band Structure Calculations

Graph 4.3. Band dispersions and Fermis surfaces for CTS 4.1 at 150 K (a) and 250 K (b).

Huckeltight bindingbandcalculationavereperformedor CTS4.1at150and250K. Theband
dispersions anéfermi surfaces are shown in Graph 4.3a and 4.3b respectively. There is no
significant difference between the results at either temperature. CTS 4.1 has an electron and a

hole pocket which suggests that the sadieimimetallic.

169




