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By Daniel Jackson

A rich variety of symmetric and non-symmetric liquid crystal dimers have been synthesised
and studied in order to investigate their structure property relations; in particular their
flexoelectric properties.

The project is introduced in Chapters 1 and 2 where Chapter 1 gives a brief general
background to liquid crystals and liquid crystal synthesis, and Chapter 2 gives a more detailed
background to the flexoelectric effect.

The research can be broadly divided into two parts. Chapters 3 and 4 focus on seven
conventional non-symmetric liquid crystal dimer series containing two mesogenic groups
ether linked through a flexible spacer. These non-symmetric dimers all contain a
cyanobiphenyl mesogenic group at one end and either a poly-fluorinated biphenyl or a
phenyl-cyclohexyl-alkane mesogenic group at the other. Almost all these materials possess
nematic phases (and in one series a smectic phase) and show strong flexoelectric coupling to
an applied field with some experiments yielding very large values for the flexoelastic ratio.
Chapter 5 focuses on two series of bent core liquid crystal dimers, where the long chain
spacer is divided by a catechol or resorcinol based disruptor group. The disruptor is located in
the centre of the molecule and symmetric cyanobiphenyl mesogenic groups are at each end.
These materials show a curious odd-even effect in the nematic-isotropic transition
temperatures which is further investigated in Chapter 6 by reducing the symmetry of the
compounds and studying the changes in the transitional properties. This was achieved in one
series by changing the relative position of the catechol linking group along the spacer chain
or, in a different series, by altering one of the mesogenic end groups to a di-fluorinated
biphenyl (a mesogenic moiety studied in Chapter 3).

The liquid crystal properties were investigated by optical microscopy, differential scanning
calorimetry and deuterium NMR spectroscopy. The flexoelastic ratios were determined from

the dependence of the tilt in the optic axis on an applied electric field.



Acknowledgments

For me, this PhD has been a journey — and a long one at that! As with any long
journey there have been a huge number of people supporting me along the way and
here [ have an opportunity to thank them.

Every journey has a beginning and mine really started at St Mary’s College in
Southampton, a mere forty minutes walk from the university — it was here that I fell in
love with chemistry and decided that I was going to do a PhD in the subject (probably
earlier then most). It was here that I met and was taught for four years by Terry
Simmonds the then head of Chemistry. Even at university I do not think I have ever
met anyone with such an infectious enthusiasm for chemustry. Clearly (and rightly)
convinced that chemistry was the most fascinating, useful, rewarding and important
academic subject on the curriculum he was an inspiration to me. In fact [ did not fully
appreciate how large an impact he had made on my academic career in the subject
until I was forced to make the adjustment to learning from other tutors at university —
a culture shock which nearly saw me quit my degree. Terry’s instinctive and precise
knowledge of such a wide range of chemistry was set a very high standard to aspire to
and one which 1 am convinced I have still not suitably obtained, PhD or not! I am
however convinced that the most important period of learning in this subject comes at
A-level and to him I owe a deep sense of gratitude for the time, energy and patience
he willingly gave me ensuring a rock solid foundation in chemistry which has and will
last me my career.

Moving on to university, the two most significant figures in my nearly nine-year (!)
affiliation, were Martin and Geoffrey who tirelessly supervised my somewhat
extended PhD. Martin’s work really started some years before when he, beyond all
other members of staff in the department took care to keep an eye on me during my
undergraduate years. During my attempts to survive the culture shock which was
doing an undergraduate degree Martin, on more than one occasion and, I think,
without always realising it, provided me with the encouragement I needed to
persevere and not give up. Indeed it was only at the end of my degree that [ found out
how much he had kept an interest in my well-being, through the friends and
housemates of mine whom he knew. Martin, in a double-act with James, wooed me

into reconsidering a PhD as an option after having lost confidence in my ability

11



during my final year in undergraduate. So in many respects I owe him not just my
PhD but also my undergraduate degree as well.

Geoffrey has taken the leading role in supervising my PhD and, as such, has worn the
brunt of my disappointments and been architect of my successes. He has worked
tirelessly to educate me in the science of liquid crystals, explaining to me with great
patience the background I needed to know to understand the subject 1 was studying.
He was and is always generous with his time with everyone who is in his group
holding an interest in not just their academic advance but also their personal well-
being. The hours which Geoftrey has poured into my work is phenomenal and unlike
any other supervisor in the department. His eye for detail and determination to get the
best result possible meant that he not only read the liquid crystal science in my reports
but also worked his way through the organic chemistry and experimental sections. His
care over my work has been both constant and complete, and I am greatly indebted to
him for always going beyond what is required of him as a supervisor to get the best
out of my work.

Second in the line of fire after my supervisors is my advisor George, who in spite of
his extremely busy schedule, always took the time to help advise, listen, explain (in
some cases decode) the science I was attempting to write about in my Thesis. With a
wit which is razor sharp and sense of humour which is a dry as the Sahara, George has
been both kind and sensitive at the times I have needed it, offering practical advice,
suitably cruel questions in my transfer viva and suffered has my sometimes hounding
attempts to get his time and attention. I, to this day, do not know anyone else from
whom he runs from quite as fast as me! And as a reward, I presented him with a
Thesis to read which was alimost as along as his.

From there I should move to my parents who, [ can imagine, never dreamt this
journey would take so long, have supported me unfailingly throughout. Wherever
possibly they have made every attempt to lighten my load to allow me ’the space to do
the work that needed to be done, but also to have a chance to relax between times.
During these past years they have shared not only the highs and lows of the PhD, but
also the many ups and downs of my personal life during this time — and there have
been many. Whilst I matured and my approach to life changed, they maintained a
constant support to me regardless of how well or not [ was handling the situation they
provided love, support, time, money and service to me throughout, never stopping and

never counting the cost. They exemplified Paul’s teaching to the Corinthians on love

1ii



and even in the final hours, Dad was helping with corrections and printing whilst
Mum waited on us providing much needed coffee and food. As much as I owe
Geoffrey and Martin for their direct support of my PhD I owe my parents more for
their support of me generally through this testing time.

During the majority of the time I spent throughout my Thesis, my now ex-finaceé Zoe
spent much of her time supporting me in spite of the battles she was fighting in her
own life. The effort which we put in to help each other overcome the goals we had set
ourselves in some respects cost us our relationship. During this time, she spent many
hours, supporting me in ways which few if any saw. Her patience with me was un-
ending and she bore with me during times when it all seemed hopeless (these
moments happen in all PhDs I am reliably told). Not more so then when I was ill, she,
along with my parents, bore the brunt of getting me back to fighting fitness. I am
blessed that she has become as good a friend to me now as she was partner to me
when I was doing my PhD. It is to the support which was unseen to everyone else that
I thank her most whole-heartedly for.

There are three things which a PhD student needs to get right before starting, a good
supervisor, a good area of study and a good group to work in. The Grossel group has
been all that and more. Having working in it for nearly 2 PhDs worth of time I have
seen many changes in the group dynamic as colourful characters (which seems to be a
constant trait of Grosselites) have come and gone. To mention everyone would take
too long in what is already going to be a rather extended acknowledgments section.
However during my stay I have been blessed with two very close friends, more like
family, in the form of James and Polski. James [ knew in my undergraduate years and
played a vital role in helping me make the decision to undertake the PhD and then,
when life turned upside-down, patently listened to me as I tried hard to figure out this
thing called life often keeping him awake in the early hours when clearly he needed to
go to sleep! Always loyal and always ready to help — even for an 8 hour round trip to
the midlands at midnight. One of my first recollections of Polski was his attempts at
helping me purify a starting material. I was unable to do this and he took a couple of
hours out of his afternoon to help me. This was an event which would repeat itself as
he selflessly gave his time to help me, be it in the lab, online game or refitting a
printer (which he did not so much help as do single handed such was my lack of skill
for the task). You cannot make it through life without good friends, and I have been

blessed to have these two in my life to be mine.

v



A few other notable mentions in the group include Alan who has been patience
personified whilst I shared his fume-cupboard in my final year of writing up. He has
endured my disorganisation and maintained a sense of humour which is disturbingly
similar to my own (you may want to get that seen to Alan!). Andrew must clearly be
mentioned as the inspiration for my use of the PhD comics in on my cover pages and
Jon’s general organisation in the lab, bringing order to chaos, printers to bear,
computers to heel and Martin (almost) under control has been legendary. Georgie has
given the group the much needed ‘feminine touch’ which we wayward men would
have otherwise lacked, but I must particularly thank her for reading no less than two
of my long chapters whilst herself battling to finish her PhD. In the midst of her
stresses she took the time to work through two particularly poorly written chapters
making invaluable suggestions struggling with an area of science which is hard at the
best of times. I could go on, but thanks should also go to Sophie who helped me in my
early years of PhDing, Michael, Alex, Andy, Chris, Francesco, Alain the plethora of
project students (and anyone else I may have missed) all of whom have contributed to
five enjoyable years in the group.

Outside of the Grossel group is Azizah and Tim who ran several deuterium NMR
experiments which are included in the Thesis.

Within the department there are many people who should be thanked, these include
Neil and Joan in NMR; the ever patient John and Julie in mass spectrometry; Claire,
dealing with all matters financial in my PhD; Sally for answering with just about
every other kind of departmentally related question 1 have ever had; Bevy for looking
after me when letters had to be written, Thesis submission problems arose... (the list
goes on...); and all the other administration staff who, over the years have kept the
department and me afloat when all around was sinking.

Beyond the Chemistry department I must also thank Merck in Chilworth for providing
a large portion of the funding, numerous materials, microscopy cells and expertise
without which my research would have been impossible. All the staff at Merck were
extremely helpful and readily gave up time to help me in my many desperate times
working at Chilworth. 1 should especially like to thank Doina lonescu, Cecile Schott
and Kevin Adlem for their help in supervising my PhD from the industrial
perspective. During my postgraduate work it was they who were my first port of call
at Merck, locating information and showing me the complexities of making

flexoelectric measurements on my samples. When a synthetic chemist attempts to do



physical chemical measurements, patience is a must and theirs with me was
seemingly endless!

Also 1 should thank Prof. John Seddon for his work with X-ray diffraction
experiments and the time he took to introduce me to Cliff Jones in the BLCS meeting.
Finally there has been huge support from friends, Lili, Phil, Louise, Moina, Alex,
Faith and Hannah to name but a few. Many have listened particularly in the last days
to my endless ‘it’s nearly finished’ and then me explaining to them what was left to be
done, to them, who have left chemistry years ago. The staff at St. Mary’s College,
particularly Bryn, who lent me their support whilst I was both teaching and PhDing at
the same time, and the classes whom I taught, particularly my Year 10 (now Year 11
class of 2007) classes both of whom gave much colour to my time there (by request
Sam and Izy wanted a specific mention — well girls here is it, as promised!).

I would very much like to thank all the members of SonRise Church, particularly
Pastor Mary, who have continually supported me, most importantly in prayer during
my entire time at University.

This leads me to the most important thank you. I entered into this PhD without
thinking to ask my Heavenly Father whether this was the path He wanted me to take.
In spite of that, from the very first day when I cried out to Him because it was all
going wrong, He has lovingly taken care of me. He surrounded me with the best
colleagues, family and friends I could hope for and blessed me with success when I
was least expecting it. He has remained completely faithful and utterly constant in my
life which has undergone several quantum leaps of change during this time. It is to
Him that I ultimately owe my talents in this subject and the people who have
supported me in achieving what I have in this work.

It is to Him that any glory from this Thesis rightly belongs, and I pray that He blesses

me in the next chapter of my life as much as He as in this one.

vi



Volume 1

ADSITACE ceveneneeasassssnrersesssneseessssesssssessssossssssssssssosssnsstrassasssersssstsssssssssessssssarsnssssssenassosassssssnnane i
ACKNOWIEAZEIMENTS c1erterrereisressressssssssssssssssssssssssssssssassessssssssssssssssssssaessnssnsnssassnsssasssssssnsnssnns ii
CONLEIILS suvererrerarerentersessraserasrsnsesstsssassassessssssosesssasssssssss aasssasessssessssss sassasssnsssssesssenssssesssess vii
1. An introduction to liquid erystalS.....cciineriiiineiisinneninninccnnerceernscsssnnssessanssanens 1
1.1. Liquids that are crystalline or crystals that flow? ... 2
1.1.1. What are liquid cryStals?....ccccomecuiiiiiciiiire st s 3
1.1.2. Ordering in HQuid CIyStalS.....coccoiririeiiciit e 6
1.1.3. Liquid crystal Phases......c..ccviviieroriie e 7
1.1.3.1. Nematic (uniaxial) Phase ........ccocccoviriieiiiniiiiiii e 7
1.1.3.2. SIMECHIC PRASES ..cuveeveirrieiie ettt 9
1.1.3.3. Nematic (chiral) phase ........ccccoveviviiiniiiiiic i 12
1.1.3.4. Nematic (biaxial) Phase .......ccccvveriiiiiiiiimiiii 14
1.2. Properties of liquid Crystals .......ocooeeioiiiiiii e 17
1.2.1. Structure properties reaCtIONS. ........cciciiiriiiiieiisie ettt es e 17
1.2.2. BlastiC CONSTANTS .......cviiiereeeeere e eie ettt st s s st e 31
1.2.3. Dielectric anisotropy and magnetic susceptibility ..o 33
1.2.4, VISCOSIEY . tvvenrerieiene ettt e s s ea et er et e bbb st et sa bbb 35
1.2.5. The FIeX0€leCtriC €ffECt .. coiiiuiiiiiiieeieie st 38
1.3. Measuring the properties of liquid crystals...........cocovviiiiiiiinii i, 39
1.3.1. Differential scanning calorimetry (DSC) ......cccooiiiiiiiii 39
1.3.2. Measuring the orientational order parameter using Nuclear Magnetic
Resonance (NMR)... oottt 41
1.4. Using liquid crystals in display devices (LCDS).....ccocoviiiiiiiiiiniiiiiccen 44
1.4.1. A brief historical OVEIVIEW ..coviiir e 45
1.4.2. Twisted nematic diSplay.......cccoouvererreriiiiciiie i 46
1.5. What makes a good liquid crystal for a liquid crystal display? ...................cooee. 50
1.6, RETBICNCES ..uvieeeee ettt ettt e e ettt et 53
2. An introduction to FleXoelectriCity. i viniivmiiisicsiniiniinnniiiesninenaneseee 57
2.1. A brief hiStOriCal OVEIVIEW ..coveevieerieerieieie sttt s e s 58
2.1.1. Piezelectricity in Hquid CIyStals ....ccccvviiveieiiiiiiiiie e 58
2.1.2. The flexoelectric bERAVIOUL......cc.ceiiiriiriieicrect e 60
2.1.3. The first measurements MAUE. ........eeuerueerririeeie et 62
2.2. Considering the quadrupolar contribution to the flexoelectric effect .................... 66
2.3. Notation and conventions for fleX0electriCity..........covvimiiiiiiniiiiciiiiiciiiie e, 69
2.3.1. Splay and Bend ... 69
2.3.2. The convention for the cOEffICIENtS. ....ecveerieriieceiiiiii i 72
2.4. Exploiting the flexoelectro-optic effect ... 76
2.5. Using liquid crystal dimers as a design motifs ........ocoovioiiiiriiiiiiiiiiies 85
2.6. Making practical MEASUTEIMENTS .........coeviiiiiiiiiiiiiie e 86
2.7 RETETEIICES .ot iveii ettt et ettt ettt et e sk es st s b e sb et bs e bbb e s s s e e 97

vil



3. Investigating the flexoelectric effect in non-symmetric conventional liquid

CrYSEAl QIMEIS .uovieiiieeiiriiiienisiniscnnnnnsscrsestearaeststes s ssesee s st ssasstssssns snaserassssussassesnsnsensansane 100
3.1. Introduction: Setting the benchmark..........cccccooiiiiiiiinii e, 101
3.2. Synthesis of novel non-symmetric dimers. ..........occocoiiiiiii i 103
3.2.1. Details of the SYNthesis.......ccoeoiiinniii e 104
3.2.2. Analysing the molecular characterization..........cc.ccceveevieiiiiiiiiciiiciin e, 107
3.3. Properties Of diMETS ....c.veiiuieuiieieii et e e 108
3.3.1. Melting points Of diMErs .......coccovevevirieiiiiiiiri e 108
3.3.2. Liquid crystal properties of dimers .........ccocoouvveiiiiiiniiiiiiiicccicc e, 109
3.4. Analyzing the physical data for CBONOBF; ......cccoooiiis 113
3.4.1. OPLICAl MICTOSCOPY -evevverririirieieirieieetisie et sttt s s et 113
3.4.2. Phase DERAVIOUT .....eeicuiiiiie ettt e e sete e s e et be et e 115
3.4.3. Orientational ordering of anthracene in the NEMAtiC..........cevvvenininiiicencinnns 118
3.4.4. Entropy Of transSition ...c..cocveeeecirciiciiii i s 120
3.5. Analyzing the physical data for CBONOBFOCEF3 .......ccccociiiiiiiiiccc 123
3.5.1. Optical MICTOSCOPY .vruveeririarieri ettt et 123
3.5.2. Phase BEHAVIOUT ....ccoooviiiie ittt sttt st e e et b st ee e 125
3.5.3. Orientational ordering of anthracene the nematic.........c.cccocvvenininininenncnnee 130
3.5.4. ENTOPY dALA ...eoviieeieteee e s 131
3.6. Analyzing the physical data for CBONOBF; ..o 133
3.6.1. Optical MICTOSCOPY «vveevrecuiiriiiitii ittt 133
3.6.2. Phase DENAVIOUT ......ccuoeiiiiiiieie ettt s s et 135
3.6.3. Orientational ordering of anthracene in the nemMatiC.........cccoeveevvecciereceinennnne. 137
3.6.4. ENrOPY data ..oooveieeceiiieieerie ettt 139
3.7. Analyzing the physical data for CBONOBF ......cccoooviiinini 141
3.7.1. Optical MUCTOSCOPY -vvemverreieurerieeesieiiiire s et e e 141
3.7.2. Phase DENAVIOUT ......cc.eiviiiiiriieie ettt et s s s 144
3.7.3. Orientational ordering of anthracene in the nematic............ccceeciviiniinicniiinnnn, 145
3.7.4. ENTOPY AALA c.ooviuiiietieireie ettt 146
3.8. Comparisons made across the four Series.........coovriviciniiiciiiiecce, 148
3.8.1. Comparing the Tnj aCr0oss €ach SEIIES ........ccocviiiriiniiiiiii e 148
3.8.2. Comparing T et 8CT0SS €aCh SEIIeS ...ovoveiieiiiiiiii e, 150
3.8.3. Comparing the mesogenicity of the different fluorinated biphenyl groups......151
3.8.4. Relating these observations to the flexoelectric properties..............cccoceecnvinacns 152
3.9. FIEX0EIaSticC PrOPEITIES ..eovrveeeteieetetiie ettt e st e 153
3.9, 1. PUIE SYSLEIMIS ....ceuteeeirieeie sttt ettt st et sr et et s eae e es e eae b 154
3.9.2. Estimating the pitchu......cccooieiiiciiiiiii 155
3.9.3. CBONOBE ..ottt ettt e b e 157
3.9.4. CBONOBFOCE 3. ...ciiiitiiit ettt sttt e e 161
3.9.5. CBONOBEG c.covie ittt ettt et ettt et e et et e et 163
3.0.6. CBONOBES .ocveeceieeeee ettt ettt st b st st e s 165
3.10. CONCIUSIONS ....ccvvietiiiiitiet ettt er e st et s s sas e 169
311, REIBIENCES ...vivieeeeie ettt ete ettt ettt sttt ene s sa e et e st 171

4. Non-symmetric conventional dimers using a phenyl cyclohexyl moiety.............. 173
4.1, BaCKGrOUNA .....eeecvieeeieie sttt e 174
4.1.1. The practical eVIdeNnCe........ccccvvieuirriiiiiiiii e 174
4.1.2. The theoretical EVIAENCE ......oviiiieieirieciie e e 177
4.1.3. THE EXCEPLIONS ..evvrrererreeeie et st er it sas et s ebe s s et er et enanes 186



4.1.3.1. Linear monomeric materials with large flexoelectric coefficients . 187

4.1.3.2. Even dimers with odd effects.........cocciiciiiiinis SRR 189
4.2. Synthesis of some novel non-symmetric dimers. ............coeeeiiiiirirnsninne s 191
4.2.1. Details 0f the SYNthesiS.....ccooocvevvieiiiiiienie et et 191
4.2.2. Analysing the molecular characterization...........cc.cccooiiiiiiiniicciiienicnie e, 194
4.3. Analyzing the physical data for CBOnNOPCHT ......ccccoeoiiiiiiiiiiiiiiicniceee 197
4.3.1. Optical MICTOSCOPY +ovververeemririerteiieeterit ettt ettt e e 197
4.3.2. Phase DERAVIOUT ....oovii ittt e e st 200
4.3.2.1. Comparing CBOnOPCH7 with CBOnOCB ........cccoviinveiriiiiee. 201
4.3.2.2. Comparing CBOnOPCH?7 with the non-symmetric Schiff-base
CBOTNOLO ..ottt ettt et sttt 203
4.3.3. Entropies of transition ........cecutereeecririiiiiiiie i 205
4.4. Analyzing the physical data for the CBOnOPCH3 Series .......ccccooviiviiiiiiiinnnns 208
4.4.1. Optical MICTOSCOPY wevvererieriieiearieiereeirert e e sttt s eb e s 208
4.4.2. Phase DENAVIOUT .......oovieieeiiiieeie ettt ettt e sneeinens 210

4.42.1. Comparing the CBOnOPCH3 dimers with the CBOnOCB series . 210
4.4.2.2. Comparing CBOnOPCH3 with non-symmetric Schiff-base

CBONO.2 oottt e b 211
4.4.3. Entropies Of transition .........ccoveiieemiiinieiiniee e s 213
4.5. Analyzing the physical data for 3CHPOnNOPCH3 ... 215
4.5.1. OPtiCal MICTOSCOPY «euververrerrimeereirieciestiirs et st ere s esae e s s ene s 216
4.5.2. Phase DERAVIOUT .........civii e e eereee ettt et e e e e 218
4.52.1. Comparing 3CHPOnOPCH3 with CBOnOCH3 ..., 218
4.5.2.2. Comparing 3CHPOnOPCH3 with CBOnOPCHT7 ... 221
4.5.2.3. Comparing 3CHPOnOPCH3 with the symmetric Schiff-base
3.0M0.3 e e e 223
4.5.3. Entropies of transSition .........coceeiceiiiiiiiiciiie s 224
4.6. FleX0elastiC PrOPETLIES ..ccveveveeiiieitire ettt e e 226
4.6.1. Investigating the symmetric CBONOPCH3 Series ..........cccoooviimiiiiiiiiciiniiinn, 227
4.6.2. Investigating the symmetric 3CHPONOPCH3 series..........coovviviviiiiiininnn, 230
4.6.2.1. PUE SYSLEIM ...viiniiieie ittt st e 230
4.6.2.2. SOINtions I E7...coiviiiiiieeccir et 232
4.6.2.3. Studying binary mixtures of 3CHPO110PCH3 and
CBOITIOPCH3 ...ttt s 236
4.6.3. Investigating the non-symmetric CBOnOPCH7 series.......ccocoocovveieniiiiiincne, 239
4.7, CONCIISIONS ..covetiaviiereece et e eetee et et et e asbe e s eesree et ebaesab e ettt e se e ss e saanseereeenaecrmnenen 241
4.8, RETEIEINCES . ...viiviiiiieiieeie ettt et e st e s en e 243
Volume 2
5. Examining cyanobiphenyl dimers with a kink in the spacer.........cccceeeernancnnenne. 246
5.1, INETOAUCTION ... ceiie ettt ettt sttt ettt s st e eb e e b e 247
5.1.1. Symmetric cyanobiphenyl dimers...........ccccoovvivuiiiiriiiniii 247
5.1.2. The use of disruptors in polymeric SYStemS ........ccevvevrevereeniiieieieic e 248
5.1.3. Quinone linked diMer SYStEIMS ......cevviiieiiiriiiiiiiire st e 251
5.1.4. Phthalate, isophthalate and terephthalate ester linked liquid crystal dimers.....252
5.2. Synthesis of novel kinked symmetric dimers. .........ccocoeiiiinininiiiiis i, 254
5.2.1. Details 0f the SyNthesiS.......cccovvrviiiiiiiiiicii s 254
5.2.2. Molecular charaCterization........ccevcveviererciniiiiicii i e 257

5.3. Physical data for the 1,2-dibenzoxybis-(-a-alkyl-w-oxycyanobiphenyl) series ...260

X



5.3.1. OPtiCal IMICTOSCOPY vverreeterreriraeiaatreraaiteetbeaestteessebe e saree e e s s aaessebaeere e etssssrenss 261

5.3.2. Phase BERAVIOUT ...oc.uieuieiiie ettt e et sb e b ens 265
5.3.2.1 Relating the structural conformers to the phase behaviour............. 265
5.3.2.2. Comparing Cat(OnOCB), to nOCB monomers........c.ccccceeeenenne. 270
5.3.2.3. Comparing Cat(OnOCB), to CBOnOCB (short).......cccoeceviieeiennn. 272
5.3.2.4. Comparing Cat(OnOCB); to CBO(2n+4)OCB (long)....c..ccveenneee.. 274

5.3.3. ENtropy Of tranSIION ..eeeeieioieeeie ettt e et e et te e e e 275

5.4. Physical data for the 1,3-dioxybenzene bis(-a-alkyl-w-oxycyanobiphenyl)

SEIIES +uveerveaueeereerserseeneeeste st es bt ens e et e sk et e e et s ea bt bt eb e eh e s e Shes e i b shae e e e et bt e et et enaeneenreans 278

5.4.1. OPLICAl IMHCTOSCOPY vverrrerurerreeerieriienteetetesiessiteatesbtetaesseebesaesee e essesssensaeseasenns 278

5.4.2. Phase BEhavVIOUT ......oooiiiiii it ettt st e e et e s 281
5.4.2.1. Relating the structural conformers to the phase behaviour............. 281
5.42.2. Comparing Res(OnOCB); with nOCB monomers ........c..coccoeeenee. 283
5.4.223. Comparing Res(OnOCB); with CBOnOCB (short) ..........ccccuueee... 284
5424, Comparing Res(OnOCB); with CBO2n+5)OCB......cccccoeeeivinnn 286

5.4.3. ENtropy Of transition .....cocceeeuiiriieriireeire e st e et s 288

5.4.4. Assessing the affect of the angular change in the core on the nature and

stability 0f the Phase ........ccooeviiiiii 289
5.5, CONCIUSIONS ...ttt ettt et ettt ettt e et ea b et sebs e st se e ebe et e e sanens 291
5.6, RETETEIICES ..oovviiiiiiii ettt ettt et e b e st e e b et s e e anseaneenseaes 292

6 Investigating the mesogenic behaviour of a non-symmetric kinked dimer

TGEEL cveeevreraeerteereeeseennecerasesasossoserssssssesssassasesssssstsssesntessessesstsssassstssenessanesssesteasssonssnsasesns 295
6.1 INETOAUCTION. 11eetevee ettt ettt e ettt et et s e et e e s et e b st e b e s eaeens 296
6.2 Synthesis Of MOMOIMETS .......cotriiiiiii ittt 297
6.2.1  Catechol based MONOIMETS ....cevrriieiiieiiicenteeree et et ee 297
6.2.2  Examining the role of the hydroxyl group........cccoeciiiiiiiiiiis 300
6.2.3  a~(2,4’-difluorobipheny-4-oxy)alkyl-o-bromide alkylating agent ............... 302
6.3 Synthesis of novel kinked non-symmetric dimers. ..........cccocooieiiiiiiininiine. 303
6.3.1  Details 0f the SYNTHESIS ...eoveireerieeieceietnceie et 303
6.3.2  Cat(OmOCB)(ONOCB) ...ciioiie ettt 304
6.3.3  Cat(OnOCB)(ONOBE)...cciiieiiieirec ittt 305
6.3.4  Analysing the molecular characterization...........ccccoorveiiiciinciiiniiiiiienae 306
6.4 Analyzing the physical data for Cat(OnOCB)(OmOCB) ........cc.coovvieiniviiniiiianns 306
6.4.1  Optical MICTOSCOPY .evcvvevirrineririe it sttt st s s 307
6.4.2  Phase behaviOUr ......c.ooviie it et et 308

6.4.2.1 Comparing these results with the symmetric dimers [Cat(OnOCB),] 310
6.4.2.2 Examining the phase behaviour of mixtures of symmetric dimers..... 314
6.4.3  Entropies of transition for Cat(OmOCB)(OnOCB) dimers ........cc.ccoevurneen. 322
6.5 Analyzing the physical data for Cat(OnOCB)(OnOBF2)..........ccceiiiiiiinnn, 328
6.5.1  OptiCal MICIOSCOPY . vervievreutiiiesiieieiie et sttt st s e e 328
6.5.2  Phase BeRavIOUL .......cceieiii ittt st 330
6.5.2.1 Comparing these results with the symmetric dimers [Cat(OnOCB)2]
and the non-symmetric dimers CBOnOBF2.............cociiiiinnnn 331
6.5.3  Entropy of transition ........ccccecivvviiiiiiiiiiniieiie s et 332
6.6 CONCIUSIONS......iiuveeeieeeeeetteetreetteetteeteeetae st eestesbeeresebesbbesb b ebsese e st sb e s e e sn e neseaaneenee s 334
0.7 RETETEIICES ...vveii et ct ettt et ettt et et e s s st st bt e e e 337



7. EXPerimental....cciiiiiiiniiciiinencnnniueonmosiniiininssssissanssessssssssseessnssssssmansssssssns 339

7.1. General EXPerimental ......c.o.ccoecciiiiieiieii ettt ettt et ae 340
7.1.1. Organic chemical characterisation INformation .........c.ccocoeeviiiniisnninc e, 340
7.1.2. Physical chemical characterisation data..........ccoccoiiiinninnneee s 341
7.2. Chapter 3 eXperimental........cocoiireriiiiiiiic i e 342
7.2.1. CBOnBr; 0-(Cyanobiphenyloxy)alkyl-m-bromide ........c.ccocccvvvreivnenireee, 342
7.2.2. CBOnOBEF,; a -(4’-cyanobiphenyl-4-oxy-)-o-(3,4’-difluorbiphenyl-4-oxy- )-
ALKANE (1ot e e e ettt et ettt 349
7.2.3. CBOnOBF;3; o -(4’-cyanobiphenyl-4-oxy-)-0-(3’,4°,5’-trifluorbiphenyl-4-
OXY-)=AIKANE -ttt e 357
7.2.4. CBOnOBF,; o -(4’-cyanobiphenyl-4-oxy-)-w-(3,3°,4’,5’-
tetrafluorobiphenyl-4-0xy-)-alkane...........cccooiiiniiniiii i, 364
7.2.5. CBOnOBFOCEF;3;; o -(4’-cyanobiphenyl-4-oxy-)-m-(3’-fluor-4’-
oxytrifluoromethylbiphenyl-4-oxy-)-alkane ...........ccecoviiiininiiinn 373
7.2.6. F;COFBOnOBFOCFs3; a,m-bis-(3’-fluoro-4’-trifluoromethoxybiphenyl-4-
VIOKY)-AIKATIE ...ovveiietiie ettt st e s e 380
7.3. Chapter 4 eXperimental..........coccocoiiiiiiiiiiiie e s 383
7.3.1. 3CHPOnOPCH3; a,w-bis-(4’-propyl-1’-cyclohexyl-4-phenyloxy)alkane........ 383
7.3.2. CBOnOPCH3; u-(4’-cyanobiphenyl-4-oxy)-w-(4’-propyl-1°-
cyclohexylphenyl-4-oxy)alkane...........ccccocooiiiinin s 389
7.3.3. CBOnOPCH7; a-(4’-cyanobiphenyl-4-oxy)-w-(4’-heptyl-1°-
cyclohexylphenyl-4-oxy)alkane...........cccoovevieiiiiiiiiii e, 396
7.4. Chapter 5 experimental...........occooieiiiiiiiiiii i 406
7.4.1. Cat(OnOCB),; 1,2-bis-[a-(4’-cyanobiphen-4-yloxy)alkyl-w-oxy]benzene......406
7.4.2. Res(OnOCB),; 1,2-bis-[0-(4’-cyanobiphen-4-yloxy)alkyl-w-oxy]benzene .....415
7.5. Chapter 6 experimental..........ccocoooiiiiiiiiii e 424
7.5.1. Cat(OH)(OnOCB); 1-[a-(4’cyanobiphen-4-yloxy)alkyl-m-oxy]-2-
hydroXybenzZene .........ccoovcceiiiiioiiiiiiei i 424
7.5.2. Cat(OMe)(O100CB); 1-[a-(4’cyanobiphen-4-yloxy)decyl-w-oxy]-3-
MELhOX YDENZENEC. ...ttt s 431
7.5.3. Cat(OmOCB)(OnOCB); 1-[a-(4’cyanobiphenyl-4-oxy)alkyl;-w-oxy]-2-[ o’-
(4’cyanobiphenyl-4-oxy)alkylL-m’-0Xy-]-benzene ..o, 432
7.5.4. F,BOnBr; a-(2,4’-difluorobipheny-4-oxy)alkyl-c-bromide...............cccocoes 440
7.5.5. Cat(OnOCB)(OnOBF,); 1-[a-(4’cyanobiphen-4-yloxy)alkyl-w-oxy-]-2-[a-
(2,4 -difluorobiphenyl-4-yloxy)alkyl-m-oxy-]-benzene ...........cccccovvnrnnnn 447
7.6, RELEICIICES ..vveevieieeiee ettt ee et ettt ettt e e bbb st e s st st b 458
AL APPENIX A coviniviininiiiiiniisissessnesersssssssessaessssssssessstassssssassssssssessssasssssssssassnsnssens 459
B. APPendix Bttt eensssst e sttt st ss s ssssassasaas 463
C. APPENAIX C aueverrencninnsiniscstesssssniisssssersssessesssssesssssssssssssossasssssasenssssasssssssnsanassass 467
C.1. Chapter 3 oot ettt bbb 468
C.1.1. CBONOBE ..ottt ettt ettt b st e s 468
C.1.2. CBONOBE; ..ottt ettt ettt s se e enne e 473
C.1.3. CBONOBE ... oottt ettt ettt et bt s e 479
C.1.4. CBONOBEOCTES .. cviiiiitie ettt ettt et et e e e 486
C.2. CRAPLET 4 oottt b et 494

X1



C.2.1. 3CHPONOPCHS3 M E7 .ot 494

C.2.2. CBONOPCH3 ..ottt ettt 502
C.2.3. CBOI1OPCH3/3CHPO1I1IOPCH3.......ociiiiiiiiiie e 509
C.2.4. CBONOPCHT ..ottt ettt e e b 512
D. APPENAIX D .uurecrinniiriniiiiiectentnssnereessnsensnnesnsssssesssssssssssssssassesnassnsssssssssssassssessans 520
D.1. CBOOOCB ...ttt e e s s 521
D.2. CBOYOBE; ...ttt s s e 523
D.3. CBOYOBFOCE 3. ...ttt ettt s s e 525
D.4. CBOYOBE; ..ottt e 526
D.5. CBOYOBES ..viitetieieeeeeet e st s e 528
E. APPENdiX E...cooviiiiitiiiniinininnnisinenenassnsinessetssssssesssssssssessssessansssssassssesnsssssssssaens 530
E. L Chapter 3 oot s e s 531
E.1.1. CBONOBFOCE; ..ottt 531
E.2. Chapter S c.ooieiiiitie e st e 532
E.2.1. Cat(O40CB ). ettt ettt e 532
E.2.2. Cat(O8BOCB )2 ueceienriieeiiiieeiieit ettt sttt s et s e 533
E.2.3. Cat{O90CB )1 cueuueeeiiiee ettt ettt b s 534

Xii



Chapter 5

Examining cyanobiphenyl dimers with a kink in the spacer

OK, SO YOU FINISHED A
PARAGRAPU, HOW'S

TAKE SOME TIME
TO APPRECIATE
MY RARE MOMENTS

"Piled Higher and Deeper" by Jorge Cham
www.phdcomics.com Used with permission
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5. Examining cyanobiphenyl dimers with a kink in the spacer

5.1. Introduction

With the knowledge that large switching angles and switching speeds could be obtained
from conventional dimers such as those discussed in Chapters 3 and 4, our early design
strategy for maximising the flexoelastic ratio focused more heavily on manipulating the
shape of the materials through insertion of new chemical groups. Rather than subtly
altering the chemical characteristics (i.e. changing the mesogenic moieties) resulting in
an alteration in the order and the conformational distribution, the overall shape of the
molecule was altered through the use of a small aromatic unit in the middle of the chain.
The effect was to create a small or moderate angular kink in the molecule which was
intended to increase the number of bent conformers in the nematic phase and reduce the

melting point. The greater number of bent conformers should increase the average

flexoelectric coefficients, €, and possibly reduce the elastic constant, K. Such materials

would be advantageous for use in display devices. There is also the possibility that the

new group could kink the dimer too much resulting in an increase in K and Ae.

5.1.1. Symmetric cyanobiphenyl dimers

It is known that reducing the molecular linearity of the liquid crystal destabilises liquid
crystalline phase.! Therefore distorting the shape of a dimer, making the molecule less
linear, is expected to destabilise the liquid crystal phase.

The cyanobiphenyl group was selected as the mesogenic group of choice for a number of
reasons. Primarily the group has been shown to stabilise nematic phases due to its shape
and large longitudinal dipole. Groups like the Schiff-base moieties were avoided because
they are prone to hydrolyse® and the lower melting dimers tend to give smectic phases® at
low temperatures. Equally, at this stage, fluorinated groups such as those described in
Chapter 3 were not used as they were not sufficiently mesogenic. Although terphenyl
groups are known to stabilise the nematic phase they also tend to raise the melting points
making flexoelastic ratios practically difficult to measure or use in a final device.” The
cyanobiphenyl group, also used in other flexoelectric dimers, comes from a readily

available precursor and is known to give large flexoelastic ratios in conventional dimers.’
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It is also the consistent component in all the non-symmetric dimers reported in this Thesis
making the cyanobiphenyl moiety the best candidate for use in flexo-studies of mesogens

with this molecular architecture.
5.1.2. The use of disruptors in polymeric systems

It is well-known in polymer compounds that substituted aromatics can be used to lower
the melting point by disrupting the molecular shape of the polymer.®” If the introduction
of a disruptor significantly unfavourably alters the length-to-breadth ratio of the molecule
the result is expected to also reduce the mesophasic properties of the system. With a large
nematic range, however, it is intended that the cost in a sacrificial loss of liquid crystal
stability is offset by gaining access to the mesophase at a lower temperature. In deciding
upon which disruptor group to use, there were several considerations. The group would
have to possess a shape which kinked the spacer group sufficiently to bias the
conformational distribution towards less linear conformers without destroying the liquid
crystallinity altogether. Incorporating this group into the structure had to be synthetically
straightforward with as few steps as possible (if necessary, more synthetically
sophisticated structures could be attempted once proof of concept was demonstrated).
There appeared to be literally hundreds of group which could have been used to introduce
a kink in the molecule. However there were some constraints on the selection of a given
group, in particular:

e [t should promote more of a bent structure than the corresponding conventional
dimers.

e Starting material should be commercially available and preferably cheap.

e Where possible it should not complicate the electronic structure of the material by
the introduction of unnecessary hetro-atoms as this could complicate our
understanding of where the molecular dipole lies and how this is affecting the
flexoelectric behaviour.

e It should not be so large as to destroy any liquid crystallinity

e It needs to be stable to the synthetic reaction conditions.

e The product needs to be thermally stable to melting and cooling cycles used in the

analysis of the liquid crystalline properties.
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e The starting material should ideally be compatible with the types of molecular
building blocks already available. (i.e. to react with the a,o-

bromoalkylcyanobiphenyl unit, there needs to be a nucleophilic centre on the

X X I I X

disruptor unit)

X
X X
1 2 3
X Z 7 <
X X X
4 5

Figure 5.1 Variety of cyclic ring systems which were considered as disruptor units to generate a bend in
the dimer structure. X represents either an oxygen or methylene unit.

This leaves a short list of only a few potential cores which are shown in Figure 5.1.
Synthetically, it is simpler to have hydroxyl groups at X rather than forming a methylene
link. The presence of oxygen in this position has the advantage of promoting the stability
of the nematic phase even though it does raise the melting point slightly.® Other linking
groups such, as esters which produce phthalate ester cores, were also considered (and
attempted in a few cases) however, these were generally found to raise the melting points
and lower nematic to isotropic transitions. There were advantages and disadvantages to
each group. Groups 1 and 2 were very cheap to buy and reactions involving double alkyl

substitutions are well-known’ however, there is a tendency for catechol and resorcinol to
Y

Y and

oxidise, especially under alkaline conditions. Naphthan-1,7-diol trimers are known'
are predominantly monotropic. The size of the naphthylene unit is also larger and
increases the melting point significantly. Groups 4 and 5 were interesting as the slightly
flexible nature the cyclohexyl ring would be expected to help reduce the melting point
and increase solubility'' however 4 is not commercially available and 5 is available but

only as a mixture of cis and frans isomers. Thus catechol and resorcinol were used as
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core groups to produce a range of kinked dimers based around a 1,2- and 1,3-substituted

benzene ring core.
For clarity the mnemonics of the series considered in this chapter are given with their full

systematic names in Figure 5.2.

Cat(OnOCB), (Chapter 5) Cat(OmOCB)(OnOCB) (Chapter 6)
1,2-bis-[a-(4’-cyanobiphen-4-yloxy)alkyl-o- 1-[a-(4’cyanobiphenyl-4-oxy)alkyl  -w-oxy]-2-[ o’-
oxylbenzene (4’cyanobiphenyl-4-oxy)alkyl-w’-oxy]benzene

et UaWas s nles
O/{/\}n\o F
oo { ) )on T

Res(OnOCB), (Chapter 5)
1,3-bis-[a~(4 -cyanobiphen-4-yloxy)alkyl-w-oxylbenzene

Cat(OnOCB)(OnOBF;) (Chapter 6)
1-[o-(4’cyanobiphen-4-yloxy)alkyl-w-oxy]-2-[a-
(2,4’-difluorobiphenyl-4-yloxy)alkyl-w-oxy]benzene

oot Dot O-Oro

Qui(OnOCB), (Chapter 5)
1,4-bis-[a-(4’-cyanobiphen-4-yloxy)alkyl-m-oxy]benzene

OMOCN

OH

Cat(OnOCB)(OH) (Chapter 6)
1-Jo-(4’cyanobiphen-4-yloxy)alkyl-om-oxy]-2-hydroxybenzene

Figure 5.2 Structrures, mnemonics and systematic names for the dioxybenzene substituted liquid crystal
dimers considered in Chapters 5 and 6.
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5.1.3. Quinone linked dimer systems

It has very recently come to our attention that a small range of dimeric compounds with a
1,2- or 1,3-dioxybenzene core have been synthesised and characterised.'> "> A reference
in these recent papers refers to an earlier publication in which a subset of the 1,3-
dioxybenzene kinked dimers with symmetric cyanobiphenyl mesogenic groups is given.'*
A short consideration of this work is given subsequent to the conclusions in this chapter.
The 1,4-dioxybenzene based analogues made by Furuya et al.'> have been known for a

considerably longer length of time and these results are given below.

240
220 .
200

O
=~ 180
=

160

140

120

Figure 5.3 The temperatures of transition for 1,4-dioxybenzene core dimers where m denotes T,y for
Qui(OnOCB); and Tc,;; m denotes Ty; for Qui(OnOCB), and A denotes Ty; for CBO(2n+6)OCB.]6

The Qui(OnOCB), dimers are likely to form linear geometries in the nematic and so it is
not surprising that the examples in Figure 5.3 were nematogenic and show both high
melting and N-I transitions, which are both larger than the corresponding conventional
cyanobiphenyl dimers (Note that CBO(2n+6)OCB is plotted in Figure 5.3 to take into
account the double spacer and the extra atoms in the disruptor group). This is not
surprising as the para-substituted aromatic ring serves to elongate the structure and to
make it more rigid. The other significant feature of Furuya’s dimers is that there are no
recorded transitions for the odd dimers. This is not as profound as it may first appear. It
was shown by Attard et al."’ that the constant high melting point of the odd dimers was

much larger than their Ty; and by introducing a side alkyl group on the core, the melting

251



point could be lowered enough to access the nematic phase. With these results in mind it
would be prudent to look at another set of series of dimers, where examples with bent and

linear disruptor groups have been made, and examine the effect of introducing a kink in

the molecule.

5.1.4. Phthalate, isophthalate and terephthalate ester linked liquid crystal

dimers

Benzene ester disruptors in liquid crystal dimers (phthalate (1,2-), isophthalate (1,3-) and
terephthalate (1,4-)) are known compounds reported by Attard and Douglass.' " The
behaviour of Schiff-base moieties compared to cyanobiphenyl moieties is substantial both
in terms of chemical stability and mesogenic behaviour. Similarly the difference in
transition temperatures between ester (as in these examples) and ether spacer linkers (as
in the materials reported later) is known to be significant.® However, in spite of these
differences, the comparison between ortho-, meta- and para- substituted benzene cores
may give some insight as to what will happen in the corresponding cyanobiphenyl
dimers. The structures of the considered materials are shown in Figure 5.4 and the

transition temperatures given in Table 5.1.

COOR
COOR
R Y
m
H
COOR
COOR

COOR

Figure 5.4 Structure of phthalate, isophthalate and terephthalate core, Schiff-base liquid crystal based
dimers. For the purposes of this analysis, n=3-6 and m=4.
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Table 5.1 gives the transition temperatures (available in the literature) for these series.

For the purposes of this Thesis, however, we shall restrict ourselves to a simple analysis

of the nematic-isotropic transitions for each series (see Figure 5.5).

m =4
n Cr SmF/I SmB SmC SmA N I
Ortho 3 e 100 e (38) e (58) o (64) e (67) e
4 e 86 e ° (50) e (56) e
5 e 83 ° (49) e (60) e (62) e
6 e 8l ° (57) e (65) e
Meta 3 e 116 o (104) e
4 e 96 o (79) o
5 o 104 e (85) e (101) e
6 o 83 e (57) e (62) e (64) e (79) e (81) e
Para 5 e 140 (132) o 148 o
6 e 114 °

Table 5.1 Table of transition temperatures in °C for phthalates, isophthalates and terephthalate core dimers
form=4andn=3-6. """ Only data for n =5, 6 for the terephthalates was available.

The most significant feature is that almost all the mesophases are monotropic. In fact

only the nematic phase of the para-substituted core for n = 5 is enantiotropic. This is

expected as the materials become more linear and the liquid crystal phase more stable.

)
~

150 - A -
140

130 v

120 '

110

100

Figure 5.5 N-I transition temperatures for the three series reported in Table 5.1 where A denotes the
phalate core series, A denotes the isophthalate core series and A denotes the terephthalate core series.

The plethora of different mesophases seen is almost certainly a consequence of the

mesogenic moieties used. Schiff-base mesogenic groups are known for exhibiting a
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variety of different smectic phases so it is not surprising that such a rich liquid crystal
polymorphism is observed. However the nature of these phases change with different
disruptor groups as they cause the molecule to be more kinked. Cyanobiphenyl dimers do
not show such a rich morphology and as we shall see later in the series that are studied,
almost exclusively, only nematic phases are observed.

For the phthalate based dimers, the melting points are reduced as the substitution on the
disruptor becomes closer. However, they fall by less than the corresponding Tx; resulting
in the monotropic behaviour. In the case of the cyanobiphenyl 1,4-dioxybenzene linked
dimers, the nematic phase is much more stable and from this we might be tempted to
predict that the 1,2- and 1,3-dioxybenzene core dimers should be stable enough to
produce an enantiotropic nematic phase for some spacer lengths.

In these series the nematic phase of the odd members appears to be generally more stable
than for the even, however the extent of the odd-even effect is lessened the more bent the
molecule becomes so much so that the phthalate cores show no appreciable alternation.

It is unwise to form firm expectations based on trends seen on a group of materials which
are very different in structure and chemical composition compared to 1,2-dioxybenzene
linked, cyanobiphenyl dimers. However the decrease in melting point and phase stability,
the increase in observable smectic character and the reduction in the degree of alternation
between odd and even members appear to show some basic changes with shape which

may well be mimicked by the proposed dioxybenzene core dimers.
5.2. Synthesis of novel kinked symmetric dimers.
5.2.1. Details of the synthesis

Synthesis of the 1,2-dioxybenzene and 1,3-dioxybenzene based dimers was achieved by
reaction of a cyanobiphenyloxy-a-alkyl-o-bromide with catechol or resorcinol,
respectively. Synthesis of the alkylating agent is described in full in Chapter 3 with

experimental details given in Chapter 7.
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V oSty -

N ek

(b) o+c/}:o
— H2
N= [ :]
n=4-12
o o)
C
(a) Catechol, DMF, K,CO;, Nal, 80°C N +Hﬂ?

(b) Resorcinol, DMF, K,COj;, Nal, 80°C

Figure 5.6 Synthesis of (a) 1,2-dibenzoxy-bis-(a-alkyl-w-oxycyanobiphenyl) dimer (Cat(OnOCB),); (b)
1,3-dibenzoxy-bis-(a-alkyl-w-oxycyanobiphenyl) dimer (Res(OnOCB),).

Chain 1,2-dibenzoxybis-(a-alkyl- | 1,3-dibenzoxybis-(a-alkyl-
length n ®-oxycyanobiphenyl) o-oxycyanobiphenyl)
4 52% 38%
5 46% 37%
6 34% 74%
7 24% 59%
8 68% 52%
9 45% 70%
10 92% 64%
11 60% 71%
12 63% 24%

Table 5.2 Yields of pure product obtained for Cat(OnOCB), and Res(OnOCB), series where n =4 — 12.

The synthetic route for each series is given in Figure 5.6 and the range of yields are listed
in Table 5.2. It should be noted that in the case of the 1,2-dioxybenzene substituted
materials the synthesis was conducted over the course of a year and not in numerical
order (e.g. 7 was attempted first). The variation in yields is, therefore, due to a number of
factors relating to the nature of the materials. These include increasing experience and
range of different techniques to achieve higher yields and purity. The final optimum

procedure is reported in Chapter 7 although some of the problems associated with the

255



syntheses are considered here. In the case of the reactions with resorcinol, lower yields
were generally found when the chain length was short where the cyanobiphenyl group is
close to the aromatic ring and so, presumably inhibiting the second substitution resulting
in yields as low as 38% for n = 4. When the chain is very long, where the chain
presumably gets in the way of the second substitution, the yields are also adversely
affected (e.g. for n = 12; yield = 24%). Although the double alkylation of the catechol
appears straightforward, control of the reaction to obtain good yields was less trivial. The
aerial oxidation of dihydroxy-benzenes to form a di-ketonic group which spontaneously
oxidizes to a variety of dark brown organic biproducts is well-known?®' and is vastly
accelerated in the basic conditions necessary for alkylation. Quantifying this process is
impossible, but can be crudely assessed based on the yield of the reaction. The most
straightforward way of reducing this side reaction is to remove the oxygen from the
system by nitrogen purging the solvent for up to 30 min immediately before use and
maintain a positive pressure of nitrogen over the reaction during its course. In spite of
this, some oxidation inevitably did take place. The solvent of choice for this reaction was
dry, HPLC grade DMF, due to its high boiling point and solubilising properties. In each
case the anion was preformed (visible by the clear change in colour to a pale blue on
addition of base before the onset of oxidation).

Generally the reaction was left for an extensive period of time. Even with the sodium
iodide as the catalyst better yields were generally obtained if the reaction was left for
seven days rather than three and certainly better than just overnight. Given that this
alkylation is an SN, type reaction occurring twice there are two steps in the process.
From qualitive analysis of the electronic inductive (I+) and mesomeric (M+/-) effects of
each successive alkylation, the second deprotonation and alkylation is likely to be the rate
determining step (since formation of the anion will be destabilised by an 1+ movement of
charge into the aromatic ring resonating to ortho and para positions). Thus it would be
expected that a significant quantity of monosubstituted material would be produced and
this is indeed what is observed. Such is the difference in acidity of the protons that
sodium hydride is used in preference to potassium or caesium carbonate when

deprotonating the second hydroxyl group in the non-symmetric syntheses (described in
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Chapter 6) however, curiously, the use of sodium hydride in the symmetric synthesis
made no difference to the yield when used in symmetric synthesis.

It should also be noted that literature preparations of dialkylated catechols also include
procedures involving ethanol and potassium hydroxide. This method was attempted but
gave a chronic yield of 8% with a poor recovery of starting materials. NMR of the crude
showed no major biproduct. As such the procedure was not pursued any further.
Procedures involving phase catalysts tended to use DCM or chloroform as the organic
solvent. Since the previous reaction gave poor yields at low temperatures (comparable to
refluxing chloroform) this method was not investigated further.

Workup was generally achieved by one of two methods depending on the availability of a
vacuum with sufficiently low pressure to be able to remove DMF below 90 degrees by
rotary evaporation. Where this was not possible workup was achieved by precipitation of
the product by addition of water followed by filtration through celite and washing with
water. In one case (n = 8) crystallisation from neat DMF was achieved but this was never
repeatable and the crystal structure is given later in Figure 5.7.

Synthesis of the 1,3-disubstituted materials was achieved by a very similar method. DMF
was removed by rotary evaporation and treated exactly as for the 1,2-dioxybenzene
series.

Purification had to be achieved through column chromatography. However, in the case of
the 1,2-dioxybenzene compounds, this was complicated by the monomer and dimer
having very similar Rf values irrespective of the solvent polarity. This was due,
coincidently, to the polarity of the free aromatic -OH group on the monomer being
equivalent in its attraction to the silica compared to the extra molecular weight on the
disubstituted dimer. This became increasingly more problematic as the spacer length
became longer. It was fortuitous that the 1,3-dioxybenzene derivatives were more easily
purified as the separation by column chromatography was considerably better.

The monosubstituted catechols are discussed in Chapter 6 and fully characterised in

Chapter 7.
5.2.2. Molecular characterization

Insolubility of the cyanobiphenyl moiety is widely known by those chemists who handle

it in the synthetic lab. Generally chlorinated organics are the solvents of choice. These
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materials were no exception as they tended to dissolve only in THF, DMF and
chlorinated solvents at room temperature. This limited the solvents available for both
chromatography and crystalisation. In the case of the latter, a variety of solvents were

used with little success and then only for even dimers.

Figure 5.7 The unit cell of (top) Cat(O80CB), containing six molecules, three in the asymmetric unit
(found in Appendix E); (bottom) Cat(O90OCB), containing 8 molecules, 1 in the asymmetric unit (found in
Appendix E).
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Indeed until very close to completion of this Thesis, no odd dimers had been successfully
crystallised and studied via single crystal X-ray diffraction. However we have data now
for Cat(OnOCB), where n = 8 and 9 which n = 8 crystallised from DMF and n = 9 was
recrystallsied from ethyl acetate.

We cannot reliably use conformational information from the crystal structure to predict
the conformational distribution in the nematic. However, it does reveal what structure the
crystal is likely to be melting from and, may offer some clues as to why the transition
temperatures behave as they do with changing parity. Also, as a straightforward
crystallographic comparison, they are interesting as the structure is very different to that
seen for conventional dimers.

Comparing the two structures for n = 8 and 9 (see Figure 5.7) we see that there are a
number of similarities between them. Their overall conformational structure is U-shaped,
the significance of which we will discuss later. Fundamentally each molecule can be
thought of in two parts, the aliphatic region which consists of the two methylene spacers
and the aromatic parts which consists of the two cyanobiphenyl groups and the 1,2-
dioxybenzene moiety. These regions appear to effectively separate in the crystal with the
aliphatic chains packing most closely together and the aromatic groups, particularly the
cyanobiphenyls arranging themselves to maximise a number of favourable intermolecular
interactions. The geometry of the aromatic groups in both cases suggest weak hydrogen
bonding between the cyano nitrogen and aromatic protons on a neighbouring biphenyl
which are similar to those found in di-cyanobenzene.”* The biphenyls tend to adopt a T-
shaped geometry from quadrupolar interactions (edge-to-face contacts) between the rings.
23,24

For both molecules these short contacts along with those originating from the ether links
are likely to be opportunistic interactions rather than structure directing which probably
results simply from efficient molecular packing.

On closer inspection of:the unit cell and the crystal data given in Table 5.3 we see that the
symmetry of the unit cell is different for each molecule and curiously, in spite of the
more disordered spacer chain, it is the Cat(O90CB), which has the higher symmetry. We
can also see that in both crystal structures the molecules are packed head-to-tail, however

the n = 9 has a 1:1 packing whereas n = 8 has a 1:2 ratio which is an artefact of the
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differing symmetry. Again, we cannot read too much into these differences as each
crystal was obtained from different solvent system however this arrangement forms a
pseudo-layer structure which is best appreciated when rotating the crystal structure rather

than from a stationary picture (see the attached CD).

CoHsNoO;4 a=94379(3) A T=120(2) K
RMM = 720.92 b =24.5343(10) A A=0.71073A .
Triclinic P-1 c=27.8878(11) A Dc = 1.213 Mg/im®
V = 5920.8(4) A® a = 109.848(2)° y=0.076 mm’
Z=6 B =96.750(2)° 0.10 x 0.10 x 0.06 mm°
Ry = 0.0576 y = 97.960(2)° Pale beige shard
CsoHssN204 a=8.8233(2) A T=120(2) K
RMM = 749.01 b=17.7886(4) A A=0.71073 A
Orthorhombic Pbca c=52.8278(12) A Dc = 1.200 Mg/m®
V = 8291.5(4) A® o =90.00° p=0.075 mm’”
Z=8 8 =90.00° 0.05 x 0.05 x 0.02 mm°
Ry =0.1294 y = 90.000° White shard

Table 5.3 Crystal data for (top) Cat(O8OCB),; (bottom) Cat{O90CB),

The parity of the spacer chain does result in some difference between the two structures.
The biggest difference is in the conformation where n = 8 is clearly more linear than that
of n = 9. This results from not only the natural shape of the all-trans odd spacer, but also
from the larger number of gauche links in both chains.

Primarily, however, there is a common conformational shape which is the closed U-shape
and although we cannot draw conclusions about conformations in the nematic from the
crystal structure, we can consider that this may be a plausible conformation in the
nematic. If we also consider the entropy of melting (given in Table 5.6) we see that there
is very little variation in ASpe/R with change in parity and all these values are
comparable to those seen for the CBOnOCB series.” From this we may speculate that
any change in conformation at melting is likely to be neither drastic nor particularly

different for either the odd or even dimers.
5.3. Physical data for the 1,2-dibenzoxybis-(-a-alkyl-m-oxycyanobiphenyl) series

The examination of the materials via optical microscopy to study their phase behaviour
revealed a variety of unexpected results. As we shall see, the nature of the phase (i.e.

nematogenic) was expected, however, the variation in the transition temperature as a
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function of spacer length was not. Beyond the microscope obtaining reliable physical
data on the 1,2-dioxybenzene disruptor series to unravel the mysteries of its behaviour
proved capricious. The DSC data, X-ray scattering data and “HH NMR spectroscopy gave

a series of results which were either uninformative, perplexing or both.

5.3.1. Optical microscopy

It is well known that the cyanobiphenyl dimers tend to favour nematic phases.” It is,
therefore, not surprising that the entire series synthesised show purely nematogenic
behaviour albeit monotropic in some cases. Most of the materials generally show
Schlieren textures consisting of two and four brush defects (see Figure 5.8 and 5.9)
consistent with a uniaxial nematic. In some materials in the catechol series there are a
remarkably large number (or though not exclusively) of two brush defects which are
thought to be indicative of a biaxial nematic phase.*

There is evidence that certain members of the series exhibit different crystal phases
depending on the temperature, rate of cooling, mechanical stress and the conditions of
crystallisation (i.e. from solvent or from the melt). For example, n = 8 for the
Cat(OnOCB) series melts sharply from solvent crystallised solid at 126 °C to an isotropic
liquid. On cooling it forms a nematic at 115 °C and then can be supercooled and
crystallised at about 100-105 °C. If this crystal phase is cooled rapidly and/or subjected to
mechanical stress a second crystal phase is induced and has been observed under the
microscope. Apart from the texture of the two crystal phases being quite different, the

structure of each crystal phase is unlikely to be similar as their respective melting points

are quite different.
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Figure 5.8 All optical texture pictures were taken on cooling showing nematic phases Cat(O40CB), taken
at 141 °C, 0.99Ty; (top left); Cat(O50CB), taken at 92 °C, 0.99Ty; (top right — note the bright region is the
liquid crystal texture, the darker areas are regions which are crystallising); Cat(O60CB), taken at 122 °C,
0.99Ty; (bottom left); Cat(O70CB), taken at 74 °C, 0.96Ty; (bottom right) .

The first crystal phase, formed on cooling, melts at ~109 °C into a nematic which clears
at 115 °C and appears to be enantiotropic. The second crystal phase is similar to that
formed from solvent crystallisation as it melts at 126 °C to an isotropic liquid. This
behaviour is reproducible and observed in the DSC traces for subsequent heating/cooling
cycles. This behaviour is observed in some of the other members of the series (e.g. n =6

and n = 10) and seen quite clearly in the DSC although it is not so easily observed under

the microscope.
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Figure 5.9 All optical texture pictures were
taken on cooling showing nematic phases
Cat(O80CB), taken at 113 °C, 1.00Ty; (top
left); Cat(O90OCB), taken at 67 °C, 0.94Ty;
(top right); Cat(O100CB), taken at 102 °C,
0.98Ty; (middle left); Cat(O110CB), taken
at  81°C, 0.97Ty; (middle right);
Cat(O120CB), taken at 101 °C, 1.00Ty;
(bottom left).
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Figure 5.10 DSC plot of the first heating and cooling cycle for Cat(O60CB),. Endothermic transitions are
given as peaks (e.g. on heating) and exothermic transitions are given as troughs (e.g. on cooling). Here we
see on heating, two separate melting peaks corresponding to the two different crystal structures in the solid.
The second peak vanishes for subsequent heating cycles as this polymorph is apparently favoured by
solvent crystallisation.

Figure 5.10 shows that there are two large exothermic transitions which correspond to
melting transitions. From microscopy observations made on the sample the two large
exothermic transitions correspond to two different crystal forms in the same solid
melting. Often this transition is only seen in the first heating cycle and successful
observation of these different melting transitions under the microscope (when the sample
is not a thin film) is capricious. This is compounded by the fact the microscope only can
see a small region of the sample. Where, under the microscope, the two crystal forms
coexist, it is possible to see some regions melt prior to others at temperatures
corresponding to those seen in the DSC experiments. Where this sort of polymorphic
behaviour is seen, data for the melting points is generally taken from the DSC results

(corrected to the microscope calibration).
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5.3.2. Phase behaviour

5.3.2.1. Relating the structural conformers to the phase behaviour

In Chapter 3 we built up a theory guided picture of how first uniaxial monomers behaved,
then biaxial monomers, and then finally we looked at flexible molecules like liquid
crystal dimers. It was noted that introducing the flexible spacer complicated the
calculations considerably since not only did they need to account for the geometry of the
spacer, but also its conformational energy, the length, the parity as well as the anisotropy
of the mesogenic groups.

Analysis of the liquid crystal properties of the dimers showed that whilst it was tempting
to consider the dimers in their all-trans form, this failed to quantitatively explain their
properties. For example, it would be expected that for the linear even dimers the ordering
should be like that of a monomer when in fact it is the bent (seemingly less anisotropic)
odd dimers which behave more like monomers. Similarly for the entropy of transition
(which is related to the ordering) the values for the even dimers are substantially larger
than would have been expected for a simple linear molecule like a monomer.

These differences are accounted for by the molecular field theory which includes all the
different conformations with the coupling between the orientation and conformational
order. It is found that the anisotropic environment favours the more elongated conformers
over the bent conformers subject to the constraints of the conformational energy needed
to adopt such a conformer.

From this we can conclude that looking at the all-trans or even a handful of
conformations does not give any reasonable quantitative indication of how the dimers
behave in the liquid crystal. However, this simplistic approach does provide some
qualitative appreciation of the odd-even effect in simple dimers. Therefore we may be
able to use this approach to gain some understanding of how the more complicated 1,4-,

1,2- and, later in Section 5.4.2.1, 1,3- substituted dioxybenzene dimers behave.
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We have seen in Figure 5.3 how the 1,4- dimer showed a large odd-even effect in Ty

Figure 5.11 Sketch of a 1,4- substituted dimer with an even number of atoms in the linking spacers in the
all-trans form. The mesogenic groups depicted in green are parallel to the para substituted benzene (shown
in red) emphasised by the blue lines.

Considering the shape of the all-trans conformer it can be seen in Figure 5.11 that for
even spacers the mesogenic groups are parallel to each other and to the central group
resulting in a highly anisotropic shape. The rigid central core helps support the anisotropy

along the molecule.
The odd spacers appear very similar except, as shown in Figure 5.12 they are no longer
parallel to the central group and the benefit of the rigidity of the linker is not only lost,

but it counts against the anisotropy in the molecule reducing the nematic stability

considerably.

Figure 5.12 Sketch of a 1,4- substituted dimer with an odd number of atoms in the linking spacers in the
all-trans form. The mesogenic groups depicted in green are not parallel to the para sunstituted benzene
(shown in red) emphasised by the blue lines.
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It should be noted however that the ‘odd’ spacer is in fact overall still even as each spacer
arm has been increased by one methylene each (over all two) symmetrically. However

this result still does not fully explain the very large odd-even effect observed.
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Figure 5.13 Nematic to isotropic transition temperatures for Cat(OnOCB)2 and CBOnOCB. Here, m
denotes Ty; for Cat(OnOCB)2 and A denotes Ty; for CBOnOCB.

Looking at the data for Ty; for Cat(OnOCB), we see that there is a distinct odd-even
effect as the spacer length increases. The behaviour which we observe is typical of an
odd-even alternation similar to that observed in Ty; for the CBOnOCB dimers (see Figure
5.13). A full comparative analysis between these two series is undertaken in Section
5.3.2.3. As with the 1,4-dioxybenzene linked dimers we should note that each spacer arm
increments by one symmetrically meaning that there should be no odd members and

hence we would expect there to be an odd-even effect.

Figure 5.14 Sketch of a 1,2- substituted dimer with an even number of atoms in the linking spacers in the
all-trans form.
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