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Research in the late 1940s in academic institu-
tions, most notably the University of Hull in the
UK, led to the development of liquid crystal
display technology in the 1970s, which has subse-
quently had a large impact throughout the
world. The liquid crystal technology is based
on simple organic molecules. Since the late
1980s, some liquid crystal scientists have turned
their attention to investigating the effect of
introducing a metal atom into the systems. This
review focuses on the major developments in the
field of ferrocenyl-containing liquid crystals in
which the organometallic group is situated in a
terminal position with respect to the core of the
molecule. Metallomesogens with terminal metal
atoms are not very common, since it can be
deduced from the theory of organic liquid
crystals that bulky terminal groups would not
be conducive to the stabilization of liquid crystal
phases. Nevertheless, a terminal ferrocenyl
group can stabilize a nematic liquid crystal
phase and examples of this will be discussed in
this review. Copyright © 2001 John Wiley &
Sons Ltd.
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1 INTRODUCTION

1.1 Historical

Friedrich Reinitzer's observation in 1888 that
molten cholesteryl benzoate appeared to exhibit
two melting pointd has resulted in him being
widely acknowledged as the originator of organic
liquid crystal chemistry. Vorlander described the
first examples of thermotropic metallomesodens
1910 with the discovery that alkali-metal carboxy-
lates formed classical lamellar phases. In 1923
Vorlander described the first examples of organo-
metallic liquid crystald based on diarylmercury
derivatives.

The discovery of ferrocene in 1951 heralded a
new era in the realm of organometallic chemis-
try.*> The discovery can, in many respects, be
compared to the more recent discovery of fullerene-
60° as both have opened up new horizons in
chemistry. The events leading up to and shortly
after the discovery of ferrocene are interesting.
The early years of research in ferrocene chemistry
were primarily concerned with the reactivity of
ferrocene and with the syntheses of new ferrocene
'derivatives. In 1974, Nesmeyanov and Kochet-
kova® published a thought-provoking paper entitled
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‘Principal PracticalApplicationsof Ferroceneand
its Derivativesin which the authorsdescribedthe
potential use of ferrocenesin a rangeof applica-
tions. The applicationscoveredincludedradiation
absorbersgyestuffs,combustionregulators medi-
cinal substancesand electron-exchangeresins.
Surprisingly, the potential use of ferrocenesas
liquid crystals was not mentioned and it was
another2 yearsbeforethe first paperappearen
the subjectof ferrocenyl-containindiquid crystals
(now termedferrocenomesogeh8 During the last
threedecade®f the 20th century,therehasbeena
generakenaissanci ferrocenechemistry,notably
in the field of materialschemistry™®

This review covers work pertaining to the
chemistryof new monosubstitutederrocenomeso-
gensin the period1976-19991t focusesprimarily
on ferrocenomesogeng which the ferrocenyl
group is in a terminal position, since this is the
areaonwhichwe haveconcentratedh ourresearch
and this aspecthas not received much attention
previously.Excellentreviewsare availableon the
general subject of metallomesogeﬁé‘13 and a
monograpthasappearedecently’

1.2 Applications

An attemptto utilize liquid crystallinematerialsin
weapondechnologyduringthe SecondWorld War
was largely unsuccessfuland liquid crystals
remainedprimarily of academicinterestuntil the
1960sIt wasatthattime thatscientistsealizedthat
theanisotropigphysicalpropertiesof liquid crystals
could be usedin a flat optical display device by
making useof the dynamicscatteringeffect. This
presenteda new challenge.Effective use of the
dynamic scatteringeffect required materialswith
liquid crystal phasesat or closeto room tempera-
ture. This requirementwas soon achieved, and
organicliquid crystalstook their placein device
technology. The twisted nematic liquid crystal
display was inventedin the 1970sand since that
time has found widespreaduse in electro-optic
devices, such as watches, calculatorsand more
recentlyin notebookandportablecomputersEarly
work on liquid crystalline materialsconcentrated
on organiccompoundswith researchon metallo-
mesogendecomingsignificantonly duringthelate
1980s.However,to date,therehavebeenno major
applicationsof metallomesogenis devicetechnol-
ogy. The incorporation of metals into liquid
crystalline compoundscombinesthe propertiesof
the liquid crystal (fluidity) with the properties
associatedwith metals (colour, electron density,

Copyright© 2001JohnWiley & Sons,Ltd.

magnetismandpolarizability). The hopeis thatthe
symbiosis betweenthe two may impart unique
propertiesto the newliquid crystalmaterials.

1.3 Terminology

A liquid crystalor mesogenianoleculeis onethat
formsa stateof matter(termedthe mesophasehat
is intermediatebetweenthe solid and the liquid
overagiventemperatureéange A metallomesogen
is a mesogenianoleculethat incorporatesa metal
atom,andif it incorporates ferrocenylmoiety,we
term it a ferrocenomesogenLiquid crystalline
compoundsareanisotropic.This resultsfrom their
shapesand may be ascribedto the significant
differencein length of one molecularaxis com-
paredwith the other two. The majority of ferro-
cenomesogengreparedto date, have been rod-
shapedmolecules,andliquid crystalline materials
with this shapeare known as calamitic liquid
crystals.In calamiticliquid crystals,onemolecular
axis is considerablylonger than the other two.
Another class of liquid crystalline materials is
known as discotics (generally moleculesin this
categoryare disc-shaped)in thesemolecules,one
molecular axis is considerablyshorter than the
other two. Liquid crystalline materials can be
further divided into two classesthe thermotropics
andthelyotropics.The phasebehaviourin thermo-
tropic liquid crystals is temperaturedependent,
whereadyotropic liquid crystal phasesareformed
by moleculesin a solventand are concentration
dependent-orathermotropidiquid crystal,during
the heatingcycle, the crystalphasechangego the
first mesophasdif thereis more than one) at a
transitionknown as the melting point. The transi-
tion from the mesophas¢o the isotropicliquid is
known asthe clearing point. The mesophasesan
be eitherenantiotropig(thermodynamicallystable)
or monotropic (thermodynamicallyunstable).In
the first the phaseis observedon both the heating
and cooling cycleswhereasn the latter it is only
observedn cooling.

The most common phases associated with
monosubstitutedferrocenomesogenso date are
thenematic(N) and,to a lesserextent,the smectic
A (Sa). The nematic phaseis the least ordered
liquid crystalphaseandis characterizetby rod-like
moleculeslined up in approximately the same
direction, but having negligible positionalcorrela-
tion. In the smectic phase,moleculeshave con-
siderable directional and positional order. The
introductionof a chiral centreinto a moleculewith
eithernematicor smecticphasegjivesriseto liquid

Appl. Organomedl. Chem.2001;15: 1-15
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Figure 1 Schematic representationof molecules in (a)
nematicphase(N) (b) smecticA phase(S, and(c) smecticC
phase(Sc).

crystals with the respective chiral phases.The
chiral nematic phase (N*) is often termed the
cholestericphase sinceit wasfirst observedwith

derivatives of cholesterol. The chiral smectic C

phase (Sc*) is currently receiving significant
attention becauseof its usefulnessn flat screen
technology.The blue (BP) and twist-grain bound-
ary (TGBA*) phasesare examplesof frustrated
phaseghat occuronly in chiral molecules.These
phasesreformeddueto thereductionin symmetry
resulting in unusual structural behaviour. The
moleculesarepreventedrom consistentlyadopting
their preferredpacking arrangementyesulting in

theintroductionof defectsThebluephaseoccursat
temperaturesabovethe cholesteriandthe TGBA*

phaseis the smecticanaloguethat is basedon the
smecticA phaseA schematiagepresentationf the
moleculesn someof thesephasess shownin Fig.

1. Far more in-depthdiscussionof definitionsand
conceptds givenin Refs14-16.

1.4 Structural requirements

Organometallicand metal—-organiamoleculesthat
exhibit thermotropicpropertiesusually haveeither
a linear elongatedshape(calamitics)or a disc-like
shape (discotics). These particular shapesallow

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 2 Most commonstructuralgeometricsof ferroceno-
mesogengmu: mesogeniainit).

intermolecularinteractionsthat favour alignment
andwhich arecritical for mesomorphidehaviour.
Themajority of ferrocenomesogenseparedsofar
arerestrictedo oneof the structuraltypesshownin
Fig. 2. In monosubstitutederrocenomesogenthe
ferrocenyl unit is located at the terminus of the
molecule ,whereadn disubstitutederrocenomeso-
gens,and the majority of other metallomesogens,
the metalis situatedat the centreof the molecule.
The incorporation of a ferrocenyl group in the
terminal position in a long elongatedmolecule
resultsin a monomoleculat-shape.In suchcases
the bulky ferrocenyl unit is expectedto lead to
repulsive steric effects, which would have an
adverseeffect on the intermolecularinteractions.
A possibleway of minimizing the unfavourable
steric effectswould be to lengthenthe mesogenic
unit (mu) in orderto improvethelength:widthratio
of themolecule Alternatively,themetalunit canbe
situatedat approximatelythe centreof a molecule
andthe chemistryof ferrocenomesogensasedon
1,7 and 1,3-disubstitutedferrocenes has been
reviewed in a monographby Deschenauxand
Goodbyin Ref 10.

2 MONOSUBSTITUTED
THERMOTROPIC
FERROCENOMESOGENS

2.1 Early work

In 1957, Grahamet al. reportedthat formylferro-
cene exhibited a liquid crystalline state between
45°C and 124.5°C.}" Subsequentvork utilizing
optical polarizing microscopy'® X-ray diffrac-
tion™® and Méssbauespectroscop’ revealedthat

Appl. OrganometalChem.2001;15: 1-15
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formylferroceneexhibitsa plasticcrystalphaseand
not a liquid crystal phasebetweenthe two tem-
peraturesThe structuresof the crystaland plastic
crystal statesof formylferrocenehave both been
shownto be orthorhombic.

2.2 Rapid growth of new
compounds

Malth&e andBillard describedhe synthesiof the
first examplesof mesogeniderrocenederivatives:
Compoundsavingthreestructuralvariationswere
synthesized(1-3 Fig. 3), and in each case,the
ferrocenyl group was situatedin a terminal posi-
tion.

The compoundshasedon structurel displayed
enantiotropicnematicliquid crystalphasesharac-
terized by their Schlierentexturesusing optical
microscopy, but exhibited relatively short liquid
crystaldomains.Compoundsasedon structure?
and 3 were monotropicnematogenicsThe results
of Malth&e and Billard® were surprising,sinceit
hadbeenexpectedhatmonosubstitutederrocenes
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Figure 3 Thefirst monosubstitutederrocenomesogens.
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would be poor compoundsfor stabilizing liquid
crystalline phasesowing to the bulky ferrocenyl
group disrupting the overall linear shapeof the
molecule. It was only in 1993, however,that a
publicationby Loubser,et al. shedsomelight on
thereasorwhy the terminalferrocenylgroupcould
betoleratedn aliquid crystal?* Theypublishedhe
first X-ray crystal structureof a monosubstituted
ferrocenomesogef#).
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Compound4 which containsa terminalferroce-
nyl group and laterally substitutedfluorine atoms,
exhibited an enantiotropic nematic phase with
relatively low melting and clearing temperatures.
Analysis of the molecular structure by single-
crystalX-ray diffraction indicatedthattherewasan
intermolecularassociatiorbetweentwo molecules
in neighbouringlayers.This resultedin an overall
extendeds-shapewith the ferrocenyl-phenylnits
forming the “core” andthe remainderof eachpair
of moleculesextendingin opposite but parallel
directions. Since 1993, Imrie and co-worker$?
have determinedthe X-ray crystal structuresof
severalother monosubstitutederrocenomesogens,
an examplebeing the structurally related4-octyl-
oxy-3-fluorobiphenit4’-yl-ferrocenylbenzoate 5.
The packingdiagramfor compound5 is shownin

/O
C/
| :: : \
Fe o OCgHy7
<>
F
5

K= 131°C_ N = 136°C -
80°C 135°C

Fig. 4 and helpsto illustrate many of the features
already describedfor compound 4. Again, the
ferrocenyl groups of moleculesin neighbouring
layers are virtually interlockedgiving rise to the
formationof an extendedS-shape.

Oneof thecrystalstructuresleterminecdy Imrie
et al. provides evidencefor the involvement of

Appl. Organomedl. Chem.2001;15: 1-15
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Figure 5 Ortepdiagramwith numberingand packingdiagramfor compound6.
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hydrogen bonding in the development of an
extendedmoleculararchitecturé?? The compound
exhibiting this behaviouris 4-methoxycarbox-

oxy-4-biphenylcarboxyphenyéfrroceneb. A pack-
ing diagramfor compoundb is shownin Fig. 5 and
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6

K= 162°C N = 194°C |
124°C 192°c
highlights not only the hydrogenbondinginterac-
tion, but alsothe possibility of 7—r stackingof the
aromaticrings.An alternativeto hydrogenbonding
for building supramolecularstructuresis to use
metal—organic coordination bonds to link the
monomolecular units. Galyametdinov and co-
workershaveutilized suchbondingto join mono-
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substituted monomolecular ferrocenomesoges
together(Fig. 6).2°

In the first instance this Russiangroupreported
on the synthesisof monoferrocenomesogsbased
on structure 7 minus the hydroxyl group. Ten
compound®f this seriesvaryingbetweem = 3 and
n =12 werereported Thiswasthefirstinstanceof a
series of monoferrocenomesogeria which the
effects of structural variation on liquid crystal
propertiescould be examined All the compounds
exhibited stable nematic mesophasesapart from
where n=4, and showed a reduction of their
clearingtemperatureastheterminalalkoxyl chain
waslengthenedThe compoundslsoexhibitedthe
typical odd/evereffectwith relationto the clearing
temperatur@andthe numberof carbonatomsin the
alkoxyl chain.lIt is mostnotablefrom all the early
examplesof monoferrocenomesogenisat a mini-
mum of three phenyl groups and a terminal
ferrocenyl group effectively stabilize the nematic
liquid crystal phase.Introduction of a hydroxyl
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Figure 6 Ferrocenomesogersynthesizedy Galyametdinovandco-workers.
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group, as in compound?, led to the compounds
having larger liquid crystal domains than their
unsubstituted analogues. This resulted from a
combinationof lower melting and higher clearing
temperatures;the higher clearing temperatures
were explainedin terms of the formation of a
chelatering involving an intramolecularhydrogen
bondbetweerthe O-H groupandthenitrogenatom
of theimine group,which enlargedhe conjugation
pathway.Liquid crystalscontainingmorethanone
transitionmetalion in the monomoleculaform are
potentiallyinterestingfor futuredevicetechnology,
since manipulationof the various metals should
allow for a refinementof the magnetic,electrical
and optical properties of the bulk material.
Galyametdinovand co-workersreportedthe first
examplesof heterometallicmonoferrocenomes
gensby complexationof 7 (n=12) with various
metal ions such as copper(ll) (8),% nickel(Il),
VO(IV),?® palladium(llf> and iron(lll).>®> The
complexessuchas8, 9 and10 werecharacterized
by a combinationof elementalanalysis,IR, mag-
netic susceptibilitymeasuremenandelectronspin
resonance (ESR) spectra. The heterometallic
complexes exhibited nematogenicliquid crystal
behaviour, apart from compound9, which was
smectogenic, and the complex containing
nickel(Il), which wasnon-mesomorphicvariation
in mesomorphidehaviouraccordingto the nature
of the centralmetalatomwasexplainedn termsof
the different metal geometries.For example,the
NiL, complex adoptsa tetrahedralconfiguration
and this providesa moleculewith a length:width
ratio that is too small to allow mesogenicheha-
viour. In all the othercomplexesthe configuration
of the chelatecentreis eitherplanaror quasi-planar
and the geometricanisotropyis large enoughto
allow mesogenicbehaviour.ESR studiescarried
out by the authorson complex 9 provided signi-
ficantresults.Theresultssuggesthat, for complex
9, the moleculescanassociaten two ways: either
by forming molecularchainsbondedthroughthe
chlorine atoms by weak antiferromagngc ex-
changeor by formation of dimers by bonding
throughoxygenatoms.Suchassociationsvould be
conducive for packing of moleculesin smectic
layers.

The researchgroup of Nakamurahave endea-
voured to elucidate the phase behaviour and
multiple melting behaviourof monoferrocenomes-
gens compoundssuch as the series of mono-
substitutedferrocenomesogengll and 12) (Fig.
7).2673%n thefirst seriesl1, a terminalferrocenyl-
phenyl group was joined to a cholesterylunit via

Copyright© 2001JohnWiley & Sons,Ltd.

estergroupslinked by an alkyl chain of varying
length2®2* The compoundf this series(n = 2, 4,

6, 9, 10, 11) exhibitedmonotropicsmecticphases
of an unidentifiednature.In the secondseries12,

the cholesteryl moiety was replacedby a 4-(4-

methoxyphenoxycarbonyihenoxygroup?® Com-

poundsin this series(n=4, 6, 10, 11) exhibited
liquid crystal behaviour,but the phaseswere not

specified.One of the most significant aspectsof

theirresultsis thatthreeof the compoundsn series
12 (n=6, 10, 11) exhibit liquid crystal phases
aroundroom temperatureTheseresultsare parti-

cularly significantwhencomparedvith thoseof the

majority of monosubstitutedferrocenomesogens
preparedto date (liquid crystal phasesgenerally
fall between 100-25C°C). In both series, the
number of carbon atoms in the alkyl chain
determinedvhethera compoundexhibiteda liquid

crystal phaseor not, and this suggeststhat the
overall molecular shape of the molecule is a
dominantfactor in mesogenidehaviour.

The needhadarrivedfor a systematidnvestiga-
tion into the structurallimits in which the liquid-
crystalline state can be generatedand retainedin
monosubstitutederrocenomesogens.oubserand
Imrie begarsuchaninvestigationin 1993andmost
of theinitial resultswere publishedin 19973 The
authorssynthesizeéd seriesof compounddasecn
the generalstructure(13) shownin Fig. 8. Thesize
andshapeof Z wasmodifiedby varyingfirstly the
number of phenyl rings (j and i), secondlythe
linking groupY, thirdly, the lateral substitutionX,
and fourthly the numberof carbonatomsn in the
chain.It wasfoundthata minimum of threephenyl
rings in the substituentcore (Z) stabilized the

o
Fe \0—(CH7)-”—C//\
<= °
it

=111

o
42D

g 0
Fe @ No—ch 2)”_c//\ ({/o

i o
= \O~©—OCH3

n=1-7,10, 11

12

Figure 7 Ferrocenomesogengrepared by the Nakamura
group.
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Figure 8 General structure representing the compounds
prepareddy LoubserandImrie.

nematic phase and addition of a fourth ring
significantly enhancednematic behaviour. The
length of the alkoxyl chain was shownto be of
someimportanceputthegenerakffectwassimilar
to thatobservecearlierin the seriessynthesizedby

Galyametdinovand co-workers.The phasebeha-
viour of some of their compoundsis shown in
graphicalformin Fig. 9 and10. Thefirst highlights
the effect of increasingthe length of the chainn,
andthe secondshowsthe effect of lateral substitu-
tion. Introduction of the highly electronegative
fluorine atom is an ideal way of altering the
propertiesof a liquid crystal (e.g. polarization,
dipole moment) without disrupting the overall
phasebehaviour.A comparisonof Fig. 9 and 10
showsthatlateralfluorinationleadsto aloweringof
the clearingpointsandmelting pointsof the liquid
crystals(theliquid crystalrangesarequite similar).
Lateralfluorinationsupportechematicphasebeha-
viour but suppresse@mecticbehaviour.lt is also
clearfrom Fig. 10 thatthe numberand positionsof
the fluorine atomson the core are important. An
alterationin the shapeof the coreby movemeniof
the carbonyloxygroupfrom the 4- to the 3-position
with respectto the ferrocenylgroup resultedin a
suppressiorof the nematic phase,owing to the

<>
H_ n=8
c 7
-
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9 . ——
Sc i
gH
$c
I |
H
Cc
60 80 100 120 140 160 180
Temperature

Bcrystal [crystalB Onematic

Figure 9 Phasebehaviourof ferrocenomesogenwepareddy Loubserandimrie.
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Figure 10 Phasebehaviourof fluorinatedferrocenomesogernseparedby LoubserandImrie.

introduction of a kink in the molecular structure
which disruptsthe overall linear structure.

The sameauthorsalso highlighted the impor-
tance of stability factors when designing new
metallomesogen$or commercial applications. It
was shownthat insertion of the relatively neutral
phenyl group as a spacerbetweenthe ferrocenyl
groupandcarbonyloxylink resultedin compounds
thatwerelessproneto hydrolysis.Suchcompounds
are also expectedto have greater thermal and

(@) !O o]
© O~ O~Cseon

F

<

14

132°C 252°C
N 1(dec)

photochemicalstability than those in which the
carbonyloxy link is directly attached to the

Copyright© 2001JohnWiley & Sons,Ltd.

ferrocenylgroup. Extensionof the molecularcore
from [1Fc + 3Ph] groupsto [1Fc+ 4Ph] groups
provided a compoundwith a very wide nematic
range(100°C) (14).

In a continuation of this systematicapproach
Imrie and co-worker$? synthesizeda series of
potentialferrocenomesogerts-19 (Fig. 11). The
compoundsof series 15 exhibited enantiotropic
nematic phaseswith characteristicSchlierentex-
tures(Fig. 12). As the lengthof the terminalchain
was increased smectic behaviourdevelopedand
the compoundswhere n=8-10 exhibited mono-
tropic smectic A phasesand those with longer
chains (n=12, 14) enantiotropicsmectic A and
monotropic smectic C phases(Fig. 13). It is
interesting to compare the phase behaviour of
compoundsin series15 with thosein series13
(j=1,i=2,X=H, Y =COOQ),in which therehas
beena reversalof the carbonyloxylinkage. Aside
from thedifferentsmectichehaviourcompoundsn
the two series have remarkably similar nematic

Appl. OrganometalChem.2001;15: 1-15
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Figure 11 Compoundgpreparedoy Imrie andco-workers.

behaviourand similar clearingtemperaturesThe
authorsalsofoundthattheinsertionof anadditional
methylene (CH,) and methylmethine (CHCHy)
spacerbetweenthe phenyl ring and carbonyloxy
link resultedin non-mesogeniderrocenederiva-
tives (seriesl6 and 17). The compoundsf series
18 were synthesizedin which a lateral chlorine
atom was introducedon the benzenering of the
ferrocenyl-phenybunit. The compoundsexhibited
low-temperaturemonotropicnematic phases.The
phasebehaviourof 18 wasnot totally unexpected,
sincea large lateral substituentsuchas a chlorine
atomwould leadto a substantiabroadeningof the
molecularstructurewhich would, in turn, leadto a
decreasein the intermolecular forces between
moleculesLengtheningf thelinearrod-like shape
throughintroductionof an additionalphenylgroup
into the core,asin seriesl9, providedcompounds
with very broadhigh-temperatureematicphases.

Copyright© 2001JohnWiley & Sons,Ltd.

For example,whenn =12, the nematicrangewas
104°C (154-258C dec.). Some decomposition
was evidentfor most of thesecompoundsabove
250°C. Molecular modelling was used by the
authorsto investigate structure—activityrelation-
ships.Thelowestenergyconformationf thenon-
mesogenicferrocene derivatives in most cases
showedpronouncedkinks in the molecularstruc-
tures, whereasthe mesogeniccompoundswere
reasonablyinear (Fig. 14).

In view of the effectof kinks introducedinto the
molecular structuresof liquid crystal molecules
throughtheinclusionof terminalferrocenylgroups,
the results reported by Andersch et al. are of
interest?® The synthesisof 20 was reported in
which the ferrocenyl group was connectedin a
lateral positionto a rigid linear organicbackbone.
Themoleculedisplayedareasonablgtablesmectic
A phaseand,in fact, theferrocenylgroupwasmore
stabilizingthana phenylgroupin this system.The
authorsmadea statementn their paperthat ‘there
is an inherentmesophasestabilizing influence of
the ferroceneunit’, but, as pointed out, this is
normally obscuredby the unfavourablesteric and
conformationaleffects.

All  the monosubstituted ferrocenomesoges
describedso far have beenrod-like in shapeand
mostof theresearchio datehasconcentratedn this
shapeCooketal. synthesizedhefirst exampleof a
disc-shaped monosubstituted ferrocenomesogen
andthis exhibitsdiscoticliquid crystalproperties>
Carefuldesignof this compoundwvasvital owingto
the easewith which the bulky ferrocenyl group
coulddisruptcolumnarpacking.The authorschose
a phthalocyanineing systemthathada vacantsite
atoneof the eightsubstitutiornpositions.Spacewvas
thus specifically clearedin the columnarstackfor
the unsubstitutedcyclopentadienylrings of the
ferrocenyl groups of neighbouring molecules.
Compound 21 displayed a discotic columnar

o OO Q-
O

? <=

mesophaseof hexagonal symmetry (Dyg) with
disorderedspacingwithin the column, which was
characterizedby a fan-typebirefringenttexture.

Seshadriand Haupt referred to the work of
Loubserand Imrie®! in the designof their mono-
substitutedferrocenomesogensoting particularly
the stabilizing effect of the group adjacentto the

K 89°C SA 96°C |
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Figure 12 Photomicographof a ferrocenomesogewith a characteristimematicphaseexhibiting a Schlierentexture.
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Figure 13 Phasebehaviourof ferrocenomesoger(seriesl5) preparecby Imrie andco-workers.
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Figure 14 Lowestenergyconformationsof (a) mesogeni@nd(b) non-mesogeniferrocenes.
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ferrocenyl group>* Accordingly, the authorsde-
signed some new molecules 22 containing
[1Fc+ 3Ph]groupswith oneof the phenylgroups
placed between the ferrocenyl group and the
carbonyloxy linkage. All four membersof the
seriesexhibitedenantiotropicnematicphaseswith
Schlierentexturesand liquid crystalline domains
werefoundto increaseslightly with anincreasen
the length of the alkoxyl chain. On cooling, the
nematic phase persisted below 0°C for the
compoundswhere n=8, 12, and 16, whereasa
monotropic nematicto smectic C transition was
observedat 72 °C for the compoundwheren =18.

Copyright© 2001JohnWiley & Sons,Ltd.

Thecompoundsn series22 containthe N-benzoyl-
N-arylthiourea fragment, and clearly these mol-
eculesmay be envisagedas precursorsf hetero-
metallic ferocenomesogerat somelater stage.

?@74\1—@ NH—E\{E_©70(:"HM+1
=

n=8,12,16,18
22
K 180°C_ N

176°C, |

157°C_
—_—

n=8
n=12 K 144C_ N
- 126°C 146°C

n=16 K > N .

- 116°C 139°C
n=18 K » N |

2.3 Chiral ferrocenomesogens

All of the compoundsliscussedso far, apartfrom

thecholesteryderivativesynthesizedby Nakamura
et al., have beenachiral. The synthesisof chiral

monosubstitutedferrocenomesogendas so far

received very little attention, a surprising fact

consideringthe strong interestin chiral organic
liquid crystals.Imrie andLoubserreportedthe first

synthesisof a chiral ferrocenomesoger{23) in

19943 Thechiral unit wasbasedn s-ethyl lactate
andwasnearthe middle of the molecule.

Appl. Organomedl. Chem.2001;15: 1-15
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The alcohol precursor(24) of compound 23
exhibitsa smecticA phasethat is thermodynami-
cally unstableTheeffectachievedby attachingthe
4-carboxylphenylferrocesmgroupto 24 is therefore
remarkablethe smecticA phaseof 24 is replaced
in 23 by a stablechiral smecticC phase,readily
identifiedby its Schlierentexture.Uponcoolingthe
isotropicliquid, thechiral smecticphaseeappeared
and when supercooledto room temperatureit
persistedor weeks.

SeshadrandHaupthavereportedthe only other
known chiral monosubstitutederrocenomesogen
(25) andthis compoundexhibitsan unusuallyrich

el
@—(cnz)'ﬁo@c{
= O@N\\”‘”‘@CQ\W{" ;

25 '0—CHz—*C—CH,CH;
Ha

Topalid¥C . 58T o
143.1°C 154.6°C

K 116°C Se 138°C,
77.9°C 1326°C

143.8°C
141.2°C

P 159.;'(:1
167.2°C

8,

mesogenicbehaviour® It not only exhibits an
enantiotropicSt, Sy anda cholesterigphaseput it
is alsothe first metallomesogero exhibit a twist
grain boundaryand a blue phase.Introduction of
the flexible alkoxyl spacerwas found to be of
critical importancean providingtherich mesogenic
behaviour sincethe compoundwithout this spacer
exhibited only a cholestericphase.The smecto-
geniccharacterandfavourablepackingconditions
for 25 were ascribedto the favourableco-planar
arrangemenof the benzenering in the benzyli-
dene-aniline unit, which led to an extended
conjugationandaresultanenhancegbolarizability.
Theauthorsspeculatedhatcompound®f thistype

Copyright© 2001JohnWiley & Sons,Ltd.

//O

. \
Fe o—(CHz)(,O(CH;)s—O\
<= G CH==CH,
[0}

26

v-70
48°c

0
Y/
<
Fe ow(cm)ﬁo(cm)s—o\
<t O//C—(CHZ—CHZ)M—

27

Figure 15 A polymeric ferrocenomesogenprepared by
TanakaandHongo.

may be useful in the preparationof ferroelectric
smectic C* materialsfor fast switching electro-
optic devices.

2.4 Polymeric ferrocenomesogens

Most of the work carriedout to datein the areaof

ferrocenyl-containindiquid crystal polymershas
been concerned with either 1,1-disubstituted-
or 1,3-disubstituted-ferroces®’~** However,
Tanakaet al. have reportedon the synthesisof

poIymericferrocenomesogerwsheretheferroce%l
substituentsre situatedin the terminal position:

In the exampleshownin Fig. 15, the monomer
compound6 exhibitsalow-temperatursmecticA

phasewhereaghe polymer27 exhibitsasmecticC

phase below 97.9°C that was maintained un-

changedo 0°C.

2.5 Miscellaneous compounds

Therearea numberof examplesn the literatureof
ferrocenomesogenria which the ferrocenylunit is
multi-substituted,but with only one of the sub-
stituents being an elongatedgroup. These com-
plexes are included under the category of
miscellaneouscompounds.Compound 28 is an
exampleof a seriesof compoundssynthesizedy
Thompsonet al. with a view to investigatingthe
effect of the ferrocene unit on mesomorphic
propertiest® In comparisonwith the 1,4-benzene
analogue?29, incorporationof the 1,1-ferrocenyl
unit leadsto a substantiateductionin the clearing
temperaturef themolecule.Thisis agenerakrend
observedn theresultsof Thompsoret al.
Deschenauxet al. synthesizedthe oxidized

Appl. OrganometalChem.2001;15: 1-15
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persubstituted ferrocenomesogen30, and this
representedhe first example of a ferrocenium-

Q
V4
(o]
€

28

K 107°C \
\ %300
N

[o]
cﬁHu—@{ P
O+

29

K 138C__ s N

== —~O)—=

containingliquid crystal** Compound30 exhibited

a monotropicsmecticA phasebetween83°C and

33°C on cooling. The authors concluded that

electrostaticinteractionsmust play a critical role

in theappearancef mesogenibehavioursincethe

unoxidized ferrocene precursorof 30 was non-

mesogeniclt shouldbe possibleto exploit electron
transferin the control of supramoleculaorganiza-
tion within the liquid crystalline state using the

ferrocene-ferroceniumedoxsysemDeschenaut

al. haverecentlyreporteda moreextensivestudyon

mesomorphicompoundsasedon the ferrocene—
ferrocenium redox system?® The ferrocenium
derivative in their study was reportedto have a

monotropiccolumnarphase.

280°C

3 CONCLUSION

It hasnow beenfirmly establishedhat the ferro-
cenyl unit effectively stabilizesthe liquid crystal-

Copyright© 2001JohnWiley & Sons,Ltd.

line state(especiallynematic)in monosubstituted
ferrocenyl derivatives.A systematicinvestigation
has been undertakento determinethe structural
limits within which the liquid crystallinestatecan
be generatedand retained. A large number of
compoundsavebeensynthesizedsomeof which
may prove useful in device technologyat a later
date. Some of the structural factors affecting
transitiontemperaturesnd liquid crystaldomains
are reasonablywell understoodAlthough signifi-
cantprogressn thisfield hasbeenmade thesearch
to find commercially viable ferrocenomesogens
continues.
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