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Abstract

The alignment of liquid crystals in an external magnetic field is discussed. Special attention is paid to paramagnetic metallomesogens
containing trivalent lanthanide ions. The huge magnetic anisotropy of rare-earth compounds is favourable to achieve easy magnetic
alignment. The principle of orientation of liquid-crystalline lanthanide complexes is illustrated for Schiff base complexes of the type
w Ž . Ž . xLn LH NO , where Ln is a trivalent lanthanide ion and LH is a salicylaldimine. The compounds exhibit a smectic A phase. By a3 3 3

proper choice of the lanthanide ion, it is possible to align the director either parallel or perpendicular to the magnetic field. When the
aligned mesophase is cooled in the presence of a magnetic field, the mesophase order is frozen into the glass state and an anisotropic
molecular magnetic material is obtained.q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most of the commercial applications of liquid crystals
Ž .such as LCDs are based of the behaviour on liquid
crystals in an electric field. Liquid-crystalline molecules
can be oriented with their director perpendicular or parallel

w xto the electric field lines 1–3 . It is much less known that
it is also possible to switch liquid crystals by applying an
external magnetic field. The anisotropy of the magnetic
susceptibility can be considered as the driving force for the
alignment of the molecules in a magnetic field. Pioneering

w xwork in this field has been done by Foex 4–8 . Hitherto,¨
most of the alignment studies of conventional liquid crys-
tals in an magnetic field were aimed to determine the order

w xparameterS of nematic liquid crystals 9–15 , although
some studies have been devoted to magnetic alignment of

w xsmectic mesophases 16–21 .
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In order to obtain mesophases with a high magnetic
anisotropy, liquid crystals containing paramagnetic transi-
tion metal ions or lanthanide ions have been synthesised
w x22–31 . Especially lanthanide-containing metallomeso-
gens are of interest to design magnetic liquid crystals
because it is well known that several lanthanide com-

w xpounds have a very large magnetic anisotropy 32 . Not
many types of liquid-crystalline lanthanide complexes have

w xbeen described in the literature yet 33 and, of these
compounds, the Schiff base complexes are the most

w xpromising for obtaining magnetic liquid crystals 34–43
Ž .Fig. 1 . In fact, for this type of compounds, values of the
magnetic anisotropy have been measured which are one or
two orders of magnitude larger than for conventional

w xliquid crystals 42–46 . Recently, a theoretical model for
the magnetic anisotropy of lanthanide-containing metal-

w xlomesogens has been developed 47 .
In this paper, we give an overview of the structural data

available for the lanthanide complexes with salicy-
laldimine ligands and nitrate counter ions. The alignment
of lanthanide-containing liquid crystals in an external mag-
netic field is discussed in detail. It will be shown how
anisotropic molecular magnetic materials can be obtained
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Fig. 1. Overview of salicylaldimine Schiff base used to design liquid-
crystalline lanthanide complexes.R and RX are alkyl chains. Especially
the ligands with one aromatic ring are very suitable for obtaining
thermally stable magnetic liquid crystals.

by cooling the aligned mesophase of these compounds in
the presence of a magnetic field.

2. Structure of Schiff base complexes with nitrate
counter ions

The only fully characterised type of liquid-crystalline
lanthanide complexes with Schiff base ligands are those

w xwith nitrate counter ions 42 . The determination of the
stoichiometry of these mesogenic complexes turned out
to be a difficult task. On the basis of CHN elemental
analysis, vapour pressure osmometry and magnetic mo-
ment measurements, the stoichiometry was claimed as
w Ž . Ž . xLnL LH NO . Thus, the complexes were thought to2 3 2

have a metal:ligand ratio 1:3; however, only one of the
Schiff base complexes was considered to be deprotonated,
whereas the other ligands coordinate to the rare-earth ion

w xin their neutral form 43 . In this case, two nitrate counter
ions would be required to guarantee electrical neutrality.
Only a few rare-earth complexes with comparable ligands
have been described in the literature. Yamada and cowork-
ers reported on complexes of Schiff bases derived from

w xsalicylaldehyde 48,49 . Depending on the method of
preparing the complexes, these authors found different
stoichiometries. By grinding a mixture of the hydrated

Ž .lanthanide chlorides and the Schiff base ratio 1:3 in the
Ž .absence of a solvent, complexes of the type Ln LPnH O3 2

Ž .ns3–4 were obtained. In these complexes, the OH
group in the Schiff base ligand was deprotonated and no
counter ions were present in the complexes. By refluxing
the same mixture in ethanol, the stoichiometry of the

Ž . w Ž . xformed yttrium III complexes was Y LH Cl . More3 3

data are available for complexes with theN,N X-ethylene

Ž . Ž . w xbis salicylideneimine ligand H salen 50–58 . The stoi-2

chiometry of the Schiff base complexes is strongly depen-
dent on the reaction conditions. Due to the relatively high
molecular weight of the metal complexes, CHN microanal-
ysis alone is not accurate enough to discriminate between

w Ž . Ž . xthe different possible stoichiometries: LnL LH NO ,2 3 2
w Ž . Ž . x w Ž . Ž . xLnL LH NO PxH O or L LH NO . In princi-2 3 2 2 3 3 3

ple, a molecular weight determination could give the an-
swer. However, the error on the molecular mass measure-
ments with vapour osmometry leaved the question open
which of the three stoichiometries given above is the right
one. Mass spectrometry was not able to give the answer
either because it was impossible to decide whether or not a
nitrate group was split off by ionization.

The first key to the solution of the problem was given
1 Ž .by the H NMR spectra of the diamagnetic lanthanum III

w x 1derivatives 38 . We found that the H signal correspond-
Ž .ing to the imine hydrogen CH-N was broadened in the

Ž .lanthanum III complex when compared with the same
signal in the Schiff base ligand. In first instance, we
thought that this broadening could be attributed to param-

Ž .agnetic impurities i.e. other lanthanide ions in the starting
Ž .lanthanum III salt. However, sometimes a very distinct

splitting of the imine signal could be observed. The value
of the coupling constant is of the same order of magnitude
as the expected value for a trans-coupling in H–C-Nq–H.
This and the fact that the signal atdf12.3 ppm belonged
to a NH resonance and not to an OH resonance could be
proved by a homonuclear decoupling experiment. Irradia-
tion of the NH signal lead to a collapse of the CH-N
doublet. The Schiff base is present in azwitterionic form,
with the phenolic oxygen deprotonated and the imine

Ž .nitrogen protonated Fig. 2 . Further evidence for the
existence of a zwitterionic form in the metal complexes
was given by infrared spectroscopy and, more particularly,
by the band frequencies of the C-N vibration. The shift to
higher wavenumbers in the complexes compared to the
corresponding values in the ligands indicates that the
nitrogen atom is not involved in the complex formation
and that a C-Nq group is present.

The best evidence for this model was given by the
single crystal X-ray structure of analoguous nonmesogenic

Žcomplexes formed by ligands with short alkyl chains Fig.
. w x3 42 . The crystal structure showed that three ligands and

three nitrate groups are present for each metal ion. The

Fig. 2. Schiff base ligand in a zwitterionic form.
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w Ž . Ž . xFig. 3. Molecular structure of Nd LH NO , where LH isN-butyl-2-3 3 3

hydroxy-4-methoxybenzaldimine. Atomic coordinates were taken from
w xRef. 42 .

Schiff base ligands are indeed in the zwitterionic form, as
assumed from the spectroscopic data. The ligands coordi-
nate to the metal ion via the negatively charged phenolic
oxygen only. No binding occurs between the lanthanide
ion and the imine nitrogen, and the three nitrate groups
coordinate in a bidentate fashion. The coordination number
of the lanthanide ion is 9, and the coordination polyhedron
can be described as a distorted monocapped square an-
tiprism. The phenolic proton is transferred to the imine
nitrogen; however, two of the three transferred protons in

Žthe complex form a double hydrogen bond with the
phenolic oxygen and with an oxygen atom of a nitrate

.group , whereas the third proton only forms a single
Ž .hydrogen bond with the phenolic oxygen . The formation

of a zwitterionic form can be rationalized by the tendency
of the lanthanide ions to coordinate to negatively charged

Ž .ligands with a preference for O-donor ligands . By trans-
fer of the phenolic proton to the imine nitrogen, the
phenolic oxygen becomes negatively charged and can co-
ordinate to the lanthanide ion. The spectroscopic data
Ž .luminescence spectra indicate that the first coordination
sphere around the lanthanide ion is not changed by elonga-
tion of the alkyl chains. Therefore, we can anticipate that
the bonding in the nonmesogenic complexes is the same as
in the mesogenic complexes. Of course, the packing of the
molecules is changed.

Although the lanthanides are sometimes calledAinner
transition elementsB, the coordination chemistry of these
4 f-block elements is essentially different from the coordi-

w xnation chemistry of thed-block transition metals 59–63 .
In fact, the bonding properties of the lanthanides are more
comparable with those of the alkali and earth-alkaline
metal ions. The main difference between 4f-block ele-
ments andd-block elements is that the 4f-orbitals do not
participate in complex formation while thed-orbitals do.
Therefore, metal–ligand bond has an appreciable covalent
character in thed-block complexes, whereas metal ion and

ligands are hold together largely by electrostatic interac-
tions in lanthanide complexes. Most of thed-block com-

Žplexes have a well-defined geometry ideal or distorted
. Žtetrahedra or octahedra and coordination number CNs4

for tetrahedral coordination, CNs6 for octahedral coordi-
.nation . Because of the lack of directional covalent bond-

ing, the coordination polyhedra are much less defined in
lanthanide complexes and the coordination number ranges
from 6 to more than 12. However, many lanthanide com-
plexes have coordination number 8 or 9, and the coordina-
tion sphere can be defined as one of the following ideal-

Ž .ized polyhedra: dodecahedron CNs8 , square antiprism
Ž . Ž .CNs8 , tricapped trigonal prism CNs9 and mono-

Ž .capped square antiprism CNs9 . Octahedral lanthanide
Ž .complexes CNs6 do exist; however, they are very

difficult to obtain. The best known example is formed by
Ž .the trisb-diketonato complexes. Lanthanide complexes

with coordination number 6 are coordinatively unsaturated
and will expand their coordination sphere either by poly-
merisation or by adduct formation. In polymerised prod-
ucts, each ligand is shared by two or more metal ions and
infinite chains, sheets or even a three-dimensional network
is formed. Thus, the coordination number in lanthanide

Ž . w xalkanoates, C H COO Ln is not 6, but 8 or 9 64 . Inn 2nq1 3

adducts, the coordination sphere of the trivalent lanthanide
ion is expanded by adding neutral molecules. Because the
lanthanide ions are hard Lewis acids, hard Lewis bases are
preferred for adduct formation. Most of the molecules
which add to lanthanide ions are oxygen donors and, to a
lesser extent, nitrogen donors. A very common ligand,
which forms adducts with lanthanide ions, is water. When

Ž .tris b-diketonato complexes are prepared in an aqueous
solution, they are most often obtained as dihydrates. In this
way, the coordination number of the lanthanide ion will be
8, not 6. Adducts are often formed by aprotic polar organic
solvents such as DMSO or acetone. Polydentate ligands

Ž X .with N-donor atoms e.g. 2,2 -bipyridine are also able to
Ž .form adducts with trisb-diketonato complexes.

It is much less known that the lanthanides can also form
salt adducts. In these compounds, the coordination sphere
of the lanthanide ion is essentially formed by small inor-
ganic anions such as perchlorates, chlorides, bromides,
acetates, or nitrates. Much of the pioneering work on
lanthanide salt adducts has been performed by Vicentini

w xand coworkers 65–67 , studying adducts withN,N-di-
Ž .methylurea DMA . Another adduct forming compounds is

w x w Ž .4-aminoantipyrine 68 . The crystal structure of Eu TMU3
Ž . xNO , where TMU is tetramethylurea, has been de-3 3

w xscribed by Chieh et al. 69 , showing that europium has a
coordination number of 9 with three nitrates coordinated in
a bidentate way and with three DMU molecules bonded
via the oxygen atoms. The first coordination sphere of
w Ž . Ž . xEu TMU NO is very analogous to the first coordina-3 3 3

Ž . w Ž . Ž . xtion sphere in the Eu III compound Eu LH NO3 3 3

described in this work. In fact, our Schiff base complexes
can be considered assalt adducts.
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Although we used a threefold excess of the lanthanide
Žnitrate to compensate for the unknown quantity of crystal

water in the hygroscopic lanthanide nitrates and to avoid
.coprecipitation of the ligand , we always observed the

formation of tris-adducts and not of mono- or bis-adducts.
It is important not to use a base during synthesis of the
lanthanide compounds because salt adducts can only be
formed with neutral ligands. Adduct formation of salicy-
laldimine Schiff bases to lanthanide nitrates is promoted
by the existence of a zwitterion. The imine nitrogen is
basic enough for uptake of the proton. This is not the case
if a 4-substituted aniline is used for Schiff base formation
instead of ann-alkylamine. Until now, it was not possible
to obtain salt adducts of the latter Schiff bases. If the
ligand is deprotonated by a base, complexes of the type
LnL will be formed. Such compounds are very likely to3

be polymeric because with a stoichiometry of LnL , there3

are only six donor atoms available which is less than that
required to satisfy the lanthanide’s coordination require-
ments. With two-ring Schiff base ligands, sometimes com-

w Ž . Ž . xplexes of the type Ln LH L NO are formed, the2 3 2

lanthanide ion having coordination number 7.
The salt adduct formation is the driving force for the

existence of a mesophase in the salicylaldimine Schiff base
complexes. Because the Schiff base ligands only have one
aromatic ring, their structural anisotropy is not high enough
to form a mesophase by themselves. In general, at least
two aromatic rings are required for stabilisation of a

Ž .thermotropic mesophase of rodlike calamitic molecules.
Ž .The lanthanide nitrate subunit Ln NO is holding the3 3

ligands together, and can be considered as a pivoting point.
Because of the monodentate character of the Schiff base
ligands, one can expect that the ligands are able to rotate
around the Ln–O axis. However, the bulkiness of the
nitrate groups could put some constraints to this rotation
ability. The main question is how the phenyl rings are
situated with respect to each other in the adducts: are the
phenyl rings more or less parallel to each other or not?
This problem has not been solved yet.

3. Alignment of liquid crystals by a magnetic field

The molecules in a mesophase can be aligned by apply-
ing an external magnetic field. An important factor dictat-
ing how the liquid crystal will be oriented in a magnetic
field is the magnetic anisotropy, Dx , which is defined as
x yx . Here, x and x are the components of theI H I H
magnetic susceptibility tensor parallel and perpendicular to
long molecular axis, respectively. The higher the value of
Dx , the easier it will be to align a liquid crystal in a

Žmagnetic field i.e. the weaker the magnetic field can be
.for obtaining magnetic alignment . The sign ofDx deter-

mines how the director and, thus the molecular long axis,
will be aligned in a magnetic field. IfDx is positive, the
molecules will be oriented with their molecular long axes

parallel to the magnetic field. IfDx is negative, the
molecules will be aligned with their molecular long axis
perpendicular to the magnetic field. Whereas it is in princi-
ple possible to obtain a monodomain liquid crystal when
the director aligns parallel to the applied magnetic field
Ž .Dx)0 , this is not the case when the director aligns

Ž .perpendicular to the magnetic fieldDx-0 . There is
only one direction parallel to the magnetic field; however,
if Dx-0, the director can taken any orientation in a plane
perpendicular to the magnetic field. A polydomain is ob-
tained where the different microdomains are randomly
oriented, with the only restriction that the director is

w xsituated within a plane 70 . A monodomain can be ob-
tained by applying a second magnetic field perpendicular
to the first magnetic field. IfDx-0, the director will be
oriented perpendicular to both magnetic field directions.

Diamagnetic calamitic liquid crystals have, in general, a
positive magnetic anisotropy and diamagnetic discotic liq-
uid crystals a negative magnetic anisotropy. Therefore,
calamitic molecules will align with the director parallel to
the external magnetic field, while discotic molecules will
align with the director perpendicular to the magnetic field.
It is sometimes difficult to predict the direction of align-
ment of paramagnetic liquid crystals because there is a

Ž .competition between the diamagneticDx and the para-dia
Ž .magnetic contributionsDx to the overall magneticpara

anisotropyDx . The diamagnetic contribution,Dx , isdia
Ž .nearly always positive for calamitic molecules ; however,

Dx can be either positive or negative. In the case ofpara
Ž .oxovanadium V-O complexesDx is positive so thatpara

Dx is always positive. Therefore, all oxovanadium com-
plexes align with the director parallel to the magnetic field
w x Ž .70–74 . In the case of copper II complexes, the situation
is more complicated becauseDx is negative. It waspara

found for liquid-crystalline CuII complexes with Schiff
base ligands that the sign ofDx depends on the number of

w xbenzene rings present in the molecule 70,75,76 . If two
benzene rings are present in the ligand,Dx )Dxpara dia

Žand Dx-0 perpendicular orientation to the magnetic
.field . In ligands with three or more benzene rings,Dxpara

Ž-Dx and Dx)0 parallel orientation to the magneticdia
.field . Due to geometric effects, deviations for these rules

may occur. The diamagnetic contribution to the magnetic
anisotropy can be calculated using an additive scheme
Ž . w xPascal’s scheme 13 and the paramagnetic contribution
can be found by subtracting the calculatedDx valuedia

from the experimental measuredDx value.
The situation is quite different in the case of

lanthanide-containing liquid crystals because the trivalent
Ž III III III III .ions of the lanthanides especially Tb , Dy , Ho , Er

have a very large magnetic anisotropy in comparison with
Ž II . w xother paramagnetic ions e.g. Cu or V-O 32 . In the

Žcase of the paramagnetic lanthanide ions all the ions of
the lanthanide series except LaIII , LuIII , and the rare earths

III III .Y and Sc , the diamagnetic contributions toDx can
be neglected in comparison to the paramagnetic contri-



( )K. Binnemans et al.rMaterials Science and Engineering C 18 2001 247–254 251

bution. An exception is the GdIII ion, which is almost
magnetically isotropic due to the S ground state8S .7r2

Because the sign of the magnetic anisotropy depends on
the lanthanide ion, it is possible to obtain with the same
kind of ligand and with the proper choice of the lanthanide
ion compounds which can either be aligned perpendicular
or parallel to the magnetic field. Analysis of the experi-
mental magnetic susceptibility data shows that these com-
pounds can be classified into two distinct groups, depend-

w x IIIing on the sign ofDx 47 . The first group contains Ce ,
PrIII , NdIII , SmIII , TbIII , DyIII , and HoIII compounds, while
the second group contains EuIII , ErIII , TmIII , and YbIII

compounds. Two compounds not belonging to the same
group always have opposite sign ofDx . For instance, if
Dx is negative for the first group of lanthanide com-
pounds,Dx is positive for the second group and vice
versa. All experimental results obtained for lanthanide-con-
taining liquid crystals and for phospholipid bilayers doped

w xwith lanthanide chelates 77–81 are in agreement with a
negativeDx value for the first group and a positiveDx

value for the second group. However, recent theoretical
work shows that the reverse situation can be expected too
w x47 . The highest values of the magnetic anisotropy are
observed for the heavy lanthanides TbIII , DyIII , HoIII ,
ErIII , TmIII because these ions have a high magnetic
moment. There is no one-on-one relationship between a
high magnetic moment and a large magnetic anisotropy;
however, if the magnetic moment is small, it is impossible
to have a huge magnetic anisotropy. It should be remem-
bered that the magnetic moment is related to the magnetic
anisotropy by the relationship:

3k ' 'm s xT s2.828 xT , 1Ž .eff (NA

Žwhere m is the effective magnetic moment in Bohreff
.magneton,m , k is the Boltzmann constant,N Avo-B A

gadro’s number,x the magnetic susceptibility, andT the
absolute temperature. Another requirement for a high mag-

Ž .netic anisotropy except a large magnetic moment is that
the crystal-field perturbation should be strong. The2Sq1L J

ground state splits under the influence of the crystal-field
potential in a number of crystal field levels, at maximum

Ž .2Jq1 for integer J even number of f electrons , and
Ž .Jq1 2 for half-integer J odd number of f-electrons .

The magnetic anisotropy arises from the fact that when the
crystal-field splitting is large, not all the crystal-field levels
are statistically populated at a given temperature. The
magnetic anisotropy increases when the temperature is
lowered. At temperatures above room temperature, the
magnetic behaviour becomes more and more isotropic and
approaches the predictions in the free ion approximation.
However, when the crystal-field perturbation is large, it is
possible to have a large magnetic anisotropy, even at
temperatures at which the mesophase of lanthanide-con-
taining liquid crystals is stable. A summary of the theoreti-
cally expected value ofm for the trivalent lanthanideeff

ions in the free-ion approximation is given in Table 1.
Experimentally, only small deviations from these predicted
values are observed at room temperature.

The main problem to cope with is the high viscosity of
the mesophase, which prevents fast switching. In general,
cooling rates of less than 18Crmin are necessary to
achieve good alignment in a magnetic field when going
from the isotropic liquid to the mesophase. All the Schiff-
base complexes reported up to present display a smectic A
mesophase. The smectic A phase has an intrinsic higher
viscosity than the nematic phase. Therefore, obtaining
liquid-crystalline lanthanide complexes exhibiting a ne-
matic phase is a major goal in our research. This goal is
not easy to achieve because the structure of the Schiff base
complexes tends to promote formation of layered struc-

Ž .tures and this means smectic mesophases . However, by a
proper choice of the counter ion, the viscosity of the

Table 1
3q w xMagnetic properties of the trivalent lanthanide ions Ln 62,84

3qLn Electronic Ground state m Calculated m Observedeff eff
Ž . Ž .configuration Bohr magnetons Bohr magnetons

23q 1w xCe Xe 4f F 2.56 2.3–2.55r2
33q 2w xPr Xe 4f H 3.58 3.4–3.64
43q 3w xNd Xe 4f I 3.62 3.5–3.69r2
43q 4w xPm Xe 4f I 2.68 –4
63q 5w xSm Xe 4f H 1.55–1.65 1.4–1.75r2
73q 6w xEu Xe 4f F 3.40–3.51 3.3–3.50
83q 7w xGd Xe 4f S 7.94 7.9–8.07r2
73q 8w xTb Xe 4f F 9.72 9.5–9.86
63q 9w xDy Xe 4f H 10.65 10.4–10.615r2
53q 10w xHo Xe 4f I 10.60 10.4–10.78
43q 11w xEr Xe 4f H 9.58 9.4–9.615r2
33q 12w xTm Xe 4f H 7.56 7.1–7.56
23q 13w xYb Xe 4f F 4.54 4.3–4.97r2
13q 14w xLu Xe 4f S 0 00
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mesophase can be reduced considerably. For instance, a
smectic A mesophase with a low viscosity is found for
Schiff base complexes with perfluorinated alkyl sulphates

w x w xas counter ions 82 . Recently, Kumar and Pisipati 83
observed a nematic mesophase in lanthanide complexes

Ž .of N- 2-hydroxy-4-alkoxybenzaldehydeimino -2-benzami-
doethanamide.

x and x can be measured directly by orienting anI H
aligned liquid crystal with the director parallel or perpen-
dicular to the magnetic field. This implies that the mea-
surements are carried out in a magnetic field which is not
strong enough to reorient the liquid crystal. Alternatively,
the aligned mesophase can be frozen into the glassy state.

Ž .The x and x values of a glassy aligned mesophaseI H
can be measured as if one would measure on a single

Žcrystal orienting the sample with its long molecular axis
.parallel or perpendicular to the magnetic field lines . The

situation is quite different for a mesophase in a magnetic
field above a certain threshold strength,H , because, in0

this case, the mesophase will be aligned by the magnetic
field. A nematic phase can be oriented at any temperature
within the mesophase because of the low viscosity of this
phase. Because of the intrinsic higher viscosity, the SmA
phase can only be oriented at a temperature close to the
clearing point. The orientation at this point will be retained
when the mesophase will be cooled further. The magnetic
anisotropy,Dx , cannot be obtained via the relationDxs
x -x because only one of the two components,x orI H I
x , can be determined. This problem can be overcome byH
measuring the magnetic susceptibility in the isotropic phase
and in the mesophase. In the isotropic phase,x will beiso

measured. It is assumed thatx is equal to the averageiso
Žmagnetic susceptibility,x , which is defined asxs xI

.q2x r3. In the mesophase, the molecules will be ori-H
ented in such a way that the axis of maximum susceptibil-
ity will be parallel to the magnetic field. Because of
alignment of the paramagnetic molecules, an increase in

Žmagnetic susceptibility will be observed in comparison to
.x and the measured value is denoted asx . If Dx)0,max

Ž .x corresponds tox and Dxs3r2 x yx . Ifmax I max
Ž .Dx-0, x corresponds tox andDxs3 xyx .max H max

The sign ofDx cannot be determined by magnetic suscep-
tibility measurements and should be obtained by an inde-

Žpendent measurement, for instance, via EPR angle depen-
.dence of the EPR signal or via X-ray diffraction in a

Žmagnetic field distribution of the diffraction maxima with
.respect to the external magnetic field . It should be real-

ized that the maximal value for the magnetic anisotropy,
Dx , can only be measured on completely aligned samples.
For real samples, alignment is never complete so that the
measured value ofDx is smaller than the value which can
be theoretically expected. In Fig. 4, the alignment of a

Ž .neodymium III -containing liquid crystal is illustrated. The
sample exhibited a Curie–Weiss behaviour for the temper-
ature dependence of their magnetic properties, when heated
from the solid state through the SmA phase until the

Ž .Fig. 4. Magnetic alignment of the praseodymium III containing liquid
w Ž . Ž . xcrystal Pr LH NO , where LH is 4-dodecyloxy-N-hexadecyl-2-hy-3 3 3

w xdroxybenzaldimine. Adapted from Ref. 42 .

isotropic phase was reached. When the samples were
Žcooled down from the isotropic phase to the mesophase in

.the presence of a magnetic field in the vicinity of the
clearing point, a drastic increase in the magnetic moment,
m , was observed in comparison to the initial valueseff

recorded by heating of the samples. The increase takes
place over a narrow temperature range, and upon further
cooling, the magnetic properties vary according to the
Curie–Weiss law, but with a different higherm than ineff

the heating cycle. This behaviour can be referred to a
magnetic-field-induced orientation in the liquid-crystalline
phase of a magnetically anisotropic sample with its axis of
maximum magnetic susceptibility parallel to the magnetic
field.

What are the advantages of switching liquid crystals by
an external magnetic field over switching the same com-
pounds by an external electric field? By switching metal-
lomesogens by an electric field, some problems can arise
because of unwanted electrochemical reactions. Due to the
electric conductivity of ionic metallomesogens, an electric
double layer can be formed in an electric field so that
switching will be difficult. It is evident that one will not
have these problems in the case of a magnetic field. By an
electric field, liquid crystals can be aligned only parallel or
perpendicular to the electrodes. Because these electrodes
are ITO glass plates and, thus, also the walls of the LC
cell, the liquid crystal can be oriented only parallel or
perpendicular to the wall of the LC cell. With a magnetic
field, it is possible to align a liquid crystal with its director
parallel or perpendicular to the magnetic field; however,
this direction can be independent of the orientation of the
walls of the LC cell. Of course, magnetically switched
liquid crystals will never replace electrically switched liq-
uid crystals in LCDs; however, one can imagine some
possible applications. Metallomesogens can often be super-
cooled to a glassy mesophase. When a liquid crystal is
aligned in a magnetic field, the mesophase can be frozen
into a glassy state and the position of the orientation of the
molecules can be retained in the vitreous mesophase. In
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this way, all the spins will be oriented more or less
parallel. If such an aligned glassy mesophase is heated

Ž .locally for instance, by a laser , the alignment can be
destroyed in some places. It is also possible to realign the
molecules by using a magnetic field opposite to the previ-
ous used magnetic field direction. By cooling liquid crys-
tals with a high magnetic anisotropy in a magnetic field, it
is possible to obtain anisotropic magnetic materials. Other-
wise, much more expensive single crystals have to be used
to obtain the same properties. It is interesting to note that

w xFoex 6,8 was also able to obtain anisotropic molecular¨
magnetic materials. He heated a nematic compound to a
temperature just above the melting point so that a small
quantity of the solid is in equilibrium with the nematic
phase. The nematic phase was oriented by the external
magnetic field. When the compound was cooled, it crystal-
lized forming a solid with the same orientation of the
molecules as in the nematic phase. In this case, the molec-
ular magnetic material consists of aligned small crystal-
lites, whereas for our compounds, we obtained aligned
molecules in a glass phase. In polycrystalline solids, the
value of the magnetic susceptibility,x , is very close to the
value x of the isotropic liquid.iso

4. Conclusions

By taking advantage of the very large magnetic anisot-
Žropy of the elements of the lanthanide series especially

III III III III III .Tb , Dy , Ho , Er and Tm , it is possible to design
paramagnetic liquid crystals which can be switched by an
external magnetic field. Depending on the sign of the
magnetic anisotropy, the rod-like molecules can be ori-
ented with their long molecular axis parallel or perpendicu-
lar to the magnetic field lines. We illustrated magnetic
alignment of mesomorphic Schiff base complexes of the

w Ž . Ž . xtype Ln LH NO , where Ln is the trivalent lanthanide3 3 3

ion and LH is a salicylaldimine Schiff base. The com-
pounds exhibit an enantriotropic smectic A mesophase.
When the magnetically aligned mesophase is cooled in the
presence of a magnetic field, the mesophase order can be
frozen into a glass state. In this way, anisotropic molecular
magnetic materials can be obtained.
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