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Magnetic anisotropy of the smectic A phases of lanthanide
complexes derived from SchiŒ’s bases and DOS, NO3 anions†
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Russia
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The magnetic anisotropy, Dx, of the smectic A phases of two series of lanthanide complexes
derived from SchiŒ’s bases and C12H25OSO3 or NO3 anions is measured. The Dx values of
some of the lanthanide (Tb, Dy, Ho) complexes are about two orders of magnitude greater
than those of usual liquid crystals. Experimental data are interpreted within the framework
of Bleaney’s theory of the anisotropic paramagnetic susceptibility. It is shown that the
sequence of Dx signs and the tendency to variation of their magnitudes through the lanthanide
series are in accordance with theoretical predictions for isostructural series of lanthanides.

1. Introduction reagents in NMR spectroscopy [5]. Magnetic aniso-
Anisotropy of the electric and magnetic susceptibility tropy is due to the orbital part of the motion of electrons

is one of the most important physical properties of liquid which have a rigid binding with the molecular frame.
crystals. The director reorientation under the action of The orbital contribution is much larger for f-electron
an external electric or magnetic � eld is responsible for complexes than for d-electron complexes, owing to the
the vast majority of electro-optical and magneto-optica l small crystal-� eld splitting of internal (screened) f-electrons
eŒects in liquid crystals. The electric and magnetic and to the strong spin-orbital coupling. This is not the
anisotropy of such a medium is the prime cause of its case for d-electrons, for their orbital motion is essentially
reorientation [1]. Ampli� cation of the magnetic aniso- quenched. After the successful synthesis of calamitic
tropy will result in an enhancement of the sensitivity of lanthanide mesogens [6], very high Dx values were
liquid crystals to the action of a magnetic � eld and, as found for the liquid crystalline phases of some (Tb, Dy)
a consequence, in the detection of new magneto-optica l lanthanide compounds [7]. However, we have not yet
and cross electro-magneto-optica l eŒects. succeeded in obtaining accurate data on mesogenic

Most liquid crystals found in the last two decades lanthanide structures because of di� culties in preparing
are composed of diamagnetic molecules and, hence, single crystal samples for X-ray measurements.
their magnetic anisotropy Dx is not large (it does not Some results of more systematic measurements of
usually exceed 50 Ö 10 Õ 6 cm3 mol Õ 1 [2]). Incorporating the magnetic susceptibility anisotropy for two series of
a transition metal atom into a mesogenic molecule (to lanthanide compounds with the general formula L 3LnX3give a metallomesogen) has paved the way for a radical are reported in this work. Here Ln 5 La, Nd, Eu, Gd,
modi� cation of the electric, magnetic, non-linear optical Tb, Dy, Ho, Er, Yb; X 5 C12 H25OSO3 (DOS), NO3 ;
and other properties of liquid crystals [3]. The � rst syn- and the structure of L is shown below.
thesized calamitic metallomesogens with paramagnetic
properties contained 3d atoms [4]. As shown in previous
work on non-mesogenic complexes of transition metals,
maximum values of the magnetic anisotropy are exhibited
by lanthanide complexes, many of which are used as shift

DOS-containing mesogens diŒer from NO3-containing

mesogens in their greater molecular volumes and lower
*Author for correspondence; e-mail: ovchinnikov@sci.kcn.ru

phase transition temperatures. It is shown that a charac-†Presented at the 6th International Symposium on
Metallomesogens, Rotenburg, 10–13 June, 1999. teristic feature of lanthanide-based liquid crystals is a
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846 A. Turanov et al.

large anisotropy of their magnetic susceptibility. Signs
and magnitudes of the magnetic anisotropy change in a
predictable manner through the series.

2. Experimental and results
The compounds were synthesized as described pre-

viously [6, 8] and characterized using NMR and IR
spectroscopy and elemental analysis. When studying
their mesogenic properties, we employed diŒerential
scanning calorimetry, hot-stage polarizing optical micro-
scopy and, in some cases, X-ray diŒraction [7]. All the
complexes show smectic A mesomorphism.

The magnetic susceptibility and its anisotropy were
studied using an original home-made magnetometer . This
is a moving-sampl e instrument combining the approaches
used in the Foner construction and in the SQUID-
magnetometer . Its operation is based on measurement of
the charge that passes through the pick-up coils as the
sample (contained in an ampoule of 2 mm inner diameter)
moves between two � xed points located in the gaps
of the magnetic system with a permanent induction of
1.2 T. The instrument was calibrated using CoHg(CSN)4 ,
CuSO4 ¯ 5H2O, NiSO4 ¯ 7H2O and distilled water, all
substances with known magnetic properties [9].

The diamagnetic susceptibility and anisotropy of Figure 1. Temperature dependences of xmol (* , + ) and m
( ] , _ ) values for the L 3Tb(DOS)3 complex during theMBBA were measured as x 5 Õ 160 Ö 10 Õ 6 cm3 mol Õ 1
initial heating (* , ] ) and cooling (+ , _ ) of the sample.and Dx 5 30 Ö 10 Õ 6 cm3 mol Õ 1. A detailed description

of the magnetometer may be found elsewhere [10].
The magnetic susceptibility x of the sample was deter- magnetons), T is the temperature (K); xdia 5 Õ 1440 cm3

mined by heating it to a temperature several degrees above mol Õ 1 for the NO3 series and Õ 2110 cm3 mol Õ 1 for the
TSm-I (smectic to isotropic phase transition temperature) DOS series (experimental values for La complexes). This
and then using slow (at a rate of 0.3 ß C min Õ 1 ) cooling orientation occurs only during cooling of the sample and
in the permanent magnetic � eld of 1.2 T (see � gure 1 not during heating, because of the high viscosity of the
as an example). The diŒerence xor Õ xiso is due to the mesophase. This is typical behaviour for smectic phases.
orientation of the director n in the magnetic � eld. The With further decrease in temperature, the magnetic
polydomain (i.e. macroscopically isotropic) sample orients susceptibility also behaves closely to the Curie pattern,
itself near TSm-I to minimize the energy but with a diŒerent (higher) value of x.

During subsequent heating and cooling cycles, the
W 5 Õ

1
2

Dx(nH )2 (1 ) results obtained for the � rst cooling are completely
reproduced. During heating, the magnetic susceptibility

of the system in the magnetic � eld H. The indices follows the Curie law with higher x values which decrease
and in Dx 5 x

d
Õ x) correspond to the parallel and in the vicinity of TSm-I to reach their initial values

perpendicular directions of the director n with respect corresponding to the lower curves in � gure 1. During
to H. cooling, the x and m values increase again near TSm-I and

Further slowing of the cooling rate (to 0.03 ß C min Õ 1 ) then follow the upper curves.
does not, within the error of measurement, change the The results of the measurements for all the samples
results. are presented in the table. The fact that the measured

During the � rst heating, the magnetic susceptibility of values of the magnetic moments of the lanthanide ions
all the samples varied according to the Curie law: (given in the table) somewhat exceed the theoretical

values is probably associated with the presence of small
x 5 xdia 1

m2

8T
(2 ) (2–3%) amounts of the salts of the ions used as precursor

materials.
It is also possible to perform a direct measurement ofwhere x is the molar magnetic susceptibility (cm3 mol Õ 1 ),

m is the eŒective magnetic moment (measured in Bohr the magnetic susceptibility anisotropy of samples which
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847Magnetic anisotropy of L C lanthanides

Table. Phase transition temperatures and magnetic properties of the mesogenic L 3LnX3 complexes. All susceptibilities are in
units of 10 Õ 6 cm3 molÕ 1 at the temperature TCr-Sm .

Ln X TCr-Sm / ß C TSm-I / ß C miso /BM xiso xor (xor Õ xiso ) Dxmin

La NO3 112 160 — Õ 1440 Õ 1380 60 90
Nd NO3 100 161 3.75 3270 3530 260 Õ 780
Eu NO3 112 156 3.70 3010 3140 130 195
Gd NO3 112 150 8.10 20280 20330 50 75
Tb NO3 96 149 9.95 32010 33860 1850 Õ 5500
Dy NO3 130 147 10.80 34670 35790 1120 Õ 3360
Ho NO3 129 146 10.90 35440 36400 960 Õ 2880
Er NO3 127 146 9.95 29540 29930 390 585

La DOS 63 89 — Õ 2110 Õ 2030 80 120
Nd DOS 61 98 3.75 3200 3420 220 Õ 660
Gd DOS 69 79 8.45 24010 24080 70 105
Tb DOS 64 92 10.25 37070 39090 2020 Õ 6060
Dy DOS 61 89 11.20 44940 46000 1060 Õ 3180
Ho DOS 59 81 11.20 44980 46020 1040 Õ 3120
Er DOS 60 88 10.20 36860 37350 490 735
Yb DOS 64 103 4.85 6610 6810 200 300

have previously been oriented by a magnetic � eld and 3. Discussion
The quantities xor Õ xiso and xH

d
Õ xH

)
are related tothen cooled with the ampoule. It has been found before

[7 e] that mesogenic lanthanide samples readily form the magnetic anisotropy Dx of uniaxial liquid crystals
by simple expressions:glasses on cooling, with retention of their optical texture.

Figure 2 presents the variation of the magnetic
xor Õ xiso 5 2Q(H )Dx/3 (3 a)

susceptibility of a Dy-containing sample prepared in
andthis way, as a function of the angle a between the axis

of maximal magnetic susceptibility and the magnetic
xH
d

Õ xH
)

5 Q (H )Dx (3 b)
� eld vector. This axis is determined by the magnetic � eld

where Q (H) 5 7 3 cos2 h Õ 1 8 /2, and h is the angledirection on cooling the sample. The values of Dx
between the director n and the magnetic � eld. Q (H ) iscalculated from
the macroscopic order parameter which is � eld- and

DxH 5 x(a 5 0 ß ) Õ x(a Õ 90 ß ) ; xH
d

Õ xH
) viscosity-dependent [11]. The quantities measured by

the two methods described above are interconnected:for Dy and Er complexes are very close (within experi-
mental error) to the values given by the above-mentioned

xH
d

Õ xH
)

5 3(xor Õ xiso )/2. (4)
method.

Our experimental data con� rm this relation.
In the absence of a magnetic � eld, a macroscopic

sample consists of domains with diŒerent orientations
of the director n, and therefore Q (H ) 5 0. In a completely
oriented (monodomain) system Q (H ) 5 1 for Dx > 0, and
Q (H ) 5 Õ 1/2 for Dx < 0. The magnetic anisotropy (Dx)
of a monodomain sample is related to its molecular
magnetic anisotropy Dxm by the expression

Dx 5 NSDxm (5)

where N is the number density and S is the micro-
scopic (Maier–Saupe) order parameter. It has a weak
dependence on the magnetic � eld [12], almost solely
due to intermolecular interactions.

To determine Dx from equations (3 a) and (3 b), it is
necessary to know the value and the sign of Q (H ); orFigure 2. The xmol value for the L 3Dy(NO3 )3 complex as a
the sign only, provided that the � eld strength corre-function of the angle a between the direction of the

predominant orientation and the magnetic � eld at 21 ß C. sponds to the perfect-orientation regime. We were able
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848 A. Turanov et al.

to change the sample cooling (heating) rate, but not the with the NO3 anion—with the Gd lanthanide complex
of the same composition as a probe—in the mesophaseH value (1.2 T). The dependence of xor Õ xiso , typical for

all investigated paramagnetic lanthanide samples, on the [15], and (ii ) EPR measurements at 10 K of previously
oriented glass samples of Nd, Tb, Dy and Er complexescooling rate is presented in � gure 3. The rather large

value of Dx for the diamagnetic La complex may also with DOS [16]. The resultant signs are: Dx < 0 for Nd,
Tb, Dy, Ho; Dx > 0 for La, Eu, Gd, Er, Yb complexesbe said to be evidence of the appropriateness of the

0.3 ß C min Õ 1 cooling rate to obtain values of Q (H ) close of both series.
Values of Dx listed in the last column of the table areto the maximum.

The sign of Dx for diamagnetic La complexes is de� nitely obtained by multiplication of the xor Õ xiso values given
in the penultimate column of the table by the factor 1.5positive. The magnetic anisotropy DxL 5 xL

d
Õ xL

)
(where

indices and correspond to the molecular long and or 3, depending on the sign of Dx. The values of Dx
so obtained are minimal values, because the macro-short axes) of the ligands (L ), calculated using the

increment system [13], is DxL 5 34 Ö 10 Õ 6 cm3 mol Õ 1. scopic order parameter may correspond to an imperfect
orientation of the system.The magnetic anisotropy of the phenyl ring, as follows

from experimental data [2] and from calculations, gives To discuss the sign of Dx and its tendency to vary
within the series of paramagnetic mesogens, as well as tothe main contribution (30 Ö 10 Õ 6 cm3 mol Õ 1 ) to the

anisotropy of the ligand. Contributions from other parts estimate the scale of magnitude of the crystal � elds acting
upon the metal ion, let us use the single-parameter approxi-of the molecule constitute 10–15% only and may be

neglected, since they are comparable to measurement mation of Bleaney’s theory of anisotropic paramagneti c
susceptibility [17].errors for Dx for diamagnetic complexes.

The experimental values of Dx 5 90 Ö 10 Õ 6 and The ground state of a lanthanide ion in a complex,
speci� ed by the quantum number J, is split by the ligand120 Ö 10 Õ 6 cm3 mol Õ 1 obtained for La complexes (con-

taining 3 phenyl rings) with NO3 and DOS, respectively, � eld into sub-levels which are (at room temperature)
populated in the usual Boltzmann way. Averaging ofprobably indicate a high value of the order parameter

for the phenyl rings. Gd complexes have a high magnetic the magnetic susceptibility over the ground J-manifold
yields, to a � rst approximation, its isotropic value:moment, but still with a purely spin magnetic moment

of the f7 electron con� guration (S-term). Therefore the x 5 [Ng2b2J (J 1 1)]/3kT (the Curie law). In the second
approximation (with respect to the Zeeman and crystal-Gd sample orientation is de� ned only by the diamagnetic

anisotropy of the ligands, similarly to that of the La � eld interactions) anisotropic terms appear, if the sym-
metry of the local electric � eld acting upon the ion iscomplexes.

The signs of Dx for the other paramagnetic lanthanide lower than cubic [17].
If one of the principal axes of the magnetic susceptibilitysamples were de� ned on the basis of our previous results

[7 b, 14] from magnetic birefringence (Cotton–Mouton x
z

coincides with the molecular long axis, and the values
of x

x
and x

y
are averaged to give x

)
5 (x

x
1 x

y
)/2, weeŒect) measurements for similar lanthanide complexes

(with the NO3 anion) in solution; as well as on the basis can obtain from equation (28) in [17]:
of (i ) EPR probe results for Tb and Er complexes

Dxtheor 5 (x
d

Õ x
)

)theor

5

Õ Nb2A0
2 7 r2 8 W(J )C1 1 aA kT

DWB 1 ¼ D
10(kT )2

and

W(J ) 5 g2 7 J a J 8 J(J 1 1)(2J Õ 1)(2J 1 3) (6)

where g is the Lande g-factor, b is the Bohr magneton,
A0

2 is the crystal � eld coe� cient, 7 r2 8 is the mean power
of the electron radius of the 4f electrons, and 7 J a J 8
is a numerical coe� cient whose values are listed in
table 1 of [17] for all lanthanide ions. This coe� cient
determines the relative signs of Dx for ions in each
lanthanide series.

The terms of the order of a (kT /DW ) and the terms of
higher orders in kT /DW arise from excited states withFigure 3. The (xor Õ xiso )/(xor Õ xiso )max (D ) value for the

L 3Tb(NO3 )3 complex as a function of the cooling rate u. J Ô 1, J Ô 2. Except for the case of the Eu complex, they
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849Magnetic anisotropy of L C lanthanides

have energies DW greater than 2000 cm Õ 1, which should correlate even in this rough approximation. The absolute
magnitudes of the parameter A0

2 7 r2 8 SG are comparablebe compared with kT 270 cm Õ 1. Following [17], we
may omit all these terms, since they result in corrections with the average A0

2 7 r2 8 for the ions under investigation:
Õ 70 cm Õ 1 for double nitrates, 108 cm Õ 1 for the rare-earthof less than 1–3% for the case of the lanthanides being

discussed. More rigorous consideration [18] shows that ethyl sulphate series, or 97 cm Õ 1 for the anhydrous rare-
earth chlorides [20]. For a more rigorous discussioncorrections to the Bleaney theory may reach 20%.

To compare the signs and the measured values of Dx of the correlation between the Dxtheor and Dxexp values,
one has to know a complete set of crystal-� eld para-given in the table, we should multiply Dxtheor by the

order parameter S and the parameter G. If the principal meters for each individual lanthanide ion, and perform
numerical calculations similar to those made in [18]axis of magnetic susceptibility does not coincide with

the molecular long axis, it is necessary to transfer to which involve all the excited states.
Not only the value of the parameter A0

2 7 r2 8 , butmolecular coordinate systems with x
d

being the molecular
long axis: also even the sign of the crystal-� eld parameter may,

in principle, change depending on the structure of the
� rst coordination sphere of the ion. The angle of non-G 5

1

2
(3l2

z
Õ 1) 1

1

2
( l2

x
Õ l2

y
)
A2

2
A0

2
(7 )

coincidence between the magnetic axis and the molecular
long axis may also change from one ion to another. Thewhere l

z
, l

x
, l

y
are the direction cosines of the principal

fact that, in spite of these circumstances, we obtainaxes of the molecular magnetic susceptibility with respect
correct relative signs and a rough correlation betweento the molecular long axis. In dipivaloyl methanate com-
the experimental and theoretical values of Dx when usingplexes with picoline Ln(dpm)3 (4-picoline)2 , for example,
a single realistic value of the parameter A0

2 7 r2 8 suggeststhe angle between the molecular long axis and the
that the compounds studied are close to isostructural .z-magnetic axis may be up to 18 ß [19]. Unfortunately,

the directions of the magnetic axis are unknown for our
complexes. Figure 4 shows the result which was obtained 4. Conclusions
by using only one (speci� c for each lanthanide series) 1. The sequence of Dx signs, and roughly of the
� tting parameter A0

2 7 r2 8 SG equal to Õ 77.7 cm Õ 1 for the magnitudes through the series of lanthanide meso-
NO3 series and Õ 79.6 cm Õ 1 for the DOS series; and gens, is in accordance with theoretical predictions
Q (H ) 5 1 for Dx > 0 and Q (H ) 5 Õ 1/2 for Dx < 0. We for isostructural series of lanthanides.
also neglect the diŒerence in TCr-Sm for compounds which 2. The characteristic feature of the smectic A phases
belong to one and the same series. The � tting parameter is of lanthanide liquid crystals is the large anisotropy
chosen to minimize the sum S

i
(Dxtheor

i
S Õ Dxexp 1 Dxexp

dia )2 of their magnetic susceptibility Dx. It may be about
over all ions studied for each series. It follows from two orders of magnitude larger than the anisotropy
� gure 4 that the signs of the experimental and theoretical of usual liquid crystals.
values of Dx coincide, and that the relative quantities 3. The size diŒerence between NO3 and DOS anions

does not essentially in� uence the values and the
signs of the magnetic anisotropy of corresponding
lanthanide complexes of the two series investigated.

We are grateful to Dr V. Goncharov and Dr G. Ivanova
for their help in this work. This work was � nancially
supported by the INTAS (project No 96-1198) and
RFBR (Project No 99-03-32716).
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