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EPR anisotropy induced by a magnetic ® eld in the smectic A

phase of a mesogenic Cu( II ) complex derived from a

Schi� ’s base

P. J. ALONSO*, J. I. MARTIÂ NEZ and V. M. ORERA
Instituto de Ciencia de Materiales de AragoÂ n,

(Consejo Superior de Investigaciones CientõÂ ® cas Ð U. Zaragoza),
Facultad de Ciencias, Pza. S. Francisco s/n, 50009 Zaragoza, Spain

(Received 10 October 1997; in ® nal form 12 November 1998; accepted 21 November 1998 )

The Q-band electron paramagnetic resonance (EPR) spectrum of the frozen smectic phase of
the mesogenic compound bis[N -(4¾ -n-pentoxyphenyl)-4-n-decyloxysalicylaldiminate] copper(II)
is studied. An anisotropic EPR spectrum is observed if freezing from the SmA phase is done
in the presence of a magnetic ® eld; the sample tends to orient with the director perpendicular
to the magnetic ® eld. The relative intensities of the EPR signal of this exchange coupled
system are discussed in relation to the orientational distribution of the molecules. The results
appear to be compatible with a biaxial magnetic susceptibility in the SmA phase. This suggests
that an ordering of the short axes of the molecules in the plane perpendicular to the director
in the SmA mesophase may take place.

1. Introduction acting molecules needed for a complete averaging of the
The molecular shape of some metallomesogenic com- hyper® ne structure) for the short axes, and this does not

plexes derived from Schi� ’s bases noticeably deviates necessarily imply the existence of a biaxial order over
from those of classical calamitic molecules and can be typical director correlation lengths in the mesophase
better described as brick-like instead of rod-like, see [1]. On the other hand, new arguments in favour of the
® gure 1 (a). Breaking the molecular uniaxial symmetry existence of biaxial order have recently been a� orded
opens up new possibilities for molecular organization in when we studied the orientation of the director by a
the mesophases. In fact the existence of some local order moderate magnetic ® eld in the case of some brick-like
in the plane perpendicular to the director, see ® gure 1 (b), metallomesogens derived from Schi� ’s bases. We pro-
has been suggested from X-ray di� raction and extended posed a model which relates this orientation with the
X-ray absorption ® ne structure (EXAFS) studies [1], as mesophase structure [4]. According to that model, the
well as from electron paramagnetic resonance (EPR) orientation of some Cu(II) complexes with the director
measurements [2, 3]. perpendicular to the magnetic ® eld has to be associated

In the ® rst case, correlation peaks at about 3.8 and with the existence of some degree of macroscopic biaxial
8.5AÊ that roughly correspond to the molecular width order. In the present paper we report on the orientation
and thickness were observed. In the second case, the induced by a magnetic ® eld in the smectic A phase of one
EPR spectra of some copper derivatives of Schi� ’s bases of these Cu(II) metallomesogen complexes by studies of
show a completely smeared out hyper® ne structure the induced anisotropy in the EPR spectrum of the
indicating that an exchange interaction occurs. However frozen smectic phase. We will see that our observations
the components of the g tensor in the plane perpendicular are in agreement with the above mentioned model.
to the director are only partially averaged. Taking into To continue our earlier experiments, we have exploited
account the similar magnitudes of the hyper® ne and g the capability of obtaining mesophase orientation by
tensor anisotropies, both facts can only happen together using relatively moderate magnetic ® elds. This capability
if nearby molecules keep their short axes nearly parallel. is a direct consequence of the anisotropic magnetic

The studies cited above have only given evidence for susceptibility of the phase. It is interesting to remember
the existence of local order (within a length of ten or that a set of independent molecules cannot show a
more molecules, which is the number of exchange inter- macroscopic net orientation in the presence of a moderate

magnetic ® eld because the individual molecular magnetic
energy is very small compared with the thermal energy.*Author for correspondence.
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650 P. J. Alonso et al.

Figure 1. (a) A sketch of the molecular shape of CuCL. Molecular (X M, YM, Z M) axes are indicated. (b) A diagram of the local
environment of the brick-like molecules in the mesophases. The principal g tensor (X , Y , Z ) axes, that correspond to the local
molecular equilibrium direction (e.g. the z-axis is the director) are indicated (see text). (c) Molecular formula of CuCL.

On the other hand, the magnetic ® eld can interact with that the director tends to be perpendicular to the magnetic
® eld. Therefore, according to the model given in [4],the director when its correlation length is long enough

to allow a set of more than 108 ± 109 molecules with this phase will show a biaxial magnetic susceptibility
and the shortest molecular axis will tend to orientpractically the same equilibrium orientation of the long

axes. The global magnetic anisotropy arises from a parallel to the ® eld. Although the compound also shows
a SmC phase at lower temperatures, no orientation canco-operative e� ect arising from the orientation of the

molecules (that are held together by the anisotropic be achieved in this phase by applying a magnetic ® eld.
This can be understood by considering the increase ofinteractions responsible for the order of the mesophase)

and the magnetic anisotropy of the molecules themselves the sample viscosity as the temperature decreases. In
addition, the EPR spectra of this compound have been[4± 7]. Magnetic ® eld orientation has to be carried out

in the ¯ uid mesophase. From the experimental point of thoroughly studied both in its solid phases and in its
mesophases [8].view, it is also of great help that in many cases the high

temperature mesophase structure can be frozen in by
fast cooling of the sample to room temperature. In the 2. Experimental

The CuLC complex was prepared as described in [9].presence of the magnetic ® eld the frozen sample yields
an anisotropic distribution of molecular orientations. Its phase sequence is Cr � 125ß C � SmC � 130ß C �

SmA � 162ß C � I on heating and I � 162ß C � SmA �Thus, information about the anisotropy of the magnetic
susceptibility can be obtained by lower temperature 130ß C � SmC � 105ß C � Cr on cooling. If the sample

is frozen from the smectic phases the solid keeps themeasurements. A biaxial magnetic susceptibility proves
that an ordering of the molecular short axes occurs, smectic texture as revealed by optical microscopy. The

Cr phase is again restored by heating the frozen smecticthereby de® ning an additional d̀irector’.
In particular we have carried out a study by EPR to about 100ß C.

Room temperature (r.t.) Q-band EPR measurementsspectroscopy of some frozen phases of a Cu(II)
mesogenic compound derived from a Schi� ’s base: (microwave frequency about 34GHz) were performed

with an ESP380E Bruker spectrometer. The samplesbis[N -(4-n-pentoxyphenyl)-4-n-decyloxysalicylaldiminate]
copper(II) (hereafter referred to as CuLC). The corres- were introduced into a quartz tube of 1 mm diameter.

For this sample size, the wall e� ects are negligible.ponding chemical formula is shown in ® gure 1 (c). We
have chosen this compound because its SmA phase can Frozen phases were produced by ® rst heating the sample

in a ERV411T variable temperature set-up from Brukerbe oriented by an applied magnetic ® eld in such a way
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651Magnetic ® eld induced EPR anisotropy

and then by quenching in water at r.t. The sample The principal g tensor axes have been chosen such
that gxx< gyy< gzz . It is interesting to note that althoughtemperature was monitored by attaching a thermocouple

to the quartz tube. The temperature error was estimated the gxx and (gzz +gyy )/2 values are the same as for
isolated molecules in a frozen toluene solution [8], ato be lower than 0.5ß C and the stability better than

0.1ß C. Quenching was done either in the absence or in reduction in the dg = gzz Õ gyy di� erence in the concen-
trated solid sample is observed. This indicates that athe presence of a magnetic ® eld of about 2 T.
partial exchange induced averaging of the Y and Z

3. Results principal components of the g tensor takes place, pre-
As has been previously reported [8], the r.t. sumably because the corresponding axes of the inter-

EPR spectrum of a fresh CuLC sample is associated acting molecules do not have perfect coaxial orientation
with exchange coupled Cu(II) paramagnetic entities throughout the solid.
(S = 1/2). The exchange interaction is responsible for The EPR spectrum we obtained after freezing from
the collapse of the hyper® ne structure associated with the SmA phase in the absence of any magnetic ® eld is
the copper nucleus (I = 3/2) and the s̀trong exchange’ shown in ® gure 2. Of course, the spectrum is isotropic,
condition is ful® lled. So, the EPR signal can be described as it does not depend on the magnetic ® eld orientation.
by the following spin-Hamiltonian: Only minor changes are observed in this spectrum as

compared with that of a fresh sample. Again the absenceH = mB{gxx Bx Sx+gyyB ySy+gzz B z Sz } (1)
of hyper® ne structure means that the intermolecular

where mB represents the Bohr magneton, S= 1/2 and exchange also takes place in this frozen smectic phase
gxx , gyy and gzz are the principal values of the èxchange and the s̀trong exchange’ limit also applies. Consequently
averaged’ g tensor. The g tensor principal frame is shown we followed the same analysis procedure as in the
in ® gure 1 (b). Given that there exists a spatial averaging previous case and obtained for the principal g values
because of the exchange interaction, the axes refer to and the halfwidths of the absorption lines:
the local equilibrium orientation of the molecular axes

gxx = 2.044 gyy= 2.086 gzz = 2.199imposed by the phase structure and not to that of the
isolated molecules. Furthermore, an anisotropic line- Wx = 2.0 mT Wy = 5.0 mT Wz = 7.0 mT.
width needs to be considered in order to explain the

The calculated spectrum using these parameters isspectrum. We have to remember that in this material
given by the dotted lines in ® gure 2. It is worth notingthe actual linewidth is driven by the dipolar and
that for this kind of calculation we have to consider, inexchange interactions and both are, in principle, aniso-
principle, both the orientational distribution function oftropic. A similar anisotropic linewidth has been used by

Ghedini et al. [10] to explain the EPR signal in other
Cu complexes from mesogenic Schi� ’s bases.

The powder spectrum can be reproduced assuming a
Lorentzian lineshape and using the following g values
and signal widths:

gxx = 2.044 gyy= 2.080 gzz = 2.207

Wx = 2.0 mT Wy= 3.0 mT Wz = 4.5 mT

together with the following interpolating halfwidth
formula:

W
2
( lx ly lz )= W

2
x l

2
x +W

2
y l

2
y +W

2
z l

2
z (2)

where lx , ly , lz are the director cosines of the magnetic
® eld with respect to the principal axes of the g tensor.
Although the former expression does not have a
theoretical basis, it can be used in an empirical way. In
fact, we have also used other interpolating formulae like
W (lx ly lz )= Wx l

n
x +Wy l

n
y+Wz l

n
z (n = 1 and 2) and similar

Figure 2. Q-band EPR spectra, measured at r.t., of a CuLCresults are obtained. The goodness of expression (2) is
sample quenched from the SmA phase in the absence ofunderstood as being due to the fact that the aspects of
a magnetic ® eld. The continuous lines give the experi-

the powder spectra depend mainly on the lineshape of mental spectra and the dotted lines the calculated spectra
the transitions corresponding to the orientation of the (see text). Upper part, ® rst derivative spectra; lower part,

absorption spectra.magnetic ® eld along the principal g tensor directions.
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652 P. J. Alonso et al.

the molecules with respect to the principal g tensor axes anisotropy to be averaged) as the length over which the
spatial averaging takes place. It is worth noting that alland the distribution function of the orientation of those

equilibrium axes throughout the sample. In our case the molecules in a region of the exchange length size have
common equilibrium axes.exchange interaction between molecules produces, as

has been mentioned above, a spatial averaging of the Some estimations about the exchange length in our
sample can be obtained from the experimental results. Themolecular tensor [3]. Consequently, the ® rst distribution

is responsible only for the changes in the g tensor collapse to zero of the hyper® ne structure implies that
the exchange length must be larger than ten moleculesprincipal values with respect to that of isolated molecules

[3, 11]; also as consequence of the exchange interaction, in order to average the maximum hyper® ne anisotropy.
It has to be noted that in our copper centres the maxi-the measured g tensor corresponds to a kind of spatial

àveraged molecule’, in the same way that a ¯ uid system mum hyper® ne anisotropy is comparable to the maximum
Zeeman anisotropy. Since the Zeeman anisotropy isin the f̀ast motion limit’ is described by time averaged

molecular tensors. This contrasts with the situation far from being completely averaged, there is a clear
indication that the three principal molecular axes havefound in mesogenic systems where the exchange inter-

action between paramagnetic entities is absent [12], a strong spatial correlation over a length of more than
ten molecules. The conclusion from EPR studies on non-such as, for example, systems of diamagnetic mesogens

where paramagnetic probes are introduced in order to oriented samples is that the equilibrium directions for
the three principal axes of the molecules are constant,study the phase order by means of EPR spectroscopy.

The e� ect of the exchange averaging and the relationship at least for a few tens of molecules.
Considering all these points and previous resultsbetween the equilibrium frame and the director distri-

butions will be discussed below. The non-oriented [3, 11], the slight Zeeman anisotropy exchange averaging
observed can be understood as being due to the distri-sample has a uniform distribution of orientations and a

typical, isotropic powder spectrum is measured. bution of the axes of individual molecules within the
exchange length around the equilibrium orientations.The gxx and (gzz +gyy )/2 values remain unchanged,

but a further reduction of dg together with an increase Then, as has been discussed above, the g tensor principal
axes correspond to the equilibrium directions of thein Wy and Wz is observed for the frozen sample. Such

e� ects, which have been previously observed with other molecular axes. Consequently the distributions of the
axes of the molecules with respect to the equilibriummesogenic copper(II) complexes derived from Schi� ’s

bases [8, 13], are a consequence of some orientational directions do not a� ect the relative intensities in EPR
measurements on an oriented sample.distribution of the short axes of the molecules around

their equilibrium directions in the frozen phase. The question now is whether this detected local
order extends over a long range (that is, whether theIt is important to note here that the gyy and gzz

components are far from being completely averagedÐ phase is globally biaxial). Taking into account that the
orientation of the director by a magnetic ® eld is drivenboth equal to (gzz +gyy )/2Ð as would be expected for a

random orientational distribution of the short axes of by the anisotropy of the global magnetic susceptibility
[5], we have studied the spectra of samples frozen inexchange-coupled molecules as observed in [11].

We have pointed out elsewhere [3, 8] that these kinds the presence of a magnetic ® eld.
After freezing the sample from the SmA phase to r.t.of EPR results on exchange coupled mesogenic Schi� ’s

base complexes support the concept of a local order of in the presence of a magnetic ® eld, B0 , the spectrum
becomes anisotropic as it depends on the relative orien-molecular short axes such as that shown in ® gure 1 (b).

Exchange consists in a kind of weak bonding between tation of the measuring magnetic ® eld, Bm , and B 0 . It is
important to remember that if the freezing is done fromparamagnetic entities that can be described as a non-

commuting term in the spin-Hamiltonian [3]. Such the SmC phase under the same conditions, no anisotropy
is observed in the EPR spectrum. The spectra of a CuLCsystems can be interpreted in a d̀ynamical’ way: electronic

spin is not localized, but has a probability (proportional sample frozen from the SmA phase, measured with B m

either parallel or perpendicular to B 0 , are shown into the exchange energy) of h̀opping’ from one para-
magnetic centre to another. In this way both exchange ® gures 3 (a) and 3 (b), respectively. For the sake of brevity

we have denoted them as the parallel and perpendicularand motion e� ects can be treated with a similar formalism
[14]. In a sample with long range exchange coupling, spectra. Both absorption and ® rst derivative spectra are

shown. In the parallel spectrum, ® gure 3 (a), a strongthe spin-Hamiltonian anisotropy is spatially averaged
between the molecules v̀isited’ by an electron spin in a decrease is observed in the intensity of the gxx com-

ponent, together with a very important increase in thattime shorter than that associated with the anisotropy
frequency. This allows us to de® ne an èxchange length’ of the gzz component, as compared with the values for

the non-oriented sample. It is noteworthy that the gzz(that depends on the exchange strength and on the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



653Magnetic ® eld induced EPR anisotropy

Figure 3. Q-band parallel (a) and
perpendicular (b) EPR spectra
of a CuLC sample quenched
from the SmA phase in the
presence of a 2 T magnetic ® eld.
Upper parts, ® rst derivative
spectra; lower parts, absorption
spectra.

signal reaches an absolute maximum of absorption. where f0 is a normalization constant and K is proportional
This spectrum indicates than an orientation with the Z to the anisotropy of the magnetic energy, Õ Dx ¯ |B 0 |2,
(shortest molecular axis) equilibrium direction nearly and increases as the correlation length of the director
parallel to the ® eld has been strongly favoured. For the increases. If the director tends to orient itself parallel to
perpendicular spectrum a decrease of the intensity of the the magnetic ® eld, K < 0 and in the opposite case K > 0.
gzz component occurs, whereas the other components The orientation process causes an anisotropic orien-
in the region of the gxx and gyy features are intense tation of the molecular axes in the sample. As a matter
and dominate the spectrum, see trace 3 (b). Again the of fact, the experimentally detected distribution of
absence of hyper® ne structure indicates that the exchange orientations will be, strictly speaking, a convolution of
interaction does not disappear within the orienting the director distribution with respect to the orienting
process. ® eld, and the orientational distribution of the local

equilibrium axes with respect to the director. As we have
4. Discussion discussed above, and as a consequence of the exchange

From the last experiment it follows that our sample interaction in the s̀trong exchange limit’, the distri-
can be oriented by applying a magnetic ® eld in the SmA bution of the individual molecules with respect to the
mesophase. This orientation can be frozen by quenching equilibrium directions causes only the small g value
to r.t. in the presence of the magnetic ® eld. Now we go averaging detected and has no e� ect on the signal
on to see if it can be determined whether the magnetic intensities. In the simplest description of the phase,
susceptibility of the SmA phase is uniaxial or biaxial. the equilibrium molecular long axis coincides with the

Let us consider ® rst the case of a uniaxial mesophase. director. Therefore, in a ® rst approximation we can
In such a situation the magnetic susceptibility tensor is neglect the in¯ uence of the second distribution. On the
given by: other hand, in the case of a uniaxial phase, the director

distribution with respect to the magnetic ® eld is given
by a function like (4).

x= x0 +
Dx

3 A Õ 1

Õ 1

2B (3)
Then, for a uniaxial mesophase and using this distri-

bution function, we calculated the parallel and perpendicular
EPR spectra. In a uniaxial oriented sample, the Z and

where Dx= x
d
Õ x) gives a measurement of the magnetic

Y molecular short axes must be uniformly distributed
susceptibility anisotropy. As the magnetic susceptibility as they are not oriented. In our case the gxx feature
is axial, the probability of ® nding the director in a region decreases in the parallel spectrum, see ® gure 3 (a), so it
of the sample making an angle between a and a+da would correspond to a mesophase oriented with the
with the orienting magnetic ® eld, B0 , is given by: director perpendicular to the magnetic ® eld, i.e. K > 0 .

In ® gure 4 we show both the parallel and perpendicularf (a) da= f0 exp(Õ K ¯ cos2
a)¯ sin(a) da (4)
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654 P. J. Alonso et al.

Figure 4. Calculated parallel (a)
and perpendicular (b) absorption
spectra of an oriented sample
assuming a uniaxial distribution
of orientations for di� erent
values of K (see the text).

spectra calculated for di� erent positive values of K for axes with respect to the director and a uniaxial distri-
bution of orientations of the director like that given bya uniaxial distribution.

It is easy toverify that both the parallel and perpendicular equation (4). Now we analyse the ® rst hypothesis. It is
well known that classical studies of mesophase order fromexperimental spectra are absolutely incompatible with

such a uniaxial mesophase. In the case of a completely motional averaging in the EPR signals of paramagnetic
probes dissolved in liquid crystals considered thatordered uniaxial distribution with the director aligned

perpendicular to the orienting magnetic ® eld, the parallel motion of the probe around its equilibrium orientation
gave a good picture of the global phase order. This isand perpendicular spectra would be like those given in

® gure 4 for high K values. In such a case, the parallel only true when it is assumed that all the long axis
equilibrium directions nearly coincide with the director.spectrum corresponds to a distribution of resonance lines

between gzz and gyy which produces an EPR spectrum Even if there exists some distribution of the long axial
equilibrium direction around the director, the short axeswith two main features at these principal g values and

of equal intensity (the di� erences observed in ® gure 4 are of the equilibrium frame always lie almost perpendicular
to the director and it is very unlikely that this distri-due to the anisotropy on the linewidths). For a uniaxial

phase, the gzz component could never reach an absolute bution imposes an important di� erence on the intensities
of the signals corresponding to the orientations of themaximum in the parallel spectrum (as experiments show)

provided that the signal in this region is clearly broader. short axes, Z and Y , in our spectra of oriented samples.
Alternatively, and it seems to be a simpler explanation,On the other hand the simulated perpendicular spectrum

for high K values consists of a pronounced absorption we go on to see that our results can be qualitatively
explained by using a simple model that accounts for anear to gxx and only small shoulders at gzz and gyy . This

clearly cannot explain the relative intensity of the gyy biaxial magnetic susceptibility. In the biaxial case, if
lx , ly , lz are the cosines of the angles that the magneticcomponent in the experimental perpendicular spectrum.

It has to be pointed out that these simulated spectra are ® eld makes with the x , y, z principal axes of the magnetic
susceptibility, the probability of ® nding the orientingqualitatively independent of the uniaxial distribution

used, since in the case of strong orientation (high K ) magnetic ® eld within a di� erential solid angle dV around
the direction de® ned by lx , ly , lz is given by:there will always be a uniform angular distribution

probability between gzz and gyy for the parallel spectra
f ¾ (lxlylz ) dV = f ¾0 exp{A (l

2
x +l

2
y )+B (l

2
x Õ l

2
y )} dV.and a strong absorption near gxx for the perpendicular

cases. (5)
We conclude then that the formerly drawn model fails

to describe, even qualitatively, the main experimental The axial case corresponds to A = K and B = 0, with
dV = sin(a) da.facts given in ® gure 3. Therefore we have to revisit the

two main hypotheses of this model where we assumed a Using this expression we have calculated the parallel
and perpendicular spectra. To a ® rst approximation, wenegligible in¯ uence of the distribution of the equilibrium
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655Magnetic ® eld induced EPR anisotropy

seems to be biaxial, and the equilibrium orientations of
the molecular short axes have a correlation length
comparable to that of the director. This would be a
strong indication that the SmA phase of the Schi� ’s base
bis[N -(4-n-pentoxyphenyl)-4-n-decyloxysalicylaldiminate]
copper(II) is a biaxial phase. More work in order to
check whether these unusual low symmetry e� ects trans-
late into other properties of the mesogen must be done.
Moreover, this kind of study has to be extended to other
Schi� ’s base derivatives of Cu(II) that orient perpendicular
to the magnetic ® eld in a classically described uniaxial
mesophase.

Thanks are given to Dr. J. L. Serrano and
Dr. M. Marcos for supplying the samples and Dr.Figure 5. Calculated parallel (a) and perpendicular (b) absorp-

tion spectra of an oriented sample assuming an ortho- P. Algarabel for experimental support.
rhombic distribution of orientations given by A = 2.0 and
B = 0.6 (see the text).
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