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Quantitative estimates are made for the diamagnetic mean susceptibility and anisotropy of the 
micellar interior and of the solvent medium of typical nematic lyomesophases. An analysis of 
the possible orienting mechanisms shows that both the molecular diamagnetic anisotropy of 
the hydrocarbon chains, which tends to align the chains perpendicular to the field, and the 
diamagnetic form anisotropy, which tends to align the major axis of the ellipsoids in the 
direction of the field, could in principle be responsible for the observed orientation if the 
micellar units are elastically coupled together, since the magnetic energy of a single micelle 
is smaller than thermal fluctuations. However, the degree of correlation among chains ensures 
that shape anisotropy of the micelles is negligible in front of molecular diamagnetic aniso- 
tropy. which must be responsible for the orientation of these lyomesophases. 

1. INTRODUCTION 

Lyomesophases that orient in strong magnetic fields have been known for 
more than a decade.' These lyomesophases have been explored with 
NMRZ4 and have been classified3s4 as types I and I1 depending on whether 
the phase director orients parallel or perpendicular to H, corresponding 
respectively to positive and negative magnetic anisotropy. The study of 
these lyomesophases is receiving increasing attention;5-" they have been 
classified as nematic because of their response to magnetic fields and their 
textures as seen with a polarizing mic ros~ope .~ -~* '~  

From small angle X-ray diffraction studies on oriented samples, the 
proposed structure of these nematic lyomesophases is of finite planar 
m i ~ e l l e s ~ ~ ~  (platelets) for type I1 and finite cylindrical m i c e l l e ~ ~ ~ ~  for type I 
lyomesophases. It has been argued46 that the observed orientation agrees 
with the expected orientation of carbon chains in magnetic fields due to 
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diamagnetic anisotropy. On the other hand, the observed orientation is the 
same that should be expected from the shape anisotropy of the micellar 
ellipsoids and it has been suggested6 that the two processes have converging 
effects. However, no quantitative estimate has so far been made. 

This correlation between structure and diamagnetic anisotropy seems to 
hold for amphiphiles with hydrocarbons, but it has been shown experi- 
mentally that the sign of the mesophase diamagnetic anisotropy can be 
changed without any concomitant change in micellar structure if other 
substances with diamagnetic characteristics opposed and larger than that of 
the hydrocarbons are added to the micelles” or if the amphiphile itself has 
opposed diamagnetic anisotropy . ” However, if these results are evidence 
that the molecular diamagnetic anisotropy is the dominant factor, they do 
not prove that the effect of micellar shape anisotropy is negligible, particu- 
larly in the case of molecular anisotropy due to hydrocarbon chains. There- 
fore, the question of how much the contribution of shape anisotropy might 
be has not been answered experimentally either. 

The question is relevant because since the earlier work on structures of 
lyomesophase~l~ the hypothesis of hydrocarbon chains in a highly dis- 
ordered conformational liquid state in all lyotropic mesophases has been 
adopted, what would make questionable the additivity of the molecular 
anisotropy to produce a macroscopic response. It is now accepted that 
the so-called disordered state retains a considerable degree of order, but 
the point of how much disordered the hydrocarbon chains are continues to 
be hotly discussed in the context of both micelles in isotropic solutions’”’6 
and biological membranes. ” No experimental results nor quantitative esti- 
mates for the effective macroscopic diamagnetic anisotropies of nematic 
lyotropics are available. 

Magnetic orientation in thermotropic nematic phases has been widely 
explored; it is due generally to diamagnetic anisotropy of aromatic 
rings. The diamagnetic molecular anisotropy is rather small and magnetic 
orientation occurs because a very large number of molecules are elastically 
coupled together, resulting in a magnetic energy for the bulk sample rea- 
sonably larger than thermal fluctuations. 

Magnetic orientation of particles in a solute can occur individually. 
Suspensions of various biological membrane systems such as retinal rod 
outer segments, chloroplasts and purple membranes have been known to 
show magnetic-field induced orientation.Mv2’ This effect is attributed to 
molecular diamagnetic anisotropy which sums up when molecules are 
oriented within a membrane or biological unit. However, the magnetic 
orientation observed in biological membranes is opposed to that expected 
from the diamagnetism of the lipid bilayers and it has been attributed to the 
diamagnetism of oriented membrane proteins, which cancel the small effect 
of the carbon chains. 
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MAGNETIC ORIENTATION OF LYOMESOPHASES 87 

In the case of lyotropic mesophases there are finite anisotropic micelles 
that resemble the biological units, with planar or curved lipid bilayers, but 
that also may be coupled together elastically as the anisotropic molecules 
of thermotropic mesophases. 

In this paper the effects of diamagnetic molecular and shape anisotropy 
in lyomesophases are compared and it is verified in which conditions the 
magnetic energy is larger than thermal fluctuations. 

A third possibility of orientation, due to anisotropy and inhomogeneities 
of the applied magnetic field, has a negligible influence in the case consid- 
ered here, of magnetic fields without provocated gradients in definite 
directions. 

II. ORIENTATIONAL EFFECTS IN MAGNETIC FIELDS 

11.1. Molecular diamagnetic anisotropy 

Let us consider a micelle with N anisotropic molecules of volume Vo, 
average susceptibility - xL, 
with a degree of correlation among molecules expressed by an internal 
order parameter Sint. The magnetic energy difference between the configu- 
rations n 11 H and n I H due to molecular ani~otropy'~. '~ for one micelle is 

= % (41 + 2x1) and anisotropy A x  = 

For diamagnetic substances the configuration of minimum energy is the 
one with smaller absolute value of x. Aliphatic compounds of long chains, 
with satured single bonds, possess small diamagnetic anisotropiesZ2 
( A x f i  -0.1 - 0.2) with the larger x in the direction of larger refractive 
index, corresponding to the length of the chain, and therefore align with H 
perpendicular to the molecular length. Since the hydrocarbon chains 
are expected to have a preferential direction perpendicular to the lipid- 
water interface, the molecular diamagnetic anisotropy due to the chains 
should align cylindrical micelles with their axis parallel to H and planar 
micelles with the plane of polar heads containing H, which is the type of 
orientation observed. 

The molar average susceptibility of molecule,yM, can be calculated from 
atomic values and constitutive constants found in the literature. 23-26 The 
percentual anisotropy Ax& for aliphatic compounds can be calculated 
assuming that the anisotropy comes only from the methylene groups and 
using the measured anisotropy for steric acid.22 

Table I gives calculated values of TM and A x f i ,  with a precision of about 
3%, for the molecules of interest in the case of two typical lyomesophases: 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
33

 2
1 

Fe
br

ua
ry

 2
01

3 



88 L. Q. AMARAL 

TABLE I 

Calculated molar diamagnetic susceptibility & and estimated 
percentual diamagnetic anisotropy A x f i  

molecule (emu/mol)  AX/^ 
Na decyl sulfate 165 9% 
K laurate 155 10% 
decanol 124 12% 
Na,SO, 54 
KCI 39 - 

- 

Qpes I1 SDS (Na decyl sulfate 37 wt.%/water 53 wt.%/Na sulfate 
5 wt.%/decanol 5 wt.%); v p e  I LK (K laurate 33.6 wt.%/water 
64.1 wt.%/KCl 2.3 wt.%). 

From these molar values the calculated average volumetric sus- 
ceptibilities 2 for the micellar interior and ,yo for the solvent medium, 
admitting that the alcohol is inside the micelle, and the salt is in the solvent, 
do not differ sensibly for the two lyomesophases; typical values are 
X = -6.10-’ emu/cm3 with Ax& = 0.1 and xo = -7.10-’ emu/cm3. 

Therefore, as is the case with thermotropics, the magnetic interaction 
energy for one amphiphile molecule is exceedingly small when compared 
to the thermal energy. There are some discrepancies in the estimate of the 
micellar size, but one can say that the number of molecules per micelle is 
expected to be -lo2 for the smaller estimate6 and of -lo3 - lo4 for the 
larger estimate.”’ In any case it is clear that a single micelle would not be 
able to align in a magnetic field of 2 KG due to thermal fluctuations. 

For orientation due to molecular diamagnetic anisotropy to occur the 
micelles must be elastically coupled together in a way analogous to thermo- 
tropic liquid crystals. This is a well accepted fact in view of the observed 
textures and is in agreement with X-ray results that indicate collective 
reorientation of the mi~el les .~  

Admitting M micellar units elastically coupled, with a degree of cor- 
relation among micelles expressed by an external order parameter Sex,, the 
magnetic energy difference is 

The effective diamagnetic anisotropy is Axerr = Sm, Ax, where Smol = Sh, * 
S,, is the bulk order parameter of the molecule. For orientation to q c u r  it 
would be necessary Smol N M =lOIo molecules, a condition that can be 
satisfied by the bulk sample. 
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MAGNETIC ORIENTATION OF LYOMESOPHASES 89 

The separation of Smol in two defined order parameters Sin, and Sex, has not 
been explicitly considered before, but a separation of Smo, in the several 
components of the molecular movements has been already used in the 
interpretation of NMR results' in nematic lyotropics. The advantage of 
making this separation is that Sex,, which is the order parameter defining the 
nematic order of the micelles, may be experimentally obtained from X-ray 
diffraction results in oriented samples, since this technique gives informa- 
tion about the orientational order of the diffracting unit; the X-ray method 
does not give a very accurate but can give approximate values for 
Sex,. Other properties, that depend on interactions at the individual molecu- 
lar level, will be sensitive to Smol. The order parameter Sin, is not directly 
measurable, but can be compared with results for Smol in conditions where 
Sex, = 1, as classical lamellar and hexagonal lyomesophases. Information 
about Sin, may also be obtained from ratios of NMR splittings' that cancel 
Sex,. 

11.2. Form anisotropy 

The problem of orientation of an ellipsoid of magnetic susceptibility x in 
a medium of magnetic susceptibility ,yo in presence of a constant magnetic 
field H has been treated rather c ~ m p l e t e l y . ~ ~ ~ " + ~ ~ - ~ ~  The three directions of 
the principal axes of the ellipsoid are directions of equilibrium but only the 
situation a 11 H (a being the major axis) is of stable equilibrium, and this 
does not depend on the sign of (x - ,yo); the components of the torque on 
the ellipsoid are such that they turn the major axis in the direction of the 
field by the shortest way.23."~29 Therefore, micellar shape anisotropy would 
also give the observed orientations of cylinders with their axis parallel to 
H and disc-like platelets with H in the plane. 

The energy difference between the two configurations with the major 
axis 11 and I to H can be approximated to 

where D, and D, are demagnetizing factors in the directions of respectively 
the smaller and larger semiaxes. 

The largest energy difference occurs for highly asymmetrical ellipsoids, 
when a 9 c; in this case D, = 0 and D, = 47r for oblate and D, = 27r for 
prolate ellipsoids. This condition is approximately verified already for 
a = 1OC. 

For Allf,,,,,, % kT orientational effects due to form anisotropy may be 
observed. Taking the largest possible value for AUfo,,,, and the typical values 
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90 L. Q. AMARAL 

obtained for lyomesophases the necessary condition at room temperature is 
Z? V - 1 (C2 cm3). This means that for the usual values of H only macro- 
scopic particles may present orientational effects due to shape anisotropy 
individually. 

However, if we consider M micellar units elastically coupled, with a 
degree of correlation among micelles expressed by Scrt, orientation of the 
bulk sample could occur for S,,HV - 10-%m3, a condition that can be 
satisfied by the macroscopic samples investigated. 

11.3. Comparison of molecular and form anisotropy effects 

Elastic coupling is the mechanism that makes possible diamagnetic orien- 
tation due to molecular or form anisotropies. To decide whether the two 
processes may compete or have converging effects it is necessary to com- 
pare A Urn, with A Ufom. 

Admitting that the volume V of the micelle can be approximated to NVo, 
the ratio between the energy differences due to molecular and shape anisot- 
ropy is 

As it has been seen in the previous item A x  - F - xo and as X is very 
it results for highly assymmetrical ellipsoids small (- 

A u,,,~,/A ufm = 105 sin, 
Therefore AUmI * AU,, except in the case of almost completely uncorrelated 
molecules, when Sin, goes to zero. This would be the case for anisotropic molecules 
in the isotropic liquid state. 

An estimate of typical values for the order parameters can be made from order 
parameters of the C-D bonds obtained from NMR studies of amphiphilic molecules 
with deuterated methylene groups. For nematic lyotropics typical values for ori- 
ented allow an estimate of SmI = 0.1 - 0.2; the values obtained from 
l i ~ i d ' ~ . ~ ~  and ph~spholipid'~ bilayers can be used to estimate Si, 0.2 - 0.4. 
Therefore, it is possible to estimate also Sex, = 0.5 - 0.6. 

These estimates for the order parameters allow some conclusions to be drawn: 
0 the order parameter that characterizes the nematic order (Sex[) has similar 

values for lyotropics as for thermotropic nematics, even if the correlation among 
individual molecules is smaller in lyotropics. 

0 the effect of the shape anisotropy of the micelles is negligible in front of the 
molecular diamagnetic anisotropy of the methylene groups. 

the estimated anisotropy of the hydrocarbon chains leads to Axe& zz 
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MAGNETIC ORIENTATION OF LYOMESOPHASES 91 

1-2%. Experimental results of Axeff and j are necessary to verify if the 
diamagnetic anisotropy is due only to the methylene groups or polar heads 
and ions are also giving a contribution. 
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