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This is a review of recent progress in our knowledge about the behaviour of
synthethic and biological macromolecules and larger biological particles in
dilute solution and in the liquid crystalline state, when exposed to strong
magnetic fields. Emphasis is on the observation of magnetic orientation as
resulting mostly from an anisotropic molecular diamagnetic susceptibility, and
on its interpretation in terms of molecular structure, flexibility and inter-
molecular orientational correlation. Some biological applications of magnetic
fields are briefly discussed, including the separation of macromolecules in
inhomogeneous fields, the field-induced modification of cellular growth and the
field sensitivity of animals.

4.1 Overview

In this chapter we first review briefly the dia- and paramagnetic properties of
some organic molecules in Sect. 4.2. Subsequently, Sect. 4.3, we describe recent
experiments on the magnetic orientation of various biological materials,
polymers, liquid crystals and membranes [4.1]. For example, the magnetic
orientation of long DNA chains (which amounts to about 1% in a field of 20 T)
and of other polymers gives direct information about the persistence length or
radius of curvature of these macromolecules in solution [4.2]. Shorter segments
of DNA or other polyelectrolytic rods (as, for example, virus particles) above a
critical concentration form liquid crystalline phases with interparticle distances
of up to a few hundred A. These polyelectrolytic liquid crystals can be fully
oriented in a strong magnetic field [4.3, 4] and are interesting anisotropic objects
for the study both of their dynamics and their structure by scattering of light or
neutrons, Furthermore, by evaporating the water from a polyelectrolytic liquid
crystal — for example, of virus particles — exposed to a high magnetic field, dry
filaments of fully aligned virus molecules have been produced which represent
excellent oriented targets for the x-ray structure analysis of the virus itself [4.5].

Biological membranes show strong orientation in a magnetic field due to their
intrinsic anisotropic structure. Whether the membrane orients itself parallel or
perpendicular to the field depends on the proteins incorporated in the lipid
membrane, and the degree of orientation varies whenever phase transitions
occur in the membrane. In fact some lipid phase transitions can be observed most
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clearly by recording the magnetic orientations as a function of temperature [4.6].
Complex biological structures built up by folded membranes, such as retinal rods
[4.7], can be fully oriented in relatively low fields.

High-field magnetic orientation turned out to be useful also for studying
molecular structure and phase transitions in classical and polymeric liquid
crystals as well as in microemulsions. When a polymer is formed from an
oligomer by the addition of monomers (polymerisation process) in the presence
of a strong magnetic field, the interesting question arises, whether the resulting
polymers are oriented. In Sect. 4.4 evidence is presented that both the reaction
rale [4.8]and the orientation [4.9] of the final polymer can be enhanced by strong
magnetic fields.

We should also mention certain magnetic field dependent chemical reactions
of great interest [4.10-24]; they are of very different origin and cannot be
described here in detail. The reaction rates show a field dependence only at very
low fields — between zero field and a few kilogauss at most — but are field
independent at higher fields. In most of these reactions, recently reviewed by
Atkins [4.25,26] and Turro and Kraeutler [4.27], the nuclear hyperfine fields of
the reacting molecules (10-100 G) are the rate-determining parameters al zero
external field but not at much higher fields. Consequently the reaction rate in
many cases changes with an applied field only between zero field and a field of
several hundred gauss, with no further field dependence at higher fields. Recent
developments in magnetochemistry are described in [4.28,29].

If the magnetic field is strongly inhomogeneous diamagnetic macromolecules
are expelled from (or attracted into) the regions of the maximum magnetic field,
depending on the magnitude of their diamagnetic susceptibility (relative to the
solvent). Thus in strong field gradients a separation of macromolecules, proteins
or red blood cells from the rest of the solution has been achieved [4.30-32] as
described in Sect. 4.5. Perhaps the changes of certain enzymatic activities in an
inhomogeneous field observed by Haberditzl [4.33] are related to diamagnetic
separation of reacting components from each other.

Since high magnetic fields affect the orientation, motion and polymeri-
sation of biomolecules it is not too surprising that a direct influence of magnetic
fields on living cells also exists. “Magnetobiology’ has a long history [4.34-37],
but many experimental results in the available fields were contradictory and
therefore most of the conclusions appear rather speculative. It is established
that certain animals are able to sense the earth’s magnetic field and to use it for
their orientation (survey in [4.38—42]). In Sect. 4.6 we briefly summarise the
significant progress which has been made recently towards better understanding
of the detection of such weak magnetic fields by bacteria [4.43, 39], insects
[4.38,44,45], fish [4.41] and birds [4.40,42,46]. Convincing evidence exists that
the roots of plants exposed to an inhomogeneous magnetic field show an oriented
growth towards the low field region [4.47,48)]. We shall also discuss the first
observation [4.49] that oriented growth (of monocellular pollen tubes) takes
place in homogeneous strong fields. We believe that further study of oriented
biological growth in high magnetic fields may lead to a better understanding of
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the growth process itself, including the mechanism of cell division. Therefore
biological experiments in high fields represent in our view a very strong
motivation for generating fields in excess of 30 T, particularly since most of the
phenomena discussed here vary as H?.

It goes beyond the scope of this chapter to review in detail the importance of
high magnetic fields for high-resolution nuclear magnetic resonance spectro-
scopy of biological substances. This field of research has rapidly developed since
1960 when the first superconducting 5 T magnets were introduced. Now NMR
spectrometers with fields up to 9.4 T have become commercially available and
proved to be a powerful tool for structural analysis of many proteins and
peptides [4.50-53]. Using high field NMR it has recently been possible to analyse
quantitatively the large internal motion within protein molecules [4.54, 55]. Inan
attempt to improve the resolution and sensitivity of this technique further by
working at even higher magnetic fields, a NMR spectrometer using a Nb,Sn coil
for a field of 14 T hasrecently been tested [4.56]. If one analyses large anisotropic
molecules at such high fields they are no longer oriented at random in the
solution but show alignment relative to the field. In fact, the complete magnetic
orientation of suspended microcrystals of the paramagnetic protein metmyo-
globin (Fig.4.1) made it possible to monitor pseudo single-crystal NMR
spectra; thus new structural features could be accurately determined [4.57].

The effects of alternating fields and microwaves on living cells are not
discussed here; the reader is referred to the current literature [4.59].

& aom N o o -

Fig.4.1. Microcrystals (10~100) um) of the protein met-aquo-myoglobin suspended in aqueous
ammonium sulphate solution are almost completely oriented by a homogeneous magnetic ficld of
only 0.3 T applied for 5 min. The protein carries a high-spin iron in the planar porphyrin group
which is responsible for substantial anisotropy of the paramagnetic susceptibility due to some spin-
orbit coupling even at room temperature. The observed magnetic orientation is very probably of
paramagnetic origin because microcrystals of diamagnetic CO myoglobin do not orientevenin 8.5 T
[4.57, 58]
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4.2 Dia- and Paramagnetic Anisotropy of Macromolecules

If a molecule (without an unpaired electron) is placed in a uniform magnetic
field, the intramolecular electronic screening currents generate a diamagnetic
moment y proportional to the magnetic field H

|| =x|H],

This diamagnetic response is a universal property of matter, only in less than 1 %
of the presently known compounds it is overshadowed by a ferromagnetic
behaviour [4.60,61].

The diamagnetic susceptibility of a molecule is closely related to its structure
and therefore is generally anisotropic. The diamagnetic moment p and the field
H are not necessarily antiparallel, but three orthogonal principal axes of the
susceptibilty tensor always exist along which g and H are antiparallel [4.62]. If
Xxx» Xyy and x.. are the corresponding principal values of the susceptibility in
these three directions, the differences y,, — ., and y., —x,, are the anisotropies
Ay of the molecular diamagnetic susceptibility. The average susceptibility is
(Xax + Xyp+ X22)/3 [4.62). Various definitions and units of diamagnetic suscep-
tibilities are used in the literature. We give some conversions for convenience. The
volumetric susceptibility y is defined as the magnetisation M for a sample per unit
magnetic field strength H, y= M/H in both the cgs Gaussian and the MKSA
systems of units. It is dimensionless in both systems and one cgs Gaussian unit of
it corresponds to 47 MKSA units. The mass susceptibility y, equals y/m, m being
the mass of the sample. The specific susceptibility y, equals y/o, ¢ being the mass
density, and the molar susceptibility y,, equals My/e, M being the molecular
weight. Further, y,, has the dimensions

em® | [ erg | [ erg m® | J Am 1
mol || 0c2mol |~ | G?mol | ©* |mol |~ (Am~ 12 Vs mol
3V 1
| T Am mol |

The susceptibility per molecule, o, equals x.,/Na (with N, being Avogadro’s
number) and has dimensions

erg J Vs

G? T? Am |
Magnetic orientation involves ratios of magnetic energies to thermal energies per
molecule which are

Ao | [ 4y0B* or | FodXoH | _| AxoB?
kT kT kT ok T
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in the cgs Gaussian or MKSA systems, respectively (o =47 x 10~7 Vs/Am). The
diamagnetic anisotropy of benzene, for example, amountsto dy= —6.71 x 10~7
[cgs Gaussian] or —8.44x107¢ [MKSA], dy,= —7.64x 1077 [cm3/G] or
—9.60x107° [m3/kgl, Ayn,= —59.7x107¢ [em3/mol] or —7.50x1071°
[m*/mol]land Ay, = —9.91 x 1072 [erg/G*] or —1.24 x 10~ 3 [(J/T?) (Vs/Am)].
The small differences in Ay obtained for gaseous, liquid or crystalline benzene
with various techniques have been discussed recently [4.63].

The diamagnetic anisotropies of many molecules have been determined
directly by producing a single crystal of the molecular species and measuring the
torque when the crystal is suspended in a uniform magnetic field [4.64—66]. Other
estimates of the diamagnetic anisotropy were derived from measuring the
magnetic birefringence in the liquid state (Cotton-Mouton effect), provided that
the optical polarisability tensor of the molecular was known [4.66-69]. Finally
the diamagnetic intramolecular screening currents lead to a reduction of the
magnetic field acting on the various nuclei of the molecule. From the
corresponding diamagnetic shift of the *C or 'H lines in nuclear magnetic
resonance experiments, additional /ocal information about the diamagnetic
shielding currents within the molecule has been acquired [4.66].

The most striking observation is the large diamagnetic susceptibility x,. of
aromatic molecules if the magnetic field is applied perpendicular to the molecular
x —y plane. For benzene, for example, the principal molar susceptibilities (in
107% cm®/mol) are y,, = x,,= —34.9 and .. = —94.6, resulting in an anisotropy
of Ax=1..—xxx= —59.7. This large value of dy,, is caused by the diamagnetic
“ring current” which is generated if the field is applied perpendicular to the plane
of the conjugated benzene ring [4.70, 77].

For non-aromatic molecules (for which a non-local ring current can be
excluded) the diamagnetic anisotropy of a molecule is, to a first approximation,
the sum of the local anisotropies of the interatomic bonds composing the
molecules. For example, one carbon atom has an isotropic susceptibility, but if
two carbon atoms are bonded by a single, double or triple bond, this bond has
been found to cause diamagnetic anisotropy (Table 4.1), which is of opposite
sign for single C —C bonds and for multiple bonds. While a single bond has its
largest diamagnetic value for a field parallel to the bond axis and therefore
orients perpendicular to the field, the reverse is true for double and triple bonds;
they align parallel to the field and show largest diamagnetism for fields

Table 4.1. Observed diamagnetic anisotropies of certain bonds

Y AXm = Xzz — Xxx [10_6 CmS/mOI] Ref.
Loz

c-C —1.3(£25%) [4.69]
C=C +82 [4.72]
c=C +37 (4.73]
C=0 +6.6 [4.74]
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perpendicular to the bond axis. As already pointed out by Lonsdale [4.64]
introduction of double or triple bonds leads to a large optical anisotropy with the
highest polarisability for the electric field parallel to the bond axis. This latter
fact is important for magnetic birefringence experiments.

The diamagnetic anisotropies of other bonds such as the C—H, C—Cl and
C —O bonds are less well known. Estimated values obtained mainly from NMR
observations are Ayxc-c~1x107¢ [4.75] and Ayc g~dyc_o=+3x107°
[4.76] [cm/mol]. For further information on many other measurements and
theoretical calculations of the diamagnetic anisotropy we refer to the excellent
review by Bothner-By and Pople [4.62]. Of particular interest for the experiments
described in Sect. 4.3 are the estimates for the diamagnetic anisotropies of nucleic
acids and proteins. According to calculations by Veillard et al. [4.77] the flat base
pairs adenine-thymine and guanine-cytosine have almost the same diamagnetic
anisotropy as a benzene ring with the largest diamagnetism for a field
perpendicular to the molecular plane. Recent susceptibility measurements with a
sensitive SQUID magnetometer on oriented films of DNA point to somewhat
higher values [4.78]. Since in the DNA double helix the base pairs form a
parallel stack, a free DNA molecule in a solution orients itself perpendicular to
an applied magnetic field, Sect. 4.3.

Recently Worcester [4.79] suggested that since the peptide bond in proteins
partially has the character of a double bond at resonance between the two bond
structures, Fig. 4.2, it should have a diamagnetic anisotropy. Based on early
experimental data of Lonsdale [4.64, 65] he gives Ay = +8.8 x 107® ¢cm?/mol for
the peptide bond. More recently, Pauling [4.80] confirmed this anisotropy but
arrived at the smaller value Ay, =5.36 x 107%cm3/mol in better agreement with
experimental findings [4.81, 82). Thus the anisotropy of the peptide bond is
apparently of the same sign and similar magnitude as for the C=C and C=0
double bonds (Table 4.1). Consequently the plane of the peptide bond tends to
orient parallel to an external field (as does the plane of the C=C double bond).
Since in an o helix the planes of the peptide bonds are parallel to the helical axis, it
becomes clear why a helical proteins in solution can align their helical axis
parallel to the magnetic field without the assistance of aromatic groups (Sect.
4.2). In addition, three out of the 20 amino acids occurring in proteins (as side
groups of the polypeptide chain) are aromatic and therefore have Ay values
comparable to benzene: Veillard [4.77] reported the value Ay, = —95.3 for
tryptophane and —60 [107¢ cm?/mol] for both tyrosine and phenylalanine.

—C H —C H
AN o/ \ +
//C _ N\ - /C = N\
‘0 c— 02 c—

Fig. 4.2. Two bond structures at resonance result in a partial double bond character of the peptide
bond
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Hence, if coupled in their orientation with respect to the polypeptide chain,
aromatic amino acids might contribute substantially to diamagnetic anisotropy
in proteins.

If a molecule contains unpaired electrons its overall spin is different from
zero, generally resulting in a paramagnetic moment u. Its paramagnetic
susceptibility (per molecule) is then given by Curie’s law y=u2/3kT. The term u
is proportional to the g factor which describes the coupling between spin and
orbital momentum. For anisotropic groups, such as the iron-containing planar
aromatic porphyrin group (“haeme” group), the g factor is usually anisotropic.
For example, with strong spin-orbit coupling at low temperatures, g equals 2
normal to the haeme plane whereas g~ 6 within the haeme plane, as deduced
from ESR and measurements of the torque in a homogeneous magnetic field on
single crystals of myoglobin [4.83]. (For details about the paramagnetic
properties of iron-containing proteins we refer to a review article by Kotani
[4.83].) Interestingly some spin-orbit coupling persists even at room tempera-
ture, resulting in a paramagnetic anisotropy y,. — .. per haeme group which is
numerically (for ferri-myoglobin at 300 K) some 30 times higher than the
diamagnetic anisotropy of benzene and has equal sign [4.83]). Nakano et al.
[4.84] reported a Ay, value of —1100 x 107%cm3/mol for the haeme group in
deoxyhaemoglobin. Hence such haeme groups orient substantially better in their
paramagnetic than in their diamagnetic state: in both cases they tend to align
their planes parallel to the magnetic field. Finally one has to mention the
anisotropy caused by the crystal field on the ligands, which could lead to an
effective orientation even if the g factor were isotropic.

4.3 Magnetic Orientation of Macromolecular Systems

The orientation of macromolecular systems in magnetic fields is usually caused
by their overall anisotropic magnetic susceptibility. Various magnetic orien-
tation effects in liquid crystals have been known for a long time [4.85]. The first
experimental evidence for magnetic anisotropy of organised biological struc-
tures was found by direct measurements of the torque on mechanically
suspended fibres of celluloses, silks, keratines and collagens in a small
homogeneous magnetic field in 1942 [4.86]. A similar study on muscle followed
in 1958 [4.87]. The magnetic orientability of biological particles in solution was
first discovered in 1970 [4.7] by direct microscopic visualisation of the
magnetically induced rotation of the outer segments of retinal rods. This work
and the report by Geacintov et al. [4.88] that the fluorescence of chlorella cells
became anisotropic in a strong magnetic field because of magnetic orientation of
the chloroplasts [4.89] have triggered a rapid development in this field (Sect.
4.3.4). An interpretation of the early experiments in terms of diamagnetic
anisotropy of the constituent subunits was given by Hong et al. [4.90a] in 1971,
This initiated a discussion about the relative contributions of diamagnetic
anisotropies of lipids, aromatic amino acids, a-helical parts of proteins and
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chromophores in these complex biological objects. Clarification resulted mainly
from orientation studies on simpler systems such as a-helical polypeptides: they
form liquid crystalline phases and therefore are substantially orientable already
by small magnetic fields [4.91] (Sect. 4.3.2). Alcanes and phospholipids generally
require stronger magnetic fields and more sophisticated optical techniques for
orientation to be detected [4.6] (Sect. 4.3.4). It is now possible to investigate by
high field magnetic birefringence the structure of smaller isolated particles like
viruses in dilute solution [4.92] (Sect. 4.3.5). High magnetic fields have also
become important in the study of intra- and intermolecular orientational
correlations in liquids. For example, the rigidity of polymer chains has been
studied in various dilute polymer solutions (Sect. 4.3.2a): long-range order due
to intermolecular interactions was investigated in solutions of charged polymers
(‘polyelectrolytes’), in polymer melts (Sect. 4.3.2b) and in thermotropic liquid
crystals near the isotropic-nematic transition temperature (Sect. 4.3.3). Some of
this work was briefly reviewed recently [4.93].

4.3.1 Magnetic Birefringence, Cotton-Mouton Effect

The magnetic anisotropy of small molecules is weak and even in strong magnetic
fields only modest alignment occurs. The deviation from random orientations of
the molecules results in an optical birefringence (Cotton-Mouton effect) which
can be measured with extreme sensitivity (Fig. 4.3). This is perhaps the most
sensitive way to detect magnetic orientation in liquids and gases.

The theory of the Cotton-Moutton effect of independent rigid molecules was
first developed by Langevin [4.95] and Born [4.96] and was extended later on
[4.67,68,97,98]. We summarise first the simple case of non-interacting rotatio-
nally symmetric molecules with anisotropic diamagnetic susceptibility (A4y,) and
optical polarisability (day). Let £(8) be the magnetic field dependent orientation
distribution function of the molecules which is given by Boltzmann statistics,
and 0 is the angle between the magnetic field direction and the molecular z axis.
Each molecule of the ensemble at angle # contributes on the average (3 cos?
—1)40,/2 to the macroscopic optical anisotropy. Integration of the latter
function weighted with f(0) results in the effective optical anisotropy per
molecule; for AyoH* <kT it turns out to be

" ‘AXOHZ
° 15kT

=A0(0 * @.

The term @ is sometimes called degree of orientation. With the Lorentz-Lorenz
formula (relating polarisability and refractive index) the magnetic birefringence
An becomes in cgs Gaussian units?

1 in MKSA units (4.1) becomes

1 (427 Ao H?
dnm . (A AN ET
1880 No 15kT
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Fig. 4.3. Sensitive magnetic birefringence setup. Laser light (usually 632.8 nm wavelength) propa-
8ates horizontally through the sample in a vertical magnetic field (< 13.5 T) produced by a Biiter
solenoid with 4 mm horizontal and 5 cm vertical bore. Polarizer and analyzer are crossed and at 45°
with respect to H. A small 50 kHz modulation of the birefringence is produced by a photoelastic
modulator resulting in a 100 kHz intensity modulation of the photodiode output. Any superimposed
steady state (magnetic) birefringence results in an additional 50 kHz photodiode output which is
Phase-sensitively detected, dc converted and used as error signal in a feedback loop to compensate
the steady state birefringence, by a Pockels cell. Hence in the compensated mode the voltage across
the Pockels cell is a direct measure of the magnetic birefringence An. A low-frequency modulation of
Hinduces a LF modulation of 4 which is directly proportional to the Cotton-Mouton constant and
can be detected continuously by a second lock-in amplifier. At a sample length of 1cm (sample
volume ~ 1 ml) the resolution in dn is close to 10 ™19 for transparent liquids. It is essentially limited by
mechanical vibrations of the hydraulic cooling system of the Bitrer coil [4.94]

2n (BH2  AnH?

An= AxoH”
"= o 15kT

=Ansm¢' (41)

Here n, is the mean refractive index of the solution, N =cA4,/M is the number of
molecules per unit volume, ¢, 4y, M are concentration, Avogadro’s number and
molecular weight, respectively and 4n,, denotes the birefringence of a com-
Dletely oriented sample. The general validity of the Lorentz-Lorenz description
of the local optical electric field is not clear. Field corrections are frequently
ignored for macromolecular solutions and hence

Ayo H?
An="" NAay 2207

no 15kT (4.2)

is used instead of (4.1). The Cotton-Mouton constant CM is defined for
sufficiently small magnetic fields by

An=CMAH?, 4.3)
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with A being the wavelength of light. The variation of An or & in stronger fields
and its saturation can be found in [4.97,99, 100]. Briefly, @ tends towards +1
(or —0.5) for molecules aligning parallel (or perpendicular) to the field.

The Cotton-Mouton effect of dense liquids of low molecular weight and
of some gases has been extensively studied during the past 60 years
[4.62,63,67,98, 101].

We consider now correlations of the orientation of the N molecules. The most
simple case is non-interacting rodlike stacks consisting of say Ny molecules with z
axes parallel to the rod axis in each stack. With the current assumption of
additivity of the diamagnetic and optical anisotropies, these stacks have
anisotropies Nody, and Nodo,. Because their number density is N/Ng, the rhs of
(4.1) has to be multiplied by N, and hence their magnetic birefringence and
orientation is N, times higher at identical N. A non-parallel orientation of the
molecules within the stack reduces the Cotton-Mouton constant. For example, a
rotationally symmetric arrangement of molecules having an angle é between
their z axes and the symmetry axis of the stack reduces CM by

(3 cos*6 —1)%

If the freely rotatable object is an anisotropic cluster (or domain) of a certain
spatial extension — the so-called orientational correlation length — involving
an effective number N; of parallel molecules, the rhs (4.1) has to be multiplied
by N;.

In the more complicated case of (isolated) flexible polymer chains products of
the monomeric diamagnetic susceptibility tensor and the optical polarisability
tensor have to be averaged over all possible conformations of the chain
[4.102, 103]. A simpler approach was chosen by Stuart and Peterlin [4.104] in
1950. The actual chain was replaced by an equivalent chain built up of rigid
segments, the ““Kuhn statistical segments”, each of which can be freely rotated
relative to the neighbouring segments. The segmental length / is usually larger
than the actual monomer length /, (but shorter than the length L of the fully
extended chain). The /, increases with the chain rigidity in such a way that for
long chains (L3> /) the mean overall extension (radius of gyration) of the real
chain and the model chain are identical [4.103]. Stuart and Peterlin considered
the Kuhn-segment as rods orienting independently in a magnetic field and hence
their result corresponds to (4.1), if dy,, Aoy and N are replaced by Ay - L/,
Avgl/lyand N - [ /Iy, respectively. The Cotton-Mouton constant of the polymer is
/I, times higher than the value for independent monomers. This rather
qualitative model has been frequently applied to CM measurements of dilute
polymer solutions [sometimes corrected for a non-rotationally symmetric
orientation of (side) groups with respect to the segmental direction]. The
resulting /, values can be considered as an order-of-magnitude estimate for the
orientational correlation length along the polymer chain.

Another description of a long chain molecule dates back to Kratky and Porod
[4.103], appropriate for semiflexible chains. The chain bends in a characteristic
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homogeneous “worm-like” fashion and the parameter describing its rigidity is
the persistence length P. It is defined as the chain’s end-to-end vector averaged
over all chain configurations and in the limit of vanishing segmental length
[4.103}, and is proportional to the bending elastic modulus of the chain [4.105).
The Kuhn and Kratky-Porod models are related by 2 P =/, [4.103). Wilson [4.106]
and Weill [4.93] have calculated the Cotton-Mouton constant for the “worm-
like” model by the appropriate tensor averaging [4.102]. It turns out [4.93] that
the rhs of (4.1) has to be multiplied by

ZZ<(3cos 0, 1)>’

0,; being the angle between the directions of the ith and jth chain segment, and
< ) denoting averaging over all configurations. Wilson and Weillend up with the
identical result in the case of long chains (P < L): the polymeric Cotton-Mouton
constant exceeds the monomeric value by 2 P/3/,, and is independent of the
polymeric molecular weight. Such a tensor averaging for Kuhn’s segmental chain
and (/;< L) results in /3 [, instead of ./,. In the limit of short chains (P> L),
rod-like behaviour is found and CM is proportional to the molecular weight
(L/ly). Weill has given an analytic expression of the above double sum for any
chain length:

Iy 2P P 3L :
T IR >=§g {1 ~3L [1 —exp (—7>]} 4.4

Therefore, the persistence length of polymers can now be determined without
knowledge of Aag and Ay, from CM measurements on two (or more) fractions of
suitable and well-known L. One can sometimes use solutions of monomers and
high molecular weight polymers for this purpose.

For very flexible polymers the worm-like model is less appropriate. Bond
angle restrictions require more specific models such as the, so-called, rotational
Isomeric state model [4.103]. Cotton-Mouton constants can be calculated in
analogy to the electro-optical Kerr constant (electric birefringence).

4.3.2 Polymers

a) Isolated Chains

Some experimental Cotton-Mouton constants of dilute polymer solutions are
Summarised in Table 4.2. A chemically simple polymer is polyethylene (CH;),
(Fig. 4.4). The diamagnetic bond anisotropy of C—C is very small (Sect. 4.2),
but still much larger than the C —H anisotropy [4.66, 69]. This combined with
the high chain flexibility results in a very weak Cotton-Mouton constant in dilute
solution [4.107,108], which is in good agreement [4.98,107,108] with the
rotational isomeric state model [4.106]. At concentrations >40 % in CCl, an
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Fig. 4.4. (a) Polyethylene, (b) Polystyrene

onset of interchain correlations was observed (Sect. 4.3b), possibly related to a
particular intermolecular correlation of the CCl, molecules [4.116}.

Polycarbonates (Fig. 4.5) show a specific Cotton-Mouton constant almost
40 times higher than the alcanes [4.107-109], mainly due to the large 4y and A«
values of the in-chain phenyl group. Stamm [4.107] and Champion et al. [4.109]
derive different chain rigidities from identical experimental results (Table 4.2).
Part of the problem is related to the reliable determination of effective dia-
magnetic and optic anisotropies with respect to the axis of the polymeric
backbone. Champion’s approach [4.109] is to combine magnetic and flow
birefringence data with estimated A, and Ay, values of the phenyl group; the
resulting information about the local conformation of the backbone and the
segmental length stems from the application of the Stuart-Peterfin theory.
Stamm’s CM data of polymeric polycarbonate and of a monomeric model
compound result in P=2.7 nm, when analysed according to the worm-like
model see Egs. (4.1,4). This P value seems to be a lower limit because the above
treatment certainly somewhat overestimates the effective Ao+ Ay value.

If the predominant anisotropic group, such as the phenyl group of
polystyrene (Fig. 4.4b), is located in a side chain of the polymer, the analysis of
Cotton-Mouton data in terms of polymeric backbone rigidity is less obvious.
The degree of rotational mobility of the side group with respect to the main chain
should be known from other sources. It should not be too high since otherwise
the effective anisotropy along the backbone becomes small. The rotational
freedom of the phenyl side group of polystyrene is known to be restricted
[4.111,117,118]. The CM values of polystyrene in benzene (or tetrachlor-
ethylene) (Table 4.2 and Fig. 4.6) exceed the monomeric Cotton-Mouton
constant (i.e. essentially benzene) by a factor of 1.4 (or 2.6, respectively). This
compares with a correlation parameter of 1.69 calculated by Tonelliet al. [4.111]
based on the rotational isomeric state model and confirms the great flexibility of
polystyrene in solution. In contrast, large CM values combined with strongly
non-linear magnetic birefringence curves were reported for polystyrene in
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cyclohexane and benzene, suggesting the existence of micron-sized aggregates in
these samples [4,119]. As such anomalies have never been found by others
[4.107,108, 110, 120] we feel they are related to impurities.

Polybenzamides have been investigated by Tsvetkov et al. [4.121] and Stamm
[4.107] in sulphuric acid, in 1-methylpyrolidon (MP) and in dimethyl-acetamide
(DMAA) with LiCl. These polymers are of special interest because they have
high mechanical and thermal strength and are liquid crystalline in concentrated
solutions, resulting in various technological applications (for example, high
modulus “Kevlar and Nomex fibres”). From low-field CM measurements, using
the Stuart-Peterlin approach, Tsvetkov et al. suggested a persistence length of
more than 500 nm (/,>1000nm) for PBA (Fig. 4.7) in concentrated H,SO,.
From precise high field CM measurements Stamm found (at concentrations
below 2 %) P values of 75.0 nm (120 nm) for PBA (PPTA, Fig. 4.8) applying the
worm-like chain model. He also found [4.107] conformational changes of PBA
in DMAA (at ionic strengths above 1.5 % LiCl) and states with intermolecular
order.

Interesting applications are expected from polymers carrying so-called
mesogenic groups in the main chain which favour liquid crystalline order
(Fig. 4.8). These new polymers have liquid crystalline phases in the melt at
temperatures well below the onset of chemical decomposition (Sect. 4.3.2b).
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Fig. 4.8. Two polyesters with * ‘mesogenic” groups and flexible spacers in the main chain. Both DDA-
8 and DDA-9 [4.112] have liquid crystalline {or “meso”—) phases in the melt

Cotton-Mouton experiments have shown so far [4.112] that individual chains of
these polymers in dilute solution have no tendency to form intrachain order
(such as backfolding of mesogenic segments). They are highly flexible random
coils in solution.

We now turn to polymers in aqueous solutions. In water, chemical
dissociation of some polar groups usually occurs and an electrically charged
macromolecule is obtained surrounded by small “counter” ions of opposite
polarity. Such solutions which sometimes contain additional salt (i.e. additional
ions of both polarities) are called polyelectrolytic. Almost all biopolymers are
polyelectrolytes. At high charge density of the macroion and low counterion
Concentrations (i.e. weak screening) the chain conformation and the persistence
length are determined by long-range electrostatic interactions between segments
of the chain. At low charge densities and high counterion concentrations (i.e.
Strong screening) the chain can be considered neutral and its conformation is
given by its local “steric” rigidity. This electrostatic effect has been known
Qualitatively for a long time. A theoretical description of the electrostatic
persistence length of polyelectrolytes has been advanced recently [4.122-124 and
references therein]. Various experimental techniques such as flow birefringence,
dichroism [4.125, 126] and electro-optic relaxation [4.127, 128] have since been
employed to check the predictions, showing the actuality of this basic problem.
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We believe that magnetic birefringence is particularly well suited for studying
polyelectrolytes since it has many intrinsic advantages when compared to electric
field induced orientation techniques. For example, (a) the local magnetic field is
very well known. Tt equals the external field within about 10~ in the usual case of
diamagnetic solutes and solvents. (b) It can be applied “steady state” and
orientation can be studied in true thermal equilibrium. (¢) There is only one well-
defined orientation mechanism, described by (4.1), and (d) diamagnetic
anisotropies are additive quantities to a good approximation (Sect. 4.2). (e) Very
small amounts of sample are needed. In general, (a—e) are not true when electric
or flow fields are applied to electrolytic solutions, However, the degree of
molecular alignment obtained in strong magnetic fields is sometimes compara-
tively poor; even with sensitive birefringence techniques single-chain properties
at sufficiently low concentrations sometimes can hardly be investigated.
Obviously stronger steady magnetic fields could be helpful.

Cotton-Mouton experiments are available on the rather flexible polypeptide
polytyrosine glutamic acid (Fig. 4.9) [4.113], on polystyrene sulphonate [4.114]
and on nucleic acids (Fig. 4.10) [4.2,6,94,129]. Poly (Tyr-Glu) carries the
aromatic tyrosine in the side group; since the side group mobility is unknown the
absolute persistence length cannot be deduced from CM measurements. A
strong electrolytic stiffening is probably responsible for the increase of CM at
low ionic strengths (Table 4.2).

The Cotton-Mouton constant of polystyrene sulphonate at high ionic
strength is very weak and does not depend on ionic strength. This corresponds to
a “‘steric” persistence length of about 1.2 nm [4.114]; its increase observed at

H O H O Fig. 4.9. Poly-tyrosine-glutamic acid
~N-C-C-N-C-C-
CH, C |H2
C !—l 2
CcOoO™
L OH J X Fig. 4.10. Double-helical DNA [4.130]




Biomolecules and Polymers in High Steady Magnetic Fields 159

lower jonic strength is due to the electrostatic stiffening of individual chains and
quantitatively agrees with the theoretical predictions [4.122, 124}, it becomes
molecular-weight dependent because at low ionic strength Debye’s electrostatic
screening length is no longer small compared to the chain length L [4.114].

For DNA an increase of CM at ionic strength below some 10 ™2 M NaCl was
reported earlier [4.6]. New measurements performed with improved experi-
mental resolution and at lower concentrations enabled lower ionic strengths to
be explored ; it turned out [4.94] that the electrostatic persistence length deduced
agrees with the Odijk theory over an ionic strength range of more than 3 orders
of magnitude. At high ionic strength the Cotton-Mouton constant runs into a
platcau given by the “steric” persistence length. The P values (Table 4.2),
obtained by using the now well-established values doy=12.8 x 1072*cm? per
base pair [4.131] and the preliminary experimental 4y,~90cm3/mol [4.78],
agrees fairly well with results from other techniques [Ref. 4.132 and references
therein]. Changes in rigidity with external parameters, for example during
thermal denaturation, can be monitored directly by the Cotton-Mouton
constant [4.2].

b) Interacting Chains

This section deals with ordering phenomena occurring at higher polymer
concentrations. Knowledge about long-range intermolecular order and the
forces involved are important for understanding not only macroscopic proper-
ties of liquid crystals, gels and polymer melts, but also biological processes like
protein self-assembly and cell division. Intermolecular forces inducing parallel
arrangements of molecules result in an increase of the magnetic orientability.
Therefore strong magnetic fields have a broad variety of applications: they range
from sensitive detection of the onset of weak orientational correlations to full
macroscopic orientation of a sample with well-developed long-range order.

It is well known that charged spherical particles with typical diameters of
100 nm organise themselves in water above a critical concentration. They may
form Wigner-type lattices with concentration-dependent lattice constants of
many diameters because of their mutual electrostatic repulsion [4.133, 134].
Rod-like particles such as tobacco mosaic virus (length ~300nm, diameter
~20nm) at elevated concentrations show an almost parallel, liquid crystal-like,
orientation extending over large domains [4.135-139]. Onsager in 1949 {4.140]
was the first to predict such ordered phases of rods on the basis of entropy
arguments. Considering only hard core interactions, he calculated two critical
concentrations for the onset and full development, respectively, of the aniso-
tropy. Both are inversely proportional to the rod length. Much theoretical work
including work on semiflexible chains is available now [4.141,142]. However, in
the charged-rod water systems ordering has been observed already at sub-
Stantially lower concentrations than predicted by hard core theories ; hence more
long-range (electrostatic and eventually electrodynamic) forces are probably
involved [4.143~147]. In spite of the experimental and theoretical progress in this
field a satisfactory quantitative description of both the electrostatic and the van
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der Waals potential between the macromolecules is still missing. For example, it
is not yet clear how the long-range superstructure sometimes observed in such
solutions can be related to the macromolecular structure; is there a general
relation between the superstructure and the helical structure of the macro-
molecule at substantial dilution? Is the spatial extension of order connected to
the macromolecular flexibility? In the following section we shall illustrate the
potential value of high magnetic fields in this research area by summarising some
experiments on concentrated polyelectrolytes.

1) Polyelectrolytic Solutions

Poly(Tyr-Glu) is a rather flexible polyelectrolyte at solvent conditions as
mentioned above (Sect. 4.3.2a). Despite this, a transition into a phase of locally
parallel ordered chains (involving interchain interactions) is suggested from the
observation of a sudder increase of the magnetic birefringence at concentrations
around 2.5 % {4.113]. Neutron scattering data were consistent with a mean radial
intermolecular distance of about 6 nm in this case and the order seemed to extend
only over a few hundred Kuhn segments. The observed sharp decrease of CM
with ionic strength indicates the importance of electrostatic interaction for
parallel ordering. Many currently studied polyelectrolytes, such as polystyrene-
sulphonate, have flexibilities, charge densities and diamagnetic anisotropies
comparable to Poly(Tyr-Glu). Unfortunately most of them cannot be oriented in
magnetic fields easily and have an undefined flexibility which depends on the
solvent parameters.

Therefore very long thin charged rod-like bacteriophages (Pf1,fd) were
studied as model systems [4.3,92,148]. They have a highly ordered internal
structure resulting in a large diamagnetic anisotropy (Sect. 4.3.5) and form large
birefringent domains at concentrations above about 1% (Fig. 4.11a); at the
critical concentration the Cotton-Mouton constant suddenly increases by more
than 3 orders of magnitude [4.3] and saturation of the magnetic birefringence is
observed in fields of about 5T (Fig. 4.12). The rods are aligned essentially
parallel to the magnetic field and may maintain their macroscopic orientation
for hours at zero field (Fig. 4.11b), so enabling investigation of the structure and
dynamics of the oriented polyelectrolytic liquid crystal by small-angle neutron
and light scattering [4.3, 148—150]. The result indicates parallelism of the rods; in
the radial direction a liquid-like structure factor is found with a well-defined
concentration-dependent (c~!/?) average next-neighbour distance of up to
70 nm. The effective diameter of rods deduced from the experimentally excluded
volume is about 3 times larger than their geometric diameter, reflecting the
thickness of the ionic cloud; it is however still about two times smaller than the
mean radial next-neighbour distance, suggesting substantial freedom of non-
collective lateral and axial motions. In the axial direction distances are random,
no smectic-like layer structure could be found [4.149, 150], the light scattering is
dominated by single-particle interference. Quasielastic light-scattering experi-
ments by Oldenbourg reveal [4.149,150] a strongly anisotropic translation
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Fig. 4.11a,b. In solutions of the highly charged rod-like virus particle Pf1 (length~ 1980 nm,
diameter ~6 nm, pH 7.5, 10mM Tris HC, T=20 °C), a long-range parallel ordering of rods occurs
above a critical concentration of ~0.6 % w/w. The preferential radial next-neighbour distances
{~33nm at ¢=2.4% w/w) are maximised, corresponding to homogeneous space filling large
birefringent domains which are (b) completely oriented in a magnetic field above ~5T [4.148].
Photographs of 1cm wide cells with 0.1 cm optical path between diagonal crossed polarisers were
taken before (a) and after (b) exposure to a vertical magnetic field of 12T (¢=2.4% w/w). The
magnetic orientation is maintained in zero field for minutes to hours depending on the environ-
ment (temperature gradients, shaking). Similar ordering effects occur in solutions of a
shorter bacteriophage fd (length 880 nm, diameter 6nm) at concentrations above ~1.1% w/w
[4.3,92, 148-150]
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diffusion coefficient. Axial diffusion (along the magnetic field) is close to the free
diffusion which would occur along the rod axis in isotropic solution, whereas the
complex radial diffusion behaviour — involving two very different relaxation
modes — indicates strong interparticle interaction, Our present view of the
ordered phase of bacteriophages is that of a very “soft” lyotropic nematic, the
large excluded volume of the rods being controlled by the counterion cloud.
Observing full and stationary magnetic orientations of this system facilitates not
only the production of oriented fibres (Sect. 4.4) but makes possible studies of
anisotropic electrolytic properties like ionic fluctuations and ionic densities in
ordered polyelectrolytes.

Many rigid or semiflexible polyelectrolytes have a helical conformation; the
molecular surface as well as the surface charge should reflect the helical
symmetry to some extent, and any intermolecular interaction of this symmetry is
expected o cause a complicated twisted long-range order in solutions above the
critical concentration. Long-range order with periodicities much larger than
both intermolecular distances and molecular lengths has been observed and
studied in some detail in polyelectrolytic solutions of the bacteriophage fd
[4.149, 1511, nucleic acids [4.3,4,151-155] and in the helical polysaccharide
xanthan [4.156].

For fd and xanthan the long periods range from 10 um to several 100 pm
depending on concentration and ionic strength. They are easily measurable with
laser light diffraction or can be seen in a polarising microscope ; two examples are
shown in Fig. 4.13. Combined measurements of optical rotation, birefringence
“and scattering of light and neutrons clearly demonstrate that the xanthan and fd
rods are organised like the molecules in a neat cholesteric liquid crystal (Fig.
4.14) except for a much larger lateral interparticle distance.

Just as in classical cholesteric liquid crystals, molecules are parallel within
planes, but have mean radial distances and interplane spacings d up to 10 times
larger than the rod diameter. The twist angle between molecules in neighbouring
planes defines a screw with periodicity along the direction A — A, the cholesteric
axis. Since individual rods have different axial and radial refractive indices, the
birefringence is modulated with period D along the cholesteric axis; the bright-
dark layers seen in Fig. 4.13 are due to this birefringence modulation and thus
make visible the planes normal to the cholesteric axis.

Various magnetic field effects occur in cholesteric liquid crystals. They have
been extensively discussed in the literature [4.1, 85, 152, 157], so we mention only
those relevant to the present experiments on polyelectrolytes. When orienta-
tional constraints due to wall effects can be neglected, the cholesteric axis for
molecules with 4y <0 or 4% >0 tends to align parallel (a) or perpendicular (b) to
H. 1In case (a) once all molecules are aligned normal to H by this process no
further effects take place in stronger fields. The period D is magnetic field
independent. In (b) even for complete alignment of all A —A axes normal to H
many molecules are still not oriented along H. Hence in stronger fields when the
magnetic torque on the non-aligned molecules becomes comparable to the
restoring elastic torque for planar twist (Sect. 4.3.3c) the cholesteric screw
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Fig. 4.13a, b. Microphotographs of ordered polyelectrolyte solutions in 0.1cm thick optical cells
between horizontal and vertical polarisers using white light. (a) Solution of the rod-like
bacteriophage fd at 20 mg/m! in 10mM Tris HCI, pH 7.5. The rods are ordered as in a cholesteric
liquid crystal (Fig. 4.14) with lateral next-neighbour distances of ~33nm (~5.5 diameters) on the
average here. The cholesteric period (2D) is 61 pm [4.149]. (b) Helical semi-rigid xanthan molecules
also form a cholesteric polyelectrolytic phase; at a concentration of 116 mg/ml the period (2D) is
about 12 pm. Between the first and second critical concentration for the onset and full development
of the cholesteric phase, respectively, a phase separation is observed and anisotropic droplets,
surrounded by less concentrated isotropic solution, can be seen. They have a spherical shape
apparently due 1o surface tension, resulting in a very distorted twisted structure similar to the
“spherolites” in solutions of PBLG [4.139]. Note that a spherical structure with radial cholesteric
axes everywhere is topologically impossible, in accordance with the observation of one radial line of
defects in each droplet [4.156]
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(a) ()

Fig. 4.14a,b. Cholesteric phase of rod-like polyelectrolytes in aqueous
A solution (see text for explanation)

rearranges, D increases and diverges at a critical field H,, given [4.85] by

H: 7132 (KZ'IO )1/2
¢ 2Dy \AyoLN
using the symbols introduced in Sect. 4.3.1; Dy is the optical periodicity in zero
field and K, is Frank’s elastic constant for twist deformation, which can be
measured through H..

In thin samples with dominating wall effects the cholesteric axes can be
forced to maintain certain directions with respect to the magnetic field. Since
magnetic orientation of the cholesteric as a whole is thus prevented, K, or other
elastic constants can eventually be measured even for molecules with Ay <0.

The magnetic field is thus useful in several ways: to determine the sign of the
diamagnetic anisotropy of the molecules in the ordered phase; to deduce
information about the molecular order by observing the magnetic alignment and
deformation behaviour under various boundary conditions, to determine elastic
constants and to keep a sample macroscopically aligned. For example, the
cholesteric solutions of fd belong to case (b), Fig. 4.14 [4.149]: the cholesteric
axes orient perpendicular to the magnetic field (4y>0) in agreement with the
observed [4.3, 5,92, 148] tendency of the individual virus to orient along H.
Because of the large diamagnetic anisotropy [4.92] and the small twist elastic
constant K, (~ 1078 dyn), the critical field for untwisting turns out to be small,
amounting only to ~0.8T for the sample in Fig. 4.13a [4.149]. This is of
practical importance because the fully oriented (*“forced”) nematic state above
H_ can be easily studied with a superconducting magnet.

As mentioned earlier, DNA and other double and triple helical nucleic acids
— unlike bacteriophages and normal liquid crystals — orient perpendicular to
H (Ay<0). Long-range order and magnetic field effects in concentrated
polyelectrolytic solutions of these molecules have been investigated by Jizuka et
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al. [4.152-155]and by Sénéchal et al. [4.3, 4]. The first group studied viscous high
molecular weight samples in relatively weak fields (<2.5T) using magnetic
birefringence, linear and circular dichroism, light-scattering and x-ray diffrac-
tion. The other group prepared almost rod-like fragments not much longer than
the persistence length and obtained fairly liquid samples with better developed
order, avoiding the chain entanglements; they used orienting fields up to 18.5T
and measured birefringence, small-angle neutron scattering and light diffrac-
tion. The observed critical concentrations are typically around 10 % w/w, which
is an order of magnitude higher than for the bacteriophages, because for the
semiflexible nucleic acids the length scale controlling the Onsager transition,
given by twice the persistence length [4.141], is about an order of magnitude
smaller (Sect. 4.3.2a) than the length of the rod-like phage. The short-range
order turns out to be similar to that of the phages described above, but with much
smaller mean next-neighbour distances (~4.7nm) and thinner ionic cloud
according to the higher concentration. The long-range periodicity is much
shorter and best measured by Bragg diffraction of laser light (Fig. 4.15). For
weak boundary conditions, the periodicity aligns parallel to a strong magnetic
field just as expected for case (a) in Fig. 4.14.
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Fig. 4.15. A periodicity of long wavelength and very long coherence length apparently exists
in aqueous solutions of semiflexible fragments of nucleic acids, amounting to 1.20 pm for
Poly 4 - Poly U of mean molecular length ~ 1700 nm, concentration ~ 140 mg/ml, 4 x 1073 M Na(l,
T=20°C, cell thickness 0.1 cm. It gives rise to the sharp diffraction of visible light and is oriented
parallel to a strong magnetic field (13 T). (a) A=482.5nm, () A=632.8nm [4.4]
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Under strong boundary conditions, with magnetic field normal to the axis of
the long period, Jizuka observed a magnetic field dependent increase of the long
period, but a critical field could not be found. All the information quoted so far is
consistent with a classical cholesteric lyotropic structure [4.154]. However,
Senéchal et al. [4.4] found that both the Cotton-Mouton constant and the high
field saturation birefringence are too small to be accounted for by domain
rotation and full high field alignment, respectively, of an ideal cholesteric, They
suggested a cylindrical multishell model which is consistent with most of the
data, but there is also agreement with a 3-dimensional twisted structure like
Robinson’s spherolites [4.139].

In the examples discussed above, repulsive electrostatic long-range forces
were important. It has been mentioned [4.4, 146,147,149, 150] that a small
contribution of attractive forces due to electronic or ionic fluctuations cannot
generally be neglected. In our view, the existence of such a force is the only reason
for the twist between helical molecules at these large intermolecular distances.

IT) Liquid Crystalline Polymer Solutions

Some of the concentrated polyelectrolytes treated in the last section are
(“lyotropic™) liquid crystals ; they therefore essentially belong under this heading
here. However, we want to distinguish between systems dominated by inter-
molecular long-range electrostatic repulsion and more concentrated systems,
usually in organic solvents, where more specific steric short-range interactions
between the molecules or their chemical side groups also come into play. The
macroscopic properties of these two classes of liquid crystalline polymers are
often hardly distinguishable.

It is well known that concentrated solutions of some polypeptides can
be nematic or cholesteric (with typical radial molecular separations of the order
of 1-2nm) when the solvent favours a rigid «-helical conformation of the
peptide backbone. The long-range orientational correlation then implies strong
magnetic orientability even in moderate fields. The presumably first observa-
tion of magnetic orientation in such systems was in 1967; Sobajima [4.91]
reported a strongly anisotropic motion of methylene chloride molecules as
solvent for poly~y-benzyl-L-glutamate (PBLG), deduced from high-resolution
1.4 T nuclear magnetic resonance. (No NMR signal from the polymer itself
could be observed because of the strongly restricted segmental motion in the
nematic phase, implying very broad polymer NMR lines.) Solvent molecules
couple their orientation to that of the polypeptides. From the very long build up
time (~100min) of the solvent motional anisotropy after switching on the
magnetic field, a slow reorientation of the « helices parallel to H was deduced.
The orientation was confirmed by x-ray patterns of dry PBLG films prepared
from the liquid crystalline state oriented in the magnetic field (Sect. 4.4).
Sobajima’s ideas were extended to other solvents and important information
about the structure of the o helix was thus obtained, mainly by Samulski and co-
workers [4.158-161].
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An attempt to interpret the magnetic orientation in terms of diamagnetic
anisotropies of the polymer constitutents was made in 1971/72: Jizuka and
Miyata et al. [4.162-164] reported orientation perpendicular to H of the
cholesteric helices of PBLG and magnetic untwisting. Similar but weaker effects
were found in poly-y-ethyl-L-glutamate (PELG) which contains no aromatic
ring group; the authors concluded that besides the benzyl group the a-helical
backbone is also diamagnetically anisotropic [4.165]. Interestingly, the obser-
vation of an overall orientation of PBLG parallel to the magnetic field excluded
the existence of any side chain conformation in PBLG with the aromatic planes
perpendicular or nearly perpendicular to the a-helical backbone. (Even any free
rotation of the aromatic planes around an axis perpendicular to the backbone
seems unlikely. In all these cases the intrinsic anisotropy of the backbone would
be overcompensated by the mean side group anisotropy and an overall
orientation of PBLG perpendicular to H should occur.) The observed paralle!
Iagnetic orientation is consistent with a recent model for the side chain
conformation proposed by Samulski based on NMR data from magnetically
oriented PBLG [4.166]. In addition these data give some evidence for interchain
intercalation of the benzyl groups in liquid crystalline solutions of PBLG. Jizuka
[4.167] and Tohyama and Miyata [4.82] gave Ay values per o-helical peptide
bond (Sect. 4.2), the latter deduced from direct measurements of the macro-
scopic magnetic torque on a previously oriented PBLG sample tilted 45° from
the field direction. Guha-Shridhar et al. [4.168] measured the diamagnetic
anisotropy of nematic PBLG with a magnetometer; their Ay values led to the
determination of the three principal elastic constants of lyotropic PBLG from
optical observations of magnetic untwisting and from birefringence measure-
ments mainly by DuPré and co-workers [4.168, 169]. From NMR of the weakly
oriented solvent (H,0), Finer and Darke [4.170] concluded that also the a-helical
poly-L-lysine hydrobromide can be oriented in moderate magnetic fields.

The appearance of liquid crystalline phases in all of the polymer solutions
discussed above is essentially due to the high rigidity of the polymeric back-
bone and intermolecular interactions ocurring at high concentrations. Grossberg
et al. recently described the interesting idea that also flexible polymers at any
dilution could be liquid crystalline: if the polymer contains rod-like so-called
mesogenic groups (which as monomers would form a neat liquid crystal) and
flexible spacers (Fig. 4.8), each individual polymer chain could collapse into a
liquid crystalline globule at sufficiently small temperatures and favourable
solvent conditions. Small globules forming at intermediate chain lengths should
be very anisotropic, whereas large globules at high molecular weights should
become isotropic [4.141]. A large number of such polymers has been synthesised
in recent years and many display liquid crystallinity (thermotropism) in the melt
[4.171-173] (see the following section). Anisotropic globules in solution, clearly
detectable by Cotton-Mouton experiments at different molecular weights, have
not been found so far [4.112, 174].
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I1T) Isotropic and Liquid Crystalline Polymer Melts

We now consider polymeric liquids without solvent. Much of the effort in
polymer physics is related to studies of the conformation of individual polymer
chains and their correlation with neighbouring chains in the liquid, amorphous
and, more recently, liquid crystalline states.

As in the previous sections, strong magnetic fields are useful here mainly in
two respects: to detect (small) orientational correlations of segments in the
disordered melts via the Cotton-Mouton effect and, for highly correlated liquid
crystalline systems, to produce strong orientation. In the latter case it should be
possible to observe many of the magnetic field effects known for low molecular
weight liquid crystals, but the field strength needed to produce the effects on a
reasonable time scale could be substantially higher due to the generally elevated
viscosities of the polymeric systems,

The local order of chains in the amorphous state is a debatable topic. Many
contradictory models have been developed in the past; the one extreme
( Random-Coil mode!) assumes a totally random configuration of the chain in the
amorphous state as in the melt, just like the configuration in dilute solution; the
other (Bundle model) predicts a short-range parallel order of the chains
extending over some 1 to 10 nm [4.175]. Various techniques have been applied to
solve this problem [4.108 and references therein]. Obviously magnetic orienta-
tion studies carried out directly in the amorphous state are of very limited
significance because of the restricted freedom of any segments or bundles to
rotate under field. There are, however, generally precursors of orientational
correlations in the liquid state when cooled towards the transition temperature.
These pretransitional effects are well known in liquid crystals above the isotropic
to nematic transition (Sect. 4.3.3a). It can thus be expected that the existence of
locally parallel chains in the amorphous state should be evident by a typical
increase of the Cotton-Mouton constant when approaching the glass tempera-
ture Tg from above.

No such increase was found in melts of polystyrene [4.107, 176]. Above Tg
the Cotton-Mouton constant stayed at an essentially temperature-independent
small value which agrees well with the rotational isomeric state model of chains
in the melt [4.107]. Below Tg CM is about 4 times smaller. This has been
interpreted as a random coil conformation with high backbone flexibility and
restricted but finite side group mobility in the amorphous state [4.107].

Extended Cotton-Mouton experiments have been carried out on melis of
short n-alcane chains and polyethylene (Fig. 4.4a) [4.107,108,177]. A com-
parison of the results with experimental Cotton-Mouton constants from al-
canes in solution demonstrates the existence of some short-range correlations in
these melts. Champion et al. [4.177] pointed out difficulties in interpreting the
datasolely in terms of intermolecular correlations. However, CM shows a strong
increase with decreasing temperature which coincides with the pretransitional (T
~T*)7! behaviour of liquid crystals. Since T* turned out to be nearly
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independent of the molecular weight, the existence of pretransitional correla-
tions of trans-segments has been proposed [4.107, 108].

During the last years, liquid crystalline phases were discovered in melts of a
number of special polymers. As mentioned in Sect. 4.3.2a, b, Subsection 11, their
monomers contain a rigid “mesogenic” group located in the main chain (Fig. 4.8)
or in a side group and are linked by flexible spacers. By an appropriate choice of
mesogenic group and spacer the temperature range of the liquid-crystalline
phase(s) could be made substantial (some 50-100°C) and kept well below
temperatures of chemical decomposition. Thus these polymers became interest-
ing in several respects. For example, an academic question concerns the
microscopic structural order which results from the competing effects of
anisotropic interactions between mesogenic segments and the intrinsic tendency
of the polymer chain to avoid extended configurations. Elastic properties should
differ from those of low molecular weight liquid crystals. Potential industrial
applications range from the possible production of strongly oriented high
modulus polymer fibres to special optical coatings, for example obtained by
freezing a cholesteric texture in a polymer film. Several reviews have appeared
recently [4.171-173].

Magnetic orientation in nematic phases of various of these polymers has been
studied in several laboratories since 1980 [4.174, 178-185]. For some of the
polymers with mesogenic groups in the main chain strong orientation along H of
at least the mesogenic groups was observed in fields around 1 T. This was clearly
demonstrated by x-ray diffraction (Fig.4.21 below) [4.178,183,185], NMR
[4.182] and measurements of the diamagnetic anisotropy [4.180, 184]. Substan-
tial new information about the structure of the nematic phases was thus
obtained. There appears to be, however, a critical field below which no
orientation occurs and, as do speed and final degree of alignment, it depends on
the polymer’s properties such as molecular weight, lenght of the spacer group
and flexibility. Cholesteric polymers could not be aligned even at 12T,
underlining the importance of stronger fields for the study of a wider variety of
these polymers. Interestingly, the experiments mentioned above revealed
orientational order parameters of the mesogenic main-chain groups in the
nematic state of about 0.6 to 0.8, which is some 50 % to 100 % higher than values
for low molecular weight nematics. The property — promising for applications —
can possibly be related to the particular isotropic-nematic transition behaviour
found [4.182] in some of the polyesters. As outlined in Fig. 4.16, the polymer
exhibits a pretransitional increase of the Cotton-Mouton constant (77 —7*) "'
like classical liquid crystals such as PAA, but the difference between 7* and the
real transition temperature T, (clearing point) is much larger. This combined
with a high value of the latent heat at 7, indicates that the polymeric transition is
“much more first order”; following the Landau-de Gennes description of the
transition it also leads to the prediction of a high-order parameter in the nema-
t[ic phase. The values thus deduced agree with those derived from NMR
4.181, 182].
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Fig. 4.16. The pre-transitional effects of a melt of the polyester DDA 9-L (Fig. 4.8) in comparison to
a classical liquid crystal, p-azoxy-anisole (CH, -0 — @ —III =N-— @ —0O —CH,;). Above
0

the isotropic-nematic transition temperature 7, (=132 °C for PAA and ~135°C for DDA 9-L) the
Cotton-Mouton constant (@ data [4.182]; O data from [4.187]) of both sampiles is proportional to
T—T*)7! over an extended temperature range. T* is evaluated by linear extrapolation and T,
determined by the onset of strong turbidity, resulting in a sudden drop of optical transmission (- - )
and by the divergence of the birefringence in a constant magnetic field (——). 7, — T* is much larger
for the polymer (~27°C) than for PAA (~3.4°). Similarly the latent heat of the polymer at the
transition exceeds that of PAA by about 5.4 times. Using the magnetic birefringence and calorimetric
data the absolute values and temperature variation of the order parameter at both sides of the
transition can be calculated using the Landau-de Gennes theory [4.85, 105]. The values thus predicted
for the nematic phase of the polymer agree with the large experimental values cited in the text [4.182]

4.3.3 Classical Liquid Crystals

A large number of various anisometric — rod-like or disc-like — small molecules
exhibit liquid phases with some orientational and translational long-range order
at temperatures between the crystalline and isotropic liquid state; therefore they
are called thermotropic liquid crystals. An example cited above (Fig. 4.16) is
PAA. With molecular diamagnetic anisotropies typically like benzene and large
correlation lengths in the liquid crystalline phases, they show many magnetic
orientation effects, sometimes in fields far below 1 T which have been extensively
described [4.1,85,157,186]. Since this chapter deals mainly with macro-
molecules, only some recent experiments involving high fields will be mentioned.

a) Pretransitional Effects in the Isotropic Phase

When the isotropic phase of a liquid crystal is cooled towards the nematic
transition, increasing pretransitional orientational correlations occur
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very similar to the spin correlations in a paramagnetic substance above the
Curie temperature. They result in an enhanced magnetic birefringence, ob-
served by Tsvetkov already in 1944 [4.187]. De Gennes [4.85] pointed out that
in Landau’s mean field approximation, the Cotton-Mouton constant which
is a measure of the local order parameter should, like the Curie-Weiss
susceptibility, be proportional to (T —T*)~!, where T* is the temperature of a
second-order transition. This behaviour and small deviations from it occurring
close (~2°C) to the thermodynamically manifested first-order isotropic-
nematic transition temperature 7. were accurately measured by Stinson and
Litster in 1970 [4.188]; T* is about 1° below T, therefore the isotropic-nematic
transition is sometimes called a “weakly” first-order transition. Later birefrin-
gence measurements in high fields enabled the range of the pretransitional effects
to be determined on the high-temperature side where CM is small [4.189, 190).
Also T, — T* could be evaluated more precisely and the deviations of the order
parameter from the (T —7*) ™! behaviour closer (a few tenths of a degree) to T,
[4.191] were evaluated. Even in the vicinity of T,, CM exceeds the high
temperature and solution values only by about 2 orders of magnitude. In terms
of the number N, of correlated molecules (defined in Sect. 3.1) this means that
the orientational correlation is still fairly short range (N; ~ 10?). Thus the degree
of orientation (~ N; AxH?/kT) remains small even in a field of 10 T. This is also
reflected by the strictly linear relationship between 4n and H 2 found by Poggi
and co-workers over all field strengths investigated (< 13.5 T), and by the high
field value of An (~10~%) which is small compared to 4n values of completely
oriented nematics (dng, ~1071). In contrast to these results, Keyes and Shane
[4.192] recently reported a linear H dependence of (dn/H?*) up to 10T
particulary pronounced near T,. No explanation has yet been offered for this
€xperimental disagreement.

It is obvious from simple thermodynamic considerations that 7, itself should
depend on the magnetic field strength : since in, say, 10 T the isotropic and nematic
Phases are very weakly and strongly oriented, respectively, the relative shift of 7,
is of the order 4yH?/Q, with Ay being the diamagnetic anisotropy of the nematic
Phase and Q the latent heat [4.193]. This relation has been verified experimen-
tally by Rosenblatt [4.193] in strong magnetic fields; the absolute shift amounts
to only 5x1073 °C at 15T.

b) Orientational Fluctuations in the Nematic Phase

In the nematic phase the orientational correlation lengths are macroscopic.
Hence almost completely oriented samples form spontaneously in small
containers with walls treated so as to impose a direction to those molecules in
contact with the wall. The intrinsic (zero-field) birefringence of such samples is
very large, typically of the order of An~107"'. There are, however, thermal
fluctuations of the direction of the long axes of the molecules around the average
(macroscopic) axis of alignment. Their amplitudes can be slightly reduced in a
strong magnetic field. The corresponding small increase of birefringence 4
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(typically some 10~ at 10 T) was theoretically predicted by de Gennes [4.85] and
observed by Poggi and Filippini [4.194]. In this case 4 is proportional to the
magnetic field, essentially because fluctuations with wavelengths longer than the
magnetic correlation length £ are quenched [4.85]. This & is a characteristic
length resulting from a balance between magnetic and elastic torques, roughly
corresponding to the shortest distance between a molecule clamped in a given
direction and molecules parallel to the magnetic field. Depending on the
geometry (i) it equals

f=(Ki/'AX)% H™,

with K; the elastic constants for splay (i=1), twist (i=2) or bend (i=3),
respectively. Since for small changes in £ the birefringence increment 4 must be
proportional to 71, it follows that A ~ H. Malraison et al. [4.195, 196] extended
de Gennes’ theory [4.85], originally developed for a mean elastic constant, to the
more general case of different splay, twist and bend elastic constants. They also
measured A/H over the complete nematic temperature range. Including the
temperature-dependent values of the elastic constants determined by other
techniques they found good agreement between their theory and experiments,
except for temperatures near the nematic isotropic transition. Because of the
naturally limited sample length and the small 4 values, such experiments
necessitate the combined application of strong fields and sensitive birefringence
techniques.

The orientational order parameter of nematic liquid crystals has been
estimated from measurements of the anisotropy of the diamagnetic susceptibility
of a nematic glass produced by quenching a liquid sample in a strong magnetic
field [4.197].

¢) Untwisting in the Cholesteric Phase

As mentioned above, the coherence length ¢ is proportional to H~!. Tran-
sitions of nematic into aligned phases usually occur at a critical magnetic field
H_ above which {(H) is smaller than a typical dimension of the sample, for
example the distance between the confining glass plates which can be around
100 p. With common values for K; and Ay, H, ranges well below or around 1 T.
In cholesterics, however, the equivalent typical dimension is the pitch. Because
the pitch in normal cholesterics is generally comparable to optical wavelengths
or even smaller, the critical fields for untwisting are somewhat above presently
available field strengths. Therefore magnetic untwisting has been observed so far
only in special cholesterics with large pitches, such as the a-helical polypeptides,
concentrated solutions of virus (Sect. 4.3.2b, Subsection II) or solutions of
choleslerics in nematics [4.1, 83, 115]. Certainly, also some of the other magnetic
field effects often discussed could become observable in very strong fields
(~30 T) for a number of cholesteric materials, depending on the sign of 4y, the
size of Ay/K; or the influence of the wall.
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4.3.4 Membranes and Micelles

a) Background

We now turn to so-called amphiphilic molecules, which consist of a polar head
group soluble in water (hydrophilic) and an aliphatic tail (hydrophobic).
Therefore, when suspended in water at low concentration, they form organised
aggregates such as double layers (membranes), vesicles or micelles in order to
maximize both exposure of head groups to water and mutual contact of tails.
Similarly inverted structures might occur in oil. In oil/water mixtures the
amphiphiles tend to cover the interface, thus acting as detergents. At higher
concentrations the aggregates can form various ordered or sometimes liquid
Crystalline phases, depending on chemical composition, solvents, presence of
ions or of other molecules like alcohols, temperature, etc. In contrast to the
polymeric systems, both the number of molecules contained in these objects
(corresponding to their molecular weight) as well as their shape are often
variable and frequently not known. This and their multicomponent nature
usually make structural investigations of these systems sometimes more complex
than for lyotropic polymers or thermotropic liquid crystals. Organised bio-
logical membranes containing proteins in the amphiphilic layer are treated
Separately in Sect. 4.3.4c.

b) Artificial Multilayers and Micelles

I) Expected Magnetic Field Effects

The number of correlated molecules within such systems can be enormous and
substantial magnetic orientation effects are expected, although quite often
groups with large Ay values like aromatics are missing. A major contribution to
Ay might originate from the more or less ordered hydrocarbons in the
hydrophobic layer. Some values are compared in Table 4.3. The uppermost
value results from a simple estimate of the difference between normal and planar
¥ values for a sheet of normally oriented all-trans (CH,), s chains using the C —C

Table 4.3. Diamagnetic anisotropy® of oriented hydrocarbon systems and bilayer membranes

Cig —-6.5(£25%) Estimated from C—C bond anisotropy
Partially crystalline -1 [4.198)

polyethylene (CH,),

Crystalline stearic —9.7(£20%) [4.64]

acid CH,(CH,),sCOOH

Crystalline dipalmithoyl- -9 [4.198]

~L-a-lecithin

Egg lecithin membranes —0.27 [4.199]

* Volumetric susceptibilities in 10~ cgs units. The densities of all systems mentioned are very close
to 1 g/em3
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bond anisotropies (neglecting C —H) cited in Sect. 4.2. It is the same order of
magnitude as experimental values from stearic acid crystals. These values should
be considered as upper limits for a pure hydrocarbon layer. Orientational
disorder lowers Ay substantially, as can be seen by comparison with partially
crystalline polyethylene containing disordered amorphous regions. It is seen
from the sign of Ay that individual extended hydrocarbon molecules tend to
align perpendicular to H and hence the plane of a layer or membrane aligns
parallel to H. Dipalmitoyl lecithin (DPL), a molecule consisting of two
hydrocarbon chains and a polar head group, aggregates in water into bilayer
membranes which are widely used as models for biological membranes. In
crystals of DPL, bilayers are formed with parallel hydrocarbon molecules; the
elongated head groups are roughly perpendicular to the hydrocabon long axis
and all point in a given direction in the bilayer plane. Thus the crystals are
biaxial. From the observed biaxial orientation behaviour of such crystals in a
magnetic field, Sakurai et al. [4.198] estimated the normal-planar anisotropy of
DPL bilayers (Table 4.3) and deduced that the head group has a remarkable
diamagnetic anisotropy. They did not evaluate the head group anisotropy
quantitatively, however. Interestingly, the normal-tangential anisotropy of an
egg lecithin membrane, as derived from the slow alignment along H of large
elongated vesicles, turned out to be much smaller than the above values derived
from crystals [4.199), This can be accounted for primarily by the substantial
molecular disorder in the egg lecithin membranes, which consist of a mixture of
various different amphiphilic molecules. The egg lecithin anisotropy is more
than two orders of magnitude smaller than the usual anisotropy in liquid crystals
(43 ~some 1077).

Nevertheless strong orientation of such hydrocarbon systems must occur
in high fields. Using, for example, as typical values Ax=2x1078, a layer
thickness d of 5nm, H=20T, T=300 K, orientation would become sub-
stantial (i.e. AyH?%aL?/kT>1) for flat rigid layers with area L? larger than
100 x 100 nm?, or for correspondingly smaller multilayer stacks. Ordered rigid
objects larger than this are obviously quite common in many emulsions or
biological systems. In addition, the presence of aromatic (head) groups or
protein might substantially enhance 4y numerically and even change its sign.
Magnetic orientation and birefringence of rigid non-interacting objects in
suspension such as disk-, tube- or cigar-shaped vesicles can be described
straightforwardly by the equations in Sect. 4.3.1. All one needs to do is to
calculate the effective anisotropies of each object by geometrical summing over
molecular anisotropies or over the effective values per unit area. In this way a
magnetic birefringence experiment vields information about the anisotropic shape
of the object, if the molecular quantities are known, or vice versa. In case the
refractive index inside the object differs from the solvent index (for example, in
oil-detergent-water systems), shape birefringence might become important
compared with the intrinsic birefringence of the anisotropic shell [4.200].

Spherical vesicles or micelles obviously do not orient. However, the
possibility of magnetic deformation into elongated ellipsoids has been theoreti-



Biomolecules and Polymers in High Steady Magnetic Fields 175

cally discussed by Helfrich [4.201,202]. From a balance of the magnetic and
elastic torque on the surface elements, he derived that the relative deformation
should be Ar/r=AyH?*ar*/12x for small deformations; r is the unperturbed
radius of the object and « the bending elastic modulus of the shell. As defined by
the elastic energy & = «/2r? per surface element for an isotropic elastic medium, x
is related to the bulk elastic constant K by ¥ = Ka. The magnetic birefringence
due to deformation is of the order of

Ar
An~Ang,, + —
,

with typically Ay=2x10"% H=20T, g=5nm, r=25nm, dn,~10"% at
a volume fraction of 1072 and x=10"!3 erg for liquid crystals we estimate Ar/r
~2x107? and 4n~2x 1077, Thus, though the deformation is small, it should
be detectable in strong magnetic fields and the bending elasticity of the
microscopic objects can be directly determined, if ¥ is not too large.

So far we have treated rigid particles and have omitted thermal fluctuations
of shape. These are important when the elastic energy &? in the sphere becomes
smaller than £ 7, hence for k ZkT. This situation possibly occurs for example in
thin layers of detergent molecules in the presence of alcohols which seem to
reduce the longe-range order [4.200]. In analogy to the persistence length in
polymers (Sect. 4.3.1), de Gennes [4.200] introduced the idea of a persistence
area £2, In this description the flexible layer would be replaced by rigid plates of
length ¢ linked by ideally flexible joints. Here ¢ should be of the order
{=ceexp (2nx/kT), with e being a molecular length scale, for example the
diameter of an amphiphilic molecule [4.200]. Therefore the number of molecules
contained in a persistence area is about ¢2/e? and magnetic orientation and the
Cotton-Mouton constant are expected to be proportional to £2/e*; in fact
& e~ N, as defined in Sect. 4.3.1 [4.203]. This concept, which has not been
verified experimentally yet, is interesting because of the sensitive (exponential)
dependence of magnetic orientability on K. It can be applied to any semiflexible
layer system, i.e. if the extension of the objects is much larger than {. In this way «
could be determined also for very flexible vesicles or micelles, for which £ <#. The
region of cross-over (£ ~r) between flexible and rigid (¢>r) vesicles is more
complex and the magnetic orientation and deformation behaviour has not yet
been worked out.

In the preceding section we considered the membrane as a layer with maximal
symmetry, the symmetry axis being identical to the normal of the plane.
However, bilayer membranes often have a complicated internal structure;
phases are known involving tilting of the molecular long axes with respect to the
normal (Fig. 4.17) or an in-plane orientation of the head groups. These phases
are biaxial at least on a local scale and a large membrane can be considered as a
planar ensemble of biaxial domains. Thus even if magnetic alignment of the
membrane as a whole is prevented, for example in a multilayer sandwich-type
sample confined between planar glass plates, magnetic orientation of the
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Fig. 4.17. In a membrane containing domains of
tilted molecules, magnetic orientation could
occur due to in-plane rotation of domains, e. g. if
the membrane plane is fixed by wall effects
parallel to H, domains / and 2, (3), have
favourable (unfavourable) orientation; hence
domain 3 rotates around k by 90° in a magnetic
field sufficiently strong to bring the molecular
long axes normal to H. This results in a birefrin-
gence dn=ny —n,. The orientation mechanism
was [irst proposed by Gaffney and McConnel
[4.204]. In-plane anisotropy can also result from
a cooperative tilt of anisotropic head groups
[4.205]

domains could occur as depicted in Fig. 4.17. The correlation lengths (defining
the domain size) for the tilt of tails and heads, respectively, need not necessarily
be related; they might also differ from &.

Thus quite a number of interesting magnetic field effects can be expectcd in
emulsions of amphiphilic molecules.

IT) Experimental Observations

We treat magnetic orientation studies of detergent containing systems and
artificial membranes (phospholipid-layers) in two separate sections, because the
latter are related to biological membranes.

In detergent-containing systems, magnetic orientation was first realized by
Lawson and Flauit in 1967 [4.206]. Mixtures of typically 50 % water (D,0), 42 %
soap (sodium decyl sulphonate, SDS), 4% alcohol and 4% salt (Na,SO,)
showed deuterium NMR spectra much like those in a magnetically oriented
nematic liquid crystal. Since many such systems at elevated concentrations
display some liquid-crystal like order, the ease of magnetic orientation of these
phases in low fields has been frequently used since [4.207-211 and references
therein]. This was most important for structural aspects, for example to decide
whether the anisotropic objects forming the liquid crystalline phase were either
disc-like or rod-like [4.207, 209]. Unfortunately a somewhat confusing classifi-
cation and nomenclature was introduced: systems with alignment of the
rotational symmetry axis of the aggregates parallel (or perpendicular) to H have
been called “type I” (or “type II”") or “positive” (“‘negative”) diamagnetic
anisotropy. Type I (type I1I) was usually associated with rod-like (disc-like)
aggregates, which is obviously true only for layers with negative normal-
tangential anisotropy such as the hydrocarbon-layers in Table 4.3. The reverse
situation of positive normal-tangential anisotropy can easily occur when the
molecules contain oriented aromatic groups. Another aspect concerned the
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possibility of using these phases as oriented matrices for aligning a wide variety of
small host molecules as to whether they were soluble in an aqueous or aliphatic
milieu. Periodic textures were observed to occur in a magnetic field and
interpreted by an orientation-induced flow process [4.210]. Tt is noteworthy that
addition of small polymer-coated ferromagnetic particles (“ferrofluids™) to the
€mulsion seems to enable magnetic orientation [4.212] and deformation [4.213]
already in very weak fields.

A substantial amount of intermolecular order might persist in detergent-
containing systems even under conditions where turbidity is essentially absent
and no liquid crystallinity exists. For example, soap molecules in pure water with
or without salt form micelles which can adopt various sizes and shapes; oil-
water-soap emulsions often turn transparent when a certain amount of alcohol is
added, and are then called microemulsions. Structural investigations of such
phases are important for the development of specific applications of soap. Porte
and co-workers [4.214-217] studied the polymorphism and interactions of
micelles of different soaps in dilute aqueous solution by high field magnetic
birefringence. The soap molecules carried aromatic groups in the head region to
enhance both diamagnetic and optic anisotropy. These measurements clearly
demonstrated the existence of four distinct concentration regimes for sodium
octyl benzene sulphonate in water. They have been interpreted in terms of
magnetic orientation of free monomers and more or less anisotropic micelles
[4.214,215]. Possible contributions from other birefringence-producing mech-
anisms such as those outlined in (Sect. 4.3.4b, Subsection I) were not discussed.
The experiments on cetylpyridium with NaBr in water are consistent with a
worm-like model of fairly elongated micelles. Through a combination with light-
scattering experiments a persistence length of about 20 nm at a micellar diameter
of 6 nm was derived [4.216, 217].

Series of magnetic birefringence measurements were also performed on
microemulsions [4.218). Over a wide range in the phase diagram (of Na
octylbenzene sulphonate, pentanol, decane and water) the Cotton-Mouton
constant turned out to be small and consistent with an orientation of weakly
anisotropic micelles, or of persistence areas, or with Helfrich’s magnetic
deformation mechanism. An extension of these measurements to monodisperse
micelles at a series of calibrated radii, and eventually an independent determina-
tion of the yet unknown value of , should yield a better understanding of the
behaviour of microemulsions in strong magnetic fields.

Large numbers of synthetic and natural lecithins or phospholipids in
aqueous suspension spontaneously form bilayer structures (Fig. 4.17). They are
widely studied as simple model structures (without proteins) for biological
membranes. Many experiments are actually carried out on sandwich-like
multibilayer stacks containing approximately equal amounts of lipid and water.
Coplanar orientation of the bilayers is obtained between parallel glass plates; if
more dilute emulsions are homogenised by ultrasound the bilayers form closed
vesicles and samples of monobilayer vesicles with fairly narrow distribution of
diameters can be prepared. Diameters might range from some 20 to 100 nm.
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Under other conditions larger multibilayer “onion-like” vesicles are the most
stable structure.

It was on oriented stacks of phospholipid bilayers that Gaffrey and
McConnell [4.204] in 1974 first found a direct magnetic field effect. They
observed an anomalous spin label ESR signal for the planar orientation of H
(Fig. 4.17). The ESR signal could not be fitted by any orientational distribution
of the lipid molecules with rotational symmetry around an axis normal to the
membrane. They proposed the mechanism of in-plane rotation of tilted domains,
outlined in Fig. 4.17, which was consistent with the ESR results. Later, a small
magretic birefringence signal was observed [4.129] on multilayer stacks of egg
lecithin and dimyristoyl lecithin, when the light beam pointed normal to the
stack (Fig. 4.17). These data also agree with the above mechanism. Interpreted
by a rotation of the tilted hydrocarbon chains and neglecting any anisotropy of
the head, they would result in a mean domain size of the order of 100 x 100 nm?.
However, a recent ESR study [4.219] on spin labels attached to the head group of
dipalmitoyl lecithin provided evidence of a cooperative rotation of the head
groups in a magnetic field. Thus the magnetic birefringence data should be
reinterpreted including head group orientation and anisotropies; the latter could
be estimated from bond anisotropies.

In Sect. 4.3.4b, Subsection I, was outlined that suspended vesicles should
have more freedom than fixed membrane stacks to reorient in a strong magnetic
field. The possibility of measuring elastic constants, orientation correlation
lengths and small anisomeries as well as their relevance for biomagnetic effects
make such studies an interesting topic in spite of their complexity. The actual
knowledge is fairly scarce; we are aware of only two experiments.

Boroske and Helfrich [4.199] observed with a phase contrast microscope that
large cigar-shaped (~30 um length and ~ 10 um diameter) vesicles of egg
lecithin slowly oriented parallel to a 1.5 T field. They deduced from the temporal
sequence of the alignment the normal/tangential anisotropy of the volume
susceptibility, which turned out to be rather small (Table 4.3). This can be
explained by tilting, disordered lipid conformations or reorientations of tilted
domains within the membrane. A magnetic deformation could not be found
probably because of the use of multilayer membranes (farge «) and the difficulty
of detecting small deformations with a microscope. High field birefringence ex-
periments [4.6, 129, 220] were carried out on aqueous emulsions of dipalmitoyl
lecithin, containing small (~ 60 nm) almost spherical bilayer vesicles and some
larger onion-like multilayer vesicles of irregular shape. An electron microphoto-
graph of such a sample (after drying on a substrate and staining) is shown in
Fig. 4.18. Partial saturation of An was observed to occur in high magnetic fields,
indicating that some of the larger aggregates can be completely oriented. Figure
4.18 shows the derivative of An with respect to H? measured at a fixed
intermediate field strength by superimposing a small field modulation. It
contains contributions from the small and large vesicles, Most pronounced
changes can be seen at the pretransition and main transition, where the lipid
chains transform with increasing temperature from an extended tilted to an
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T T T T T T Fig. 4.18. Temperature dependence of the mag-
netic birefringence of suspensions of dipalmitoyl
lecithin vesicles [c =20 mg/m], 5mM La(NO;)s,
A=632.8 nm, continuous variation of tempera-
ture at a rate of 0.5K/min]. The magnetic
birefringence suddenly changes at both the pre-
transition at 35°C and the main transition at
41°C of the lipid chains in the bilayer, so
demonstrating the high sensitivity of this tech-
nique to detect transitions between phases of
different lipid order [4.220].

1 1 .| 1 1 I
20° 40° 60°
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extended non-tilted and to a disordered configuration. The magnetic anisotropy
is related to the orientational order of the lipids. Since these transitions should
also involve changes in orientational correlations, head group orientation,
vesicles shape and &, a quantitative interpretation of the detailed features of the
data has not been made yet.

¢) Organised Biological Membranes

Biological membranes consist of a phospholipid bilayer with various proteins
embedded in or attached to it. The proteins control physicochemical and
functional-biological properties of the membrane. Some proteins are known to
cause structural changes within the neighbouring phospholipid bilayer, thereby
influencing the bilayer’s diamagnetic anisotropy ; they can also contribute to the
overall diamagnetic anisotropy of the biological membrane. In many biological
systems large multilamellar arrays of biological membranes exist. It is therefore
not surprising that already about 15 years ago full magnetic orientation in fields
below 2 T was observed on outer segments of retinal rods [4.7] and chloroplast-
containing cells of chlorella [4.88].

I) Outer Segments of Retinal Rods

The outer parts of retinal rods are cylindrical segments typically 50 um long and
10 pm in diameter built up of a multilamellar stack of disc-shaped membranes.
Membrane bilayers are perpendicular to the rod axis and consist to almost equal
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Fig. 4.19. Magnetic orientation of
outer segments of retinal rods in
suspension can be observed al-
ready at modest fields S1.0T.
Their large diamagnetic aniso-
tropy is mainly due to the highly
ordered arrangement of a-helical
proteins in the membrane stacks
[4.7]

amounts of lipid and protein; about 85% of the protein mass is the visual
pigment rhodopsin. The early optical observation [4.7] that in suspension these
segments aligned parallel to a magnetic field of 1- T (Fig. 4.19) has stimulated a
number of studies, resulting in important information about the structural order
of the disc membranes. From the time course of the orientation after switching
on the magnetic field, Chagneux and Chalazonitis determined the diamagnetic
anisotropy Ay of the segments [4.221]: Ay is completely suppressed by CO, gas
[4.222] and decreases by about 20 % upon bleaching with intense light [4.223].

A better understanding of the large segmental anisotropy dyg in terms
of phospholipid bilayer and protein (aromatic amino acids, retinal chromo-
phore and «-helical polypeptide chain) was initiated by the theoretical work of
Hong et al. [4.90]. More recent contributions are from Chabre and co-workers
[4.224,225])as well as Becker et al. [4.226]. The phospholipid membrane cannot be
the major contributor to Ay since this would imply an orientation of the
segments perpendicular to H, as pointed out in Sect. 4.3.4a. Nevertheless, its
contribution is not negligibly small [4.227]. A contribution of the aromatic
retinal chromophore of rhodopsin can presumably be neglected [4.224, 226]; as
indicated by linear dichroism measurements [4.226] this group strongly reorients
on bleaching, which would necessitate a bleach enhancement of Ayy in contrast to
the measured decrease of Ayg [5.223, 224]. The magnetic linear dichroism data
[4.224,226] also show that on the average, only one out of 61 aromatic amino acid
residues per rhodopsin molecule has a non-random orientation; it is aligned with
the aromatic plane parallel to the segmental long axis. Therefore the aromatic
groups all together account for only at most 15 % of Ayg [4.224]. Chabre pointed
out that the major contribution to 4y may originate from the a-helical { =50 %)
part of the rhodopsin molecules; the o helices seem to be oriented normal to the
disc membrane plane [4.224]. This was confirmed by the observation of a high
linear infrared dichroism from the C=0-bonds in the « helix of magnetically
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oriented segments [4.225]. Neutron small-angle scattering from oriented pellets,
produced by sedimenting retinal segments in 1.7 T, has been used to determine
which fraction of the rhodopsin molecule is embedded in the membrane and how
it changes with bleaching {4.228]. Well-oriented samples for photochemical
studies at low temperatures (77 K) could successfully be prepared only by
quenching in a strong (17 T) magnetic field [4.229]. In this way disorienting
effects due mainly to convection during cooling were overcome.

II) Systems Containing Chloroplasts

Animportant and rapidly developing field of biological and biophysical research
concerns the molecular processes involved in the photosynthesis of plants. One
particular structural aspect is the orientational order of the photosensitive
molecules (chlorophyll) within the innercellular light-sensitive organelles, the
chloroplasts. In 1971 Geacintov et al. [4.89] observed that the chlorophyll “*a”
fluorescence in a monocellular green alga (which contained only one chloro-
plast) was anisotropic in magnetic fields of 1.67T. This is due to a strong
alignment of the multilamellar disc-like chloroplast normal to H. A large
number of mainly optical studies followed this observation, reviewed by Hong in
1976 [4.230] and theoretically described to some extent by Knox and Davidovich
in 1978 [4.231]. We therefore restrict ourselves to a few remarks [4.230-243].

An attempt to explain the observed magnetic orientation of chloroplasts in
terms of diamagnetic anisotropy of constituent molecules was made by
Geacintov et al. From linear dichroism of rhodamin 6G attached to phospho-
lipids they deduced that the membrane stacks orient normal to H ; therefore the
phospholipids contribute only weakly, if at all, to 4y. Besides some possible
minor contribution from other lipids, carotenoid lipids, it is thus the proteins
that determine Ay [4.232]. The orientation relative to the membrane of various
groups in the chlorophyll molecule (and their optical transition moments) has
since been studied with many optical techniques mainly by Breton et al., though a
satisfactory calculation of Ay has not appeared yet. This might be partially due to
uncertainties in the chloroplast’s overall shape and to the variety of contributing
molecular groups. Aromatic porphyrin rings of chlorophyll as well as aromatic
tyrosines of the structural proteins tend to be perpendicular to the membrane
plane, whereas o helices and carotenoid molecules are nearly in plane; other
groups with unknown orientations possibly contribute to Ay as well.
Nevertheless, magnetic fields in the tesla range become a useful and easy tool for
producing full alignment of chloroplast systems. Various studies of structural
and optical aspects of photosynthesis have benefitted from this,

Neutron small-angle scattering by Neugebauer et al. [4.244] has shown that
also bacterial chromatophores (planar pieces of purple membranes of the
Halobacterium halobium) substantially orient in modest fields. As in retinal rods
and chloroplasts, the membrane aligns normal to H. It was suggested by
Worcester [4.79] that the ordered o helices of bacteriorhodopsin are responsible
for the diamagnetic anisotropy of this system.
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4.3.5 Other Biological Particles

Substantial progress in molecular biology is due to the knowledge of the atomic
structure of biological particles like proteins as obtained mainly from x-ray work
on crystalline samples. Unfortunately various bioparticles do not crystallise and
different techniques (of comparably low structural resolution) have to be applied
to gain information about their structure in a solution. Some techniques, for
example NMR, ESR, Raman scattering or infrared absorption, are sensitive to
local properties of single groups, others, like elastic light scattering, sedimen-
tation and viscosity measurements, to the overall size and shape. In this section
we wish to outline that magnetic birefringence and dichroism experiments,
feasible even on small particles of modest Ay in dilute solutions by using strong
magnetic fields, can also yield structural information.

A magnetic birefringence experiment gives immediately the product Ay - da
for anisolated rigid particle (Sect. 4.3.1). Since measurements are usually carried
out at wavelengths far from optical absorption bands, the birefringence
originating from various anisotropic groups within the particle thus is
determined by the anisotropies (4e;) of these groups (species i), their relative
orientation and their total number N; per particle. To a good approximation it
can be calculated by geometric summing

Ado=Y Aoy N, f;.

Here f; can be considered as the average orientation factor for the groups of
species i with respect to the particle’s symmetry axis and 0 < f; < 1. An analogous
relation holds for

A,= Y AuN.fi.

In both relations, contributions from shape anisotropies resulting from the
particle’s anisomery and differences between the mean optical (and magnetic)
susceptibilities and those of the solvent have been neglected. This is generally
justified for 4y because of the negligibly small difference between external and
internal magnetic fields in diamagnetic solutions, but shape birefringence can be
important for larger macromolecules and virus particles. We are mainly
interested in determining the f; since they contain information about the
structure of the particles. The N; values are usually known from chemical
analysis and Ae; and Ay; values are available for various groups (Sect. 4.2); thus
from CM one can deduce a relation between the f; values. This relation simplifies
when Aw is known from other experiments such as flow birefringence, electric
birefringence or depolarised light scattering.

A measurement of the /inear magnetic dichroism ¢ =(A | — A.)/A consists in
determining 4, 4, and A, the optical absorbances for light propagating
perpendicular to H and polarised parallel, perpendicular to H and unpolarised,
respectively. The term g is related to the magnetic orientation function ¢ defined
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in Sect. 4.3.1 and to f;. For example, if the groups (i) have non-overlapping
absorbance bands and (e.g. the base pairs of DNA) the corresponding optical
transition moment lies in the plane normal to the rotational symmetry axis of the
diamagnetic tensor, ¢ is simply given by o= —3/;¢/2 [4.245]. Hence in this case
the relative magnitudes of the f;’s can be determined for all absorbing groups
Spectrometrically accessible in the experiment. Relative f; values can also be
obtained for overlapping dichroic bands though data analysis is less straightfor-
ward. Knowledge of A« results in a determination of ¢ from magnetic
birefringence and then absolute values of f; can be determined from dichroism.
Therefore if the number of groups which contribute to the optical and
diamagnetic anisotropies in a bioparticle are limited to say 3 or 4, a combination
of magnetic dichroism and birefringence may yield information about orien-
tational order (i.e. f;) of these groups; f; values can be calculated for structural
models and compared with experiment.

Following these lines the structures of several nucleic acid- and/or protein-
containing bioparticles in solution have been studied by magnetic orientation.
Cotton-Mouton constants were measured [4.92] on dilute solutions of the rod-
like bacteriophages Pf1 and fd, which both consist of a cylindrical protein shell
enveloping 6.5 % and 12.9 % (w/w) DNA, respectively. The data were interpreted
in terms of the diamagnetic anisotropies of the « helices and aromatic amino
acids in the coat protein and of the DNA bases, as Ao of a single virus in solution
was determined separately from the saturation birefringence in high magnetic
fields of a fully oriented polyelectrolytic liquid crystal (Fig. 4.12). It turned out
that the contribution of DNA to Ay is weak and that both the axes of the « helices
and the planes of the aromatic amino acids are oriented parallel to the phage
major axis. By using magnetic birefringence a temperature-induced confor-
mation change occurring around 10 °C was observed for Pf1 in solution for the
first time. Independently, #; values for DNA and aromatic amino acids were
estimated from the magnetic linear dichroism of completely oriented virus
solutions (Fig. 4.20). The results from both techniques agree.

A similar high field CM study was carried out on the buoy-shaped
bacteriophages T4 and T7 which contain about 50 % DNA as well as on their
empty protein shells (ghosts) [4.246a]. It was found that the diamagnetic
anisotropy of the protein shell is negligibly small and that in T4 about f;=35 % of
the DNA packed inside the protein shell (in an unknown fashion) is oriented
parallel to the phage’s head-tail axis. Diamagnetic anisotropy was discovered
recently [4.246b] even in some so-called spherical viruses, suggesting that
anisotropic packing of nucleic acids might be quite common in compact
biological structures.

Dilute aqueous solutions of chromatin (the DNA protein complex occurring
in the eucaryontic nuclei) and of chromatin fragments (so-called nucleosomes) at
low ionic strengths (<1072 M NaCl) both showed about 3 times smaller CM
constant than free DNA, This reduction in anisotropy quantitatively agrees with
current structural models of chromatin, in which the DNA loops around the
globular protein core, thus forming bead-like nucleosomes linked by free DNA.
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Fig. 4.20. The uv absorbance of magnetically
oriented concentrated solutions of the cylin-
drical bacteriophage fd is strongly anisotropic
(the magnetic linear dichroism saturates). The
solution (at ¢=9.9 mg/ml, 10~3M Tris-HCI,
pH 7.5) was oriented in a standard spectrom-
eter cell (optical path 0.5mm) by a vertical
magnetic field of 12.2T for 10 min, and ap-
peared like the samples shown in Fig. 4.11b.
The uv spectra were subsequently recorded for
light polarised parallel and perpendicular
to H; no disorientation could be observed
within the first 30 min. Absorbance in the
240-260 nm and 270~300 nm regions mainly
originates from the phage’s DNA and aroma-
0BT T T T T T tic amino acids, respectively. Both DNA bases
r T and aromatic amino acids have in-plane,
04 1418 electronic transitional moments and the phage

Ty /j 78t orients along H; therefore the negative (posi-
0 \_/ g < tive) dichroic bands observed for DNA (aro-
i 1 . matic amino acids) indicate that the planes of
DNA bases (aromatic amino aicds) are on the
230 260 290 320 average more perpendicular (parallel) to the

WAVELENGTH  (nm) long axis of fd (Maret, unpublished result)

UV ABSORBANCE (OD)
POLARISATION i AND L TO H

REDUCED LINEAR
MAGN. DICHROISM P

The results also suggest that the chain of beads is very flexible [4.6, 129]. It has
been erroneously concluded from strong polarised and depolarised light-
scattering signals that t-RNA, its shape being approximated by a prolate
ellipsoid of revolution, aligns along a magnetic field [4.247]. A detailed analysis
of the reported data [4.247] revealed that t-RNA orients perpendicular to H and
that the dominant part of the aromatic base planes are preferentially per-
pendicular to the particles long axis [4.248]. This agrees with the observed
negative birefringence and positive Cotton-Mouton constant of t-RNA.
Probably the anisotropic light scattering originated from large anisometric
aggregates,

Experimental Cotton-Mouton constants of dilute solutions of fibrinogen, an
elongated protein involved in blood coagulation (Sect. 4.4), have been analysed
in comparison with the rod-like bacteriophages fd and Pf1. From this it seems
likely that fibrinogen contains about 30 % o helices oriented along the molecular
long axis [4.249].

Murayama’s microscope observation [4.250] clearly demonstrated that
sickle cells, which are anomalously deformed erythrocytes, align with their long
axis perpendicular to a field of only 0.35 T. Costa Ribero et al. [4.251] confirmed
this recently and obtained a diamagnetic anisotropy of 2.7 x 1078 erg/G? per
sickle cell. They pointed out that this large anisotropy can be quantitatively
accounted for by the paramagnetic anisotropy of the haeme group (Sect. 4.2) of
the protein haemoglobin confined in the cell. Haemoglobin molecules in sickle
cells are condensed into parallel fibres which are oriented along the cell’s long
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axes. Within the fibres the average orientation of the haeme planes is almost
normal to the fibres; thus alignment of the cell axes normal to H corresponds to
strong orientation of the haeme planes along H, as expected (Sect. 4.2). There
seems to be no need to include contributions of the cell membrane to Ay.

Leitmannova et al. [4.252] reported that abnormally shaped erythrocytes
occur at higher density in a sample after exposure (for typically 10 min)toa 1.0 T
magnetic field. In addition, about 10 % of erythrocytes were damaged (‘“haemo-
lysed””)in 1 T. Since this amount increased more than linearly with H, one could
expect full haemolysis to take place in fields above §-10 T. However, others
[4.253) have found that less than 1 % of erythrocytes, if any, are haemolysed after
10 min exposure of blood to 20 T.

Cotton-Mouton constants and partial saturation of the magnetic birefrin-
gence in fields above 6 T have been reported [4.254] for suspensions of a
peptidoglycanteichoic acid complex, the major component of a bacterial cell
wall. The dominant contribution to Ay seems to come from the ordered cross-
linked polysaccharide chains within the cell wall. A quantitative analysis of these
data appears to be difficult because A« is not known, the particles are much
larger than optical wavelengths (Sect. 4.3.1) and presumably polydisperse ; since
they have a closed sac-like shape, contributions to the birefringence could also
originate from magnetic deformation.

4.4 Polymerisation Reactions and Locking of Alignment in
High Magnetic Fields

A long-range orientational order makes possible strong magnetic alignment
even of weakly diamagnetically anisotropic molecules in modest fields. For
various applications, it is of interest to stabilise the aligned phase (e.g. by
freezing, crystallising, drying, polymerising, cross-linking or other ways of gel
formation). Sobajima [4.91] was the first (1967) to produce strongly oriented
films of partially crystallised « helices by slowly drying a lyotropic solution of
poly-y-benzyl-L-glutamate (PBLG) in 0.7T. These and other magnetically
oriented and dried films or fibres, including poly-y-ethyl-glutamate, poly-
nucleotides and rod-like viruses, have become useful for structural studies
mainly by x-rays, but also by optical, NMR and other techniques [4.5, 91, 152,
153, 158, 159, 161, 167, 178, 183, 185, 255]. As an example, Fig. 4.21 shows the
oriented x-ray pattern from the two polymers DDA-8 and DDA-9 (cf. Fig. 4.8)
with nematogenic groups in the main chain. One sample (a) was slowly cooled
from the nematic melt below the crystallisation temperature in a vertical 16 T
field. Strongly oriented crystallites result. The other (b) was rapidly quenched and
the magnetically oriented nematic structure was preserved at room temperature.

Finer and Darke [4.170] obtained an oriented gel of poly-L-lysine-
hydrobromide by cooling a concentrated aqueous solution through the liquid-
gel transition temperature in 1.45T. Avirom [4.256] stabilised the magnetic
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Fig. 4.21a, b. Oriented partially crystalline (a) or quenched nematic (b) phases can be produced when
melts of polymers with liquid crystalline (nematogenic) groups in the main chain are slowly (a) or
rapidly (b) cooled in a strong magnetic field from the nematic phase into the solid state. The x-ray
patterns were taken from samples contained in 1 mm diameter capillaries with the x-ray beam normal
to the magnetic field. (a) DDA-8 oriented by a vertical field of 16 T at 235 °C, cooling rate 1°/min to
room temperature. (b)) DDA-9 quenched in 12 T at 100°/min. The most outward equatorial reflection
corresponds to a spacing of about 0.4 nm [4.183, 185]

orientation in PBLG by intermolecular chemical cross-linking with amide bonds
between benzyl-alcohol groups. In 1973 Liebert and Strzelecki [4.257] intro-
duced polymerisation under magnetic fields as a tool to produce oriented bulk
polymers. A mixture of two types of nematic monomers (p-acryloyloxy-
benzylidene p-cyano-aniline and di-p-acryloyloxybenzylidene p-diamino-ben-
zene) copolymerised in 0.8 T resulted in an oriented crystalline phase which was
almost free of defects. Perplies et al. [4.8] polymerised a methacrylic Schiff base
in strong magnetic fields (7 T) and obtained an oriented polymer matrix, but only
from the nematic and not from the isotropic phase of monomers. These authors
also showed, in agreement with Clough et al., Cser and Lorkowski and Reuther
[4.258-260], that a magnetically oriented nematic monomer can yield a polymer
with smectic ordering. Torbet et al. [4.249] investigated for the first time a
biological polymerisation process in magnetic fields; they found a highly oriented
filamentous fibrin network when polymerising — as during blood coagulation —
the blood plasma protein fibrinogen in fields up to 20T. From neutron-
diffraction patterns of these oriented gels (Fig. 4.22) new features of the structure
and packing of the fibrin protofibrils inside the fibrous network could be
obtained; structural information about fibrinogen and fibrin can be expected
from the study of such magnetically oriented samples.

In addition, Perplies et al. and Torbet et al. [4.8,9] have shown that the
application of a magnetic field is needed — at least in some cases — only during
primary stages of polymerisation. As indicated in Fig. 4.23, the orientation
persists to increase after switching off the field, once an oriented polymer matrix
has started to form. From such measurements it seems possible to gain new
insight into the complex microscopic processes involved in the formation of
microfibrils and gels during polymerisation or polycondensation. At present,
however, the influence of molecular orientation on the reaction kinetics is not
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Fig. 4.22. Neutron diffraction pattern from fibrin
gels (e=10mg/m! in H,O buffer) oriented in a
vertical magnetic field of 18 T. The 22.5nm period
meridional reflections presumably arise from a half
staggered arrangement of monomers along the fibre
axes and the 19 nm equatorial peak originates from
the lateral protofibril packing [4.9]

well understood. For example, Perplies et al. [4.8] observed a 40 % increase in the
polymerisation rate of bulk nematic monomers oriented by 7T, whereas
Wojtczak 14.261) found a strong inhibition of acetic aldehyde polymerisation in
aqueous solution by fields of only 0.6 T. It was reported recently [4.262] that the
gelation temperature of aqueous solutions of the polysaccharide agarose
increases by 2 °C in 1 T. The significance of this observation seems unclear when
compared with the very small shift of the nematic-isotropic transition tempera-
ture (Sect. 4.3.3a).

It is evident that magnetic fields can be used to bring molecules into a stable
strongly oriented form well suited for structural analysis. The most important
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Fig. 4.23. Specific birefringence 4n/c during polymerisation of fibrin in a strong magnetic field
(117T), initiated at t=0 by adding the activating enzyme thrombin to a 5mg/m! solution of
fibrinogen. As polymerisation proceeds the growing fibrin fibres become sufficiently large and
anisotroplc to be strongly orientable prior to substantial network formation. Arrows indicate
lnstances of switching off the magnetic field. (The lowest, middle, and upper arrow belong to

*+y ———, —, respectively). In all three cases (-, ——, ) the orientation futher increases even
in zero field, indicating that the orientation of ﬁbres becomes fixed in the forming network and that
the final reaction step is fibre growth. The maximum vatue of (dn/c) corresponds to nearly complete
alignment of the polymer filaments, as seen independently by scanning electron microscopy and
neutron diffraction [4.9, 249]
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requirement for a successful application of this technique to produce alignment
seems to be the existence of a highly ordered liguid (say liquid crystalline or
fibrous) state prior to solidification. In contrast to usual mechanical orientation
techniques, no elastic gel state with polymeric entanglements is needed and the
orienting field can be applied steady state to small samples of any shape.

4.5 Separation of Macromolecules in Magnetic Field Gradients

In homogeneous magnetic fields, an orientational but no translational force acts
on an anisotropic particle. In inhomogeneous fields, however, a translational
force exists even for isotropic particles; it depends on the variation of H across
the particle, i.e. grad(H?), on the excess susceptibility of the particle as compared
to the susceptibility of the surrounding medium and on its volume. In weakly
diamagnetic media, ferromagnetic and paramagnetic particles are attracted into
the high field region and diamagnetic particles are weakly repelled. These forces
have been well described [4.263-4.266 and references therein] and various
devices combining strong homogeneous magnetic fields with high gradients near
ferromagnetic edges or wires have been developed and succesfully applied to
separate ferro- or paramagnetic particles as small as a few microns in diameter.
Promising applications range from filtration of low-grade iron ores and
desulphurisation of coal to purification of waste water. This work has been
reviewed by Oberteuffer and his colleagues [4.263, 267].

Separation is efficient when the magnetic force overcomes thermal agitation
and gravitational forces. It builds up on a time scale controlled by the viscosity of
the solvent. To separate diamagnetic particles or macromolecules of given size,
shape and weight, the product H-gradH should be maximised. Near a
ferromagnetic wire or edge in a strong external field Hy(> M) the field drop —
excess over Ho—approaches a limit, which is just the saturation magnetisation of
the ferromagnetic material (M,), and spatially extends over a distance com-
parable to the surface radius of curvature R, hence grad H approximately equals
M /R. Since R should not be smaller than the dimension of the particle or
macromolecule to be separated, M,/R is limited and higher separation efficiency
can be obtained only by applying a stronger external field Hy, H:gradH
approaching H, - M,/R. Following these lines, Gil{ et al. [4.265] reported in 1960
the diamagnetic susceptibility of polystyrene latex and red blood cells from
visual observation of the drift velocity (of typically 1 um/s) in inhomogeneous
fields (H - gradH~some T?cm ™). Melville et al. [4.31,268] separated deoxy-
genated, paramagnetic red blood cells without damage from normal blood
flowing at velocities around 1 cm/min throughout a randomly coiled steel wire
within a magnetic field; the H - grad H value near the wire was estimated to be
about 130 T>cm ™!, Owen [4.32] used a similar experimental set-up and similar
conditions to separate paramagnetic methaemoglobin erythrocytes from dia-
magnetic oxygenated erythrocytes or leucocytes. Magnetic migration of ery-
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Fig. 4.24. Interferometric observation of the magnetosedimentation of the globular protein bovine -
globulin in dilute aqueous solution. A cylindrical cell containing the solution and a coaxial steel
cylinder (grey central region) is placed in one branch of a Jamin-type interferometer and is
Photographed end on. This optical set-up implies that at zero magnetic field, the uniform protein
concentration (uniform refractive index) results in straight optical interference fringes (not shown); if
a horizontal magnetic field Hy of 1.2 T is applied perpendicular to the ferromagnetic cylinder, the
field gradient near its surface as sketched in the insert creates a concentration gradient (refractive
index gradient) which causes the interference fringes to bend {4.30)

throcytes was also noted by Porath-Furedi and Yanai [4.269]. By an optical
interference technique Simonsen and Gill [4.30] were able to demonstrate a
concentration gradient even of smaller proteins, the 169,000 molecular weight
bovine gamma-globulin, in aqueous solution (containing a paramagnetic salt)
building up within typically 10> min in H-gradH~100T?cm ™! close to a
ferromagnetic rod (Fig. 4.24). By this method it was possible to determine the
diamagnetic susceptibility of macromolecules in solution even at substantial
dilution.

Selective removal of small diamagnetic (bio)-particles from suspension can
also be achieved in fairly low fields and gradients if a complex with ferromagnetic
particlesis formed. This was first demonstrated by Bitton and Mitchell [4.270]on
bacteriophage T7 bound onto magnetic particles, using a steel wool filter and
only 0.1 T. More recently so-called ferrofluids have become important in this
field. They are suspensions of ultramicroscopic (<100nm) ferromagnetic
particles coated by polyelectrolytes which prevent interparticle agglutination.
Coating the ferromagnetic particles by polymers which were specifically
substituted with certain enzymes enabled Mosbach and Andersson [4.271] to
remove the latter magnetically, thus avoiding the usual centrifugation and
column chromatography steps. Similarly, when coated by a special polymer
carrying a specific cell-surface ligand, magnetic ferrofluids were used to separate
whole neuroplastoma cells in 0.1 T?> cm ™! with better than 99 % efficiency under
sterile conditions within only a few minutes [4.272]. Also drugs were con-
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centrated magnetically at specific sites in organisms [4.273]. Obviously the
chemical variety of coating polymers on ferromagnetic particles opens a wide
field of applications for high gradient magnetic separation in biology and related
fields.

Another way of enhancing the magnetic susceptibility of biological materials
is to add strongly paramagnetic ions such as erbium [4.274]. Since Er®* ions have
a magnetic moment of 9.5 Bohr magnetons and bind to negatively charged
surfaces, magnetic separation becomes more efficient.

4.6 Influence of Magnetic Fields on Living Cells

In this section we mention some newer findings demonstrating the interaction of
magnetic fields (including weak fields) with more complex living systems. The
microscopic processes involved are scarcely understood in many cases. We add
some speculative remarks on how some biomagnetic effects could be related to
the magnetic properties of the constituent molecules.

The work in “magnetobiology” (effects of external magnetic fields on
biological matter) has been reviewed [4.34-36, 275-279]. The rapidly growing
field of “biomagnetism” (weak magnetic fields created by living matter), which is
beyond the scope of this article, has been reviewed by Williamson et al. and
Geselowitz [4.280,281].

4.6.1 Magnetic Field Detection by Animals

During the last decade strong evidence has been accumulated demonstrating
that various animals ranging from simple amoebia and bacteria to sharks and
homing pigeons are able to detect weak magnetic fields such as the earth’s field
(survey in [4.38—42]). Pigeons and bees seem to be sensitive to field variations
some thousand times below the earth’s field level. At least in some cases the
animals are known to use this sense for orientation and navigation purposes.
Volvox —an evolutionary very simple organism and a direct descendant of one of
the earliest forms of life — can distinguish between magnetic fields of different
intensities and directions [4.282]. This suggests that sensitivity to magnetic fields
might be a rather general and important feature of living matter.

A first hint that ferromagnetic particles might be involved in a magnetic field
“sensor” mechanism arose in Blakemore and colleagues’ work on bacteria
[Refs. 4.34, p. 354; 4.39, 43, 283]. They observed that some classes of bacteria
migrate spontaneously towards geomagnetic north, This property seems to be
essential for survival of the bacteria, since by swimming north along the earth’s
field lines, which are inclined towards the ground in the northern hemisphere, the
bacteria always return to their optimal environment in the mud. These so-called
magnetotactic bacteria synthesise almost cubic, ~ 50-100 nm sized, ferromag-
netic monodomain magnetite particles. Each bacteria contains about 20 such
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particles aligned in a chain so that the total magnetisation points along the
bacterial major axis. This compass needle like device is just large enough to allow
alignment in the earth’s field against thermal agitation [4.284]. It turned out that
there is no north-south ambiguity in this device: bacteria in the southern
hemisphere do swim towards south because their chains are magnetised in the
opposite direction [4.285]. Magnetite is synthesised in the bacteria with
headwards or tailwards magnetisation at about equal probability, but only the
species with correct magnetisation polarity seems able to survive in a given
hemisphere, except near the equator. Other simpler animals responding to the
earth’s magnetic fields are snails [4.286] and salamanders [4.287]. Amongst
insects, flies (Drosophila) [4.288], sandhoppers (Tenebrio and Talitrius) [4.289)
and more intensely bees and hornets [4.44,277, 290, 291] have been successfully
studied. Bees exhibit a certain “Missweisung” (deviation from the correct
orientation) of their dancing figures and construct their combs in certain
directions, both being related to the earth’s magnetic field. They eventually
adjust their circadian rhythm to small diurnal variations of the earth’s field. In
their abdomen, ~ 100 nm particles of magnetite have been found [4.44] and the
amplitude and direction of the overall magnetisation have been measured
directly by a SQUID magnetometer.

Magnetite was also found recently in dolphins [4.292] and rays [4.293]. It
would be premature, however, to conclude from this that the magnetic sensibility
of animals can generally be explained in terms of ferromagnetic “compass
needles”. Beautiful training experiments by Kalmijn [Refs. 4.40, p. 347; 4.294]
on elasmobranch fish (sharks, skates and rays) demonstrated their ability on the
one hand to orient magnetically, and on the other hand to detect electric fields as
small as 10 nV/cm by their organ ampullae of Lorenzini located in the skin; since
electric fields of such weak strength are in fact induced in the fish by swimming
through the earth’s magnetic field, an electrodynamic compass system might
exist as well. Jungermann et al. [4.295] discussed the labyrinth of the inner ear asa
possible location for the induction loop.

Various migrating birds like robins [4.296], warblers [4.297], indigo buntings
[4.298] and blackcaps [4.299] have a magnetic compass. Wilschko and Wilschko
showed that robins do not use the polarity of the magnetic field to determine
north, but only its inclination with respect to gravity; there is a maximum in
sensitivity at magnetic fields comparable to the earth’s magnetic field. An
increasing number of studies has been published (surveys in [4.42, 300, 301a, b])
in the past years on the magnetic sense of homing pigeons, mainly initiated by
work of Keeton [4.302] and Walcott and Green [4.303]. They showed that
superimposing an artificial magnetic field on the earth’s magnetic field by fixing
small bar magnets or Helmholtz coils to the pigeons’ head caused a substantial
loss in their orientation capability. Pigeons integrate some information about the
earth’s field during transport from the loft to the release site [4.304] and possibly
possess a ‘“‘geomagnetic map” [4.301] in addition to the magnetic compass
system. Monodomain elongated magnetic particles (~100nm) have been
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discovered [4.46] in tissues of pigeons too, apparently located between the
pigeons’ brain and skull [4.46, 305] and in the neck musculature [4.300].

Studies on humans have been controversial so far. Baker [4.306,307]
reported the ability of blindfolded humans to indicate the homeward direction
when carried away from home; this ability apparently disappeared when the
earth’s magnetic field was strongly perturbed in the head region using Helmholtz
coils mounted around the head. Attempts to reproduce this observation were not
successful [4.308]. Kirschvink found magnetic remanence in human adrenal
tissue [4.309].

Besides the “ferromagnetic” and ““inductive” compass mechanisms [Refs.
4.34,p.287;4.310] other types of earth’s magnetic field detectors in animals have
been proposed. Gunter et al. [4.311] suggested that the animal detects a
movement of large particles or organelles inside a cell due to the drag caused on
them by the ionic currents if the cell is exposed to crossed internal electric and
external magnetic fields. This electrophoretic process in a magnetic field leads to
a (linear) increase of the particles’ speed with H, and one might speculate that
exposure of the animal to very strong magnetic fields would cause severe
deviations. Other models of ‘“magnetoreception” involving diamagnetic or
paramagnetic properties of living material or optical pumping into magnetically
split triplet states have recently been discussed and criticised by Leask [Ref.
4.40a, p. 318].

In birds the “induction” model does not seem to be appropriate mainly
because of the finding that even a magnetic field produced by coils which moved
with the bird (and thereby produced no induction) did perturb the bird. A
mechanism involving the magnetic particles seems to be very attractive in the
sense that it disagrees with neither experimental nor theoretical findings [4.312—
315). The physics of smali monodomain or superparamagnetic particles in a
magnetic field is well understood [4.314], however, little is known about the
coupling mechanism of these particles to the nervous system. Presti and
Pettigrew [4.300] suggested that some sensory fibres in the muscles particularly
sensitive to stretch might be involved. Kirschvink and Gould [4.314] proposed
four types (1-4) of “magnetoreceptors”. The first (1) implies freely rotatable
monodomain magnetite particles embedded in a membrane. The particle is
coated with some electrically insulating material except for the regions at the
magnetic poles. Since magnetite is a good conductor an orientation of the
particle with the magnetic field normal to the membrane would open a
conducting channel across the membrane. In (2) a superparamagnetic magnetic
particle is locked into the membrane. In this case the magnetisation aligns
without rotation of the particle in an external field; the transmembrane
conduction change is performed by orientation of nearby membrane proteins
(““satellites”) which have ion pores and carry small magnetic rods. In (3) the
torque in a magnetic field on a chain of monodomain particles would be detected
by some mechanoreceptor, for example a hair cell. Detector (4) involves an array
of regularly spaced superparamagnetic particles embedded in an elastic medium.
Magnetic interparticle interaction stresses the elastic medium, the stress
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depending on the direction of an external field. Other mechanisms or com-
binations of (1-4) could be imagined. Obviously a direct, perhaps electron-
microscopic observation of such an organelle would best elucidate the actual
situation. Another approach is to expose the animal to a strong external field
with and without field gradients and then test its navigational performance.
Such experiments on pigeons were actually performed in our laboratory
[4.316]. Submitted to steady fields of up to 10 T for 2 min, the pigeons did not
show any sign of harm during exposure. However, their average vanishing
direction, when released some 50 km from the loft, deviated (by some 40°-50° to
the left) from the homing direction taken by the unexposed control group of
pigeons [4.316]. Vanishing bearings from experimental and control pigeons both
showed the normal amount of scattering around the vanishing direction. These
results indicate that some modifications were caused by the strong field and
lasted for at least several days. If effects of field gradients can be neglected, the
data would not be consistent with detector mechanisms (1) and (2) because the
free rotatability of the magnetite particles should not be permanently affected by
a strong field. Torque and stress in (3) and (4) might have gone beyond a certain
yield limit during exposure and permanent damage occurred; this does not seem
very probable because of the observed normal behaviour of the pigeons during
exposure and the lack of increased scattering in their vanishing bearing. In the
framework of (1-4) we would thus be left with the possibility that some change in
the direction of magnetisation in the torque detector (3) occurred. Further
studies of this kind should certainly include strongly inhomogeneous fields and
perhaps ac fields, the latter to search for the possibility of demagnetisation.

4.6.2 Growth in Magnetic Fields

Audus [4.47,317] was the first to observe an influence of the magnetic field on the
direction of growth in plants (magnetotropism). Compensating for gravitropism
(by slow rotation of the experimental set-up around the horizontal direction of
initial growth) he found that both cress roots and oat shoots, initially aligned
along the pole shoes perpendicular to a 0.4 T field, tended to grow into regions of
weaker magnetic fields by bending. One might think that the negative
magnetotropism could be due to the overall force acting on the diamagnetic
body of the root or shoot in the magnetic field gradient of about 0.6 T/cm
(Sect. 4.5). However, when the plants grew along the planar surface of an agar
gel, which had been oriented parallel to the magnetic field but normal to the field
gradient and was sufficiently rigid to withstand this force, magnetotropism could
still be observed. Hence this latter force could not be the physical origin of
Audus’ observation. He also demonstrated that the mechanisms involved in
magnetotropism cannot be related to gravitropism, since, in contrast to the case
of graviperception, no magnetically induced intracellular displacement of
statoliths was observed nor did roots and shoots show a different sign of the
Magnetoresponse.
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Therefore one might speculate that magnetotropism is caused by a magnetic
field dependence of the local growth rate. The negative magnetotropism
mentioned above could originate from an accelerated cell elongation or an
enhanced cell division rate in the region of stronger magnetic field strength; in
addition, both elongation and division could depend on the direction of the
applied magnetic field.

Hence, it seems very important for the understanding of Audus’ experiment
to search for magnetotropism in less complex, monocellular or non-dividing
systems. On these lines Schwarzbacher and Audus have investigated [4.318]
magnetotropism of the monocellular spore phycomyces in strong field gradients.
Recently magnetotropism was observed even in homogeneous magnetic fields.
As demonstrated by Fig. 4.25, Sperber et al. [4.49] found that the elongational
growth of monocellular pollen tubes of lily is almost completely oriented parallel
to a homogeneous strong magnetic field. The orientational distribution function
is bimodal and symmetric, i.e. magnetic north and south are equivalent. In
addition, in inhomogeneous strong fields, a preferential growth of the tubes into
regions of lower magnetic fields was found (Fig. 4.26). These observations on
non-dividing cells indicate that magnetotropism is not necessarily related to
magnetic orientation of ordered macromolecular arrays as occurring during cell

Fig. 4.25. Pollen tubes of lily show a strongly oriented elongational growth in homogeneous high
magnetic ficlds (magnetotropism). The photographed tubes and grains (diameter typically some
100 pm) have grown for 3h at 30°C on the surface of agar gel inside a horizontal Bitter magnet
without magnetic field (left) and in 14.0 T horizontal field (right). A polar representation of the
orientational distribution function (best fit through the black data points) is given underneath for
each sample. The radial distance from the origin is proportional to the number of tubes found with a
tip direction within a 10° interval around the azimuthal angle 6 [4.49)
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H= 68 Tesla Fig. 4.26. Magnetotropism of pollen tubes of lily in inhomo-
geneous fields. Growth conditions were similar to those in-
dicated in Fig. 4.25. The sample was placed on the axis of a
horizontal solenoid but off centre, i.¢. in the region of the axial
field gradient (H=9.7T, grad H =140 T/m). Superimposed on

the bimodal orientation (of Fig. 4.25) is a unimodal component
3 indicating the tendency of growth into regions of smaller
& magnetic fields [4.49]

o ¢ a

grad H=0.17 T/cm

division. Perhaps the mechanisms involved are much simpler than expected
previously. A full field strength dependence of the magnetotropism of pollen
tubes has not been evaluated yet, but this phenomenon is a typical high field
effect: tubes grown for 9h in only 3 T showed hardly any orientation.

We add some speculative remarks on magnetic field induced modification of
growth which could be involved in magnetotropism.

First the elongational growth of single cells could possibly be enhanced
because of accelerated metabolism in the magnetic field : some indirect evidence
for modified ion transport across membranes has been discussed by Aceto et al.
[4.278] and Amer and Tobias [4.319]. More recent findings that action potential
[4.320] and conduction velocity [4.321] of frog sciatic nerve are enhanced in
fields around 1T might also be interpreted in terms of structural changes in
membranes. This latter field has been critically reviewed by Schwartz [4.321, 322].
Since such effects should depend on the direction of the magnetic field with
respect to the membrane, they possibly also could imply some anisotropic
clongational growth, On the other hand, the membrane material built in the cell
wall during elongational growth is supplied by intracellular vesicles which
undergo fusion with the membrane in the regions of growth, which is the tip
region in the case of pollen tubes. When deformed during the fusion process these
large (~several micron) vesicles presumably have a sufficiently high dia-
Mmagnetic anisotropy to imply different probabilities for fusion into parts of the
cell wall parallel and perpendicular to the magnetic field; as a result the
elongational growth should become anisotropic.

There are some indications from biological experiments that cell division can
be influenced by magnetic fields. Mericle et al. [Ref. 4.34, Vol. 1, p. 183] reported
evidence for enhanced cell division rate in particular when a magnetic field was
applied to the zone of cell multiplication (meristem) of barley roots; furthermore
effects of steady magnetic fields have been observed on mitosis [4.323] and
meiosis [4.324], embryonic development [4.325-327], growth of yeast (sum-
marised in [4.328]) and on the fertility of small fish during several life cycles
[4.329]. Keeping in mind the anisotropic diamagnetic properties of various
biological macromolecules, and the existence of highly ordered liquid crystalline
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states in vivo particularly during cell division, one might speculate that magnetic
fields, imposing orientations for instance on metaphase chromosomes, spindles,
membrane lamellae and the cell wall, favour certain polarities of the dividing cell.
Obviously, microscopic observations of cell multiplication in a strong magnetic
field could help to explain some magnetobiological effects.

Finally we draw attention to the prediction made by several authors [4.330—
333] that the stream of electrically conducting blood in large arteries can be
reduced dramatically by a strong transverse magnetic field. It follows from
classical magnetohydrodynamics that, for example, in a tube of { cm diameter
and in 20 T the natural mean streaming speed should be slowed down by a factor
of two. It should be easy to verify this effect directly by experiment, which
promises various applications.

Recently Gremmel et al. [4.334] discovered that magnetic fields as commonly
used in NMR tomography can cause sizeable temperature changes (A7 5 °C)in
those parts of the human body which are exposed to the magnetic field.
Magnetic-field-induced temperature changes (47=2.5°C) were also observed
by Sperber et al. [4.335] in mice exposed to strong magnetic fields. Interestingly,
in inhomogeneous ficlds the sign of the temperature change could be inverted if
the gradient of the field relative to the animals’ polarity was reversed.
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