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‘Magnetoscience’ in high magnetic fields

J.C. Maan

High Field Magnet Laboratory (HFML-EMFL), Institute for Molecules and Materials, Radboud
University, Nijmegen, The Netherlands

ABSTRACT

High magnetic fields can be used to study and to order molecular, ‘non magnetic ‘matter. The weak
diamagnetic forces at high fields are sufficient to levitate objects by the compensation of gravity and
to align clusters of diamagnetically anisotropic molecules (typically with about 10° molecules). The
basic physics is explained and several examples of the use of levitation and alignment are given. This
paper reviews the work that has been done in Nijmegen in the field of magnetoscience in the past
twenty years.



| Introduction

The term magnetoscience is mostly used for the study of (mainly soft) matter with the use of
magnetic fields and where the field does not only serve as a spectroscopic tool as is usually the case.
In this more common application of magnetic fields in materials research the electronic and magnetic
state inside the materials is changed by the magnetic field and material parameters are determined
by observing these changes. For instance the Fermi surface, bandstructure, and the effective mass in
metals and semiconductors are determined from magnetoquantum oscillations in the magnetization
(the de Haas van Alphen effect) or the resistance (Shubnikov de Haas effects). Instead in
magnetoscience the magnetic field acts as an agent that changes the object under study itself.
Mostly organic, non magnetic’ matter is studied often near a phase transition, i.e. during crystal
growth or aggregation of molecular clusters from the solution. The magnetic field is used to influence
the structure formation or to measure the degree of ordering that has been brought about.

The highest man-made continuous magnetic field is 45T with a hybrid magnet (a combination of a
superconducting outer magnet with a resistive inner one) while with purely resistive magnet almost
40T can be reached. Such high fields are only available in a few specialized laboratories in the world
(Tallahassee, Grenoble, Hefei and Nijmegen). As an extra benefit, these high magnetic fields with
resistive magnets standard have a room temperature bore of typically 32 mm which them ideally
suited for magnetoscience experiments which are mostly done near room temperature and which
often involve liquids as a medium where growth takes place. Furthermore the available space allows
in situ optical probing of the material studied.

In this paper | will describe the basic physics of magnetoscience and provide an overview of several
experiments that we have performed in the past decades in the HFML in Nijmegen. We will cover
several aspects of magnetoscience i.e. alignment of molecular matter, levitation and crystal growth
under field induced microgravity and influencing chirality. Very useful reviews can be found in

refs .[1] and [2]

Underlying all magnetoscience applications is the basic physics of the interaction of matter with
magnetic fields. The thermodynamic free energy U = M.B where M is the magnetization is given by

JE(B)
JB

How the energy of matter E depends on the magnetic field B depends of course on the details of the

M(B) =

system but to explain the basic physics we consider matter as an ensemble of hydrogenic atoms. This
is of course only true for hydrogen itself but in the beginning of the periodic system (the first two
rows) elements still may be considered hydrogenic. In the first row hydrogen and He behave similar
albeit with different energies due to the different nuclear charge. The second row may again be
described similar to hydrogen, where one considers Li with its full 1s orbits with two electrons that
shield +2e nuclear charge making that the remaining electron again moves in a 1/r like potential with
a +e charge, very much like hydrogen.

Hydrogenic states in a magnetic field are described by

HY = M_ﬂ/@) Wy
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With A the vector potential containing the magnetic field and V)r’ the central potential. Considering

the magnetic field as a perturbation on the hydrogenic states the first order energies are given by

E, s,.(B(z)=E, 5, + Uy <‘PL,S,n

e’B* <1IIL,S,n x” + y2‘lpL,S,nV
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the unperturbed (zero field) energies, i.e. the standard Rydberg energies, L,S and n are the usual

(L+gS.).B|W, )+

With

H 0‘ lPL,S,n> = EL,S,n

guantum number for the orbital momentum, the spin and the Rydberg states. The last two terms
describe the effect of the magnetic field. The first term containing L and S describes the lifting of the
orbital (L) and the spin (S) degeneracy of the ground state leading to states at lower energy for one
direction of the angular moment and higher energy for the opposite ditrection. This effect lowers the
ground state energy for all systems with an unpaired number of electrons since these can occupy the
lower lying states. This term is responsible for what is usually known as magnetism. Since the dE/dB
is negative (energy is lower in magnetic fields) M is also negative and therefore the free energy U of
the systems decreases with increasing field. Most magnetic phenomena commonly known like e.g.
ferro magnets are caused by this contribution. The Zeeman splitting is of the order 0.1meV/T

The second term describes diamagnetism and is caused by the deformation of the atomic obits by
the magnetic field. Diamagnetism leads to an increase in the free energy U, since dE/dB is positive, as
is the induced magnetization M. The typical energies for diamagnetism is of the order of peV/T,
many orders of magnitude weaker than the Zeeman term. However it does not require an unpaired
number of electrons and is relevant for all elements. Magnetoscience mostly exploits this less
familiar diamagnetism.

Diamagnetism is used in magnetoscience in two ways; i) to levitate matter in magnetic fields creating
pseudo microgravity and ii) to align molecular matter.

Il Levitation

Since the free energy in diamagnetic material increases with increasing magnetic field, it is
energetically favorable for such material to move to the low magnetic field region (low field seeking).
The force pushing to lower field is F=dU/dx. If an object is placed from the top in a magnet with a
vertical bore, gravity will pull it down to the high field region, while the diamagnetic force pushes it
away from it. If gravity is canceled by the diamagnetic force the object levitates. The levitation
condition is:

F_dU MdB g

p pdx pix pu

dB
BLE
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Where x is the susceptibility (¥ = MOM/E) , p density of the matter, dB/dx the magnetic field
gradient and g the gravitational acceleration. For water x=0.9 10” and for a typical magnet dB/dx is
about 1T/m and one needs 16T to meet the levitation condition which in this case is 1200 T/m.
Interestingly enough the ratio x/ p is very similar for most organic matter, making that the levitation
condition almost identical for different molecules. The origin of this similarity is directly related to
the cause of diamagnetism. Going up in the periodic system from water to C, N etc. the number of
electrons in orbits increases and each electron contributes more or less equal to the susceptibility.
However at the same time, the atomic mass increases also and as long as the average distance
between atoms in organic matter remains comparable, the increase in density of the material follows
the nuclear mass and therefore the ratio density/diamagnetism remains about the same. Further
down the periodic system this argument breaks down because the deeper lying electronic orbits are
so strongly bound that the magnetic field cannot deform them appreciably. A second important
observation is that since the levitation condition depends on the ratio x/ p and that the total volume
of the object is irrelevant. l.e. it requires the same magnetic field to levitate a big or a small object.
The only practical boundary is that a big object requires a big magnet which makes it costly. In
principle one could levitate a human being with the same levitation condition as a water drop, but
the huge magnet needed requiring at least a 50 cm bore would make this immensely expensive.

Magnetic levitation is already known for a long time. The earlier reports describe the levitation of a
strongly diamagnetic substance like graphite that require lower magnetic fields [3]. In the eighties
the advent of strong (hybrid) magnets made levitation of many more organic objects possible as
reported in [4]. In the late nineties Andrey Geim (the later Nobel prize winner for his work on
graphene) showed in Nijmegen that a living creature, a frog, could be levitated [5]. This, from a
physics point of view, is not a very new observation but it attracted great popular attention and the
frog pictures and movies were shown on major TV channels like BBC and CNN, while the webpage at
the Nijmegen magnet lab attracted over a million visitors in 1998, which at that pre-youtube time
was exceptional. Geim was awarded the Ig Nobel prize for the flying frog in 2000. The IgNobel is an
amusing prize for “the most irrelevant but funny science”. Together with Michael Berry, Geim
published a paper [6] which carefully studied the conditions for stable levitation. Stability not only
requires the compensation of gravity with the upward diamagnetic force, it also requires that this
occurs in a magnetic field profile in which the radial field away from the axis increases to push the
levitating object away from the wall towards the center of the magnet bore. In fact because of its
negative sign magnetic levitation excapes the Earnshaw theorem which states that it is impossible to
stabilize in three dimensions anything with only electrostatic charges of magnetic dipoles. [6]

The flying frog and other magnetoscience experiments in Nijmegen were born out of necessity. The
old Nijmegen magnet lab (the precursor of the present HFML [7]) had an old 5MW DC installation
that could power a few 20T magnets and a 30T hybrid. At that time (the mid nineties) 20T
superconducting magnets were commercially available and such fields did not require expensive DC
power supplies with cooling plants. Renewed magnet labs like the LNCMI in Grenoble (France) and
especially the newly created NHMFL in Tallahassee, which possessed 24MW+ power supplies could
generate 30T purely resistive and Tallahassee was commissioning a 45T hybrid. Therefore standard
low T experiments (the de Haas van Alphen effect, Shubnikov de Haas effect, Quantum Hall effect)
which interested many solid state scientist could be done up to 20T in their home laboratories while
experiments requiring higher fields were done in the modern high field laboratories. However 20T at



room temperature was unique and this ‘magnetoscience niche’ was not very much exploited. The
flying frog was the first results we obtained entering this field.

Magnetic levitation is often associated with simulated microgravity. There are, as discussed later,
important differences but nevertheless this similarity made us look to experiments done in space
that could be done in magnetically simulated microgravity. An obvious candidate is of course crystal
growth in microgravity.

Crystal growth, in particular organic crystals, often takes place in a saturated solution, where small
crystallites are formed which grow as atoms or molecules are deposited on the surface. Therefore
the boundary layer near the forming crystal surface (the depletion zone) is partially depleted which
makes it lighter than the saturated solution further away from the surface. The lighter liquid rises up
through buoyancy (the growth plume) and the depletion zone is refreshed with new saturated
solution flowing towards the surface of the growing crystal. Therefore crystal growth under gravity is
accompanied by liquid flow. This flow is detrimental to the crystal quality for two reasons. i) The
crystal growths too fast, giving deposited matter not enough time to move along the surface to find
the ideal position to bind definitely and ii) the circulation fluid motion also carries impurities to the
forming surface which are built in. In space, under microgravity, the density difference does not lead
to any motion and the depletion zone develops around the crystal slowing down growth and
preventing the inclusion of impurities.

The apparent weightless conditions in space microgravity is caused by the fact that all matter,
irrespective of its mass, is free falling at the same velocity. Therefore the crystal growth plume
disappears.Magnetic levitation is different from true microgravity because it is caused by a perfect
balance of forces, i.e. gravity is compensated by diamagnetic expulsion of the magnetic field. In order
to suppress the growth plume in crystal growth it is therefore necessary to balance the downward
forces and the upward forces in the depleted, index 1 (near the surface) and the dense, index 2,
phase simultaneously [8]. l,e,

\ Ap
B(z)B (Z)=A_Xﬂog With Ap=p,-p Ax=x-x

This condition is very different from the simple levitation condition and leads to very different field
values compared to what is needed for simple levitation.

We studied with in situ Schlieren and contrast microscopy the growth of nickel sulfate hexahydrate
from solution [9]. This material was chosen because the differences Ap and Ax between the solid
grown crystal and the saturated liquid leads to a condition for the plume suppression of 39T%/m
allowing a study a relatively low fields. As pointed out earlier, this number is much lower than the
1200T*/m needed for levitation. A careful study and analysis [10,11] of the growth in magnetic field
simulated microgravity shows that the the effective gravity, which is zero at the plume suppression
field B, scales with (B-B,)* which makes that the field must be chosen quite precisely. The interest in
making perfect single crystals under microgravity lies above all in the growth single crystals of
proteins that are needed for structure determination and that is of great interest to the
pharmaceutical industry. We therefore showed that magnetic field simulated microgravity can also
be used for proteins and we demonstrated this with egg white lyzosome [12] which is found to need



4600T?/ m to suppress the growth plume. This condition that can only be met in very high magnetic
fields.

[l Magnetic alignment

An isotropic object (molecule, nanocrystal,..) with a susceptibily per molecule X in a magnetic field
acquires and extra energy U

X Bx
U=-| 4 B, (8. B, B) = x,B + x.(B* + B)]

Where x is negative for a diamagnet. If y; > yx, itis energetically favourable for the molecule to
align perpendicular to the magnetic field. Therefore molecules with an anisotropic susceptibility will
align in a magnetic field along the axis with the smallest susceptibility. For instance a benzene
molecule which consists of 6 C atoms in a hexagon, will preferably align with its plane parallel to the
magnetic field because in that case the induced diamagnetic moment is much smaller than in the
perpendicular direction. However, for a single molecule this effect is very weak because
diamagnetism is very weak. For instance the benzene molecule has an anisotropy
Ax=-60x10°cm*/mol giving rise to an energy difference between the two orientations of the molecule
in a magnetic field of AU=AXB?/p, which corresponds to 10°kT at 300K and at 20T. I.e. the energy
gain by aligning even at these high fields is negligible for a single molecule. However, a cluster of, for
instance, 10° benzene molecules or larger will align. Such a cluster corresponds to a microcrystallite
of about 3nm. l.e. only larger (but still nm sized objects) ordered aggregates of molecular material
with a significant anisotropy will align in attainable magnetic fields. The degree of alignment is

—-NAU
determined by the Bolzmann factor e Jier , where AU the field induced energy gain per molecule
and N the number of molecules per cluster.

To measure the degree of alignment of the aggregates in solution we can either measure the change
of the real part of the dielectric constant (field induced birefringence) or the change in the imaginary
part (absorption, or field induced dichroism). The latter contribution is only measurable in the vicinity
of an optical absorption band. In the following we will review a few examples of the use of magnetic
field induces alignment either as a useful characterization technique or as a way to produce ordered
materials.

Molecules in a solid under the right conditions (temperature or concentration) can form clusters.
These clusters are made from a particular way of stacking of the constituent materials. For instance
in the form of rods (all molecules stacked on top of each other) with the molecules having a specific
orientation with respect to the rod axis. Also more complicated stacking like the herringbone
structure where adjacent stacks of molecules have alternate angles (as with a herringbone). The
optical anisotropy is determined by the polarization of the light with respect to the angle of the
molecule. In a magnetic field the orientation of the molecules with the magnetic field determines the
alignment and if the clusters are large enough and the field high enough, studying the optical activity
(dichroism or birefringence ) with different light polarizations provides information of the internal



structure of the clusters. This technique was exploited to study dye aggregates [13] made from
different dye molecules or supramolecular aggregates [14, 15].

Maybe even more interesting is the creation of ordered materials. A saturated solution under
conditions where aggregation does not yet take place (above a transition temperature for instance)
is placed in a high magnetic field. The aggregation process is initiated, for instance by lowering the
temperature or by adding a chemical agent stimulating cluster formation, and clusters start to form.
When they have grown in size sufficiently they can align in the magnetic field and as they grow even
more they will merge together forming an ordered crystalline state. We used this technique to create
ordered polymer liquid crystals[16] or gels [17,18], study domain dynamics in CB8 liquid crystals [19]
and create ordered conducting polymers from coronene molecules [20]. In the latter case we have
shown that in the ordered phase the mobility in the conducting polymers is about two orders of
magnitude higher than in the disordered phase.

We also used magnetic alignment to study deformation of nm sized molecular structures. A special
rod like molecule (6T, sexithiophene) with a hydrophobic central part and hydrophilic tails on both
ends, aggregates in a watery liquid in the form of hollow spheres. In the aggregation the molecules
initially form sheets with all the hydrophobic parts sticking together to avoid contact with water and
eventually these sheets fold into spheres, minimizing the energy by making that all the hydrophobic
parts are now not in contact with water. In these spheres all molecules are oriented pointing towards
the center of the sphere. In a magnetic field the molecular rods of the individual molecules want to
align along the magnetic field. The rods on the top of the bottom of the sphere already have this
orientation but the ones on the equator are in very unfavourable orientation. The only way to
decrease their energy is by deforming the sphere into an oblate ellipsoid [21]. This way the magnetic
energy is put in competition with the elastic energy in the 100nm sphere and by measuring the
deformation optically this elastic energy can be determined [22]. Subsequently we exploited this
technique even further with larger supramolecular vesicles. The vesicles are hollow molecular
structures made from stacked lyzosome molecules [23] They are much larger than the hollow 6T
structures discussed previously and at a certain size these spheres, which are very flexible and
stretchable, collapse into a flat double walled pancake which in turn can fold into an incomplete
sphere, i.e. with an opening resulting from the folding of the double wall. These spherical objects
with an opening are called stomocytes and we have shown that with a magnetic field field on or off,
one can open and close the hole. The stomacyte can capture a small marker molecule that is in the
liquid when it is opened with the magnetic field on and trapped with the field off. Reapplying the
field later or in another environment one can liberate the molecule trapped inside. With suitable
marker molecules we have shown that this technique works thus demonstrating a possible wayof
magnetic field controlled drug delivery. [23]

IV Controlling chirality

Many molecular structures have chiral properties. The word chiral comes from the greek word
Xepoo for hand and describes a symmetry property where two objects are each other’s mirror
image but where it is impossible to transform one in the other by rotations and translations only.
Objects showing this symmetry property are called chiral. A pair of hands is a clear example of two
chiral objects with left and right symmetry. Many molecules or molecular structures have this
symmetry and it is very difficult to find a way in which only one species with the same handedness is



made because thermodynamically (energy and entropy) both enantiomers are completely equivalent.
However the handedness of a molecule is not only of pure academic interest since the different
enantiomers can have very different physiological effects. For instance as a left handed molecule
aspartan is a sweetener while the right handed version is bitter, left handed citric acid tastes like
lemon and the right handed version is poisonous, and a very dramatic example is the drug
thalidomide (softenon) which in the left version is a sedative while the right version causes foetal
anomalies. It is therefore important to steer or control handedness of molecules. Molecules in life

like DNA, the carrier of genetic properties, also have one well defined chirality and as yet there are

no explanations why this particular chiral direction has evolved.

Chirality is easily associated with magnetic fields since the Lorentz force on charged particles in a
magnetic field leads to a circular motion and consequently optical properties in magnetic field
depend on the circular polarization (left or right circular) of the light. Nevertheless a magnetic field
alone is not chiral since the left and right circulating carriers can be transformed into each other by a
/2 rotation and/or time reversal. The combination of magnetic fields with other vectors like a

rotation axis or gravity may be chiral.

We investigated field induced chirality in an experiment where phtalocyanine molecules stack on to
of each other. These molecules can be approximated as square platelets with identical end groups on
three corners and a different group on the fourth. When they stack together this asymmetry makes
that they stack in either left or right rotating piles. Under normal conditions the aggregates formed
will be half left and half right chirality. The degree of chirality can be measured by circular dischroism
(CD) which is zero when the system is not chiral because both enatiomers are present in equal

amounts. When one enatiomer is more abundant CD shows a signal.

In the experiment we mounted seven identical cilindrical containers attached on top of each other to
a rotating rod inside the magnet. When the field increases the container in the center feels a high
field but normal gravity since there is no magnetic field gradient in the center. Containers higher on
the axis feel a reduced gravity because the field gradient pushes the liquid against gravity, while
container below the field center feel an enhanced gravity since the field gradient is oriented in the
other direction. We rotated the container with the liquid for fifteen minutes in the magnetic field
after introducing a clustering agents which triggers the formation of stacks from the individual
molecules. After these fifteen minutes the containers are left (under controlled temperature and
light conditions) alone for three day after which the circular dichroism was measured. The
experiment was repeated with several different rotation frequencies, magnetic field direction and
value and all experiments showed that there is a unique combination of the direction of effective
gravity and the rotation that always (100%) produces one sign of circular dischroism. Without a field,
but with rotation alone no chirality was observed. This experiment shows for the first time that we
can use magnetic fields to steer chirality of the selfassembly by external forces, This experiment may
help to understand the formation of chiral systems and possibly may help to provide insight into the

origin of the chirality of life.
V Conclusions and acknowledgement

Diamagnetism and magnetic forces on ‘non magnetic, organic’ matter at high continuous magnetic
fields can be used to levitate organic matter, simulate microgravity, create ordered structures with
favourable optical and electrical properties, study the internal structure of molecular clusters and



steer chirality of self assembled objects. Since diamagnetism in organic matter is relatively weak the
effect on individual molecules is negligible but for nm sized clusters it may exceed the thermal energy.
Therefore studies are often done near a phase transition where cluster or liquid crystalline states are
formed. This paper has demonstrated that despite this smallness magneto science can be used to
address a several interesting physical problems and demonstrates the potential useful applications.

This review summarizes the work done at the Nijmegen High Field Magnet Laboratory in the past
twenty years together with Peter Christianen. | am very grateful for this pleasant, long standing and
successful collaboration. The work reported here was done by the following PhD student Marius
Boamfa (2003), Giorgia Tordini (2016), Igor Shklyarevskiy (2005), Maurits Heijna (2008), Paul Poodt
(2008), Jeroen Gielen (2010), Peter van Rhee (2015) and Roger Rikken (2016) who all completed their
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‘Magnetoscience’ in high magnetic fields

J.C. Maan

High Field Magnet Laboratory (HFML-EMFL), Institute for Molecules and Materials, Radboud
University, Nijmegen, The Netherlands

ABSTRACT

High magnetic fields can be used to study and to order molecular, ‘non magnetic ‘matter. The weak
diamagnetic forces at high fields are sufficient to levitate objects by the compensation of gravity and
to align clusters of diamagnetically anisotropic molecules (typically with about 10° molecules). The
basic physics is explained and several examples of the use of levitation and alignment are given. This
paper reviews the work that has been done in Nijmegen in the field of magnetoscience in the past

twenty years.



| Introduction

The term magnetoscience is mostly used for the study of (mainly soft) matter with the use of
magnetic fields and where the field does not only serve as a spectroscopic tool as is usually the case.
In this more common application of magnetic fields in materials research the electronic and magnetic
state inside the materials is changed by the magnetic field and material parameters are determined
by observing these changes. For instance the Fermi surface, bandstructure, and the effective mass in
metals and semiconductors are determined from magnetoquantum oscillations in the magnetization
(the de Haas van Alphen effect) or the resistance (Shubnikov de Haas effects). Instead in
magnetoscience the magnetic field acts as an agent that changes the object under study itself.
Mostly organic, non magnetic’ matter is studied often near a phase transition, i.e. during crystal
growth or aggregation of molecular clusters from the solution. The magnetic field is used to influence
the structure formation or to measure the degree of ordering that has been brought about.

The highest man-made continuous magnetic field is 45T with a hybrid magnet (a combination of a
superconducting outer magnet with a resistive inner one) while with purely resistive magnet almost
40T can be reached. Such high fields are only available in a few specialized laboratories in the world
(Tallahassee, Grenoble, Hefei and Nijmegen). As an extra benefit, these high magnetic fields with
resistive magnets standard have a room temperature bore of typically 32 mm which them ideally
suited for magnetoscience experiments which are mostly done near room temperature and which
often involve liquids as a medium where growth takes place. Furthermore the available space allows
in situ optical probing of the material studied.

In this paper | will describe the basic physics of magnetoscience and provide an overview of several
experiments that we have performed in the past decades in the HFML in Nijmegen. We will cover
several aspects of magnetoscience i.e. alignment of molecular matter, levitation and crystal growth
under field induced microgravity and influencing chirality. Very useful reviews can be found in
refs .[1] and [2]

Underlying all magnetoscience applications is the basic physics of the interaction of matter with
magnetic fields. The thermodynamic free energy U = M.B where M is the magnetization is given by

JE(B)
JB

How the energy of matter E depends on the magnetic field B depends of course on the details of the

M(B) =

system but to explain the basic physics we consider matter as an ensemble of hydrogenic atoms. This
is of course only true for hydrogen itself but in the beginning of the periodic system (the first two
rows) elements still may be considered hydrogenic. In the first row hydrogen and He behave similar
albeit with different energies due to the different nuclear charge. The second row may again be
described similar to hydrogen, where one considers Li with its full 1s orbits with two electrons that
shield +2e nuclear charge making that the remaining electron again moves in a 1/r like potential with
a +e charge, very much like hydrogen.

Hydrogenic states in a magnetic field are described by

_[(p-edy’
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With A the vector potential containing the magnetic field and V)r’ the central potential. Considering
the magnetic field as a perturbation on the hydrogenic states the first order energies are given by

E, s,.(B(z)=E, 5, + Uy <‘PL,S,n
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the unperturbed (zero field) energies, i.e. the standard Rydberg energies, L,S and n are the usual

(L+gS.).B|W, )+

With

H 0‘ lPL,S,n> = EL,S,n

guantum number for the orbital momentum, the spin and the Rydberg states. The last two terms
describe the effect of the magnetic field. The first term containing L and S describes the lifting of the
orbital (L) and the spin (S) degeneracy of the ground state leading to states at lower energy for one
direction of the angular moment and higher energy for the opposite ditrection. This effect lowers the
ground state energy for all systems with an unpaired number of electrons since these can occupy the
lower lying states. This term is responsible for what is usually known as magnetism. Since the dE/dB
is negative (energy is lower in magnetic fields) M is also negative and therefore the free energy U of
the systems decreases with increasing field. Most magnetic phenomena commonly known like e.g.
ferro magnets are caused by this contribution. The Zeeman splitting is of the order 0.1meV/T

The second term describes diamagnetism and is caused by the deformation of the atomic obits by
the magnetic field. Diamagnetism leads to an increase in the free energy U, since dE/dB is positive, as
is the induced magnetization M. The typical energies for diamagnetism is of the order of ueV/T,
many orders of magnitude weaker than the Zeeman term. However it does not require an unpaired
number of electrons and is relevant for all elements. Magnetoscience mostly exploits this less
familiar diamagnetism.

Diamagnetism is used in magnetoscience in two ways; i) to levitate matter in magnetic fields creating
pseudo microgravity and ii) to align molecular matter.

Il Levitation

Since the free energy in diamagnetic material increases with increasing magnetic field, it is
energetically favorable for such material to move to the low magnetic field region (low field seeking).
The force pushing to lower field is F=dU/dx. If an object is placed from the top in a magnet with a
vertical bore, gravity will pull it down to the high field region, while the diamagnetic force pushes it
away from it. If gravity is canceled by the diamagnetic force the object levitates. The levitation
condition is:
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Where Y is the susceptibility ( X = MOM/E ) , p density of the matter, dB/dx the magnetic field
gradient and g the gravitational acceleration. For water x=0.9 10™ and for a typical magnet dB/dx is
about 1T/m and one needs 16T to meet the levitation condition which in this case is 1200 T?/m.
Interestingly enough the ratio x/ p is very similar for most organic matter, making that the levitation
condition almost identical for different molecules. The origin of this similarity is directly related to
the cause of diamagnetism. Going up in the periodic system from water to C, N etc. the number of
electrons in orbits increases and each electron contributes more or less equal to the susceptibility.
However at the same time, the atomic mass increases also and as long as the average distance
between atoms in organic matter remains comparable, the increase in density of the material follows
the nuclear mass and therefore the ratio density/diamagnetism remains about the same. Further
down the periodic system this argument breaks down because the deeper lying electronic orbits are
so strongly bound that the magnetic field cannot deform them appreciably. A second important
observation is that since the levitation condition depends on the ratio x/ p and that the total volume
of the object is irrelevant. l.e. it requires the same magnetic field to levitate a big or a small object.
The only practical boundary is that a big object requires a big magnet which makes it costly. In
principle one could levitate a human being with the same levitation condition as a water drop, but
the huge magnet needed requiring at least a 50 cm bore would make this immensely expensive.

Magnetic levitation is already known for a long time. The earlier reports describe the levitation of a
strongly diamagnetic substance like graphite that require lower magnetic fields [3]. In the eighties
the advent of strong (hybrid) magnets made levitation of many more organic objects possible as
reported in [4]. In the late nineties Andrey Geim (the later Nobel prize winner for his work on
graphene) showed in Nijmegen that a living creature, a frog, could be levitated [5]. This, from a
physics point of view, is not a very new observation but it attracted great popular attention and the
frog pictures and movies were shown on major TV channels like BBC and CNN, while the webpage at
the Nijmegen magnet lab attracted over a million visitors in 1998, which at that pre-youtube time
was exceptional. Geim was awarded the Ig Nobel prize for the flying frog in 2000. The IgNobel is an
amusing prize for “the most irrelevant but funny science”. Together with Michael Berry, Geim
published a paper [6] which carefully studied the conditions for stable levitation. Stability not only
requires the compensation of gravity with the upward diamagnetic force, it also requires that this
occurs in a magnetic field profile in which the radial field away from the axis increases to push the
levitating object away from the wall towards the center of the magnet bore. In fact because of its
negative sign magnetic levitation excapes the Earnshaw theorem which states that it is impossible to
stabilize in three dimensions anything with only electrostatic charges of magnetic dipoles. [6]

The flying frog and other magnetoscience experiments in Nijmegen were born out of necessity. The
old Nijmegen magnet lab (the precursor of the present HFML [7]) had an old 5MW DC installation
that could power a few 20T magnets and a 30T hybrid. At that time (the mid nineties) 20T
superconducting magnets were commercially available and such fields did not require expensive DC
power supplies with cooling plants. Renewed magnet labs like the LNCMI in Grenoble (France) and
especially the newly created NHMFL in Tallahassee, which possessed 24MW+ power supplies could
generate 30T purely resistive and Tallahassee was commissioning a 45T hybrid. Therefore standard
low T experiments (the de Haas van Alphen effect, Shubnikov de Haas effect, Quantum Hall effect)
which interested many solid state scientist could be done up to 20T in their home laboratories while
experiments requiring higher fields were done in the modern high field laboratories. However 20T at



room temperature was unique and this ‘magnetoscience niche’ was not very much exploited. The
flying frog was the first results we obtained entering this field.

Magnetic levitation is often associated with simulated microgravity. There are, as discussed later,
important differences but nevertheless this similarity made us look to experiments done in space
that could be done in magnetically simulated microgravity. An obvious candidate is of course crystal
growth in microgravity.

Crystal growth, in particular organic crystals, often takes place in a saturated solution, where small
crystallites are formed which grow as atoms or molecules are deposited on the surface. Therefore
the boundary layer near the forming crystal surface (the depletion zone) is partially depleted which
makes it lighter than the saturated solution further away from the surface. The lighter liquid rises up
through buoyancy (the growth plume) and the depletion zone is refreshed with new saturated
solution flowing towards the surface of the growing crystal. Therefore crystal growth under gravity is
accompanied by liquid flow. This flow is detrimental to the crystal quality for two reasons. i) The
crystal growths too fast, giving deposited matter not enough time to move along the surface to find
the ideal position to bind definitely and ii) the circulation fluid motion also carries impurities to the
forming surface which are built in. In space, under microgravity, the density difference does not lead
to any motion and the depletion zone develops around the crystal slowing down growth and
preventing the inclusion of impurities.

The apparent weightless conditions in space microgravity is caused by the fact that all matter,
irrespective of its mass, is free falling at the same velocity. Therefore the crystal growth plume
disappears.Magnetic levitation is different from true microgravity because it is caused by a perfect
balance of forces, i.e. gravity is compensated by diamagnetic expulsion of the magnetic field. In order
to suppress the growth plume in crystal growth it is therefore necessary to balance the downward
forces and the upward forces in the depleted, index 1 (near the surface) and the dense, index 2,
phase simultaneously [8]. l,e,

\ Ap
B(z)B (Z)=A_Xﬂog With Ap=p,-p Ax=x-x

This condition is very different from the simple levitation condition and leads to very different field
values compared to what is needed for simple levitation.

We studied with in situ Schlieren and contrast microscopy the growth of nickel sulfate hexahydrate
from solution [9]. This material was chosen because the differences Ap and Ax between the solid
grown crystal and the saturated liquid leads to a condition for the plume suppression of 39T%/m
allowing a study a relatively low fields. As pointed out earlier, this number is much lower than the
1200T%/m needed for levitation. A careful study and analysis [10,11] of the growth in magnetic field
simulated microgravity shows that the the effective gravity, which is zero at the plume suppression
field B, scales with (B-B,)* which makes that the field must be chosen quite precisely. The interest in
making perfect single crystals under microgravity lies above all in the growth single crystals of
proteins that are needed for structure determination and that is of great interest to the
pharmaceutical industry. We therefore showed that magnetic field simulated microgravity can also
be used for proteins and we demonstrated this with egg white lyzosome [12] which is found to need



4600T%/ m to suppress the growth plume. This condition that can only be met in very high magnetic
fields.

[l Magnetic alignment

An isotropic object (molecule, nanocrystal,..) with a susceptibily per molecule X in a magnetic field
acquires and extra energy U

X Bx
U=-| 4 B, (8. B, B) = x,B + x.(B* + B)]

Where x is negative for a diamagnet. If y; > x, it is energetically favourable for the molecule to
align perpendicular to the magnetic field. Therefore molecules with an anisotropic susceptibility will
align in a magnetic field along the axis with the smallest susceptibility. For instance a benzene
molecule which consists of 6 C atoms in a hexagon, will preferably align with its plane parallel to the
magnetic field because in that case the induced diamagnetic moment is much smaller than in the
perpendicular direction. However, for a single molecule this effect is very weak because
diamagnetism is very weak. For instance the benzene molecule has an anisotropy
Ax=-60x10°cm*/mol giving rise to an energy difference between the two orientations of the molecule
in a magnetic field of AU=AxB?/po which corresponds to 10°kT at 300K and at 20T. l.e. the energy
gain by aligning even at these high fields is negligible for a single molecule. However, a cluster of, for
instance, 10°> benzene molecules or larger will align. Such a cluster corresponds to a microcrystallite
of about 3nm. l.e. only larger (but still nm sized objects) ordered aggregates of molecular material
with a significant anisotropy will align in attainable magnetic fields. The degree of alignment is

—NAU
determined by the Bolzmann factor e Jier , Wwhere AU the field induced energy gain per molecule
and N the number of molecules per cluster.

To measure the degree of alighment of the aggregates in solution we can either measure the change
of the real part of the dielectric constant (field induced birefringence) or the change in the imaginary
part (absorption, or field induced dichroism). The latter contribution is only measurable in the vicinity
of an optical absorption band. In the following we will review a few examples of the use of magnetic
field induces alignment either as a useful characterization technique or as a way to produce ordered
materials.

Molecules in a solid under the right conditions (temperature or concentration) can form clusters.
These clusters are made from a particular way of stacking of the constituent materials. For instance
in the form of rods (all molecules stacked on top of each other) with the molecules having a specific
orientation with respect to the rod axis. Also more complicated stacking like the herringbone
structure where adjacent stacks of molecules have alternate angles (as with a herringbone). The
optical anisotropy is determined by the polarization of the light with respect to the angle of the
molecule. In a magnetic field the orientation of the molecules with the magnetic field determines the
alignment and if the clusters are large enough and the field high enough, studying the optical activity
(dichroism or birefringence ) with different light polarizations provides information of the internal



structure of the clusters. This technique was exploited to study dye aggregates [13] made from
different dye molecules or supramolecular aggregates [14, 15].

Maybe even more interesting is the creation of ordered materials. A saturated solution under
conditions where aggregation does not yet take place (above a transition temperature for instance)
is placed in a high magnetic field. The aggregation process is initiated, for instance by lowering the
temperature or by adding a chemical agent stimulating cluster formation, and clusters start to form.
When they have grown in size sufficiently they can align in the magnetic field and as they grow even
more they will merge together forming an ordered crystalline state. We used this technique to create
ordered polymer liquid crystals[16] or gels [17,18], study domain dynamics in CB8 liquid crystals [19]
and create ordered conducting polymers from coronene molecules [20]. In the latter case we have
shown that in the ordered phase the mobility in the conducting polymers is about two orders of
magnitude higher than in the disordered phase.

We also used magnetic alignment to study deformation of nm sized molecular structures. A special
rod like molecule (6T, sexithiophene) with a hydrophobic central part and hydrophilic tails on both
ends, aggregates in a watery liquid in the form of hollow spheres. In the aggregation the molecules
initially form sheets with all the hydrophobic parts sticking together to avoid contact with water and
eventually these sheets fold into spheres, minimizing the energy by making that all the hydrophobic
parts are now not in contact with water. In these spheres all molecules are oriented pointing towards
the center of the sphere. In a magnetic field the molecular rods of the individual molecules want to
align along the magnetic field. The rods on the top of the bottom of the sphere already have this
orientation but the ones on the equator are in very unfavourable orientation. The only way to
decrease their energy is by deforming the sphere into an oblate ellipsoid [21]. This way the magnetic
energy is put in competition with the elastic energy in the 100nm sphere and by measuring the
deformation optically this elastic energy can be determined [22]. Subsequently we exploited this
technique even further with larger supramolecular vesicles. The vesicles are hollow molecular
structures made from stacked lyzosome molecules [23] They are much larger than the hollow 6T
structures discussed previously and at a certain size these spheres, which are very flexible and
stretchable, collapse into a flat double walled pancake which in turn can fold into an incomplete
sphere, i.e. with an opening resulting from the folding of the double wall. These spherical objects
with an opening are called stomocytes and we have shown that with a magnetic field field on or off,
one can open and close the hole. The stomacyte can capture a small marker molecule that is in the
liquid when it is opened with the magnetic field on and trapped with the field off. Reapplying the
field later or in another environment one can liberate the molecule trapped inside. With suitable
marker molecules we have shown that this technique works thus demonstrating a possible wayof
magnetic field controlled drug delivery. [23]

IV Controlling chirality

Many molecular structures have chiral properties. The word chiral comes from the greek word
Xewpoo for hand and describes a symmetry property where two objects are each other’s mirror
image but where it is impossible to transform one in the other by rotations and translations only.
Objects showing this symmetry property are called chiral. A pair of hands is a clear example of two
chiral objects with left and right symmetry. Many molecules or molecular structures have this
symmetry and it is very difficult to find a way in which only one species with the same handedness is



made because thermodynamically (energy and entropy) both enantiomers are completely equivalent.
However the handedness of a molecule is not only of pure academic interest since the different
enantiomers can have very different physiological effects. For instance as a left handed molecule
aspartan is a sweetener while the right handed version is bitter, left handed citric acid tastes like
lemon and the right handed version is poisonous, and a very dramatic example is the drug
thalidomide (softenon) which in the left version is a sedative while the right version causes foetal
anomalies. It is therefore important to steer or control handedness of molecules. Molecules in life
like DNA, the carrier of genetic properties, also have one well defined chirality and as yet there are
no explanations why this particular chiral direction has evolved.

Chirality is easily associated with magnetic fields since the Lorentz force on charged particles in a
magnetic field leads to a circular motion and consequently optical properties in magnetic field
depend on the circular polarization (left or right circular) of the light. Nevertheless a magnetic field
alone is not chiral since the left and right circulating carriers can be transformed into each other by a
1/2 rotation and/or time reversal. The combination of magnetic fields with other vectors like a

rotation axis or gravity may be chiral.

We investigated field induced chirality in an experiment where phtalocyanine molecules stack on to
of each other. These molecules can be approximated as square platelets with identical end groups on
three corners and a different group on the fourth. When they stack together this asymmetry makes
that they stack in either left or right rotating piles. Under normal conditions the aggregates formed
will be half left and half right chirality. The degree of chirality can be measured by circular dischroism
(CD) which is zero when the system is not chiral because both enatiomers are present in equal
amounts. When one enatiomer is more abundant CD shows a signal.

In the experiment we mounted seven identical cilindrical containers attached on top of each other to
a rotating rod inside the magnet. When the field increases the container in the center feels a high
field but normal gravity since there is no magnetic field gradient in the center. Containers higher on
the axis feel a reduced gravity because the field gradient pushes the liquid against gravity, while
container below the field center feel an enhanced gravity since the field gradient is oriented in the
other direction. We rotated the container with the liquid for fifteen minutes in the magnetic field
after introducing a clustering agents which triggers the formation of stacks from the individual
molecules. After these fifteen minutes the containers are left (under controlled temperature and
light conditions) alone for three day after which the circular dichroism was measured. The
experiment was repeated with several different rotation frequencies, magnetic field direction and
value and all experiments showed that there is a unique combination of the direction of effective
gravity and the rotation that always (100%) produces one sign of circular dischroism. Without a field,
but with rotation alone no chirality was observed. This experiment shows for the first time that we
can use magnetic fields to steer chirality of the selfassembly by external forces, This experiment may
help to understand the formation of chiral systems and possibly may help to provide insight into the

origin of the chirality of life.
V Conclusions and acknowledgement

Diamagnetism and magnetic forces on ‘non magnetic, organic’ matter at high continuous magnetic
fields can be used to levitate organic matter, simulate microgravity, create ordered structures with
favourable optical and electrical properties, study the internal structure of molecular clusters and



steer chirality of self assembled objects. Since diamagnetism in organic matter is relatively weak the
effect on individual molecules is negligible but for nm sized clusters it may exceed the thermal energy.
Therefore studies are often done near a phase transition where cluster or liquid crystalline states are
formed. This paper has demonstrated that despite this smallness magneto science can be used to
address a several interesting physical problems and demonstrates the potential useful applications.

This review summarizes the work done at the Nijmegen High Field Magnet Laboratory in the past
twenty years together with Peter Christianen. | am very grateful for this pleasant, long standing and
successful collaboration. The work reported here was done by the following PhD student Marius
Boamfa (2003), Giorgia Tordini (2016), Igor Shklyarevskiy (2005), Maurits Heijna (2008), Paul Poodt
(2008), Jeroen Gielen (2010), Peter van Rhee (2015) and Roger Rikken (2016) who all completed their
theses at the Radboud University Nijmegen in the year indicated. | want thank the Japanese Magneto
Science Society of Japan for awarding me a life time achievement prize for this work.
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Photomagneto-chemistry of Porphyrinic Compounds

e (RORAEM)
°Kazuyuki Ishii (IIS, UTokyo)
E-mail: k-ishii@iis.u-tokyo.ac.jp

Abstract:

Functionalization of molecules is one of important subjects for not only developing technological applications
but also pioneering novel scientific fields, because of recent explosive increases of chemicals. Thus, we have
developed various molecule-based functions, such as photocontrol of magnetic properties and spin-based
fluorescence probes, as well as novel scientific observations of magneto-chiral dichroism of organic compounds.
I'll present recent topics especially from the viewpoint of photomagneto-chemistry of porphyrinic compounds.

Keywords: excited multiplet states, fluorescence imaging, magneto-chiral dichroism, magneto-optical memory

1. ICHI

T, D PHEWERFSTFITERE LWREBEZZRT 0D, Bz, &% - oI oRREIC X
0. B OO FRERICERI I, M5, 2o OWERIEESCEHEFEES, RESERLTX
TWo, JBF L)L THEICHEEZTIE CE 20 FORNBEZERD & T o WERE 2 i) IZHE6E -
I ~BEBULT 2 Z L3, A% OBFEHIINCB T D REEREDO—D L W2 5,

DEDOX > Bx20b & AHMRETIX, RS - FlorrEick L, #ekse - M -
DRSS ZAINT 5 2 & T, S HEREOBRBICID A TE -, o, A = U 22T
WX, HE?»S T ERZ DA U ATHD Z L 20T THEL B OBRHICIY LA TWD, AGERH
TiE, A DBEVEATHWAEERNLT U 2 ONHEESAEFIZBET 5 L F ORI DV TRRIT T 5,

2. KEEZLEFREBORE &R
HFREZEEBRREDBF ' bkl = FEIA R — FREPERERAE BAERIL, BhEIRIE DV E D EE /R B4
52 50, ik = HEGHR L HREREO
*f Othie 22 EELIREE) OMEE T &8I
SN TWehoTo, 1k, FREIRRE TR
B A R OB LAY Ot
RHEIZ B3 % Wr[#] 70 % EPR (TREPR) AF5E
FIEE A E R o, HREMEE A
ZnTPP-nitpy (Fig. 1) |Z TREPR Z i L
RIMAEBE R b —8EHE (D), Bk UE
H (QAD) ZBIT 5 Z LTI THRIIL
77o £72. QA|TREPR AX7 LD I =
L— g VIEEREST U WL S O
BRI 71k 2 3 L,

QA4

Fig. 1 ZnTPP-nitpy and its excited multiplet states

BESHITEE DRI TEMPO 7 2 iV EILAREAE LTI AR 7 a7 =2 (R2c¢, Fig.2) 128
T, JEhhEZ EEURIED O OBIRAIIIFIC L0 | REREBOMKIEENZITHZ 2 /ML, 2
DI % EIRZ R L7 g, fEkOmtE & 3R BRAYIZ B e 2 BRI MR o Yemil iz B3 2 8
BaTHY, AEUHBZOH LW ATREME 2 2R LTz,

E'X I C BHFHNH T 0 — T DFFSS ITHEE X 2 CliE, BWEROZRWHHEAIE L THifF ST
BO., ZOEKRNEREMIFADT- DI, EX I C HAENA A A A=V THEROBREM RS AT
5, Re ZHAWT, B I CRIEAENA T —T % L, Zowt7Ta—70r % 2 C itk
X, UTFO@Y Thsn, OR2 ICHBITAHT7E s 7= Dwitid. TEMPO T2 M X Vit Eh



5, QeI C LORISH, TV VAL DIHKIZ
IV, 7xu T = ICHERT HEOEEBBII S LD,
T, 7A VT =R T u—T ORI A L LT, i
S, FEYE (700nm HT) 23, ARKRRREEME DS B O IR E
THDHIENRFTOND, Rc B~ T ARIK~GARSH
7, EXICERELELEZA, ERETY Y A4
IR, BRI, FFIRAHE IS 3\ CHOB SRR KRNI S
7o TNED, vURAHFOEHX IV C ZEHIAA A A A
—Vr T L LI TEREILT: (Fig.2), ZiLH Dk
RiE. BREEH IV C AUREIEICRHT 2 \EE R I
0B LEBEZLND,

3. FFBIAEFEHRORF L BERE

BTEKEFEAF VTS 3 OIE A EEN R, &RA
FUEAD d, FELEEEBIC, 1 BFELEL HF G TEHH, B
FEREMEIR LT R 2D | RIB TR ATV A INT 528
IR EETIH o7, BEPEEAR Flo7&2ay 7 = a4

ES=> Ci5Hl ES =2 Ci5 1 B5fEE

BILT. THALT =LA T ORISR B RIET Fig. 2 Fluorescence images of Vitamin C
B EAT Y A% T HZ LIS LIz, Jic, F/Fp s I amouse using R2e

AL —PF =BT, 7XaL T = H SO WL I B AR 2

MRETL72L 24 Sl kD MCD 15 7538 B2 A3 sk

Bz Thbb | AN EIINE YE RS2 LY MCD 13 5% ON/OFF TXA5Z 2% R LT, L EOfE R X
V. 53 FOFIE N 2L T 22NEDEFHGELREA IR KD . FT o F A FATIEE R LT,

B DERF T/ B a5 7 2 RlE. A OSEBENEEO LIKOLTH D,
INEEMOBREXRT YT 4 — L, AmoOEIRICE D 2 RO TH 5, KT 7V Ok

NS F DRI 35 D F I k- TR 2 814%)

(3. B OIUEFRISIZ L0 F 5 OFi% S

PEARDIET 2 AT 2 LN TE D728 HIEROD 2 REE (X 2 iEEC MR XD 0es & & bic,
EMOREXFT VT 4 —EBFEOBEME LTEXLNTND, L2L, @REZETLEMITIBNTDOLE]
M TEY ., LmEMKT 2EBILEWITRBIT 2BENT o7z, Foxld, K& andE B0l A #E

HEAETHIRLT 4 U S TH+
DN BE &7 D X T VIR G RE
D Z LT AIEAamIcBIT D
KX 70 Atz Yo TEHT 5 2
B LTz, 61T, Az W
THhERETLZZ7on Yy —2ADFEF
JEEY., HiEh 7 v ) s Rz oW T
HERS 7V BN BRTh LTz,
ZHUIOEA RRIC BB T B H L B
DIFEZ R L TR D BERZEN,

IRAR K
X
[\

IS/ —alk
BEEMKRTHRLRE

NJ
& B

IR

\‘/ IR 4R K
A,': —\ e

B2k Fig. 3 Magneto-chiral dichroism

1] K. Ishii, J. Fujisawa, Y. Ohba, and S. Yamauchi: J. Am. Chem. Soc., 118, 13079-13080 (1996).

2] K. Ishii, J. Fujisawa, A. Adachi, S. Yamauchi, and N. Kobayashi: J. Am. Chem. Soc., 120, 3152-3158 (1998).
3] K. Ishii, Y. Hirose, and N. Kobayashi: J. Am. Chem. Soc., 120, 10551-10552 (1998).

4] K. Ishii, Y. Hirose, M. Fujitsuka, O. Ito, and N. Kobayashi: J. Am. Chem. Soc., 123, 702-708 (2001).

6] T. Yokoi, T. Otani, and K. Ishii: Scientific Reports, 8, 1560 (2018).

71 K. Ishii and K. Ozawa: J. Phys. Chem. C, 113, 18897-18901 (2009).

8] M. Karasawa and K. Ishii: J. Phys. Chem. C, 120, 21811-21817 (2016).

91Y. Kitagawa, H. Segawa, and K. Ishii: Angew. Chem. Int. Ed., 50, 9133-9136 (2011).

[
[
[
[
[5] K. Ishii, K. Kubo, T. Sakurada, K. Komori, and Y. Sakai: Chem. Commun., 47, 4932-4934 (2011).
[
[
[
[
[

10] S. Hattori, Y. Yamamoto, T. Miyatake, and K. Ishii: Chem. Phys. Lett., 674, 38-41 (2017)



FEPNES DMAER—YE . KOS,

Magnetic Phenomena via Interfaces — Adsorption, Reaction, and Crystallization
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Abstract:

Magnetic phenomena via interfaces should be complex, but bring about unexpected functions and structures,
because interfaces or colloidal materials may change their electronic states to lead to properties sensitive to
magnetic fields. In this talk, the molecular adsorption and reaction on solid surfaces and colloidal structure
formation under magnetic fields will be given as interesting examples.
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Abstract:

A novel separation method has been demanded to attain sustainable, safe and reliable society. Among various
separation methods, a microspace separation is one of the candidates to realized such a society. However, there still
have several problems in microspace related to the construction of separation field and detection. In addition, for
further higher performance in microspace, a novel stationary phase should be developed and the control of molecular
interactions between stationary phase and target molecules is also significantly important.

To overcome these problems, separation methods utilizing magnetic force were developed and enabled an easy
construction of stationary phase and an optimization of chiral separation. Furthermore, these methods attained high
sensitive detection and selective separations. In addition, magnetic force enabled control of molecular interactions
between liposomes as a stationary phase by altering liposome structure and properties.

Thus, my developed methods utilizing magnetic force would be useful for higher performance separations.

Keywords: lipid nanotechnology, microspace, multi-functional magnetic nanoparticles, separation
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Observation of Magnetic Field Effects Featuring Diversity of Biological Systems
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°Masakazu Iwasaka (Hiroshima Univ.)
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Abstract:

Magnetic field effects can be observed in both physical-chemical and biological systems where a common
mechanism may control the observed phenomenon. Usually a biological system contains miscellaneous parameters
(conditions) which were evolutionally selected for the purpose of survival of a living creature. The biological
function should be exhibited for a specific purpose, such as utilization of sunshine in nature world. We know that
normal (and traditional) research should be carried out on a proper material for aim of proper field. But if we test a
preliminary response of a biological material to applied magnetic field, we may have a chance to encounter a new
magnetic field effect. In this paper, some evidence of quick response of bio-photonic materials to external magnetic
fields is summarized.

Keywords: magnetic field effect, biological material, bio-photonic material, guanine crystal
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Fig.1. SEM images of guanine crystal platelets of goldfish.
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Fig.3. Coccolith discs of Emiliania huxleyi (left panel) and light scattering anisotropy detected by magnetic
orientation of coccolith discs (right panel).
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