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ABSTRACT: This paper reviews our recent work on the use of magnetic fields to the polymer processing. Poly-
mers considered in this paper are not peculiar ones synthesized specially for the purpose of magnetic processing, but
they are very usual ones including poly(ethylene terephthalate), polypropylene, etc. In this paper, two main magnetic
effects on polymers are considered,, alignment and levitation. In the first part, the magnetic torque causing the align-
ment is described. Then, examples of alignment in polymeric systems are presented, starting from simple cases such
as magnetic alignment of fibers in a suspension to more complicated cases such as magnetic alignment of crystalline
polymers in which mesophase formations and memory effects are involved. In the second part, the magnetic force acting
on diamagnetic materials and its application to separation and processing of polymeric materials is described.
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Magnetic effects on diamagnetic materials have beejensity. Diamagnetic levitatiéi* and Moses effegt
known since the age of Faraday, but it is very recent thatwater surface splits in a high magnetic field) are good
the attention has been paid to the use of these effects #&amples among many oth&rs.
the processing of diamagnetic materials including in- The magnetic effect on chemical reactifh’? is
organic, organic, and polymeric materials. This trendone of the major fields in magnetic researches, but in
is partially due to the development of superconductingthis paper we are concerned with the magnetic force
technology that enables us to use high magnetic fieldsand the magnetic torque acting on diamagnetic materi-
(10 T or more) in the study of materials science at in-als. The origin of the diamagnetism is the induced mag-
dividual laboratory level. Cryogen free (liquid-helium netization caused by the induced motion of electrons
free) superconducting magnets, mostly manufacturedinder the applied magnetic fiéfi* The magnitude
by Japanese companies, are now on the market, withf the magnetizatioM induced on a material is pro-
various types including a large bore type (45 cm at 3.5ortional to the applied field strength, i.e., M = yH,

T), a rotate bore type, a split type, a low fringe field wherey is the diamagnetic susceptibility. The magni-
type, a high field type (15 T, 52 mm in diameter), etc. tude ofy is typically the order 010" to —1075. Inci-
These magnets are used in academia as well as indugentally, this induced magnetization is also the source
tries for the processing purposes. causing the chemical shift in the nuclear magnetic res-

High magnetic fields provided by these supercon-gnance (NMR) measurement. The interactionhdf
ducting magnets have made it possible to visualize thgyith the applied field causes a repulsive force, repelling
magnetic effects on “non-magnetic” materials such ashe particle away to the direction of a decreasing field
diamagnetic materials. Because the diamagnetism istrength. If this force balances with the gravitational
very small compared to the ferromagnetism, we hardlyforce, then the particle levitates in theZaif.
experience in daily life the effects of magnetic field on  |n the case that a material has an anisotropy in dia-
plastics, water, and living bodies, etc. Some meansnagnetism, a magnetic torque acts on it, resulting in ro-
must be devised to visualize these effects. A straighttation. The origin of the magnetic anisotropy is traced
forward way is to use high magnetic fields. If we use back to chemical bonds. For example, diamagnetic sus-
a superconducting magnet of 10 T instead of an elecceptibilities of the C—C bond are smaller in the direc-
tromagnet generating 1 T, a small change of 1 mm ision of the bond (//) than that normal to the bond)(
magnified to 10 cm and a phenomenon that takes a dag, < v, < 0), that is, the anisotropic diamagnetic sus-
to occur is completed in 15 min, because the magnetigeptibility defined byya = y; — . is negativé. The
effect is proportional to the square of the magnetic fluxC—C bond therefore tends to align in the direction per-
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pendicular to the applied field. An aromatic ring pos- rection of the field strength. If this force balances with
sesses a large diamagnetic anisotropy due to the rinthe gravitational force, the particle levitates in the air.
current induced on the ring. As a result, aromatic ringsBecause the positions of the particles levitated under a
tend to align with its ring plane parallel to the applied field gradient are different depending on the magnetic
field. susceptibility and the density of the particle, the lev-
Then, can a single benzene molecule in a liquid statétation could be used for the separation purpdsé.
align in the magnetic field? The answer is no. TheOf course, the use of ferromagnetism for the separation
magnetic energy acquired by a particle is proportionalpurposes is already well known. Using levitation, we
to the volume of the particle. The energy acquired bycan process polymeric materials under the pseudo-zero
a single benzene molecule is too small compared to thgravity environment. In the field of protein crystalliza-
thermal energs T to make the Boltzmann factor large tion, this environment is utilizé8° to obtain protein
enough for an actually observable alignment. If a parcrystals with high qualities required for the structure
ticle has a size large enough to overcome the thermaletermination by X-ray. A remarkable feature of the
disturbance, it aligns under a magnetic field. A numberdiamagnetic levitation is its trapping effect. If a field
of examples have been reporfeorganic crystal$®>1®  profile designed at micrometer or nanometer level is
protein crystals/™2° carbon fiberé®?! carbon nan- provided, diamagnetic particles of sizes down to mi-
otube???4 cellulose fiberg?2’ poly(ethylene) crys- crometer or less are patterned according to the field pro-
tallites?8 fibrin,?° cells3®3! and cell wall®? etc. un- file provided. Research in this field is in progréds.
dergo magnetic alignment. Inorganic crystals also
align under magnetic field$37 Magnetic alignment DIAMAGNETIC ALIGNMENT
of these materials is a natural result of their anisotropy
in diamagnetism and their size that is large enough to A magnetizatiorM induced on a material by an ap-
exceed thermal energy. In general, crystals possess diglied external magnetic field is expressed as
magnetic anisotrop§ as tabulated in literatur§.
Unlike the above examples where the parameters M =xH, 1)
such as the anlsot_rop_lc suscgptlblllty _and the slz€ angvhere the constant is (volumetric) diamagnetic sus-
the shape of the aligning particle are fixed, there is an-

other class where these parameters are not fixed bl.|CteF)thlmy which is negative and dimensionless. jhe

. . . . iS not a scalar but a tensor if the material has anisotropy.
change in time, which complicates the alignment be-AII three orincipal component and va of the
havior. A typical example is found in the magnetic princip P ®1 X2, andxs

. ) . tensor have different values in genéfabhut two of
alignment of crystalline polymers during the crystal- . . : .
o . : them are equivalent for materials having an axial sym-
lization process, where the anisotropic structures re- S .
. L .metry such as nematic liquid crystals, polymer fibers,
sponsible for the magnetic alignment may change in

; i . . etc. Namel in the direction of the axis ang, in
size and shape in time. Discussion has been madtef\1 Nametyx . .
. ) , e directions normal to the axis are only relevant. The
on structure formation during polymer crystalliza-

tion 3949 interaction ofM with the applied external field gives

: : : rise to a magnetic energy:
The anisotropic structures are also formed transiently g 9y

in many aspects of polymer phase transitions includ- Emag = _(1/2)\/)&“6152 - (1/2)\/)(3#6152 coS ¢,
ing crystallization from solutions, crystal-crystal tran- 2)
sition, aggregation, solidification, microphase separa-
tion, electropolymerization, gellation, micell forma- wherey is the magnetic permeability of vacuui,is
tion, and isotropic-anisotropic transition of liquid crys- the volume of the particle under consideration, &nd
tals, etc. These structures have a potential to undergig the angle between the magnetic flux den&tand
magnetic alignment and some of them actually undergaehe particle axisn. The dimensions of each physical
magnetic alignmer®?~>® However, the mechanism of constant areq [Wh/(Am)], B [T = Wom 2], V [m?],
these transitions itself is insufficiently clarified in most and y, = y, — x. is dimensionless. TherEmg is
cases at present time so that it is difficult to reach aexpressed by [J], accordingly. Here, approximation of
unified view of magnetic alignment occurring during B = uoH is used. The second term of the above equa-
transitions. tion is orientation-dependent, being the source of mag-
Diamagnetic levitatiohis another interesting phe- netic alignment. Ify, is positive, the alignment of the
nomenon that can be used to the polymer processing. Hxis parallel to the field direction is preferred to the per-
a diamagnetic particle is put in a field gradient, a forcependicular alignment. A macroscopic alignment could
acts on it, repelling the particle toward a decreasing dioccur when the second term exceeds the thermal energy
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Figure 1. Minimum particle size necessary to exceed the ther- Figure 2. Time required for the magnetic alignment of a par-
mal energy. Estimation by eq 3 with = 300K for various values ticle suspended in a liquid medium of viscosities indicated in the
of | yals. figure. Estimation by eq 8 with anisotropic diamagnetic suscepti-
bility of | ya| = 10°°.
ksT. This condition is expressed as
5 the particle. In Figure Z; is plotted as a function of the
V> 2k Tho/l xa |B". (3) magnetic flux density for various values of viscosity.

From this equation, we estimate a minimum critical 10 Summarize, the conditions necessary for the mag-

volume necessary for the alignment as a function of thé'€tic alignment to occur are (i) the particle should have
applied magnetic flux densit and the material con- anlsotrqplc _dlamagnetlc susceptibility, (ii) the size of
stanty,. The result is displayed in Figure 1. the particle is large enough to overcome the thermal en-
The torqueN acting on the particle is expressed as  €r9Y: and (i) the viscosity of the surrounding medium
should be low.
N = Vyaug'B? siné cosé o, (4)

. , _ FIBER AND CRYSTAL ALIGNMENT IN LIQUID
where isw a unit vector normal te andB, andé¢ is the SUSPENSIONS

angle betweem andB. If the particle is immersed in
a viscous liquid of viscosity), the particle rotation is Fiber Alignment

governed by the balance of the magnetic torque and the Magnetic alignment of fibe?& 2L 2560 syspended in

hydrodynamic torque as follows: a liquid medium is a good example to demonstrate

L(dé/dt) = —Vyaug B? sing cosé, (5) the validity of the theoretical considerations described

above. Unlike a simple case of a sphere particle de-

with the left hand side representing the hydrodynamicscribed by eq 8, the magnetic alignment of a fiber is
torque. The solution for this equation is given by complicated because the hydrodynamic toque appear-
6) ing in eq 5 is not as simple as that for the case of a

t =t —t
ang’ = tanco exp(-t/), sphere. If we assume that a fiber has a prolate shape,

with the alignment rate™! being defined as the hydrodynamic terrh in eq 5 is given by
771 = (V/L)ugtyaB? @) L = 8ma’D/F(D), (9)
In the case of a sphere of radiaswe havel. = 8m& with a front factorF (D) being a function of the aspect
andV = (4/3)ra’, to obtain ratio of the particlé®®3 Then, the alignment rate is
_ _ given by
= llolXaBZ/en- 8)
T = F(D)up xaB?/6n. (10)

It should be noted that the above picture is valid only for
a particle whose size is large enough to overcome the A polyethylene (PE) fiber and a carbon fiber were
thermal disturbance. It should be also noted in eq 8 thatised for experime®® A superdrawn polyethylene
the alignment rate does not depend on the volume ofiber with diameter of 3@m was cut into 1, 2, 3, and

Polym. J., Vol. 35, No. 11, 2003 825



T. KIMURA

In (tang /tan £ o)

F(D)

L enn! RR| sl el

I s { s l L | L
0 20 40 60 80 100 10° 10? 10*
Time / sec

D (aspect ratio)

Figure 3. Measurement of fiber rotation. The anglef the
fiber axis with respect to the field direction is plotted against the Figure 4. The value ofr(u;yaB?/6n)~%, which corresponds
time. The origin of the time corresponds to the start of the applica-to the front factor=(D) in eq 10, is plotted against the aspect ratio
tion of the field. CF and PE indicate carbon fiber and polyethylene D of the fiber. Solid line is a theoretical curve f6{D) evaluated
fiber, respectively. The slope is positive for PE because it alignsunder assumption that a fiber is approximated by a prolate ellipsoid.
perpendicular to the applied field. Experimental data for carbon fiber (CF) and polyethylene fiber (PE)
are shifted by a factogy, to be fitted onto the theoretical curve, from

] _ which the value of eachs, is determined.
4 mm lengths and suspended in a water/ethanol mix-

ture having the same density as the fiber. The viscosity
of the mixture was Z5 x 103Pas. A carbon fiber Table 1. .C.o_mparison.of the an?sotropic diamagnetic
with diameter of 1QLm was cut into 1, 2, 3, and 4mm susceptibility determined by different methétls
lengths and suspended in a carbon tetrachloride/1,2 di-___ Suspension Methad  Torque Meter  SQUID
bromoethane mixture (1/5 by volume) having the same "EO fiber 8.6¢10°% 7.7x10°  7.0x10°%
. . . . ; Carbon fiber 8.&x10° 7.2x10° 8.9x10°

density as the fiber. The viscosity of the mixture was
1.06x 1073 Pa's. A glass cell containing the suspension
was put in the center of an electromagnet generatingundle of aligned fibers. Table | compares the values
horizontal magnetic field up to 1.2 T. The rotation of a of y, of the carbon fiber and the poly{phenylene-2,6-
fiber was monitored by a CCD camera and recorded omhenzobisoxazole) (PBO) fiber obtained by the different
a computer. The angkeof the fiber axis with respectto  methods. The results are in good agreerffefi.
the field direction was determined as a function of time. Ejper alignments are also possible for suspensions

Figure 3 shows the logarithmic plot of tghagainst  with much higher fiber concentrations. Figure 5 shows
the time. From the slope the value of ' is deter-  short PBO fibers magnetically aligned perpendicular to
mined. The PE fiber exhibits a negative slope becausene film surface followed by solidification of the ma-
the x, of the PE fiber is negative (the fiber aligns per- trix liquid by polymerization. A similar experiment is
pendicular to the field). The experimental values3of  also carried out for other organic fib&f<’ The ther-
n, D, andt being known,F(D) is compared with the  mal conductivity of the carbon fiber is higher in the di-
experiment using eq 10 with an appropriate shift by arection of the fiber axis than in the direction perpendic-
factor of ya. Figure 4 shows the result. The fitting is ylar to the axis. Then, if the carbon fibers are aligned
gOOd and the shift factors for each fiber lead to the Val-perpendicu|ar to the film surface, the thermal conduc-
uesya = —7.7 x 107" and 40 x 107 for PE and CF, tjvity through the film is much improved compared to

respectively. the case of random orientation.
The values ojy, are also determined by other meth-

ods. Those are (i) the direct measurement of the mag€rystal Alignment

netic torque by means of torque meter and (ii) the sepa- Crystallites of micrometer sizes suspended in a liquid
rate measurements gf andy, by means of supercon- align very easily even under moderate magnetic fields.
ducting quantum interference device (SQUID) to obtainin an attempt to fabricate a diffusion type polarfer,
the difference. Unlike our method, both of these meth-urea crystallites prepared by recrystallization method
ods are not applied for a single fiber but they need avere magnetically aligne®. The urea crystallites sus-
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Figure 5. Magnetic alignment of short PBO fiber suspension B | | | |

with much higher fiber concentration. Field direction is normal to

the film surface. By courtesy of M. Tobita. Xa < 0
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e (b) Static Field
Rotating fild on the xy-plane

pended in toluene solution of poly(ethyl methacry-
late) (PEMA) was put in a magnetic field (higher than Figure 6. Alignment of an anisotropic particle with (& > 0
0.5 T) and allowed to evaporate toluene to obtain aand (b)xa < 0 under a static field and (g < O under a rotating
PEMA/aligned urea crystal composite film. Micro- field. Short lines indicate the direction of the anisotropic axis.
scope observation showed that thaxis of the urea
crystal aligned parallel to the field direction, indicating ter to produce a green compact. The obtained com-
that this crystallographic axis corresponds to one of thgoact exhibited alignment with theaxis of the alumina
principal magnetic susceptibility axes, that is, the onegrains oriented parallel to the applied field. The sin-
associated with the smalleigt| value. The urea crys- tered body of the compact exhibited the grain alignment
tal has two refractive indices, one for the ordinary lightand the grain growtf 374 Organic compounds 16
(no = 1.484) and the other for the extraordinary light and proteins” '8 are reported to align when crystallized
(ne = 1.602). The direction fone coincides with the  from solutions under magnetic fields.
c-axis. According to the crystal symmetfithe prin-
cipal axes of the diamagnetic susceptibility tensor andPrecision Alignment
those of the refractive index tensor are in parallel rela- We have so far considered the alignment under a
tion. In addition, these axes are further related to thestatic magnetic field. Here we demonstrate that the use
crystallographic axes depending on the crystal #pe. of time-dependent magnetic fields provides a powerful
Because the difference betweanand the refractive means to achieve the alignment difficult or impossible
index of PEMA fi,,= 1.4778) is large, the component to realize by means of a static field alone.
corresponding to the extraordinary light in the imping-  Fibers withya = x, — x. > 0 align parallel to the
ing light is selectively scattered by aligned urea crystal-applied field, while those witly; < 0 align perpen-
lites during the light propagates through the film, while dicular to the field. Carbon fibers and PBO fibers for
little scattering occurs to the ordinary light, resulting in example belong to the first category, while polyethy-
polarization in the transmitting light. lene (PE) and cellulose fibéPdelong to the latter. If
Crystallites also align in polymer melts. Becausea static field is applied to carbon fibers suspended ran-
the melt viscosity is much higher than the viscosity domly in a liquid, all of their axes finally align in the di-
of suspensions, higher magnetic fields are necessamgction of the applied field and hence the uniaxial align-
to attain a quick alignment. We aligned crystallites ment is attained (Figure 6 (a)). On the other hand, if a
of N,N’-dicyclohexyl-2,6-naphthalenedicarboxamide static magnetic field is applied to PE fibers suspended
(DCNDCA)’! in a melt of isotactic polypropylene randomly in a liquid, they align on the plane perpen-
(iPP)/2 DCNDCA is a nucleating agent that encour- dicular to the field, but the directions of the individual
ages the epitaxial growth of titephase iPP. As will be fiber axes on this plane are random (Figure 6 (b)). This
described later, the alignment of ti8ephase iPP was is in marked contrast to the case of carbon fibers where
induced by the magnetic alignment of the DCNDCA. a uniaxial alignment is realized.
A number of studies have been reported about mag- If a magnetic field rotating on they plane is applied
netic alignment of crystals. A magnetic field up to 10 to a suspension of fibers witi, < O (Figure 6 (c)),
T was applied during the drying process of the slurrywhat would happen? Because the individual fibers
composed of an alumina powder, a dispersant, and waend to align perpendicular to the field whether the field
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MAGNETIC ALIGNMENT OF LIQUID
CRYSTALLINE POLYMERS

Domain Model for Alignment

It is well known that liquid crystalline polymers

(LCP) align under magnetic field§-87 The origin of

the magnetic alignment is a “domain” within which
LCP chains are aligned in the same direction and ca-
pable of rotating cooperatively by a magnetic torque.
The size and the shape of the domain are not defined
clearly because the director field defining the align-
ment of a liquid crystalline system is continuous except
at disclinations. However, it would be allowed to the
first approximation to regard a liquid crystalline system
as being an assembly of randomly oriented domains
that can respond to the applied field independently. Of
course, this view is insufficient in higher approxima-
tions because the size and the shape of the domains
would change in accordance with the change in location

' &F disclinations during the magnetic alignment. This
aspect of liquid crystalline systems is in marked con-
trast to the suspension systems in which the size and
the shape of the suspended particles remain unchanged
eduring the magnetic alignment.

Starting with the initial random distribution of the
domain directom, one can calculate the temporal de-
velopment of the distribution functioR(¢) by apply-
ing eq 6 to the individual domains. Heegis the angle
between the directar and the magnetic fielB. In the
two-dimensional casd(¢) is given a&> 86

P(E) = expt/7)seéé

T

-g 7

X

Figure 7. FieldB rotating on thexy-plane is applied to a spher-
ical particle with the anisotropic axis Sufficiently long time after
the start of field application, the angiebetweerB andn becomes
90, ¢ follows the field rotation withr/2 or —x/2 phase shift, and
depends on the initial angles and rotation speed.

is rotating or static, it is expected that the fibers align in
the direction of the-axis, i.e. perpendicular to the-y
plane. Based on eq 5 with a simple case of a sphere
simulation was carried ofton a sphere of, < 0 sub-
jected to a magnetic fiel® rotating on thex-y plane
at the angular velocity ofs. Temporal change of the
direction of the anisotropic axis (representedrbyn
Figure 7) is described in terms of the time course of th
anglesy andy. Depending on the initial values of tiée
andg, the stationary value df is different. For exam-
ple, in the case (i) that starts with= 60 andy = 30,
the value off ends up with 90 On the other hand, if
we start with (ii)¢ = 60° andy = 8, the value of

6 ends up withca. 11°, close to thez-axis. The final
direction ofn is dependent on the initial values. Also

(11)

the parameters™ = ;;1yaB?/67 andw influences the

final results. Detailed analyses will be reported else-.l.

where.
A much more straightforward way is to use a double-
or multiple-step method where the static field is alter-

~ 27(1 + exp(2/7) tark &)

his function is directly related to the X-ray azimuthal
profile at timet after the start of the application of the
field, so that the alignment speed is determined by
fitting to the X-ray data.

nately applied to the sample from two different direc- The domain model does not work very well for the

tions p.erpendlcu.lar to each other. A smulgtlon Sh_owsdescription of the realignment experiment. This exper-
that this sort of time-dependent magnetic fields brlnggment includes (i) the alignment from the initial ran-

about a_unlaX|aI ?"Qr_‘mef‘t O_f PEtype f|be)3.§ €0) - dom orientation, (ii) followed by switching of the field
respective of the initial distribution of the fiber orienta- direction by 90 (realignment). Figure 8 (a) shows the
t?on. _In general, the use of the time-c!ependent magnetiﬁmction P(Z) during the realignment process. The az-
field IS useful wh(_an one wants to align the axes of t_heimuthal peak centered at Gisappears then is rebuilt up
negauve largest, mste_ad of the sma_lllest One, N auni- o1, 9. This prediction fails to explain the experimen-
e_lxw_\l manner. 'I_'he_se mcludg the alignment of CryStaIStaI result shown in Figure 8 (b), where two azimuthal
I|q_U|d_ crystals, liquid crystalline polymers, etc. The de- peaks around 50appear before the peaks 80 are
tail will be reported elsewhere. finally built up. The reason for the failure is that the
interaction between domains is not included in the do-
main model. In fact, a simulation that includes the elas-
tic interaction between domains can reproduce the be-
havior observed in experiment (Figure 8 @&).
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using magnetic fields for the alignment of LCPs over

(a) Domain model the use of mechanical alignment including stretching
and shearin§—8* Because magnetic fields penetrate
into materials, the alignment is attained throughout the
thickness. In addition, the direction and the strength
of the field are controlled easily in arbitrary manners,
and the alignment of LCP chains (most LCPs having
aromatic rings in the main chain, they align with their
chain axis parallel to the field), accordingly. The de-
signed alignment is usually difficult by means of me-

chanical methods. By magnetic alignment, chain con-

Intensity (a.u.)

'90 45 0 45 90 formation is little affected because the orientation is at-
Azimuthal angle ¢ / degree tained by the rotation of “domains”, while by mechani-
cal alignment, chains are elongated, causing conforma-
‘ tion changes.
(b) Experiment Because the orientation mechanism is entirely dif-
ferent between magnetic and mechanical methods, it

is important to clarify the intrinsic mechanical prop-
erties attained by means of the magnetic alignment.
For this purpose, comparison was made of mechan-
ical properties of films aligned by means of me-
chanical and magnetic methdtfsA Unitika random
copolyester Rodrun LC-3000 composed of 60 mol%
p-hydroxybenzoic acid (PHB) and 40 mol% ethylene
terephthalate (ET) was heat-treated in a magnetic field
(6 T) at temperatures between 231 and Z5for 15
Azimuthal angle & / degree to 120 min to obtain aligned films with various orien-
tation degrees. The orientation degree was determined
l using the half width of the X-Ray azimuthal peak. Me-
(c) Simulation chanically elongated film samples were also prepared.
These mechanically prepared film samples were thin
(30-50um) enough to avoid a skin-core structure of-
ten encountered in thick film and sheet samples. The
obtained films were subjected to the tensile test.
Figures 9 (a)(c) show the elastic modulus, the ten-
sile strength, and the elongation to break, respectively,
as a function of the orientation degree. The elastic mod-
ulus for the magnetically aligned films shows a similar
behavior to that for the mechanically elongated ones.
On the other hand, the tensile strength and the elon-
Azimuthal angle & / degree gation to break are different between two methods of
Figure 8. Change in X-Ray azimuthal profiles during the re- alignment. Low values of the tensile strength for the
alignment process. Prediction by (a) the domain model, (b) the ex-magnetically aligned films could be attributed to the in-
perimental results obtained for a liquid crystalline polymer (Rodrun homogeneous phase structure observed with polarizing
LC3000), and (c) the result of simulation which includes the inter- microscope. Many spots of 10-gfh size were ob-
action between domains. Temporal profile changes are indicated b%erved which were rich in ET component as revealed
AIToWs. by microscope-FT-IR. These spots occurred due to the
micro-phase separatitfrduring a prolonged heat treat-
Mechanical Properties of Magnetically Aligned Liquid ment time necessary for the magnetic alignment.
Crystalline Polymer Microscopic investigation was also carried out using
High alignment of liquid crystalline polymers X-Ray, }3C solid-state NMR, and FT-IR. The spacer
(LCPs) and resultant mechanical properties are attainetET) conformation of the magnetically aligned film was
using magnetic fields. There are several advantages ¢imilar to that of heat-treated film without magnetic
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Figure 9. Mechanical properties of magneticallg) and me-
chanically ©) aligned liquid crystalline polymer (Rodrun LC3000):
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Figure 10. (a) Schematic diagram of an electromagnet with
pole pieces Pand R with different sizes. S indicates the sam-
ple. (b) Actual geometry of the sample location. C indicates the
center of the sample.

field. They were slightly rich itrans-form than the me-
chanically elongated film. The mesogen (PHB) confor-
mation of the magnetically aligned film was similar to
that of the as-pressed film. These observations indicate
that the applied magnetic field does not alter the chain
conformation, but it just rotate the “domain”. Stud-
ies on mechanical and ther#aproperties of another
commercial LCP (Xydar) were also carried §u#?

Graded Alignment of Liquid Crystalline Polymer

Using a magnetic field of a designed field profile,
one can obtain a designed alignment profile of LCP
chains in a film and a bulk. Here we demonstrate a
graded alignmef realized by an electromagnet hav-
ing asymmetric pole pieces. Figure 10(a) shows the
electromagnet used for the purpose. Two pole pieces
with different diameters are set to generate graded field
profile schematically shown in Figure 10 (b). An LCP
(Rodrun LC-3000) pellets were hot-pressed to obtain a
film which was screwed between a set of heater plates
and then placed between the pole pieces, and heated at
280°C for 20 min. The field strength around the sam-
ple center waga. 2.4 T. Then, the sample was cooled
and released from the heater and subjected to the X-Ray
measurement. The X-Ray measurement was carried out
at the edge view (Figure 10 (a)).

Figures 11(a), (b) show X-Ray diagrams. Fig-
ure 11(a) shows that in the initial pressed film the
chains are aligned parallel to the film surface. Upon ap-
plication of the graded field, it is found in Figure 11 (b)
that the chains are aligned almost perpendicular to the
film at the region close to the center of the film. Above
and below the center, the chains are tilted with respect
to the direction normal to the film surface. The tilt angle
is in good agreement with the field profile calculated by
simulation.

(a) Elastic modulus, (b) tensile strength, and (c) elongation to break.
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ity environment is essential for the magnetic align-
ment to occur, the observation of magnetic alignment
strongly suggests that some ordered structure (here-
after referred to as mesophase) is involved during these
transitions. In some cases, the alignment is observed
in the molten state, indicating that mesophase exists
even in the melt®! At present, we do not fully iden-
tify the mesophase responsible for the magnetic align-
ment. It may be a crystal embryo, a microcrystallite un-
detectable by X-Ray, a nematic-like structure, a condis
crystall92103 and so forth, or a mixture of these. Fur-
ther studies will be necessary regarding this point. For
deeper understandings of magnetic alignment, under-
standing of the crystallization itself is inevitable, but no
unified view about the order formation during polymer
crystallization seems to be reach&d.

Practically, the key point for the attainment of a mag-
netic alignment is to encourage the mesophase forma-
tion. Though the nature of the mesophase itself in
not fully understood yet as mentioned above, there are
some hints. Because polymeric systems have long re-
Figure 11. X-Ray diagrams (edge views) obtained at various laxation times, the phase transitions are not completed
sampling positions indicated in the figure, measured from the saminstantly but usually take a time. As a result, some or-
ple center C, taken () before and (b) after the heat treatment in thejers existing in the crystal could remain for some while
magnetic field (2.4 T at the sample center). even after the temperature passes through the melting
point Tr,. The same thing could happen when the crys-
tal is dissolved to a solution. This is usually termed

Jamm ) 1 3umm

MAGNETIC ALIGNMENT OF CRYSTALLINE as “memory effect”, and the residual ordered structures
POLYMERS could be referred to as mesophase. The mesophase

may be transient or even stable thermodynamically in

General View a limited temperature range. If the magnetic field is ap-

In contrast to the liquid crystalline polymers, plied before the memory effect disappears, the chance
crystalline polymers were considered to be unable t@f magnetic alignment would be high. When polymer
undergo magnetic alignment because they lack a liqui¢hains are crystallized from a melt or a solution, they
crystalline phase necessary to respond to the appliehave to disentangle from each other. And it will take
field. They may not align in their molten and solution some time for that. If the field is applied at time when
states because these states are assumed to be isotrofh Viscosity is still low and mesophase is appropriately
Nor may they align in their solid states (glassy anddeveloped, the chance to succeed in alignment would
semi-crystalline states) because the viscosity is to®e high.
high. However, we have found that many crystalline A general thermal scheme used to attain magnetic
polymers including poly(ethylene-2,6-naphthalate)alignment during melt crystallization is shown in Fig-
(PEN)?991 isotactic polystyrene (iPS¥, isotactic ~ ure 12. Here, the field is applied throughout the whole
polypropylene (iPPJ® poly(ethylene terephthalate) process. A solid sample is heated from room tempera-
(PET)* paraffin?>® poly(ethylene oxide) (PE®) ture to a maximum melting temperatufgax above the
polyetherestet® poly(carbonate) (PGP and cellu- melting pointTy,. Then the sample is kept melted for a
lose triacetate (CTAYC align magnetically under period oftm, followed by cooling down to the temper-
appropriate conditions. atureT, for the crystallization. The size of mesophase

A common feature of the alignment conditions is domain and the viscosity of the environment are two
that the alignment occurs during the transitions be-major important factors. Also important are other fac-
tween the solid and liquid states such as crystallizators including the solid structure before the melting,
tion from melt as well as melting from crystal. Becausethe life time of mesophase, and the formation of ter-
some structure of critical size with anisotropic diamag-tiary structures such as spherulite that usually obscures
netic susceptibility existing in a relatively low viscos- the alignment. Although the detailed conditions depend
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4 polyethylene, as far as we have tried, does not align.
Also, low molecular weight PEO aligns from a m#&lg,

L m but high molecular one hardly aligns. PERand PET

,Ecg N with the molecular weight ranginga. 8000 to 20000
% align. The alignment seems to become difficult if the
S T, T, molecular weight is increased. However, IP8f the

nominal molecular weight of 400000 aligns. These ob-
servations do not seem to be interpreted simply in terms
of viscosity effect. There might be unknown factors.

) _ ~ The second comment is about a direct magnetic ef-
Figure 12. General thermal scheme used to attain magnetlcfect on crystallization, that is, the rate of crystalliza-
alignment during the crystallization from melt. Magnetic field is tion or the perfection’of crys:[als Our study on iPS

applied throughout the process. RT: room temperaflire;melt- - h h lizati . lerhe
ing point of the polymerTmax: the maximum temperature at which indicates that the crystallization is acceleratedhe

the sample is meltedf,: crystallization temperature;,: melting  lamella perfection of iPS is higher when crystallization
time. is carried out in the magnetic fied The interpretation
of these observations might be related to the third com-
from polymer to polymer, important points are summa- ment.
rized as follows: The third comment is that the magnetic free energy
(1) Solid state of the initial film. The initial state could that the mesophase or the crystals have is orientation-
be semi-crystalline or glass. The initial state anddependent so that the applied field could affect the crys-
subsequent heating process affect the solid structur@llization behavior itself including the rates of nucle-
reached just before the melting and hence they afation and growth. In fact, the magnetic field causes the
fect the residual structure (mesophase) in the melt.shift of the melting poif”% depending on the mu-
(2) Heating process. During this process, glass filmgual orientation of crystals with respect to the applied
could develop crystallites due to cold crystalliza- field, as will be discussed later.
tion. If the heating rate is too high or the cold crys-
tallization is too slow, there is no chance to developMagnetic Alignment of Poly(ethylene terepthalate)
crystallites. Crystallites formation is important be- [N this section, the magnetic alignment of
cause crystallites formed would encourage the forPoly(ethylene terephthalate) (PET) is presented as
mation of mesophase in the subsequent process. an example of magnetic alignment of crystalline poly-
(3) Melting temperaturelmay. This temperature should mers?* 1% In-situ magnetic birefringence measure-
be between the melting poifi, (defined by the top  ment was carried out for poly(ethylene terephthalate)
of the endothermic peak at DSC measurement) andPET) together with X-ray analyses of the samples
the equilibrium melting poinT,,°. If the sample is ~ Obtained by interrupting the heat treatment by quench-
heated at high temperatures for a prolonged timeing. Pellets of PET M, = ca. 10000) supplied by
residual mesophase originating from the solid statesahi Chemical were pressed at 2€0for 5min and
disappears completely. As a result, the mesophasallowed to quenching in ice water to obtain a pressed
alignment at this stage and the stage of further strucfilm of ca. 50um and 20Qum. The thin one was used
ture formation in the Subsequent Crysta”ization pro_for thein-situ birefringence measurement and the thick
cess become insufficient. one was used to prepare quenched samples for X-ray
(4) Crystallization temperaturél,. The mesophase Measurement. Thermal treatment was carried out
a”gnment develops in the ear|y Stage of Crysta|-f0“0Wing the scheme shown in Figure 12. The pressed
lization (induction period) where no crystallites are film was heated at & min~* from room temperature
identified by means of wide angle X-ray diffraction. @nd melted affmax = 270°C for 5Smin followed by
If T. is too low, crystallization is completed before Crystallization affc = 250°C. T, was 26T°C.
alignment develops. [T is high, spherulites de- In-situ birefringence measurement was carried out
velop to obscure the alignment. with a home-built apparatus. A polarizer and an an-
Additional comments should be made about somedlyzer are set under the crossed polar condition, each
observations that are not fully interpreted at presentMaking an angle of 45with respect to the vertical mag-
The first comment is about the molecular We|ght de-netiC field of 6 T. Under this Condition, the transmitting
pendence. We have found so far that a low molecdight intensity is proportional to sfrdAn/.1), whered
ular weight iPP undergoes magnetic alignriemiut is the film thicknessAn is the birefringence, and is
high molecular ones do n#* Paraffin align®® but  the wavelength (632.8 nm) of the impinging light (He-
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Figure 13. Temporal change in magnetic birefringence of PET Figure 15. X-Ray azimuthal scans for various planes of PET
sample measured under the crossed polar setting in the field of 6 Tcrystallized from a meltin the magnetic field. Angles @@d 270
Crystallization temperature wag = 250°C. correspond to the applied field direction.

! ' ! ' ! various times of crystallization are shown in Figure 14.

Up to 20 min, no crystal peaks are observed. Combin-
ing this X-Ray result with the birefringence result, we

~ conclude that the origin of the alignment is not the crys-
g tal but mesophase. The same conclusion is drawn for
= 60min PEN! and iPS*2
z; 23min The sample crystallized up to GQ min _exhibits crystal
] 20min peaks. Azimuthal scans of the diffractions for (010),
= /f\\L (110), and (100) of this sample are shown in Figure 15.
vk The azimuthal angles of 9@nd 270 correspond to the
N direction of the applied field. It is concluded from these
Omin diffraction patterns that th&'- and a*-axes approxi-
1‘0 : 2'0 : 3'0 mately align parallel and perpendicular to the magnetic

field, respectively. This alignment manner is explained
20 /degree by the crystal structure of PEFL In the crystal of PET,
Figure 14. X-Ray diffraction patterns for PET samples pre- the direction of thea*-axis lies approximately perpen-
pared by quenching at different periods of crystallization time in- dicular to the plane of the aromatic ring. Therefore, the
dicated in the figure during the crystallization process same as Figghsolute value of the diamagnetic susceptibiljgy is
ure 13. expected to be the largest in the direction of géhaxis
due to a ring current induced on an aromatic ring. As a
Ne laser). The quantityAnis referred to as retardation. result, thea*-axis aligns perpendicular to the magnetic
If the increase imn due to the magnetic alignment of field. Since the PET crystal is triclinic, tla#-axis may
the polymer chain is large, the intensity would even os-not exactly coincide with one of the three principal axes
cillate. of the susceptibility tensdf.

The result of birefringence measurement is shown in  The crystal alignment shown above gives us a clue
Figure 13. The origin of the time axis corresponds toregarding the mesophase structure responsible for the
the time at which the temperature reaches the crystalalignment. Assume that the mesophase is nematic-like,
lization temperaturd, (250°C). The oscillation, indi-  that is, the PET chains are somewhat extended, but un-
cating the alignment, starts at very early stage of crysiike in the crystal phase they are not fully extended but
tallization. The first maximum of the transmitting light twisted in a nematic domain. As a result, their aromatic
intensity indicates that the retardatioiAn becomes ring planes do not direct in the same direction, but in-
larger thant/2 at this time of crystallization. The wide stead they might be distributed randomly along the axis,
angle X-Ray diffractions for the samples quenched atas schematically illustrated in Figure 16. As a result of
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Table Il. Birefringence values of magnetically aligned PET
@ films.1*2 A: homopolymer fj]= 1.05, T,, = 257°C; B: copolymer
(cyclohexadimethanol 3.3 mol%g]E 0.8, Ty, = 246°C
@ sample Tmax Tc tc thickness dAn An
3 () (S (min)  (@m)  (nm)
W 0 200 0 0
10 200 0 0
Q PET 270 245 20 200 245 1.x10%
) A 30 200 236 1.x10°
0 210 L2 7x10°®
@ PET 260 235 5 220 253 1.1%10°
@ (B) 10 210 376  1.7%10°

) _ _ _ film by means of the molecular design of the primary
Figure 16. Schematic representation of the PET chain confor- structure of polymer chain.

mation assumed in a nematic-like phase.

Infrared Spectroscopic Analysis of Mesophase

this arrangement of the aromatic rings, tlye value of Fourier transform infrared (FT-IR) spectroscopy is a
a nematic domain is the largest in the direction perpenpowerful means for the differentiation of polymer chain
dicular to the chain axis, leading to the parallel chainconformations in solid staté$3-121 Because the con-
alignment with respect to the applied magnetic field. Asformation of the mesophase differs from the crystalline
the crystallization proceeds, the mesophase turns out tetate or the amorphous sté®dfs formation could be
be crystal phase, resulting in crystal alignment with thedetected by means dfi-situ FT-IR measurements. In
c-axis aligned parallel to the applied field. However, fact, FT-IR observation of the conformation change of
this is not what we see in Figure 15. Therefore, wepolyethylene that occurs prior to the crystallization is
conclude that the mesophase structure responsible foeported!® Also, in-situ FT-IR measurements during
the magnetic alignment is not a nematic-like structurecrystallization are reported for PEf{ and iPS!2!
but rather close to the crystal structure. In order to monitor the occurrence of mesophase of

The above view does not necessarily rule out the posPEN, we started with identification of the bands specific
sibility of the nematic-like structure formation during to this phase. For this purpose, we prepared a few sam-
the crystallization process. Our observation just meangles obtained under extremely different thermal con-
that a mesophase close to the crystal structure happengions, that is, one that encourages high crystallinity
to be most sensitive to the magnetic field with respect(crystallization for a prolonged time), and the other that
to the size and the anisotorpic susceptibility under theencourages highly amorphous phase (quenching from
specific thermal history applied in this experiment. Thea melt). The spectra of these samples were subjected
process of structure formation could be different underto subtraction to each other to identify the bands spe-
other thermal histories, so that other types of intermedi<ific to the pure crystalline phase and the pure amor-
ate structures may be most sensitive to the applied fieldohous phase. These pure bands were used to decom-
In fact, the orientation manner of PEN depends on thepose the spectra prepared under intermediate conditions
thermal history. PEN aligns with the chain axis parallel between these two extreme conditions. We found that
to the applied field in most cases, but different align-the samples prepared under these intermediate condi-
ment patterns appear under some other conditfins. tions exhibit the bands that are not attributed either

Optical properties of PET heat-treated under a mag+o the crystalline or amorphous phase. We took these
netic field (6 T) are summarized in Table' In addi-  bands to identify the mesophase.
tion to the homopolymer used in the above study, a PET PEN sample was melted at 300 followed by crys-
sample containing a 3.3 mol% cyclohexadimethanol adallization at 255C. Spectra were taken at various pe-
a comonomer was also used. The retardation values beiods of crystallization time starting at the zero crys-
come as large a$/4 to 1/2, indicating a possibility of tallization time (defined as the time when the temper-
using these films as retardation films. The transparencature reached 25%). Subtraction of the spectrum of
of the film decreases with the increase in heat treatmerthe zero crystallization time was made to each spectrum
time because the crystallization occurs concomitantlyso that a typical amorphous band around 145¢:cm
The retardation value is higher for the copolymer film, disappears. We thus obtained a series of spectra that
so is the transparency. This suggests that it will be poseomprise only bands from the crystalline phase and
sible to optimize the anisotropy and transparency of thehe mesophase. The bands at 1190 and 1178 at
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0.05 crystallinity when they are solidified from a melt or

cast from a solution with a good solvent. These poly-

-  0.04 - mers have a potential of crystallization but used in
= * an amorphous state in many cases. It is difficult to
20 align magnetically these polymers, if we start from a
é 0.03 1 o s melt or a solution, because they lack a propensity to
v, o o form anisotropic structures once they loose their crys-
g 0.02 - tallinity. For these polymers, an effective means to at-
=% °c. e tain magnetic alignment is to use intermediate states
0.01 - Q%M occurring in the course of melting or dissolution where

%)) / the anisotropy originating from the crystalline state sur-

0 & , ; ; vives in a form of mesophase.

A good example is a magnetic alignment of a cellu-

0 50 100 150 200 |ose triacetate (CTA) film cast from a solution contain-
. . . ing a small amount of a poor solveii?. A crystalline
Crystallization Time /sec sample of cellulose triacetate (CTA) was dissolved in

Figure 17. Intensities of the crystal band at 1190¢rge) and  Single solvents (methylene chloride (MC), methyl ac-
the mesophase band at 1178¢rfo) determined fromin-situ FT- etate (MA)) and the mixed solvent of MA with ethanol.

IR measurement of PEN during crystallization at 265without Each solution was subjected to the casting under the
magnetic field. magnetic field (6 T) and the obtained film was char-
acterized by optical and infrared methods. Only the
tributed to the crystalline phase and the mesophase, réilm cast from the mixed solvent of MA with ethanol
spectively, were used to monitor the increase of the re{8:2 wt%, CTA of 5 wt%) exhibited birefringence. The
spective phases during crystallization. Figure 17 showyalue of the birefringence was smatb( 5 x 10°°) be-
the temporal change of the intensities of these bandg:ause the intrinsic birefringence of CTA is small, but
During the initial 40 min, no crystalline formation is the infrared dichroism measurement revealed that the
observed, while the mesophase formation starts to inchain axis is aligned in the direction perpendicular to
crease in the very initial stage. This observation supthe applied field. Detailed analyses should be necessary
ports the scheme that the mesophase is formed prior &9 identify the structure responsible for the magnetic

the crystal formation. alignment, but we believe that imperfect dissolution of
CTA to this mixed solvent and a resultant mesophase
Magnetic Alignment of “ Amorphous’ Polymers is responsible for the alignment. In fact, the solution is

Atactic polymers are classified as amorphous poly-0Opaque, indicating the imperfect dissolution.
mers. These polymers literally lack anisotropic struc- Poly(carbonate) (PC) glasses prepared by quenching
tures necessary to undergo magnetic alignment. Howfrom a melt hardly develop crystals during cold crys-
ever, even atactic polymers could have sequences wittdllization process, and hence we hardly expect resid-
a relatively high tacticity along the chain, so that theseual structure remaining after melting. We therefore
sequences could phase-separate to form anisotropic dgiay not obtain magnetic alignment through this route.
mains necessary for the magnetic alignment. Howevertiowever, we know that PC crystallizes when precipi-
the magnetic alignment of atactic polymers is so far undated from a solution. If we start with a precipitate and
known. This is probably because the domain size is todnelt it in the vicinity of the melting point, we might
small. If we had polymers whose tacticity is precisely have chance of magnetic alignment. In fact, a magnetic
controlled in order to form domains with appropriate alignment occurs by doing $&2 Incidentally, the mag-
sizes, we would be able to attain magnetic alignmentetic alignment of PC is also realized by adding an or-
of these polymers. Upon stretching, even atactic poly-ganic salt reacting and encouraging PC to crystaifize.
mers can form anisotropic domains (elongated regions)
that possess anisotropic diamagnetic susceptibility. IAlignment of Crystalline Polymers Induced by Mag-
this anisotropy remains transiently even upon meltingnetic Alignment of Nucleating Agent
we may reorient these domains in a desired direction as We have shown that crystalline polymers and so-
defined by the field direction. However, we have notcalled amorphous polymers can undergo magnetic
succeeded in doing so. alignment under an appropriate condition, but some

Some polymers crystallize when they are precipi-crystalline polymers do not align. On the other hand,
tated from a solution, but they do not recover theirwe have also demonstrated that crystallites of low
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2 6 /degree and that the (330) plane of the iEﬂf:’form_ lies on t_he
bc-plane of the DCNDCA crystal in which the direc-
Figure 18. X-Ray diffractions for theg-form iPP. Solid and  tion of thec-axis of the iPP coincides with the direction
broken lines indicate the diffractions in the meridional and equa- of the b-axis of the DCNDCA.
torigl directions, r§§petcti:/r]ely, Wi-tg- thelzppli(:_d miirgk]]netilg field ii.- The above technique was also applied success-
rection corresponding to the meridional direction. e alignment is . . . .
induced by thgmagn?atic alignment of DCNDCA crystallit?as (3%). fully to .the (.:Ombmatlon of iPP aan—phgse linear
trans-quinacridoné?* as well as to the alignment of
poly(vinylidene fluoride’?® induced by the magnetic
molecular weight compounds suspended in a liquidalignment of3-lineartrans-quinacridone used as a nu-
medium align easily under magnetic fields. Here wecleating agent. We expect that this technique would be
demonstrate that the magnetic alignment of a nucleatuseful for other combinations of polymers and nucleat-
ing agent in a polymer melt can induce the alignment ofing agents, providing a facile means to align crystalline
the polymer crystal if the epitaxial crystal growth of the polymers that alone hardly align under magnetic fields.
polymer onto the aligned nucleating crystallites occurs.
Crystal of N,N’-dicyclohexyl-2,6-naphthalenedicar- Melt Sructures Viewed by Magnetic Alignment
boxamide (DCNDCA), which is reported to encourage Though it is during the induction period of the crys-
the formation ofs-phase iPP? was used as a nucleat- tallization that the alignment becomes clear, detailed
ing agent. It aligns with its1(04) plane normal to the studies on PET and a low molecular weight iPP (melt
magnetic field! Pellets of iPP (Mitsui Chemical JHH flow index of 240 g/10 min) have revealed that the ori-
grade,M, = 60000 (M,, = 300000)) were mixed with gin of the alignment is traced back to their molten
the DCNDCA crystalline powder (0-3 wt%) using a statest%! Alignment experiments were carried out fol-
mixer at 220C for 5min. The obtained mixture was lowing a thermal scheme similar to that shown in Fig-
hot-pressed at 20@ for 10 min, followed by quench- ure 12 where the maximum melting temperatlfexis
ing in ice water to obtain a film afa. 100um thickness. varied. It was found that the magnetic alignment does
The thermal treatment of this film was carried out in anot occur in the subsequent crystallization process if
home-built furnace placed in a magnetic field of 6 T. the Taxis taken high far beyond the melting poif.
The film was heated in the magnetic field at 2GCfor In addition, a melt of PET that was exposed to a mag-
5 min, crystallized at 13%C for 2 h, and then broughtto netic field, followed by quenching outside the magnet,
room temperature to be subjected to the X-Ray analysidecame to exhibit alignment upon annealing at cold
In the absence of the DCNDCA, theform crystal  crystallization temperature outside the magnet. These
was formed. In spite of the application of the exter- observations strongly suggest that the residual struc-
nal magnetic field, no alignment was observed. On thdures (mesophase) due to the memory effect do play an
other hand, the films containing DCNDCA exhibited important role. Furthermore, the mesophase could be
the alignment of thg-form crystal when exposed to the traced back to the solid structure before melting.
field during melt crystallization. The X-Ray diffraction  Figure 19 shows the thermal history used. Sam-
patterns for the (300) of the-form iPP shown in Fig- ples prepared at differef,,xs were subjected to the
ure 18 clearly show the alignment. Detailed analyses omptical azimuthal scans to check the alignment. Fig-
the X-Ray diffractions for various planes revealed thature 20 shows the results. In the case of iPP, the samples
the iPPc-axis aligns perpendicular to the applied field heated above 26@ do not exhibit alignment. Because
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ing at givenTmas. In the case of iPP, the mesophase
was stable by heating at 180 up to 60 min or more,
while it disappeared in 30 min when heated at 220

In the case of PET, the mesophase remained stable at
270°C at least up to 60 min, while no mesophase sur-
vived at 280 C. The mesophase seems stable at tem-
peratures in the vicinity of the melting poif, but we
cannot say whether it is a thermodynamically defined
phase or not.

The critical temperature above which the mesophase
becomes more or less unstable is easily determined by
examining the crystallization behavior using DSC. The
onset temperature of the crystallization in the cooling
: process from a melt depends strongly on at what tem-
0° 45° 90°  135° 180° peratureTax the sample was melted. If the sample is

Azimuthal Angle, ¢ heated aflhax higher than a critical value, the onset
of crystallization shifts significantly to lower tempera-
tures, indicating the loss of mesophase acting as hetero-
geneous nuclei. Mesophase of iPP above the melting
point is also studied by viscoelastic metHd#128

Intensity (a.u.)

Figure 20. Optical azimuthal scans for iPP samples prepared
at 6 T following the thermal history shown in Figure 19.

(a 2700C) quench The above observation that the thermal history be-
st s e s fore crystallization affects the subsequent crystalliza-
? o ‘ I tion process is not a peculiar one to the polymer melt-
}A,d crystallization. Similar observations are reported for
EER f s dqj low molecular weight compounds undergoing crystal-
8 e lization from solutiong2® The temperature limit of a
Z i(b 286°C) \ stable supersaturation of a solution becomes signifi-
z quenChg cantly low if the solution is superheated before it is
= cooled to temperatures below the saturation tempera-
— anneal | ture. This observation is explained in terms of clus-
‘&"ﬁ"*““"mAw”/V‘“**”"W‘*‘“’”“““ﬁ’ ters existing in the solution. At temperatures just above
x the saturation temperature it is assumed that some so-
» ~ " . lute molecules are in a form of clusters in the solution.
0 45° 90 135" 180 Upon further heating (superheating), these clusters are

Azimuthal Angle. ¢ destroyed so that the nucleation becomes scarce when
Figure 21. Optical azimuthal scans for PET samples heated upthe solution is cooled down below the saturation tem-
t0 (a) Tmax = 270°C and (b)Tmax = 280°C. “quench” indicates as- ~ perature, resulting in a stable supersaturation. In the
quenched sample and ‘anneal’ indicates that the quenched samplgase of crystallization of low molecular weight com-
was annealed at cold crystallization temperature. pounds’ one of concerns is to form a |arge Sing|e crys-
tal. For this purpose, the superheating is a good pro-

the quenching was carried out outside the magnet, theedure because it reduces the nucleus formation. On
alignment observed for 180 to 240 is attributed to  the other hand, in the case of the magnetic alignment
the mesophase existing in the melt, which acts as nuof crystalline polymers, the use of residual mesophase
clei causing the crystal alignment. The quenching sim{possibly an equivalence of cluster) is important, and
ilar to that for iPP was also carried out for PET. Fig- hence the “superheating” should be avoided.

ure 21 shows the optical azimuthal scans. The align-

ment was not detectable for the as-quenched sampld¥on-Rotation Type Alignment —Preferential Meso-
irrespective of the melting temperature, but upon an-phase Formation and Growth—

nealing the sample quenched from a melt at°Z7ex- Like the pressure effect on the phase transition tem-
hibited alignment. This observation leads to the sameperature, the magnetic field can cause a #fifof the
interpretation as was made for iPP. phase transition temperature. This shift occurs due to

The stability of the mesophase in the melt was examiwo factors. One is the difference in magnetic suscepti-
ined by subjecting the melt to various durations of heatbility between two phases, for example, liquid and va-
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por phases. If the molar diamagnetic susceptibilitiesrecent work about thermal analysis in a strong mag-
of these two phases are different, the transition temnetic field%810° has revealed that the shifts observed
perature will shif Another factor becomes important for paraffin and some other organic compounds are sev-
when one of the relevant phases exhibits anisotf8py eral orders higher than the calculated values. These ex-
such as a crystal pha$¥. Due to the anisotropy, a perimental results could indicate that the crystal forma-
crystal withy, > 0, if aligned parallel to the applied tion involves the mesophase formations that only need
field, has a lower magnetic energy than aligned persmall transition enthalpies. We cannot rule out the pos-
pendicular to the field. As a result, the melting point sibility of preferential alignment. The detail will be re-
of the crystal with parallel alignment becomes higherported elsewhert?
than that with perpendicular alignment. Then, if a melt
is brought down to the temperature between melting MAGNETIC LEVITATION
points corresponding to these two extreme alignments,
crystals with higher melting point (crystals of parallel General View
alignment in this case) are formed preferentially. If ran- In the previous sections, we considered spatially
domly oriented crystalline powder is heated at the tem-homogeneous magnetic fields applied to magnetically
perature mentioned above, those which happen to banisotropic particles or phases to induce the alignment.
oriented perpendicular to the field are melted preferenwWe now turn to the use of inhomogeneous magnetic
tially. This mechanism indicates a possibility of align- fields applied, for simplicity, to a magnetically isotropic
ment other than the mechanism of domain rotation.  particle. Here, the effect of the gravity also should
The shiftoT could affect not only the melting point come into consideration. Now, the energy that a par-
itself as discussed above, but also the rates of nucleatiaticle has is expressed as
and growth of the crystallization. These rates are the _ 1p?
function of the supercooling,e., the temperature dif- E = ~(1/2Vxuo B (% ¥.2) + Mgz (13)
ference between the equilibrium melting point and thewhereV andmis the volume and the weight of the par-
temperature to which the sample is quenched for crysticle, respectivelyuo is the magnetic permeability of
tallization. Because the supercooling is larger for thethe vacuumy is the volumetric diamagnetic suscepti-
phase with higher melting point, a preferential nucle-bility of the particle,zis the vertical coordinate, argl
ation and growth of this phase is expected. This woulds the gravitational acceleration. If the field is spatially
results in alignment. inhomogeneous, the magnetic energy of a particle (the
Now, let us estimate the magnitude of the shift. US_ﬁI'St term) in eq 13 is a function of the coordinates. The
ing a derivation similar to that used for the Clapeyron force acting on the particle is given Ify= —gradE. In

equation, we obtain for the shift vald#": a simple case tha is a function of onlyz, we obtain
ST = {(coF 6 — 1/3)a+ < xs > —X|}BZT (12) F = V)(,ualeB/dz+ mg. (14)
- 2uoAH m If the magnetic and gravitational forces balance with

— . " each other, then we obtain
whereAH is the molar latent heat of transitiof, =

X —Xis < xs >= (21 + x1)/3, and Ty, is the melt- -pg + xup BdB/dz = 0, (15)

ing point in the absence of the applied field. The thregynerep is the density of the particle. Unlike the buoy-
molar diamagnetic susceptibilities whns azobenzene ancy, the gravitational force is compensated by the
arey1 = -110 x 107, y = -164 x 10", y3 =  magnetic force at the atomic level. A water droplet,
~104 x 107**m®mol* *3tin Sl units. The molar en-  for example, levitates iBdB/dz = 1400 B/m. A few
thalpy of melting isAH = 22 x 16Jmol™* and the  groups have succeeded to levitate diamagnetic materi-
melting point isTy, = 342 K. Assuming an axial sym- 5|5 including a water droplet, a strawberry, a tomato, a
metry aroung,, we obtainya = —6 x 10°m*mol™.  yice grain, and even a frog and a grasshopper.

Then, the shift is calculated to B = 2.5 x 10*K In the above equations, the effect of the medium sur-
when the magnetic field of 10 T is applied to the direc-ounding the particle is ignored. To be rigorous, the
tion perpendicular to thg, axis. Here,< xs >= x1  hydrodynamic and magnetic buoyancies exerted by the

is assumed. The nematic-isotropic transition ®f  syrrounding medium should be included. For this pur-
azoxyanisole (PAA) exhibits a much larger shift. The hose eq 15 is modified to

shift is aboutsT = 5mK. This large shift is attributed 1

mainly to the small value ofH = 0.574x 13 J mot ™. ~ApQ + Axpg~BdB/dz = 0, (16)
This magnitude of the shift yet seems to be smallwhereAp = p1 — p2 and Ay = y1 — x2, with suf-

to expect a preferential alignment to occur. Howeverfices 1 and 2 indicating the particle and the surrounding
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1000 wherey is the activity coefficient and* is the chemical
L potential at a standard state. Using this equation, eq 17
; is rewritten as
. 500 dliny\fac\ _ _ 9B
- i kBT(l+(9Inc)(6x = o AVB| 5L )
< : (19)
% 0r The quantity 2 (dIny)/(dInc) = f in the above equa-
2 L tion is unity for an ideal solution, but could be smaller
- i than unity for non-ideal solutions. If we suppose that
-500 is constant, then eq 19 is integrated to be
i -1 2
- Ho X VB(X)
r c(x) = cOexp(— , (20)
_1000 L ] i t | 1 | I ] 2kaT

-300 -200 -100 O 100 200 300 wherec = g andB = 0 atx = Xy is assumed. We
see that if the factof is small and/or the volum¥ of
the solute particle is large, the magnetic fi@k) can
cause a significant concentration profile. The effect of
a suspending liquid or a solvent can be accounted for
just by puttingy — Ay = x1 — x2 with suffices 1 and
2 indicating the particle and the surrounding medium,
medium, respectively. The contributions pyand y» respectively.
are from the hydrodynamic and magnetic buoyancies,
respectively. Both of them act on the particle throughMagnetic Separation of Polymers
the surface. This is in contrast to the contributions by Depending on their values dip/Ay, particles levi-
p1 andy; which act at the atomic level. In the vacuum, tate at different vertical locations. This indicates that
eq 16 reduces to eq 15 becaygeand y2 vanish. In  the separation is possible. In fact, it is reported that a
the air, eq 15 is a good approximation becatise= o1 mixture of sugar and salt* a mixture of colored glass
andAy = y;. BecauseBdB/dz = guoAp/Ay, the effec-  grains!®® etc. are separated into the constituent com-
tive way to make a particle levitate under a moderatedhonents. In this section, we demonstrate the separation
magnetic condition is to diminish the value 86/Ay.  of solid polymers suspended in a paramagnetic aqueous
This can be done if we use a paramagnetic fluid as a susolution, using Magneto-Archimedes levitatiGh.
rounding medium (Magneto-Archimedes levitatié. Polymer samples used are pellets of atactic
A remarkable feature of the diamagnetic levitation is polystyrene (PS), poly(ethylene terephthalate) (PET),
its trapping effect, which is in contrast to the levitation poly(methyl methacrylate) (PMMA), syndiotactic
realized by hydrodynamic buoyancy or the levitation inpolypropylene (sPP), and styrene-butadiene block
the space. With an appropriate choice of the field procopolymer (SB). An aqueous solution of manganese
file, the energy expressed in eq 13 exhibits a minimumchloride (MnCp) with p» = 1.098gcm? andy, =
as is schematically demonstrated in Figure 22, indicat1.7 x 10 was used for a suspending medium. The
ing that the particle is trapped at this vertical point. At density of the solution is lower than those of PET
the same time, the trapping is possible with respect taand PMMA and larger than those of the others. An
the horizontal directions. The detail of the stability con- electromagnet generating the field prof&) and the
dition is reported by Berry and Gein. profile of BdB/dz (Figures 23 (a), (b)) was used. Above
The magnetic force could also balance with the enthe center £ = 0) of the two pole pieces, an upward
tropic force. The equation of balance is described by force acts on the pellets, while the force is downward
A N 9B below the center. The pellets were put in a test tube and
(a_x) =Ho XVB(&) Na, (17) the solution was poured. PET and PMMA pellets sink
, .in the bottom of the test tube, while the other pellets
where t_he Ieft-_hand S'd? correqunds o the entroIOI(float on the surface of the liquid. Figure 24 shows the
force with 2 being chemical potentialNy andV are photos of levitation. PET and PMMA pellets levitate

Avogadro’s constant and the "O"fme ofasolu_te partiCIEiNhen they are put above the field center. The others
ora mdecu'e u.nd_er consideration, respectn/_ely. Theare pushed into the solution (anti-levitation) when they
chemical potential is related to the concentration as

are put below the field center. Each pellet is located in
u=pu" +RTInyc, (18) different vertical places.

z/A.U.

Figure 22. The energ\E in eq 13 is schematically plotted as a
function of the vertical coordinate Depending on the profile of
B, and the parameter, V, andy, a minimum is formed, where a
particle is trapped.
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Figure 25. Large poly(benzyl methacrylate) spheres fabricated
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ply to the magnet.

Figure 25 shows poly(benzyl methacrylate) spheres
fabricated by means of “Levitation Polymerizatidi”.
A ca. 1 mL benzyl methacrylate (containing 50 ppm in-
hibitor) with 0.7% benzoyl peroxide added as an ini-
tiator was slowly injected into the aqueous solution of
MnClI, at 70°C with a pipet. The droplet formed was
trapped below the center of a vertical field generated
by a superconducting magnet. Namely, the experiment
was carried out at anti-levitation mode (the droplet is
pushed downward). As polymerization proceeds, the
dropletincreased its density to start sinking. To prevent
SB sinking, the field strength was reduced from 1.4 Tdo
& é:' 1.0 T (referred to at the center) around 60 min after the
&y <— injection. As a result, the trapping location was main-
"'2 3 .‘_'.:_": tained at the same place. After 5 h polymerization in the
] magnet, the droplet was taken out from the magnet and
Figure 24. Magneto-Archimedes levitation of (a) PET and further polymerized in boiling water outside the mag-
PMMA (poly(methyl methacrylate)) and (b) anti-levitation of sSPP net. The size of the fabricated spheregas 7-9 mm
(syndiotactic polypropylene), SB (styrene-butadiene copolymer),in diameter. The average deviation with respect to the
and PS (atactic polystyrene). average diameter was about 0.6%.

Figure 23. Magnetic field profileB(z) (a), and the quantity
BdB/dz (b) generated by an electromagnet.

Levitation Polymerization CONCLUSIONS

Polymer spheres are fabricated using suspension and
emulsion polymerization. However, the size of the Magnetic effects on “non-magnetic” materials are
spheres is limited to the order of micrometers or lesssmall but existing in any materials including polymeric
because a stable suspension of monomer droplets is difnaterials. They are too small to be detected easily un-
ficult if their size becomes large. An advantage of theder the field strengths as low as generated by permanent
use of magnetic levitation is that larger droplets (the or-magnets and electromagnets. Advent of liquid-helium
der of millimeters or even centimeters) can be levitatedree superconducting magnets has facilitated the use of
in a stable manner. A droplet is trapped at the same lohigh magnetic fields to result a number of new find-
cation throughout the whole process of polymerizationings that would have been impossible under low fields.
without sinking to the bottom or wondering against the The use of high fields has been paid attention in various
container wall to result in distortion of spherical shape.fields in academia and industries.
The density of the droplet could change during poly- Crystalline polymers were considered to be unable
merization, and so does the location of the levitation.to undergo magnetic alignment because they lack or-
However, it is possible that the levitation point is main- dered structures required for the alignment to oc-
tained at the same location by changing the current supcur. However, we have found that a number of
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crystalline polymers including poly(ethylene terephtha-ence through Research for the Future Program.

late), poly(ethylene-2,6-naphthalate), etc. do undergo
magnetic alignment during crystallization from melts.
The origin of the alignment is attributed to anisotropic
structures (mesophase) transiently forming during crys- 1.
tallization and/or existing in the melt. Current un-
derstanding of the alignment mechanism is that these
anisotropic structures rotate under magnetic torque, re-
sulting alignment. Another possibility of preferential
formation and preferential growth of anisotropic struc-
tures in a specific direction with respect to the field,
resulting in alignment, is not ruled out. Since the poly- 2.
meric systems are rich in mesophase especially during 3.
phase transition, many magnetic effects are expected if 4.
polymeric systems are exposed to the external magnetic
field during they are undergoing a phase transition.

The use of moderate field strengths may be preferred S
in the actual application of the magnetic alignment in
industries. This is possible in suspensions. Fibers and g
fine crystalline particles of sub-micron sizes suspended
in a low viscosity liquid can highly and quickly align
in moderate fields provided by electromagnets or even 7.
permanent magnets. The key issue here is to disperse
these particles in a stable manner and to fix the attained
alignment. Precision alignment, which enables uniaxial
alignment of negative anisotropigs( < 0) fibers, for
example polyethylene fiber, would be useful to attain
desired alignment of crystallites and etc.

Levitation is another field of interest. Pseudo-zero-
gravitation circumstances are provided by the magnetic1o.
levitation. They are different from the zero-gravity real-
ized in the space in that the effect of trapping and align- 11
ment also comes in. In addition, if the medium sur- 1%
rounding the levitating particle is relevant, the hydro-
dynamic and magnetic buoyancies become dominant,
which deviates the levitation from the pure zero-gravity ;,
circumstances. The magnetic force causing levitation
would be also useful for micro- to nano-patterning of 1s.
particles, if the microscopic inhomogeneity of mag-
netic field is available.

Superconducting technology is continuously pro-
gressing. In future, 30-tesla class magnets may becomé -
widely accessible to individual laboratory level like 10- 8
tesla ones at present time. Further progress is expecteé '
in future in academia as well as in industry. 19.
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