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Magnetic-field alignment of cholesteric liquid-crystalline DNA
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In moderately high fields~3.5 and 6.4 T! the cholesteric phase of liquid-crystalline DNA aligns with its twist
axis parallel to the applied field. Thus when the field is applied in the plane of a thin sample, the well-known
‘‘fingerprint’’ texture is observed with striations of width;1.1mm orienting perpendicular to the field. In a 9.4
T field, the cholesteric aligns, still with the twist axis on average parallel to the field, but locally distorted into
longer wavelength stripes. The orientation of these larger stripes is parallel to the magnetic field, thus perpen-
dicular to the fingerprint striations. The field stabilizes the stripes, and upon removal from the magnet, the
stripes anneal away. The time scale for relaxation of the stripes to an aligned fingerprint texture is several days.
Defect sites present in the field-stabilized stripe structure persist and become quite mobile~in the presence of
a concentration gradient! after the stripes have annealed away.@S1063-651X~97!05904-7#

PACS number~s!: 61.30.2v
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INTRODUCTION

The morphologies of liquid-crystalline samples as seen
a polarizing microscope are revealing of the underlying
termolecular order. Polymer liquid crystals exhibit some d
ferent morphologies compared to small molecule liquid cr
tals. These differences are usually seen when the samp
aligned in a field and are due to the larger axial ratios, le
ing to very anisotropic orientational elasticities, found in t
long polymer liquid crystals@1#. Most liquid crystals exhibit
a positive diamagnetic anisotropy, and thus align with
long molecular axis~on average! parallel to an applied mag
netic field. We have investigated the morphologies that
observed in samples of 50-nm DNA fragments in aque
solution. DNA has a negative diamagnetic anisotropy, a
thus behaves differently from other polymer and small m
ecule liquid crystals when aligned by magnetic fields. Ma
of the morphologies observed in the liquid-crystalline DN
~lc DNA! samples are easy to interpret when compared w
those observed in other liquid crystals. Some of the simp
to interpret morphologies were reported previously in a stu
of the dependence of helical pitch on DNA concentration@2#.
Samples tending to align with the twist axis perpendicula
the plates form terraces analogous to ‘‘Grandjean plan
@3#. Details of the unwinding of the cholesteric twist as t
hexagonal columnar phase was approached were discu
in a simulation of that unwinding@4#. Reported here are ob
servations of morphologies that appear in the cholest
phase of lc DNA when it is subjected to moderately hi
magnetic fields. A region of field-stabilized birefringe
stripes was observed@5# that then annealed into a fingerpri
texture. These stripes are very similar to chevrons obse
by Bouligand in methoxy-benzylidene-butyl-anilin
~MBBA ! doped with chiral enantiomorphs to produ
twisted nematics@6#. As the columnar phase approache
mobile defects were observed that apparently unwind
cholesteric twist. The growth of the columnar phase is qu
anisotropic relative to the orientation of the molecules.

DNA fragments in aqueous ionic solution form a varie
of lyotropic liquid-crystalline phases@7#. Cholesteric phase
were first observed in DNA liquid-crystalline systems
551063-651X/97/55~4!/4354~6!/$10.00
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Robinson in the early 1960s@8#. Maret and co-workers@9#
and Iizuka and co-workers@10# studied cholesteric liquid
crystals formed by polydisperse polyribonucleic acid stran
Livolant and co-workers@11,12# reported that DNA, and two
other lyotropic polymer solutions, poly-benzyl-L-glutamate
and xanthan, form hexagonal liquid-crystalline phases
high density. Rill and co-workers developed the techniqu
for obtaining concentrated solutions of 50 nm by 2.5-n
DNA fragments with small polydispersity observed v
NMR @13# and depolarized optical microscopy@7#. A twisted
nematic with very long pitch of the twist~calledprecholes-
teric! exists forCD,220 mg/ml. A cholesteric phase wit
pitch 2.2mm nucleates atCD'160 mg/ml. The cholesteric
unwinds in the range 330–400 mg/ml prior to formation o
hexagonal columnar phase at higherCD @2#. Podgornik and
co-workers have recently studied the phase behavior of c
centrating DNA fragments under osmotic stress to elucid
better the thermodynamics of the phases and the trans
@14#.

MAGNETIC PROPERTIES

Liquid crystals are composed of anisotropic constitue
and are characterized by anisotropic material parame
DNA has an anisotropy in diamagnetic susceptibili
xa5xi2x',0. If the DNA fragments are modeled as rod
the magnetic field exerts a torque tending to align the r
perpendicular to the field@9,15–17#. The sign of the anisot-
ropy in x is a consequence of the orientation of the polyc
clic aromatic ring structure of the bases, which lie perpe
dicular to the DNA helix axis. In general, a liquid-cryst
phase will align if the free energy cost to reorient the liqu
crystal is less than the energy reduction for alignment in
magnetic fieldFmag52~12!xa~n•H!2, whereH is the mag-
netic field andn is the symmetry axis for molecular orienta
tion ~i.e., the nematic director!.

Under certain conditions, nematics with positive diama
netic anisotropy undergo reorientation at a critical magne
field @18#
4354 © 1997 The American Physical Society
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Hc5
p

d
AKi /xa,

where Ki is the elastic constant for splay, twist, or be
depending upon which elasticity is distorted. This simple
pression is only applicable when there is strong anchorin
the liquid-crystal orientation at the boundaries of a rectan
lar prism, the initial director orientation is uniformly paralle
or perpendicular to the boundaries, and the orientational e
tic constants are not too anisotropic. Away from the bou
aries, the director rotates uniformly from the surface orie
tation to parallel~or antiparallel! to the field direction. If, in
neighboring regions, domains nucleate that have rotated
opposite senses~one to become parallel, the other antipar
lel!, then a line defect is formed at the boundary between
two regions. Upon removal from the magnetic field, th
high-energy defect may move, increasing the volume oc
pied by one sense of rotation at the expense of the othe

In the case of DNA fragments in aqueous solution, all
molecules can orient with their long axes perpendicular to
applied field~thus minimizing the free energy! by rotating
the cholesteric twist axis parallel to the field. Again there
two possible senses of rotation to align the preferred axis~in
this case twist rather than director!, but a line defect is not
required to bound neighboring regions of opposite sen
Thus one might expect to see uniform fingerprint textures
all aligning fields. This is observed for the lower field valu
in DNA @2,5# and has recently been observed in suspens
of cellulose crystallites@19#. In order to understand the bire
fringent stripes observed in high fields the Euler-Lagran
equations derived from the Frank free energy were analy
@20#.

EXPERIMENT

DNA with a most probable length of approximately 50
nm was isolated from calf thymus chromatin and purified
previously described@13#. The DNA was concentrated b
dialysis first against buffer at reduced pressure and then
equilibration with dry Sephadex beads as described in R
@2#. The resulting solutions have supporting electrolytes~pri-
marily NaCl! in the concentration range~0.01–1.0! M . Rou-
tinely, a 10ml lc DNA sample was placed between micr
scope coverslip and slide. The edges of the coverslip w
sealed to the slide with a solubilized poly-methy
methacrylate~PMMA! resin. Some samples were made w
a 2–3-mm gap in the PMMA, thus allowing evaporation
water from the DNA solution. These have been called ‘‘co
trolled drying’’ samples. Samples were examined unde
polarized light microscope prior to any alignment studi
Magnetic-field alignment studies were done in four fix
fields formed by a 1.1 T electromagnet, and 150 MHz~3.5
T!, 270 MHz ~6.4 T!, and 400 MHz~9.4 T! NMR magnets.
No reorientation of any sample was observed in the elec
magnet. The cholesteric phase reoriented in all fields of>3.5
T. All samples were oriented with the long axis of the sli
parallel to the field to fit in the bore of the NMR magnets

Polarized light microscopy is useful for studying DN
liquid crystals since the samples exhibit uniaxial birefr
gence. This is an observable manifestation of the long-ra
order in liquid crystals and the excess polarizability para
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to the DNA rods. Samples were examined utilizing a Nik
Optiphot-pol microscope illuminating a film camera or a
Olympus polarizing microscope, illuminating a color vide
camera. Images were recorded on a Panasonic video
recorder that was controlled by a Silicon Graphics IR
workstation. Gross sample morphology was recorded at
magnification using 43 and 103 objectives. For some ob
servations higher magnification was available using a 43
objective. In some cases a 530 nm first-order retarda
plate was used to determine the sign of the birefringe
relative to the extinction direction.

RESULTS

We report here a series of observations of optical m
phologies spontaneously formed in lc DNA samples, prim
rily in the cholesteric phase. Figure 1 shows photomic
graphs from three separate samples, each of which s
cholesteric phase in contact with the higher-density hexa
nal columnar phase. These samples were prepared by ‘‘
trolled drying,’’ hence there is a decreasing concentrat
gradient perpendicular to the boundary of the high-den
phase. They should therefore be considered as samples
far from equilibrium. Figure 1~a! shows a series of fields o
distinct intensities from top down, which are all choleste
phases of increasingCD . The columnar phase appears as t
mottled region at the bottom of the picture. In this case,
DNA rods are aligned parallel to the glass boundaries in
cholesteric phase, and the twist axis is perpendicular to
photograph plane. The total twist decreases with increas
CD from top to bottom, in quantized steps ofp radians at the
boundaries between fields of distinct intensities. This sam
was not aligned in a magnetic field. Monte Carlo simulati
has been used to understand this terraced morphology in
tail @4#. The growth of the columnar phase, as seen at
boundary, is reminiscent of dendritic crystalline growth. F
ure 1~b! shows a sample that was placed in a 6.4 T magn
field with the dominant direction of growth of the new pha
~and therefore¹CD! almost parallel to the field direction
The fingerprint texture is seen clearly as striations in
upper part of the photograph. This is observed when the tw
axis is in the sample plane and the molecular orientat
rotates in ~birefringent! and out ~not birefringent! of the
plane of the sample. Remnant cholesteric striations can
seen between the dendritic fingers of columnar phase.
columnar phase grows more rapidly parallel to the twist a
rather than perpendicular to it. This is consistent with u
winding of twist to allow the DNA molecules to lie paralle
to their neighbors as the columnar phase grows. The
ferred growth direction for the columnar phase is therefore
form new columns laterally, instead of elongating column

Figure 2 shows two samples in which the columnar ph
grew out of the cholesteric by nucleation at multiple site
The samples were each completely sealed with PMMA a
therefore dried very slowly. Eventually enough water evap
rated through the PMMA to bring the entire sample~in qua-
siequilibrium! to the nucleation point for the columnar phas
The sample shown in Fig. 2~a! was prepared in the absenc
of a magnetic field and shows the morphology observed
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FIG. 1. ~a! Two phases of liquid-crystalline DNA, the choles
teric and the columnar, are shown in the presence of a concentr
gradient. The columnar is the mottled region at the bottom of
picture. The different intensity regions are all cholesteric phase
different twist~therefore different birefringence! between the slides
~b! The same two phases are seen, cholesteric and columna
now the cholesteric twist axis has been reoriented through a Fr
erickz transition to be perpendicular to the average orientation
the striations in the upper part of the picture.
FIG. 2. ~a! Two liquid-crystalline phases of DNA are shown i
a sample of uniform concentration. The dark background is
cholesteric phase with twist axis perpendicular to the photogra
The brighter regions with extinction brushes are the colum
phase, growing slowly as an almost circular domain.~b! The same
two phases at a uniform concentration, but aligned in a magn
field of 6.4 T. The anisotropic growth of the narrow nonstriat
columnar phase is seen clearly in contact with the cholesteric
gerprint texture.
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55 4357MAGNETIC-FIELD ALIGNMENT OF CHOLESTERIC . . .
planar alignment of the DNA rods relative to the gla
bounding surfaces. The dark background actually app
blue and is the cholesteric phase. The total molecular tw
within this dark region is approximately constant as is
thickness; thus the linearly polarized light that entered
sample from below emerges elliptically polarized and pas
the crossed analyzer. This dark cholesteric is equivalen
the region closest to the columnar phase shown in Fig. 1~a!.
The brighter regions with dark brushes are regions of colu
nar phase. The DNA rods condense into the columnar ph
tangential to the curvature of the growing columnar doma
Figure 2~b! shows the growth of the high-density phase in
aligning magnetic field. The magnetic-field direction is pe
pendicular to the striations. The columnar phase are th
elongated, narrow regions that have no striations. T
growth is similar to that seen in the dendritic growth of F
1~b!.

Figure 3 is a photomicrograph of cholesteric DNA
lower CD than the samples discussed above, well below
high-density transition. A 9.4-T magnetic field applied pa
allel to the average orientation of the birefringent stripes
sulted in this morphology. The average width of strip
ranges from 5 to 8mm. At higher magnification, it was pos
sible to see the ‘‘fingerprint’’ structure with its 2.2-mm pitch
within and perpendicular to particular stripes. Thus t
sample remains locally cholesteric, but exhibits a lon

FIG. 3. A cholesteric lc DNA sample aligned in a 9.4-T ma
netic field directed parallel to the long axis of the birefringe
stripes. The characteristic width of these stripes ranges from 5
mm. The fingerprint texture is not resolved in this image, but d
appear at higher magnification as lines perpendicular to the ax
these stripes.
rs
st
e
e
s
to

-
se
.

-
se
e
.

e
-
-
s

e
r

t
8
s
of

FIG. 4. A sequence of three images separated in time by 1
min is shown. These were taken from a video display record of
controlled drying of a cholesteric lc DNA sample that had be
aligned in the 9.4-T field.~a! The birefringent stripes can be seen
the bottom of the image. The field direction was parallel to t
average orientation of those stripes.~b! A few remnant birefringent
stripes are still seen at the bottom of this image, along with sev
defect points near the top of the image. The defects have mo
leaving linear trails that follow fingerprint striations.~c! There are
many more defects in this image and near the top the colum
phase is just appearing.
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wavelength periodicity perpendicular to the direction of t
magnetic field. This stripe structure was never observed
samples aligned in lower-field magnets. This sample was
ther investigated with a 530-nm first-order retardation pl
in the optical path. It showed that the stripes consist of t
regions~yellow and blue! of different sign of birefringence
while, for example, the isotropic bubbles are red~no birefrin-
gence!. Bouligand interpreted what appears to be the sa
morphology. That phenomenological description sugge
the cholesteric twist axis became tilted out of the plane of
slide and splayed on either side of the centerlines that
clude the defect sites@2#. By numerically solving the Euler-
Lagrange equations resulting from minimization of the fr
energy@20#, it has been shown that the stripe morpholo
arises from an oscillatory distortion of the orientation fie
The simulation indicates that the birefringent stripes are
bilized at high enough magnetic field when fluctuations aw
from the minimum energy twisted state are present. Rea
ing that the director twist axis is, on average, parallel to
stripe axes, the distortions in director field perpendicular
the stripe axes are a combination of splay and bend, b
completely splay where the director is on average perp
dicular to the plane of the photograph, and completely b
where the director is parallel to the plane of the photogra
The amplitude of this field-induced director distortion deca
to zero in short distances in low magnetic fields. In high
fields the amplitude is large and is stabilized by damping
to nearest-neighbor restoring forces. The periodicity of
distortion decreases with increasing field, becoming com
rable with the sample thickness at magnetic fields of;10 T.

Upon removal from the magnetic field, the lon
wavelength striped structure anneals away leaving the ‘‘
gerprint’’ texture. The time scale for this ranges from 10 h
several days. Even after the stripes anneal away, the p
where stripes of opposite sign of birefringence met~labeled
with D ’s in Fig. 3! are discernable in the sample. These si
seem to scatter light strongly and persist for long times.
the columnar front continues to advance, these sites bec
mobile. Figure 4 shows a sequence of images of the s
area on a microscope slide, which is evolving in time
water evaporates. The time between images is 1000
Figure 4~a! shows primarily uniform cholesteric, with a
area of birefringent stripes at the bottom and a few mob
defects as bright spots near the top. Figure 4~b! shows more
defects and that the region of stripes has annealed in
uniform fingerprint texture. The fingerprint is oriented wi
the twist axis parallel to the average long axis of the bi
fringent stripes. Figure 4~c! shows many more defect site
and at the top a highly birefringent area, that is the colum
.

.

in
r-
e
o

e
ts
e
-

.
a-
y
z-
e
o
ng
n-
d
h.
s
r
e
e
a-

-

ts

s
s
me
e
s
in.

e

a

-

r

phase. The direction ofH was perpendicular to the gradien
in concentration, thus the cholesteric ‘‘fingerprint’’ striation
are parallel to¹CD . Most of the defect sites move awa
from the advancing columnar front while a few move t
wards the front. Those that move towards the front all
born from a single stationary site that splits in two. One
the pair moves along the ‘‘fingerprint’’ striations away fro
the front, while the other moves towards the front. The v
locities of the mobile sites are similar to but larger than t
velocity of the advancing front, as large as twice the spee
the front~which is determined by the evaporation rate and
about 1026 m/min!.

We believe the mobile sites are defects in the cholest
twist periodicity, which occur as the twist is forced to u
wind to allow the formation of the columnar phase. This ty
of defect was analyzed in detail in the planar geometry@not
magnetically aligned, Fig. 1~a!# @4#. In that case, defect line
advanced at the same speed as the columnar phase boun
and there never appeared defect lines that moved toward
columnar boundary. These defect lines ran across the e
width of the sample, bounding regions of different tot
twist. In the case illustrated in Fig. 4, the defects are confin
to a volume comparable to the thickness of the sam
cubed, representing the removal or addition of an integ
number of one-half twists.

We have reported a variety of optical morphologies o
served in the cholesteric and columnar phases of DNA liq
crystals aligned in moderately high magnetic fields. DN
has a negative diamagnetic anisotropy and, to our kno
edge, very few materials with such an anisotropy have b
studied@19#. The cholesteric fingerprint texture has been o
served previously. The observation of birefringent strip
@Figs. 3 and 4~a!# imposed by the 9.4-T field is unique@5#.
The observations that the birefringent stripes anneal int
relatively uniform fingerprint texture and of mobile defec
parallel to the fingerprint striations have, to our knowledg
not been previously reported. The birefringent stripes are
terpreted as a magnetic-field-induced distortion calcula
separately@20#. The mobile defects are interpreted as defe
in twist periodicity seen as the twist unwinds with increasi
concentration of DNA prior to the formation of the column
phase. This observation complements the observation
planar geometry reported elsewhere@4#.
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