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Abstract

Liquid crystal phase is an emergent phase in many of the condensed

matter and biological systems it has properties between those of nor-

mal crystalline solid and liquid. In this paper a brief introduction to

di�erent types of liquid crystal ordering is given. Features and prop-

erties observed in liquid crystals are presented. The rest will discuss a

speci�c system namely the liquid crystal phases due to the helix-helix

interaction in DNA. Qualititavely I will argue that DNA in electrolyte

solution should exhibit liquid crytal phase transition. Experimental re-

sults con�rming the existence are presented. A theory based on mean

�eld approach will also be discussed

1 Introduction

The study of DNA and its structure has been a major interest in Biology
since its structure was identi�ed by Watson and Crick. Initially each DNA
molecules are thought as being free from each other but X-ray di�raction
results from experiment done on DNA oligomers show signi�cant deviations
from that expected from ideal helices[1]. It was found that through heix-
helix interactions, DNA molecules aggregate to form emerging liquid crystal
phases. These emergent states are important since they provide understand-
ing to many biological mechanism such as condesation and decondensation
of chromosomes, protein folding, and collagen self-assembly[1]. Therefore
understanding physics of DNA liquid crystals are crucial in our study of bio-
logical systems. I will �rst introduce di�erent types of liquid crystal ordering,
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order parameter, and their experimental signatures. Then I will describe a
simple model of helix-helix interaction. I will also present some experimental
evidences of an emergence of DNA liquid crystal phases.
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I. LIQUID CRYSTALS IN GENERAL

Liquid crystals are a state of matter intermediate be-
tween that of a crystalline solid and an isotropic liquid.
They possess many of the mechanical properties of a
liquid, e.g. , high fluidity, inability to support shear, forma-
tion, and coalescence of droplets. At the same time they are
similar to crystals in that they exhibit anisotropy in their
optical, electrical, and magnetic properties. The name liquid
crystal was first suggested by Lehmann (1889) to charac-
terize this state of matter. Such terms as mesomorphs or
mesoforms, mesomorphic states, paracrystals, and aniso-
tropic or ordered liquids or fluids have also been proposed
and used in the literature. Li.quid crystals which are ob-
tained by melting a crystalline solid are called thermotropic.
Liquid crystalline behavior is also found in certain colloidal
solutions, such as aqueous solutions of tobacco mosaic virus
(Bawden and Pirie, 1937;Oster, 1950) and certain polymers
(Robinson, Ward, and Beevers, 1958). This type of liquid
crystal is called lyotropic. For this class, concentration (and
secondarily tempera'ture) is the important controllable
parameter, rather than temperature (and secondarily
pressure) as in the thermotropic case. Most of the present
discussion is equally valid for either class, although we will
generally have a thermotropic liquid crystal in mind.

The quintessential property of a liquid crystal is its
anisotropy. In this section we will list some of its manifesta-
tions and introduce an order parameter which characterizes
and quantifies it. The bulk of this review will then develop
the physical implications of this anisotropy. Essentially no
other assumptions about the nature of a liquid crystals are
necessary.

l

Liquid crystals are found among organic compounds;
the organic molecules may be of a variety of chemical
types, such as acids, azo- or azoxy-compounds, and choles-
teric esters. An extensive listing is given by Kast (1969).
The role of molecular geometry in liquid crystals has been
discussed by Gray (1962). Certain structural features are
often found in the molecules forming liquid crystal phases,
and they may be summarized as follows:

FIG. 1. Molecular structure of para-azoxyanisole (PAA) and p-meth-
oxy benzilidene p-n-butylaniline {MBBA).
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FIG. 2. The arrangement of molecules in liquid crystal phases. (a)
The nematic phase. The molecules tend to have the same alignment
but their positions are not correlated. (b) The cholesteric phase. The
molecules tend to have the same alignment which varies regularly
through the medium with a periodicity distance p/2. The positions
of the molecules are not correlated. (c) The smectic A- phase. The
molecules tend to lie in planes with no configurational order within the
planes and to be oriented perpendicular to the planes.

(a) The molecules are elongated. Liquid crystallinity
is more likely to occur if the molecules have flat segments,
e.g. , benzene rings.

(b) A fairly rigid backbone containing double bonds
defines the long axis of the molecule.

(c) The existence of strong dipoles and easily polarizable
groups in the molecule seems important.

(d) The groups at. tached to the extremities of the mole-
cules are generally of lesser importance.

Two liquid crystals, para-azoxyanisole (PAA) and p, p
inethoxybenzylidene n-butylaniline (MBBA), which have
been extensively studied are shown in Fig. 1. Some impor-
tant physical properties of these two. liquid crystals are
given in Sec. X.IX..

A classification of liquid crystals based on their structural
properties was first proposed by G. Friedel (1922), and
they are generally divided into three main classes:

1. %emetic. A simpli6ed picture of the relative arrange-
ment of the molecules in the nematic phase is shown in
Fig. 2a. The long planar molecules which are usually in-
volved are symbolized by ellipses. The nematic phase is
characterized by long-range orientational order, i.e., the
long axes of the molecules tend to align along a preferred
direction. The locally preferred direction may vary through-
out the medium, although in the unstrained (equilibrium)
nematic it does not. Much of the interesting phenomenology
of liquid crystals involves the geometry and dynamics
of the preferred axis, and so it is useful to define a vector
field n(r) giving its local orientation. This vector is called
the director. Since its magnitude has no significance, it is
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Figure 1: This �gure illustrate the arrangement of molecules in di�erent types
of liquid crystals:(a) The nematic phase with same orientational arrangement
but with no positional correlaton. (b) The cholesteric phase in which the
director varies in a periodic manner with periodicity p/2 where p is called
the pitch. (c) The smectic A phase has the following properties: molecules
are oriented perpendicular to the planes but with no con�gurational order
within the planes.[2]

2 Liquid crystals

Liquid crystal phase is a phase with properties borderline those ofa liquid
and of a crystalline solid as the name suggests. The properties are such as an
ability to �ow like a liquid, inability to support shear, and the formation of
droplets. It's optical, electrical, and magnetic properties exhibit anisotropy
which are signature of crystalline solids. An optical properties in particular
birefringence is used to distinguish between di�erent types of liquid crystals
namely: nematic, cholesteric, smetics. These di�erent phases will be dis-
cussed. The discussion on di�erent liquid crystal phases will be paraelled to
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that in ref.[1].Liquid crystals can also be categorized into classes based on
the principle parameters that are tuned in order to achive the liquid crys-
tal phase. The two classes we are interested in the context of this paper
are thermotropic and lycotropic. Thermotropic class is obtained by control-
ling primalily temperature and also by controlling pressure accordingly. In
lycotropic class the phase transition occurs not only as a function of tempera-
ture but also as a function of the concentration of the liquid crystal molecule
in a solvent. I will present later in the paper that DNA packaging in vivo
shows liquid crystal phases of this class.

2.1 Di�erent types of liquid crystals

2.1.1 Nematic ordering

Nematic ordering is de�ned by a long-range orientational order and the lack of
positional order. Broken rotational symmetry gives rise to anisotropy similar
to solids however it lacks long-range positional order of the center of mass
of the nematic molecules. The absence in translational order contribute to
its �uid-like properties. Nematic molecules can be portrayed as collection of
rods or ellipses with their long axis allign in a preferred direction(�g.1). This
preferred direction can be a�ected by external agents such as electric and
magnetic �elds. It is convenient to quantify a local preferred orientation be
de�ning a unit vector �eld ~n(~r). We call this a director[2]. Note that there is
no preferential direction in the arrangement of the two ends of the molecules.
This entails that the sign of the director is irrelevant. The nematic phase
if observed through a cross-polarizer appears as threds. The nematic phase
behaves optically as a uniaxial material with a center of symmetry([2]). This
will be an important point in de�ning the order parameters.

2.1.2 Cholesteric ordering

The cholesteric phase is the same as the nematic phase in having orientational
long-range order and the lack of long-range translational order. Therefore we
can de�ne similarly to the nematic case a director �eld. The only di�erence
from the nematic order is that the director rotate around the axis perpen-
dicular to the the long axis of the molecules. In any planes perpendicular
to the axis of rotation the molecules align along a single pre�ered direction.
This rotation is periodic with spatial period of p/2 where p is de�ned as the
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pitch of the cholestoric. The twisting of the director �eld is illustrated as the
black dots on (b) of �g.1. In the left and right clusters the director is in the
y-axis while in the middle cluster it is in the z-axis. Optical investigation of
the cholesteric shows the following: if the cholesteric is placed between tilted
glass plates, one observes alternating patterns of dark and light stripes[2].

2.1.3 Smectic ordering

The main di�erence of the smectic from nematic is its strati�cations. The
molecules are arrange in multiple layers. In each layers, the molecules exhibit
some positional order in addition to the orientational order observed in the
nematic. There are many di�erent classes of smectic phase. Class A smectic
phase is illustrated in (c) of �g.1. The molecules are aligned such that the
long axis is perpendicular to the layer but with no positional long-range
order within the layer. An important feature is that the layers can slide
freely from each other. There are many evidences from x-ray scattering
showing the strati�cations([2]. Nematic and smectic phases are categorized
as themotropic type with nematic phase occuring �rst at higher temperature.
At high temperature the molecules are in the isotropic liquid phase. There
is no preferred angle so the alignment is random. When the temperature
cool down nematic phase emerges. As the temperature cool down further
molecules separate into layers thus giving rise to class A smectic phase.

2.2 Order parameter

In this section for simplicity, we assume that the molecules can be modeled
as rigid rods. First for the general case we can introduce a unit vectorvi that
described the orientation of an ith molecule. Since the rotational symmetry
is broken it is tempting to de�ne a vector order parameter equivalent to the
magnetization in ferromagnet,M =< Si >. However the order parameter can
not be de�ned in terms of this unit vector alone since we presented in section
2.2.1 that liquid crystals posesses a center of symmetry. This results in the
average < vi >= 0 . From [2], the natural choice of the order parameter is

Sαβ =
1

N

∑
i

(viαv
i
β −

1

3
δαβ) (1)

where the sum is over all the N molecules in a small but macroscopic volume.
This is a symmetric traceless second rank tensor therefore in general has �ve
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indepedent components. For the case of nonlinear rigid molecules, the order
parameter tensor is de�ned based on eq.1as

Sαβ(r) =< cos θα cos θβ −
1

3
δαβ > (2)

Where it is averaged over the molecules in a small but macroscopic volume.
This makes sense if θ is the angle between the molecular axis and the pre-
ferred direction. The order parameter de�ned here is needed to understand
the Nuclear manetic resonance (NMR) spectra of the nematics. Liquid crys-
tal phases has an NMR spectra which di�ers from that of normal liquids.
Because the molecules are oriented in a preferred direction, gives rise to
dipole-dipole interaction that can shift the line-width of the spectra. To see
this clearly we �rst look at the Hamiltonian for nuclear spins Ij in an external
magnetic �eld H along the z direction.

H = −
∑
i

giβnHIiz −
∑
i>j

(
gigjβ

2
n

r3ij
)× (3(vij · Ii)(vij · Ij)− Ii · Ij) (3)

whereThis equation is just the usual quantum mechanics spin in a magnetic
�eld Hamiltonian plus the semiclassical dipole-dipole interaction. In liquid
crystals we consider the molecules as rigid rods with two identical nuclear
spins distance a apart. The �rst order correction is

H1 = −(
g2β2

n

a3
)(3v2z − 1)(I1zI2z −

1

4
(I+1 I

−
2 + I−1 I

+
2 ))[2] (4)

I+/− is the the usual spin raising/lowering operator. If I=1/2 then with
some algebra

~δω =
3

2
(
g2β2

n

a3
) < 3v2z − 1 > (5)

The average is over all the con�guration in phase space. Since in liquid
crystals the relaxation time for the molecule to reorient itself it really short
the average depends on the mean molecular orientation hence it propotional
to the order parameter we calculated earlier. Finally it is important to note
that in real liquid crystals the molecules are not rigid but �exible. For this
case, it was suggested by de Gennes([2]) that the de�nition of parameter
can be modi�ed so that it depends on the thermodynamic quantity. This
modi�cation helps avoid having to de�ne di�erent order parameter tensor for
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di�erent parts of the molecule. The order parameter tensor can be de�ned
as the anisotropy in diamagnetic susceptibility

Qαβ = χαβ −
1

3
δαβχγγ[2] (6)

In this section we can conclude that liquid crystal ordering emerges in a
system of rigid rods that strongly interact with each another.

2.3 Landau theory

For current discussion we limit the scope to the nematic phase. By assum-
ing that the free energy is an analytic function of the order parameter and
considering the symmetries in the system, we can write down the free energy
expansion similar to what we did in class.

F = Fi +
1

2
ASαβSαβ −

1

3
SαβSβγSγα +

1

4
CSαβSαβSγδSγδ −

1

2
HαSαβHβ (7)

where A, B, C are coe�cients that depend on pressure and temperature.
Fi is the free energy of the isotropic phase. These terms are allowed since
the free energy must be invariant under the rotation of the rigid rods. The
last term is due to external an magnetic �eld. To demonstrate that phase
transition is possible, we work near the critical temperature Tc.

A = A′(T − T∗)

From ref[1] and eq.7 we show that for uniaxial liquid crystal in an absence
of external �elds.

Sαβ = S(nαnβ −
1

3
δαβ)[2] (8)

F = Fi +
1

3
AS2 − 2

27
BS3 +

1

9
CS4 (9)

Equation of motion can be solved by minimizing the free energy. We obtained
two solutions:

S = 0 (10)

S = (B/4C)(1 + (1− 24β)1/2) (11)

where β = (B/4C). The �rst solution is clearly an isotropic phase in which
the order parameter while the second one is a nematic phase [2].
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3 DNA

In the past section a brief introduction to the general properties and fea-
tures of liquid crystals is given. The connection between liquid crystals and
phases of aggregated DNA will be qualitatively argued. Watson and Crick
discovered the double-helix structure of DNA by analyzing the x-ray di�rac-
tion pattern. They found that DNA are composed of two helical chains with
sugar-phosphate chain fom the backbones. Genetic information is carried
in the base pairs. There are four di�erent base pairs: adenine, cytosine,
guanine, and thymine. Two strands are linked by hydrogen bonds between
the base pairs. The hydrogen-bonded base pairs end up forming the core
of the DNA polymer. There are several isomers. The most common ones
are the right-handed A-DNA, right-handed B-DNA, and the left-handed Z-
DNA([1]). The analysis is based on the Cocharn-Crick-Vand (CCV) theory.
This theory states that the x-ray scattering intensity is

I(k) =
∑
ν,µ

∑
i,j

fifj < F ν
i (k)F

µ
j (−k) > (12)

in momentum space. k is the scattering wave vector and fi is the scattering
amplitude where i denotes di�erent type of center for example phosphate,
carbon, oxygen, etc. F is the fourier transformed of density of scattering
center.

F ν
i (k) =

1

(2π)3/2

∫
nνi (r)e

ik·rd3r (13)

We switch to cylindrical coordinates. The axis is chosen to coincide with the
main axis of the molecule. According to the result from [1] the structural
factors for ideal helicals chains on DNA are given as

sν,µp,p(kz, n,m) =
N2
p

π2
cosnφ̃s cosmφ̃s

∞∑
i,J=−∞

δkz ,Gj−gnδm,n+JG/g[1] (14)

Where Np is the total number of phosphates on each strand. G = 2π/h,
g = 2π/H. h is the axial rise per residue, H is the pitch of the helix( the
derivation can be found in [1]. CCV was used to interpret the x-ray di�rac-
tion pattern(experiment by Franklin and Gosling, 1953). CCV explains the
experimental results really well based on the assumption that DNA chains
are independent of each other. However the atomic resolution structures of
DNA oligomers were obtained by Dikerson and Drew in 1981(ref.[1]. The
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structural parameters are found to be dependent on the sequence of the base
pairs. This is puzzling since the high density result obtained earlier agrees
well with the non-interacting assumption. This suggests that there must be
interaction between segments of DNA results in non-trivial aggregation of
DNA molecules.

3.1 Interactions

4. Counterion fluctuations

Even in the absence of a static counterion structure,
correlated dynamic fluctuations will still create energeti-
cally favorable oppositions between correlation holes on
one cylinder and adsorbed counterions on the other cyl-
inder. The corresponding correlation attraction was first
calculated within the Gaussian approximation in 1D
models for the density fluctuations of condensed coun-
terions !Oosawa, 1968; Barrat and Joanny, 1996; Ha and
Liu, 1997, 1998, 1999a". However, it was later pointed
out that the approximation of unconstrained Gaussian
density fluctuations leads to a wrong temperature de-
pendence of the force !Ha and Liu, 1999b; Levin et al.,
1999". Such an approximation is valid only in the high-
temperature limit, corresponding to an ideal gas descrip-
tion of condensed counterions !Barrat and Joanny,
1996". This limit is incompatible with the counterion
condensation requirement !Levin et al., 1999". Models of
constrained Gaussian fluctuations recovered the ex-
pected temperature dependence, predicting decreasing
rather than increasing amplitude of the force with tem-
perature !Arenzon et al., 1999; Ha and Liu, 1999a".

Essentially, the physics of the force is the same as in
the Wigner crystal model, which corresponds to the
ground state of the system, but the forces are much
weaker because of the liquidlike counterion density fluc-
tuations. Note that similar forces were also calculated
for charged, flat surfaces !Attard et al., 1988", where it
was also pointed out that additional constraints must be
imposed on Gaussian fluctuations in order to recover
the correct low-temperature limit !Leikin, 1991". In both
cases—for 1D charged rods and 2D surfaces—ad hoc
models of constrained Gaussian fluctuations were used.
This reflected the inherent difficulty of describing corre-
lation functions for density fluctuations in a liquid.
While useful for understanding the underlying physics,
such models might be unreliable for predicting the
strength of the force for real systems.

On a cautionary note, it is also useful to keep in mind
that quasi-1D theories !Grønbech-Jensen et al., 1997; Ha
and Liu, 1997, 1998, 1999a; Arenzon et al., 1999, 2000"
and simulations !Stevens, 1995, 1999, 2001" do not allow
for the possibility of azimuthal counterion density fluc-
tuations. The latter, as discussed above and indicated by
numerical simulations in the cylindrical geometry !De-
serno et al., 2003", might play a more important role than
the axial fluctuations captured by 1D or quasi-1D mod-
els. We are not aware of corresponding theories for
counterion fluctuation forces in a true cylindrical geom-
etry.

D. Parallel, rigid, ideal helices in an electrolyte solution

1. Mean-field results

One common lesson from the different models dis-
cussed above is that patterning of surface charge and
counterions might drastically change the interaction be-
tween rods. In molecules with preexisting helical pat-
terns of surface charges such effects become even more

rich and nontrivial. At the same time, the symmetry of
helical patterns significantly simplifies their theoretical
analysis. Here, the mean-field approximation corre-
sponds to the explicit description of the helical pattern
of fixed molecular charges and the mean-field assump-
tion that condensed counterions simply follow the heli-
cal symmetry of the molecule. The corresponding theory
for ideal, rigid helices was developed by Kornyshev and
Leikin !1997, 1999".

To illustrate the main results of this theory, consider
the interaction between two ideal, identical DNA-like
double helices in electrolyte solution !Fig. 7". Now, at
surface-to-surface separations larger than !D, the coun-

FIG. 7. Schematic diagram for interacting parallel DNA mol-
ecules with ideal, negatively charged double helical backbones
!phosphate strands" and counterions absorbed in the major
and minor grooves. The azimuthal "# and axial Z# coordinates
of each molecule are defined with respect to a reference cross
section as the azimuthal coordinate of the middle of the minor
groove and the height of the cross section, respectively. The
reference cross sections for the two molecules are selected
consistently so that the backbone of one molecule is com-
pletely superimposed onto the backbone of the other molecule
upon a lateral shift by R, azimuthal rotation by "2!"1, and
axial shift by $Z. The interaction depends only on $%="1
!"2!2&$Z /H. In this diagram, a value of $%=0 is shown,
which minimizes the interaction energy at large R by maximiz-
ing energetically favorable interactions between negatively
charged strands on one molecule and positively charged
grooves on the other molecule. The ideal helical structure of
the backbones results in the same alignment repeating with the
axial periodicity H, creating an electrostatic zipper. Unlike the
simpler zipper that locks in opposing negatively and positively
charged groups on single-stranded helices at $%=0 regardless
of R !cf. Fig. 5", the optimal alignment between the double
helices depends on R. The alignment with $%!0 becomes en-
ergetically favorable at small R #Eq. !60"$.

963Kornyshev et al.: Structure and interactions of biological helices
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Figure 2: DNA strands are represented as ideal negatively charged phosphate
backbone and positively charged surface[1]

In last section experimental results suggest that there must be some
form of interactions between neighboring DNA segments. This makes sense
since we know that DNA chains are composed of highly chaged atoms. The
main interaction concerned here is a coulombic interaction between the two
strands. There are other factors involved such as elasticity of the rods but in
this paper we neglect all such e�ects. Elasticity of DNA strands are discussed
in ref[1]. We take the simplest model of DNA segments as rigid charged rods.
This is illustrated in �g. 2. However even for this simple case solving ex-
actly electrostatics problems of charged molecule in electrolyte solution(in
this case it is water) is an extremely di�cult task. Therefore we employ
Poisson-Boltzman (PB) theory. PB equation goes as follow.

∇2φ(r) = −4πρext(r)
ε
− 4π

e

ε

∑
i

niqie
−eqiφ(r)
kBT (15)

This is a statistical modi�cation of Poisson equation. The extra term suggests
that number of electrolyte ions is coupled to the averaged �eld (mean-�eld)
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potential φ(r).This holds when �uctuation of ion density and ion-ion correla-
tion are negligible. This is a sensible condition for mean-�eld approximation
to hold. This model is used to compute the counterions distribution near the
DNA. It agrees well with the experiment in the regime of small electrolyte
concentrations([2].

3.2 Experimental evidence of DNA liquid crystal phases

© 1988 Nature  Publishing Group

Figure 3: The graph shows NMR linewidth with respect to di�erent DNA
concentrations. The graph suggests many phase transitions into liquid
crystals[3]

From the phenomenology arguments presented earlier, it is possible for
DNA macromolecules to have a liquid crystal phase. An experiment is done
by T. E. Strezelecka, M. W. Davidson and R. L. Rill to show this. The
experiment is done in high concentration DNA in vivo. The volume concen-
tration nearly 70 percents w/v in sperm heads, virus capsids, and bacterial
nucleotides([3]). Their results show that DNA forms at least three liquid
crystal phases. The optical texture of these phases are shown in �g.4. These
optical textures taken using polarized light microscopy shows that there are
anisotropy in the aggregation of DNA molecules. Sample of 100 mg/ml DNA
is placed in the 0.25 M amonium acetate was placed on a partially sealed cov-
erslip to create continuous concentration gradient[3]. This agrees with what
we discussed earlier in section 2 on the properties of liquid crystals. The
NMR spectra perform in high concentration DNA vivo shown in �g.3. The
graph shows the shift in line-width vs the change in DNA concentration.
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From the discussion on NMR in section 2 we know that at three di�erent
concentrations there are frequency shifts. These shifts are proportional to
nonzero anisotropic order parameters. Hence there are three di�erent ly-
cotropic liquid crystal phase transitions.

© 1988 Nature  Publishing Group

Figure 4: Optical textures of liquid crystalline phases acquired using polar-
ized light microscopy. There are cholesteric and smectic-like domains, pre
cholesteric phase, and cholesteric phase.[3]

4 Summary

We start by introducing di�erent types of the liquid crystal phase, their prop-
erties and experimental signatures. In order to argue that DNA in electrolyte
solution can exhibit liquid crystal phase transition, phenomenological inputs
are drawn from experimental results and simple models of DNA molecules.
Watson and Crick shows that DNA molecules are rods of double-stranded
helical molecules.Di�raction experiment on oligomers points out that DNA
molecules are far from ideal non-interacting molecules. They are interacting
and aggregate in a non trivial manner. The experiment done by T. E. Strez-
elecka, M. W. Davidson and R. L. Rill gives many evidences: optical texture
and frequency shifts in NMR spectra. By comparing this to the features and
experimental signatures of liquid crystals we can conclude that DNA in a
high concentration solution exhibits liquid crystalline phases.
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