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Abstract. We found two kinds of dendritic textures (thermal and electroconvective (EC)) in the nematic phase of 7-OBA and 8-OBA, with different
morphological and dynamical characteristics, but both possessing the basic elements of an weak first order phase transition – interface, which propagate and
an underlined hysteresis. The dynamics of the dendrite growth is that typical for non-equilibrium nonlinear dissipative systems, driven outside of equilibrium. The EC dendrites, contrary to the thermal, characterize with convective
flow. The observed subcritical (hysteretic) behavior of the EC dendrites refers
this phenomenon to a first order phase transition, but in a thermodynamically
monophase system.
PACS number: 61.30

1

Introduction

The pattern formation in nonlinear dissipative systems driven outside of equilibrium (nonlinear, non-equilibrium dynamical systems) is a very important problem for the science. One of the most complex patterns in the non-equilibrium
systems is the dendrite. The dendrites are the basic microstructural form for
most crystalline materials. They have been intensively studied both experimentally and theoretically [1-14]. Dendrites of smectic B (SB ) — smectic A (SA )
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liquid crystal interface were observed in [6] and dendritic smectic germs nucleating spontaneously in the nematic phase have been reported in [7].
The fluid flow during dendrite growth significantly alters the dendrite structure [14] since the presence of the flow admits the possibility of instabilities due
to the flow itself, in addition to the morphological instabilities normally found
in crystal growth. The effect of fluid flow on dendritic growth however does
not exist in the most of the observed thermal dendrites, but it always plays an
important role in the electroconvective dendrites. The mechanism by which the
flow alters the growth pattern is the transport of the substance from the leading
edge to the trailing edge of the dendrite.
Electroconvection (EC), or electrohydrodynamic convection in nematic liquid
crystal materials (convective flow induced by the application of a sufficiently
strong electric field) has proved to be a particularly fruitful model system for
studying non-equilibrium pattern formation [15-17]. One of the distinct advantages of the electroconvection system over more traditional pattern forming systems like Rayleigh-Benard convection is that the time scales for the pattern to
reach steady state can be orders of magnitude smaller than in thermal convection systems, result of the intrinsic anisotropy of the liquid crystal. Recently
Gleeson [18,19] indicated dendritic growth of electrohydrodynamic convection
in nematic liquid crystal MBBA in the presence of a strong magnetic field.
The common feature of the thermal and the electroconvective (EC) dendrites one
can seek in the dynamics of the interface between ordered and disordered phases,
which indicates a transition to a lower free-energy state, always accompanied
with interface (front) propagation. As Cladis et al. [20] found, such interface
propagation could serve as a powerful tool to distinguish between continuous or
second order and weakly first order phase transition.
The molecules, which constitute the liquid crystals where a dendrite growth was
observed usually are considered in a first approximation as rigid rods. The influence of the temperature variation on the form of the liquid crystal molecules and
in turn on the dendrite pattern growth is a new effect, which we have observed in
4,n-alkyloxybenzoic acids. Till now there are not experiments concerning dendrite growth in liquid crystal systems displaying nematic and smectic C phases.
Such pattern growth is also interesting since alkyloxybenzoic acids can have a
mesomorphic behaviour only due to the presence of a high enough concentration of dimers, provided via hydrogen bonds. Monomers and open dimers (in
small percentages) also exist in addition to the closed dimers in the N phase
of 4,n-alkyloxybenzoic acids. Due to the temperature variation of the dimermonomer concentration different properties of the N phase at the high and at the
low temperatures, discussed in set of experiments [21-23] were detected. These
experiments demonstrated that in the N phase of 7-OBA, 8-OBA a temperature
exists, usually indicated as T ∗ , which divides the N temperature range in hightemperature N1 (with macroscopic properties of the conventional nematics, e.g.
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MBBA, PAA) and low-temperature one N2 (with smectic — like character). For
details see [21,23].
The experiment, which we are going to present in this communication, clearly
indicates that using polyimide treated substrates for 7-OBA and 8-OBA orientation, at T ∗ , an oriented in two privileged directions dendrite texture, spontaneously nucleates.
The observed by us in the nematic phase of 7-OBA and 8-OBA thermal dendrites, controlled by dimensionless undercooling, as well as the EC dendrites,
controlled by the dimensionless parameter (combination of the applied electric
and the threshold field values), which is analogous to the undercooling, possess the features of a weak first order phase transition, namely interface (front)
propagation as well as hysteresis. An invasion of the convective state in the
equilibrium state for the case of EC dendrites was observed. These new effects
observed in 7-OBA and 8-OBA prompt a qualitative and quantitative study of the
dendrites growth mechanism and search for the common features of the thermal
and EC dendrites in the same substance, which is the purpose of the present
work.
2

Experimental Results

2.1

Materials

The materials used in this experiment are:
8-OBA: K 101.1 SC 108 N 147 I
7-OBA: K 92 SC 98 N 146 I
2.2

Thermal dendrites of 7-OBA and 8-OBA

The dendrite textures of 7-OBA and 8-OBA were observed through a polarizing
microscope Olimpus equipped with a hot stage and an automatic temperature
control. Commercial liquid crystal cells (LCC) (from E.H.C., Japan) with thickness d = 6 µm and rubbed polyimide deposited on an ITO conducting layer
surface for uniform orientation were used.
At T = 124◦ C upon cooling a texture (Figure 1) consisting of a set of dendrites emerges from the N texture. As it is seen in the Figure 1 in crossed
polarizers, the dendrites grow up with two main branches, strictly following two
directions forming angles ≈ 30◦ and 60◦ with the “easy” direction n0 . The
side-branches of the dendrites grow parallel to each other and perpendicular to
the main branches (see Figure 2, where only one dendrite is presented), but also
following these two privileged directions.
The Sc phase, at further cooling, appears like aligned single local monocrystals.
The texture of Sc and the intermediate dendrite-like texture are seen in Figure 3.
An other important detail well seen at this picture is that the two above men120
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Figure 1. Dendrite emergence in 8-OBA oriented by rubbed polyimide coating. The two
angles 30◦ and 60◦ between the main dendrite branches and the “easy” direction are seen.
The angle 90◦ between the main dendrite branches is also seen.

Figure 2. The possible biggest dendrites for 8-OBA are presented. Crossed polarizes.

tioned preferable directions of the dendrite growth coincide with the direction of
the growth of the Sc layer. We also found a great hysteresis of the temperature
of the dendrite appearing (124◦ C) and that of disappearing (140◦ C) at cooling
and heating the N phase.
The dendrite texture evolution of 7-OBA is similar to that of 8-OBA. A difference
however in their Sc texture formation exists. The Sc texture of 7-OBA is presented in Figure 4. As it is seen the Sc texture cannot be developed and stabilized
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Figure 3. The smectic C texture of 8-OBA. Crossed polarizes.

Figure 4. The smectic C texture of 7-OBA. Crossed polarizes.

in the expected range (≈ 6◦ C measured by DSC [23]). The Sc texture growth
starts like Sc drops in N phase. Beside the molecular length increase, other important parameter, controlling the dendrite emergence and growth, is the surface
treatment. To check this we have repeated the experiment with the same substances (7-OBA and 8-OBA), at the same experimental geometry, changing only
the polyimide (hydrophobic) surface treatment with ITO/glass, SiO/ITO/glass,
SiO/glass, PVA/glass surface treatments. The last four treatments usually provide for hydrophilic orienting surfaces. We were not able to observe dendrites
using such orienting substrates. So the depressing of hydrogen bonding of the
122
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liquid crystal molecules with the surface in the case of polyimide coating could
to some extent favours the bulk structure transition in 7-OBA and 8-OBA at temperature T ∗ (binding of the monomers in closed dimers, open dimers and in turn
in oligomers), without surface hydrogen bond perturbation.
2.3

Electro (electrohydrodynamic) – convective dendrites in 8-OBA

Two silver wires (50 µm thickness) were assembled in way to produce a LCC
with lateral electrodes. A DC electric field was used for the dendrite growth
control. The liquid crystal orientation was obtained only by “flow alignment”
effect. Such liquid crystal cell provides homogeneous alignment of n. An example of a single dendrite of convection growing in 8-OBA under DC electric
field is shown in Figure 5. This EC dendrite is underlined parabolic type. Such
structure emerges spontaneously shortly after the applied voltage U is changed
from zero to some value above the critical voltage, Uth , above which convection
can be observed. Uth is greater than the known critical field for the Freedericksz
transition (a dielectric reorientation of n under the influence of an external electric field). In Figure 5 we see an image of a dendrite of the convection state growing into the quiescent state. It demonstrates also that on a microtextural level,
variation in refractive (extraordinary) index caused by the director distortion, results in focusing and defocusing of parallel light rays, allowing convective flow
to be visualized. Note that the picture represents just reaching to that voltage
U , where the propagating front (white or black stripe), between convection and
the quiescent states is still defined. The front grows with velocity v in the laboratory frame (X, Y , Z), where X coincides with the easy direction n0 , Y is
the direction of the moving. At a higher voltage (Uc ) the system exhibits chaotic
behavior and a steady-state (constant shape) dendrite growth is not possible. The
final state is non-equilibrium highly nonlinear. At low voltages, dendrites start
always from the positive electrode or from small inhomogeneities, but at large
voltages, they grow very rapidly in many places simultaneously. As we are interested in examining single dendrites, this represents a particular upper limit on
the value of U . The dendrites always originate in pairs (at the other electrode
similar dendrites generate with a higher threshold), which then travel in opposite
directions at the same velocity. The direction of the dendrite moving is oriented
at about 90◦ to X.
The dendrite is defined by the interface between the quiescent state and convective one. This interface has a nonzero width. It is therefore not sharp, as it is
in the case of thermal dendrites shown in Figures 1 and 2, but is sensitive to
arrangements in the optics. Nevertheless, along any given radial direction, there
is a darkest point, where the intensity has a minimum. In doing measurements at
different values of the applied electric field between Uth and Uc we are limited
by two factors: one, as already mentioned, has to do with the range of U for
which steady-state dendrite growth is possible and the other one is the precision
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Figure 5. Electroconvective dendrite of 8-OBA in the presence of DC electric field U = 65 V, d = 0.35 × 10−3 m.

with which we measure the radius of curvature of the parabolic tip, the velocity of the tip as well as the interface width. The two important quantities that
characterize the dendrite are the growth velocity v and the radius of curvature
of the parabolic tip ρ. As the control parameters are varied, a large number of
images are recorded and then analyzed. For a given value of the applied voltage
we record images of several dendrites.
3

Quantitative Analysis of the Thermal and EC Dendrite Growth

3.1

Quantitative analysis of the thermal dendrites

Here we will study the dynamics of the thermal dendrite growth of 8-OBA. The
parameters used in our measurements are: the undercooling — ∆T = T ∗ − T ,
where T ∗ is the temperature of the nematic-dendrite texture transition as T <
T ∗ . The temperature T ∗ can be considered as equilibrium phase transition temperature. This temperature is the same, where texture transition N1 –N2 occur (see Introduction) and where the nematic conventional texture transforms in
smectic-like one.
We used also a dimensionless parameter [7] (“distance” from the equilibrium)
∆ = cp ∆T /L, where cp is the specific heat per unit volume and L is the latent
heat per unit volume of the N1 –N2 transition with cp = 19.5 J/mol.K, and
L = 0.3 kJ/mol respectively as it was measured by DSC [23]. A series of
patterns of different size grown at different values of undercooling are studied.
Applying a large enough undercooling (∆T > 0.3◦ C), spontaneously nucleated
germ appears. The time passed from the moment of nucleation (“pattern age”)
was measured.
The dendrite represents the interface between the nematic N1 and N2 states.
This N1 –N2 interface could be considered as a front of the stable phase (N2 –
ordered), which propagates into the metastable one (N1 –disordered — under124
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Figure 6. The characteristic time dependence of the velocity growth. • — ∆ = 0.58,
µ = 0.52;  — ∆ = 0.34, µ = 0.6.

cooled). Following [20] we emphasize that the N1 –N2 transition can be considered as a weak first order phase transition (big hysteresis of appearing and
disappearing of the dendrites and comparatively small latent heat [23]). In addition the theory [20] predicts a nucleation barrier near to the transition providing
the system to be undercooled for T < T ∗ . Thus an interface occurs and depending on ∆ it propagates with velocity v.
In the case of spontaneous nucleation, we measured the velocity of growth of the
freely moving dendrites tips, as a function of undercooling. Growth velocity was
determined by measuring the tip coordinates versus time. The growth velocity
decrease with time was detected, which could be fitted with a power law v ∼
t−µ , where µ was in the range of 0.52 ÷ 0.66 for ∆ variation between 0.34 and
0.98. The characteristic time dependence of the tip velocity is demonstrated in
Figure 6 from where the tendency of the growth velocity to be asymptotically
constant is seen. Thus thermal dendrite growth without flow, meaning without
driving viscous forces is observed.
We are going to explain the growth velocity time dependence considering the effect like a non-equilibrium process: pattern formation out of equilibrium driven
by ∆ [24].
The disposition of the building blocks in the growing germs, which is a lowsymmetric (with lower energy) state, follows to be more ordered than that of the
N1 matrix, providing the entropy of the growing formation is smaller. Then for
this dendrite to grow, some quantity that is generated at the interface between
dendrite and nematic N1 during the undercooling, for example latent heat of
N1 –N2 transition must diffuse away from that interface.
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The undercooled N1 state can be conserved for a very long time in a metastable
state, but at reaching some critical, for given conditions, undercooling a multitude of small smectic aggregates appear. The coalescence of these aggregates
minimizes the free energy of the system, but the growing new surfaces increase
it. In this non-equilibrium process the grown aggregates form a continuous layer,
which in turn constitutes the interface layer. We can consider the process of the
growth of these aggregates and by turns the growth of the dendrite.
Let us separate an elementary unit area on the growing in ξ direction interface
(between N1 and the aggregate) wall. ξ is perpendicular to the plane of this
moving wall. The velocity of the wall growth v is the thickness of the layer
increase per unit time. Then for the time dt a layer dξ = vdt on the interface
wall will grow. The emitted heat during the aggregate growth from the layer
with thickness dξ and unit area is dQ1 = csdξ = csvdt, where c is the heat of
crystallizing and s is the dendrite density. The condition of heat conservation
at a point on the moving interface determines the velocity of the front at that
location for a given temperature field [25]. In such way the heat leaded away of
the unit area interface for dt reads dQ2 = χ(dT /dξ)dt, where χ is coefficient of
the heat conductivity of the growing dendrite and dT /dξ is temperature gradient,
normal to the interface wall. The dendrite construction proceeds with a velocity
v at the condition dQ1 = dQ2 , i.e., at csvdt = χ(dT /dξ)dt from where v =
χ/cs(dT /dξ).
From, this dependence it follows that the dendrite has to grow fastest in the
direction of the maximum of the temperature gradient. v decreases with the
dendrite density s increase as the experiment demonstrated.
3.2

Quantitative analysis of the EC dendrites

We are going to present the dynamics of the EC dendrite by the time development of the two quantities: the growth velocity v and the radius of curvature of the parabolic tip ρ. As a dimensionless controlling parameter, analogous to the dimensionless undercooling at the thermal dendrites we define
2
2
)/(Uc2 − Uth
). We vary ∆ by U variation. As the transition
∆ = (U 2 − Uth
region, measured by the interface width m, becomes wider, the velocity is less
well defined, which can be illustrated by corresponding histograms, obtained by
doing measurements on a large number of EC dendrites. Above Uth , the dendrite
appears via the front propagation mechanism. The growth mechanism whereby
Uc arises demonstrates that the phenomenon is subcritical and a big hysteresis
exists. This is seen most clearly if the applied voltage is abruptly raised from
zero to some value above Uth .
The relationship between v, the shape of the dendrite (expressed by ρ) and ∆ has
been the subject of many investigations. In the absence of surface tension between the dendrite and the host into which it grows, the boundary value problem
for the diffusion equation may be solved exactly (the Ivantsov solution [26]).
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Figure 7. Dimensionless undercooling ∆ as a function of the product of v and ρ for large
number dendrites.

However in this limit, v and ρ are not independent. Only the Peclet number,
P = ρv/2D, where D is the diffusion constant could be determined by ∆. The
dendrites are stable only when besides the surface tension a sufficient anisotropy
of the system also is present in the diffusion equation [26].
In Figure 7 we plot v of a large number of dendrites against ∆. The relative
uncertainty in determining the velocity at higher voltages is about 15%. Thus,
the tip speed is not uniquely selected by U , in contrast to the results of measurements on thermal dendrites. As it is seen from Figure 7 the product of the
average ρ and v follows the typical curve expressing the two-dimensional diffusion equation solution for crystalline dendrites’ growth. The solid line is a fit
to the relationship between ∆ and the Peclet number P yielded by the solution:
∆ = πP 1/2 exp P . This fit results in a diffusion constant D, which we found to
be close to the orientational diffusion constant (the ratio of the effective elastic
constant to the rotational viscosity [27]) for the nematic director, implying that
the diffusion field controlling this dendrite growth is the orientation of n.
The outline of the EC dendrite seen in Figure 5 can be thought of as the transition region between the area in which the liquid crystal is stationary and the area
in which convective flow occurs. Such transition region (front) is characteristic
for non-equilibrium pattern formation, but differs from familiar cases of front
propagation because it is controlled by diffusion. One can conclude this, because the dendrites of convection, represented here, contain all the elements of
the crystalline dendritic problem, and the dynamics of the crystalline dendrites
is diffusion controlled. A comparison with classical electrohydrodynamic instability providing stationary domain picture [27] as well as well as with localized
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time dependent traveling domain rolls [17] will be given in an other paper. Eliminating the contribution of isotropic instabilities due to local charge injection by
blocking electrodes also will be discussed there. Without any details for the
mechanism, the most common in the electroconvective patterns (including EC
dendrites) in liquid crystals is their fundamental property: intrinsic anisotropy
providing a separation of charge in the direction perpendicular to the electric
field and in turn convective flow. The presented here transition from the quiescent (non-convective) state to the convective state (which is subcritical and
hysteretic) visualized by EC dendrites is analogous to a first order phase transition, with only one significant difference: it takes place in a thermodynamically
monophase system.
4

Conclusion

We found two kinds of dendritic textures (thermal and electroconvective) in the
nematic phase of 7-OBA and 8-OBA, with different morphological and dynamical characteristics, but both obeying growth mechanisms indicating a weak first
order phase transition: front propagation and underlined hysteresis. The dynamics of the dendrite growth is typical for non-equilibrium systems. Thus the
two types of dendrites can be considered as patterns formed in complex nonlinear dissipative system, far from equilibrium. The thermal dendrites indicate
the N1 –N2 texture transition in the nematic phases of 7-OBA and 8-OBA, due to
the strong temperature induced conformation changes of the hydrogen bonded
dimers (monomers, open dimers, oligomers), which together with strong smectic order fluctuations promotes a smectic-like texture N2 , intermediate between
N1 (like classical nematics) and smectic C. The X-ray [28] demonstrated the
underlined layering (tilt angle 34◦ ) of N2 state. The N1 –N2 interface propagation, expressed by thermal dendrite growth, the small latent heat and the big
hysteresis, refers this phenomenon to a weak first order phase transition (more
detail see in [29]). While the mechanism of thermal dendrites excludes the fluid
flow, in the EC dendrite it is a basic characteristic. The observed by us subcritical (hysteretic) property of the EC dendrites (which could be a result of smectic
order fluctuation in the nematic state of 8-OBA), also refers this phenomenon to
a first order phase transition, but in a thermodynamically monophase system.
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