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Our objective was to study mixtures of nematic liquid crystals with dissimilar dielectric anisotropies
but similar phase properties. Using light scattering and microscopy, we have established the phase
boundaries and transition widths of mixtures of 4⬘-n-pentyl-4-cyanobiphenyl and
4⬘-methoxybenzylidene-4-butylaniline. In addition to the isotropic-nematic transition, there is a
second induced phase for certain concentrations, which we conclude is an induced smectic B phase.
Recent theoretical works provide a model for nematic to induced smectic A transition by combining
Flory–Huggins and Maier–Saupe–McMillan theories. From our phase transition data and the
application of the above theoretical framework, we conclude that there is a possibility of strong
interaction between the two mesogens that produces the smectic B phase. © 2002 American
Institute of Physics. 关DOI: 10.1063/1.1431589兴

I. INTRODUCTION

lar materials can be of fundamental importance in being able
to tune the physical property of materials. The usual assumption is that, in the absence of chemical reactions, the bulk
physical properties add up as a weighted sum of the individual properties, but this may not always be the case. The
scientific principles behind how dielectric anisotropies, viscosities, and the elastic and optical properties of the mixtures
are related to the individual components are relevant in creating the right mixture, which can be regarded as a physically different material.
Our objective was to study a mixture of nematic liquid
crystals with dissimilar dielectric anisotropies but similar
phase properties, and we chose MBBA 共4⬘-methoxybenzylidene-4-butylaniline兲
and
5CB
共4⬘-n-pentyl4-cyanobiphenyl兲 as suitable candidates for the study. Each
of these materials has been the subject of a large number of
investigations.10 Their physical properties such as dielectric
permittivities, elastic constants, and birefringence have been
well-documented. Yet, there has been very little work reported on their mixtures except for the brief report by Park,
Bak, and Labes.11
We have been able to establish the nature of the phase
boundaries of two distinct phase transitions observed in this
study. In addition to the isotropic-nematic transition, there is
a second induced phase for certain concentrations of the mixtures, which we conclude is an induced smectic B phase. In
addition, we report modulation of transmitted intensity by
the temperature dependence of the refractive index anisotropy in the nematic phase. The present paper deals with the
phase properties of the binary mixtures of 5CB and MBBA
and our observations lead to the conclusion that there is a
considerable cross interaction between the two materials.

The phase study of mixtures of liquid crystals has been a
rich area for investigation by both theoreticians and experimentalists. Earlier papers have extended the Maier–Saupe
theory for pure nematics to include binary mixtures and induced biaxial phases.1–2 Recent theoretical work by Kyu,
Chiu, and Kajiyama3 provides a model for nematic—induced
smectic A transition by combining Flory-Huggins and
Maier–Saupe–McMillan 共FH/MS兲 theories. The authors
demonstrated that the coupling between phase separation and
liquid crystal ordering can be done by a combination of the
FH/MS theories, where the free energy of mixing for binary
nematic mixtures was expressed as a free energy of mixing
of isotropic liquids and the free energy of nematic ordering.
Some of the phase diagrams generated by their model are
applicable for mixtures of liquid crystals that individually do
not exhibit a smectic phase. The phenomenon of inducing a
smectic or a nematic phase is related to the forming of molecular complexes, but the exact process is not well
understood.4 Mixtures of nematic liquid crystals with
strongly polar end groups 共such as the cyano group兲 and
other nonpolar molecules have been observed to exhibit an
induced smectic phase even when the individual materials do
not exhibit the phase.5–9
There are many ways of modifying the physical properties of liquid crystals; one obvious way is to substitute various chemical groups and, through synthesis, modify molecular sizes and hence the physical properties. The other method
is to change the performance characteristics through the use
of mixtures. The physical properties of binary mixtures of
liquid crystals are of considerable interest since they are used
in many applications. For example, a mixture at the right
concentration of two substances, which individually have
narrow nematic ranges, can display a nematic range substantially larger. Understanding the interactions between dissimi-

II. EXPERIMENT

The phase boundaries for mixtures of the nematics 5CB
and MBBA were determined by microscopy and by transmitted light intensity measurements. The individual materials
were chosen for the absence of a smectic phase and their
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TABLE I. Sample concentrations of 5CB and MBBA. The isotropicnematic transition temperatures determined by the transmitted intensity experiment are shown.

Sample
number

Mass 5CB
共grams兲

Mass MBBA
共grams兲

Percent
5CB

Isotropicnematic
transition 共°C兲

1
2
3
4
5
6
7
8
9
10
11

N/A
1.595
1.198
0.799
0.400
0
0.597
0.814
1.000
1.413
N/A

0
0.400
0.804
1.197
1.599
N/A
1.403
1.202
1.007
0.600
0

100
79.9
59.8
40.0
20.0
0
29.8
40.4
49.8
70.2
100

31.2
39.6
45.6
48.1
42.6
37.7
47.5
48.4
48.1
40.9
•••

positive and negative dielectric anisotropies, respectively.
5CB was purchased from EM Industries and MBBA from
Frinton Labs. Several mixtures were prepared with concentrations varying from 0% 5CB to 100% 5CB by mass 共see
Table I兲. Care was taken to store and handle MBBA in a
dry-nitrogen environment to avoid water contamination. The
transition temperatures of the pure MBBA were lower than
expected from its reported literature value.10 Despite this
problem, the binary mixtures yielded interesting and repeatable observations. We constructed cells with dimensions of
2.5 cm by 2 cm from cleaned microscope slides and a 36 m
Dupont Mylar spacer. The glass surface was untreated and
the cells were sealed with epoxy after being filled with the
mixtures.
Initially, the experiment was conducted with a very
simple setup using unpolarized laser light passing through
the cell, which was housed in a thermostat, with the transmitted light intensity detected by a photodiode. Temperature
of the cell was initially raised to 55°C and maintained there
until the mixture went isotropic. At this point the heaters
were tuned off and the mixture was allowed to cool, while
the temperature of the cell and the photodiode voltage were
recorded every 18 seconds until the mixture reached room
temperature. Initially, all the light intensity is transmitted by
the clear isotropic phase, but when the mixture goes through
the Nematic-Isotropic 共NI兲 transition, a large percentage of
light is scattered by the droplets formation and subsequent
phase changes that occur in the mixture. Due to this scattering, the intensity reaching the photodiode falls sharply. The
temperature where there is such a sharp fall is recorded as a
phase-transition temperature.
Figure 1共a兲 shows typical recorded data for a mixture of
70% 5CB and 30% MBBA. The isotopic-nematic transition
is identified clearly. However, the data collected for 30%
5CB and 70% MBBA shows two sharp transitions 关see Fig.
1共b兲兴 with data in the middle region 共nematic phase兲 showing
an oscillatory behavior of the transmitted light intensity.
These two sets of data were typical of the type of data for all
the mixtures, i.e., some of the mixtures displayed one transition and others two, but all of them displayed oscillations
in transmitted intensity in the nematic phase due to birefrin-

FIG. 1. 共a兲 Transmitted intensity with respect to temperature, sample 10,
70% 5CB. The sharp drop in intensity corresponds to the isotropic to nematic phase transition. 共b兲 Transmitted intensity vs temperature for sample 7,
with 30% 5CB. The sharp drops in intensity correspond to phase transitions
as described in the text.

gence. Due to the fact that the transition temperatures were
only roughly determined by this scanning method, a more
precise experiment was developed.
We replaced the laser with a horizontally polarized laser
and placed an analyzer in the transmitted beam, crossed in
orientation to the laser’s polarization. In addition, a beam
splitter was used to direct a small portion of the incident light
to another photodiode, and thus the incident light intensity
was monitored. The temperature control algorithm was improved so that after initially heating the cell to a certain
temperature, the temperature could be dropped by a certain
amount and then held constant to within ⫾0.01°C for a desired interval of time. By dropping the temperature in a stepwise fashion, it was concluded that the light intensity data
corresponded to the average, stabilized temperature of the
corresponding step. The program checked to make sure that
the temperature stabilized before recording the photo voltage
data.
With the modifications in place, the earlier experiments
were repeated for a variety of mixtures. The diode monitoring the incident laser intensity indicated no systematic fluctuations throughout the experiment. The transmitted intensity
data confirmed what was observed earlier. The mixtures between 20% 5CB and 60% 5CB consistently showed two
transitions and an oscillatory behavior in the middle region
共i.e., the nematic phase兲. The other mixtures displayed one
transition only below which the transmitted intensity oscillated. Figures 2共a兲 and 2共b兲 show data for 50% 5CB and
100% 5CB, respectively. The initial photo voltage data in the
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FIG. 3. Nematic droplets in 60% 5CB at the NI transition.

III. ANALYSIS AND DISCUSSION
A. The phase diagram
FIG. 2. 共a兲 Transmitted intensity vs temperature for sample 9, with 50%
5CB when polarized laser light is used with an analyzer at 90° to the incident light polarization. The line is a guide to the eye. 共b兲 Transmitted intensity vs temperature for sample 1, with 100% 5CB.

isotropic phase shows zero intensity since we now have a
polarized incident beam and a crossed analyzer in the transmitted beam. As a result, the phase transitions now correspond to an increase in transmitted intensity. The temperatures where the phase transitions occurred are tabulated in
Table I.
A separate experiment determining the phase-transition
temperatures was conducted using visual observations
through a Nikon Optiphot2-polarizing microscope. The experimental details are similar to those described in Ref. 12.
Video images collected by a Javelin CCD camera mounted
on the microscope were digitized using a Miromotion DC20
digitizer board on a Power Macintosh 6500. The same cells
used in the previous experiment to measure transition temperatures were used in this part of the experiment. An
INSTEC HS1-RTS1 temperature-controlled stage was used
for this part of the experiment. Our microscope data was
taken on cooling the mixtures from the isotropic phase at a
rate of 0.025 °C/min and shows the phase transitions as well
as the width of transitions for all of the compositions. Figure
3 shows the nematic droplet formation as observed through a
microscope at the NI transition. A clear schlieren texture is
visible as the isotropic material cools into the nematic phase
and the droplets coalesce to form the bulk phase. The first
appearance of droplets is indicated as the start of the
isotropic-nematic mixed phase. The disappearance of the last
of the isotropic phase indicates the onset of pure nematic
phase. Similarly, the temperatures corresponding to the start
of the dendritic growth and the disappearance of the nematic
texture are monitored for the lower transition.

Figure 4共a兲 shows the phase-transition temperatures observed at each composition from the data collected in the
light-scattering experiment. Two coexistence curves are evident. The first transition starting from the isotropic phase is
clearly characterized as an isotropic-nematic transition based
on our microscope observations. Figure 4共b兲 shows the two
coexistence curves determined by the microscope data. The
phase transition curves in Figs. 4共a兲 and 4共b兲 look very similar even if individual transition temperatures are not identical. This is to be expected, since the data are generated by
two different techniques, namely light scattering and microscopy. The temperature control and hardware used to detect
the transitions are clearly different and will introduce some
variation in the transition points. The measurements on the
mixture of 40% 5CB were repeated and can be seen from our
data 共in Figs. 4兲 to be fairly reproducible.
The curvature of the isotropic-nematic transition has
been shown13 to depend on a parameter, c, which is called
the strength of interaction of the mesogens or the cross interaction parameter. The authors13 use a combined Maier–
Saupe and Flory–Huggins theory based on a mean-field
model, which ignores chain rigidity, length, etc. of the individual mesogens, but considers only the interaction parameters of the mesogens.
The parameter c characterizes the relative strength of the
cross interaction between dissimilar mesogens as compared
to that in the same species. A small value of c indicates a
weak interaction and that each nematic is more stable in its
pure state than the mixed state; no smectic phase can be
induced. For a c⬎1, cross interactions are more significant,
the mixed phase is more stable, and there is a strong possibility of the appearance of an induced nematic or a smectic
phase. In addition, the convex shape of the upper transition is
the result of a strong mesogenic interaction.13 For high nematic order parameter, a stable nematic phase can occur at
higher temperatures than the individual nematics for middle
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phase diagram 关Fig. 4共a兲兴 the azeotrope for the upper curve is
estimated by fitting a parabolic curve to the nematicisotropic transition data. From our curve fit shown in Fig.
4共a兲, we can identify the azeotropic point as:  Az
1 ⫽(0.44
is
the
concentration
of
5CB
in
the mix⫾0.02) where  Az
1
ture at the point.
The constant c can be calculated from a phase diagram
using the Eq. 共33兲 in Ref. 13,
c⫽

FIG. 4. 共a兲 Phase transition data and the curve corresponding to fitting the
points to a quadrataic function. The circles are the first transition observed,
which is isotropic to nematic. The triangles, whose errors are smaller than
the symbol size, are the second transition observed for some compositions.
The equations and parameters used for the fits: T c 共upper兲⫽(48.0⫾0.6)
⫺(7.6⫾1.4)10⫺3 兩 (x⫺(0.44⫾0.2) 兩 ˆ 2, chi squared⫽5.8, T c 共lower兲⫽(36.6
⫾0.3)⫺(0.029⫾0.001) 兩 (x⫽(0.41⫾0.3) 兩 ˆ 2, chi squared⫽0.37, where x is
the mass fraction of 5CB. 共b兲 Microscope data for phase transitions and
coexistence regions. The appearance of nematic droplets 共circles兲 signals the
onset of the mixed regions and the disappearance of the isotropic 共diamonds兲 the start of the pure nematic state. Similarly, the start of the dendritic
growth 共triangle兲 is the nematic-smectic B coexistence region and the disappearance of the nematic regions 共square兲 the onset of pure smectic B. The
vertical lines indicate the widths of transitions. Note that there are two sets
of data points plotted for the 40% mixture to show repeatability.

compositions 共50–50兲, as compared to compositions rich in
either of the components.
Since the shape of the transition curve is very sensitive
to this parameter c, we have tried to interpret our data using
Chiu and Kyu’s model.13 They have generated a family of
curves for both the isotropic-nematic and nematic-nematic
phase transitions and the shape of our upper transition curve
is consistent with the value of c⬎1 in comparison to their
theoretically generated curves. The authors have also demonstrated the effect of molecular weight on the phase diagrams of nematic mixtures. The shape of our upper phase
curve corresponds13 to the ratio of the component molecular
weights equal to one and a c of 1.2. For our mixtures, the
ratio of molecular weights of 5CB and MBBA is approximately one 共exact value is 0.93兲. The parameter c can be
accurately calculated if the curve exhibits an azeotropic point
by knowing the composition at the azeotropic point and the
NI transition temperatures of the two components. In our

Az
共 1⫺  Az
1 兲 T NI,2⫺  1 T NI,1

共 1⫺2  Az
1 兲 冑T NI,1T NI,2

.

共1兲

T NI,1 and T NI,2 are the NI transition temperatures of the two
pure components, i.e., 5CB and MBBA.  Az
1 refers to the
volume concentration of the first component in the mixture at
the azeotropic point. We take 5CB to be our first component
and thus  Az
1 is the volume fraction of 5CB at the azeotrope.
However, the ratio of densities of 5CB and MBBA is about
one 共their specific gravities are 1.01 and 1.027, respectively
from the manufacturer’s specifications兲 and thus the volume
fractions are the same to within 2% as the mass fractions
used in the preparation of our cells.
For mixtures of pure 5CB and MBBA with NI transition
temperatures 共given in the literature兲 of 35.5 and 47°C, our
calculated value of c from Eq. 共1兲 comes out to be 2.2. But as
can be seen from our measured transition temperatures of 31
and 37.5 °C 关from Fig. 4共a兲兴, our calculated c for the system
can be as low as 1.8. Still, it is safe to conclude that c⬎1
from our data.
A second, lower transition is present in our data for certain concentrations. The nature of this phase is not obvious.
The theoretical model3 predicts the possibility of a nematicnematic or a nematic-induced smectic transition. The second
phase boundary can be described by an expression for a parabola and can be written as:

 ⫺  c ⫽B

冉 冊
T⫺T c
Tc

␥

,

共2兲

where B is a constant.
In fact, both the transition curves are parabolic in shape
which corresponds to ␥ ⫽0.5, as can be seen in Fig. 4共a兲.
According to the theoretical model developed in Ref. 3, a
parabolic curve with ␥ ⫽0.5 could describe either a nematicnematic or a nematic-induced smectic A transition for the
second phase boundary. Thus our parabolic fit does not allow
us to distinguish between the two types of transitions, but it
does allow us to rule out a nematic-crystalline transition.
There have been numerous observations of an induced smectic in mixtures of strongly polar and nonpolar compounds,
while the pure substances do not exhibit the phase.5,8
Our microscopic observations show the onset of the second phase transition through a dendritic growth 共see Fig. 5兲.
The morphology of the growth depends on the cooling rate.
Recently, dendritic pattern formation has been observed at
the nematic-smectic B interface of the CCHn family.14 The
final resulting phase of our mixtures that went through a
second transition near room temperature was a mosaic phase
a shown in Fig. 6. The texture of this phase rules out a
smectic A phase. Preliminary x-ray data15 of the 40– 60 and
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B. Intensity oscillations

It is clear from Figs. 1 and 2 that there are regular oscillations in the second 共nematic兲 phase region. These features
were present in the pure nematics, as well as the mixtures in
the nematic phase. We can model our system as a birefringent, uniaxial crystal, which when placed between two
crossed polarizers has the transmitted light intensity given
by:

冋

册

l 共 n 储 ⫺n⬜ 兲
I
⫽sin2 共 2  兲 sin2
 ,
I0


FIG. 5. 共Color兲 Dendritic growth at the second transition 共Nematic-Smectic
B兲 in 30% 5CB.

the 50–50 mixtures of 5CB and MBBA confirm the absence
of smectic A in the lower phase of our mixtures. On the other
hand, the x-ray data does not exclude the possibility of a
more ordered smectic B or a G phase. Either of these smectic
phases can have a mosaic structure.16 Our conclusion is that
the second phase is an induced smectic B rather than G. We
base it on the following: 共i兲 The mosaic phase platelets observed by us are more oblong as for smectic B than rounded
as they are in general for smectic G;16 共ii兲 or ability to slide
a coverslip across the material in the smectic phase 共in smectic G phase, the coverslip will not slide but will eventually
lift due to higher crystallinity兲;17 and 共iii兲 we prepared a homeotropically aligned cell with 30% 5CB and monitored the
phase transitions under the microscope starting from the isotropic phase and ramping the temperature down as described
earlier. The nucleation of the smectic B germs out of the
homeotropically aligned nematic cell were circular in shape
and these grew out into the mosaic phase. These observations
are very similar to those described by Buka, Toth-Katona,
and Kramer18 during a nematic-smectic B transition in a homeotropic cell.

共3兲

where  is the angle between the polarizer and the crystal
axis, l is the thickness of the crystal, and n 储 and n⬜ are the
two refractive indices parallel and perpendicular to the optic
axis of the crystal.19 Birefringence is defined as ⌬n⫽(n 储
⫺n⬜ ).
The temperature dependence of the birefringence of a
nematic liquid crystal can be described as being proportional
to the order parameter of the nematic with a proportionality
constant ␣ . Huff et al.20 develop a relationship for the order
parameters of a nematic as a function of temperature based
on Landau–de Gennes theory. Equation 共3兲 can now be rewritten in terms of the order parameter’s temperature dependence,

冋冉 冑

1
I
⫽C sin2 A 1⫹
I0
3

1⫹

T c ⫺T
B

冊册

⫹D,

共4兲

where C⫽sin2(2) is the amplitude of the oscillation,
A⫽

冉 冊

l
3
␣ S ,
2 4 c

B⫽T c ⫺T * ,

D is the instrumental offset, T * is the second-order phasetransition temperature and S c the transition value of the order
parameter.19
Since this project used mixtures of various percentages
of 5CB and MBBA, we simply found the ‘‘best fit’’ to our
data by varying the two parameters (T c ⫺T * ) and S c . We
fixed the oscillation amplitude C and the offset D in Eq. 共4兲
by inspection of our data and performed an unweighted fit to
one set of oscillations in the mixture with 60% 5CB with a
transition temperature, T c of 43.6 °C. The data and the fit are
shown in Fig. 7 and the agreement of the function with our
data is very good.
IV. CONCLUSIONS

FIG. 6. 共Color兲 Final mosaic phase in 40% 5CB and 60% MBBA.

By employing light-scattering and optical microscopy
techniques, we observed definite phase transitions in mixtures of 5CB and MBBA. The upper transition is an isotropic
to nematic and occurs at a higher temperature than a second
transition that occurs for some compositions over the temperature range studied. The nematic phase is easy to identify
because of the schlieren texture. There is a definite width to
the NI transition corresponding to the first appearance of the
nematic droplets and the final disappearance of the isotropic
phase.
The second phase transition is consistent with the
nematic-smectic B transition. The onset of smectic B phase
with dendrites has been well-studied in other liquid crystal
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with compositions around one-to-one molar ratio 共48% 5CB
by weight兲. It is easy to visualize this point by arguing that
each 5CB molecule has a partner MBBA with which to associate. Due to the manner in which charges are distributed
around the two mesogens with polar ends and nonpolar
groups, it is not readily understandable how the two molecules in fact associate with each other and as a result how
the charges interact. This interaction clearly affects the overall electrical and other physical properties of the mixtures.
We are currently investigating such interactions between the
species.
FIG. 7. Theoretical fit for the intensity oscillations using Eq. 共7兲 in the text.
The data points are from 60% 5CB run with NI transition temperature T c
⫽43.6°C. The best fit parameters are: A⫽16.8 and B⫽10.3. C and D are
kept fixed at 0.00116 and 0.0004.

systems. Even though the models proposed in Ref. 3 takes
into account only the smectic A order parameter 共not any of
the higher smectic phases兲 and predict the appearance of an
induced smectic A phase, they help to understand our data
and interpret the interactions of the two nematic mesogens.
According to Kyu, Chiu, and Kajiyama,3 for a value of
the parameter c⫽1.2 and a nematic mixture with ratio of
molecular weights of one, the shapes of the NI transition
curve and the pure nematic to the coexisting nematic transition curve look very similar in shape and curvature to our
two transition curves displayed in Fig. 4共a兲. We have determined the coexistence regions of our nematic-smectic B and
the isotropic-nematic regions based on microscope observations and in general these shapes are in agreement with the
above mentioned transition curves generated in Ref. 3. The
width of the NI transition indicates the coexistence regions in
Fig. 4共b兲, when the lower phase is a single nematic phase and
thus, the curve defines a phase-transition curve with the
highest point an azeotrope rather than a critical point. In Fig.
4共b兲, the region close to the azeotropic point of the NI transition reveals the narrowest width at the isotropic-nematic
transition, as expected.
It has been shown for a one-to-one molar mixture of
these two liquid crystals that their dielectric permittivities do
not algebraically add up, indicating at least a weak charge
interaction between the two species.11 This observation is
consistent with our conclusion of strong cross interaction of
the species based on the estimate of the parameter c. This
strong interaction between 5CB and MBBA can also be
qualitatively observed by the high viscosity of the mixtures
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