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ABSTRACT: Birefringence is an optical property of a material having two or three refractive indices and depends on
the polarization and propagation direction of light. The material bearing this property is called as birefringent or
trirefringent. The birefringence is usually obtained using anisotropic crystals but it can be induced artificially for
optically isotropic materials by stress, chemical regeneration, dissolving, electric or magnetic inductions and, finally,
by re-alignment and spreading some materials into thin films of amphiphilic molecules. Birefringence can be
determined by measuring the changes in the polarization of light passing through the material inserted under crossed
polarizers. The best characterized birefringent materials are liquid crystals (LCs) such as nano- and microcrystalline
cellulose. Other birefringents such as cellulose, cellulose xanthate, cellulose triacetate, starch and collagen are reported.
The LCs material is an intermediate state between liquid and solid can be classified as thermotropic and lyotropic
crystals. Nematic and smectic phases are the most common sub-phases of the LCs. The arrangement of molecules in
the LCs phases can be used to differentiate nematic, cholesteric and smectic phases. The LCs are essential for liquid
crystal displays (LCD), liquid crystal thermometers and optical imaging.
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I. INTRODUCTION

Birefringence definition

When polarized light travels inside a material having two or different indices of refraction, it is splitted into two
components (ordinary and extraordinary beams) differed in their speed and refracting angles. This phenomenon is
termed as birefringence (double refraction) which is dependent on polarization and propagation direction of light. The
material bearing this property is called as birefringent or trirefringent. Crystals possessing birefringence are either
uniaxial (hexagonal, tetragonal, and trigonal crystal) or biaxial (orthorhombic, monoclinic, triclinic that have three
indices of refraction and known as trirefringent). The birefringence is defined simply as the difference between the
maximum and minimum refractive index values. Rutile is highly birefringent materials with a birefringence value
of 0.287, while quartz has a low birefringence value of 0.009 [1].

The refractive index (n) is defined as the velocity of the light in a crystal divided into the (higher) velocity of light
in vacuum. The crystal shown in Figure 1 has two refractive indices. The 1st index has higher value corresponding
to slow propagation of light polarized in the direction in which charge can move. On the other hand, the 2nd index
has lower value for light polarized perpendicular to the former index [1].
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Figure 1. Birefringence arisen due to refraction of polarized light by two optical axis.

Materials can be classified into two divisions, namely isotropic and anisotropic ones. The isotropy property is the
uniformity in all orientations (direction-independent), while properties of anisotropic materials vary according to
direction. An isotropic material is always homogeneous but the converse is not true. The optically anisotropic
materials are termed to be birefringent or birefractive.

I11. SOURCES OF OPTICAL BIREFRINGENCE

Although birefringence is usually obtained using anisotropic crystals, it can be resulted by inducing optically
isotropic materials by one of the following methods:

a)

b)

c)
d)
€)
f)

The stress method: when isotropic materials are stressed, bent or generally deformed until the isotropy
is disappeared in one direction, artificial birefringence is induced and is termed as stress birefringence
that similar to that occurred for glass studied by de Groot et al. [2].

Chemical regeneration method: modifying chemical structure of a material by addition or substitution
reactions, whereby the material has more than one chemical group with differing refractive indices
producing intrinsic birefringence [3].

Dissolving method: since rods or spheres having one refractive index, some materials give form
birefringence when are suspended in a media having another refractive index.

Electric induction (the Kerr effect): applying electric field induces birefringence at optical frequencies
through the effect of nonlinear optics [4].

Magnetic induction (Faraday effect): magnetic field can cause circularly birefringence for some
materials until the field is removed [5].

Re-alignment and spreading some materials into thin films of amphiphilic molecules such as lipids,
some surfactants or liquid crystals.
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Figure 2.Birefringence of a typical liquid crystal.

Since each of director orientation (Figure 5), birefringence, and length are not constant over the entire nematic
liquid crystal, some areas appear light and others appear dark due to, taken between crossed polarizers (Figure 2).

It was reported by Horer[6], that three types of birefringence can be arisen due to three different rotational
techniques of molecules in solutions, namely flow, electric and magnetic birefringences. The flow type is used to
study different biopolymers, while the electric one is used to study the secondary structure of DNA. Furthermore,
the magnetic birefringence is used to investigate nucleic acids.

Measuring the Birefringence

Birefringence and other polarization based optical effects (such as optical rotation as well as linear or circular
dichroism) can be determined by measuring the changes in the polarization of light passing through the material
inserted under crossed polarizers. Polarized light microscopes, which contain two polarizers that are perpendicular
to each other on either side of the sample, are used to visualize birefringence. The addition of quarter wave plates
permit examination of circularly polarized light. Birefringence measurements have been made with phase-
modulated systems for examining the transient flow behavior of fluids [7; 8].

Common Birefringent Biomaterials

The best-characterized birefringent materials are crystals. Due to their specific crystalline structures, their
refractive indices are well defined. There are many bio-based crystalline and LCs materials can be obtained and
were reported extensively for their important industrial applications.

Cellulose

Crystalline cellulose consists of highly ordered crystallites termed as fringed micelles beside less-ordered domains
[9]. Cotton fiber is a birefringent because of its high content of a-cellulose found in the secondary cell wall. The
birefringence of the cellulosic fibers can be recognized by the pseudo color in an image[10]. It was indicated that
its birefringence is retained up to 310 °C without any noticeable change indicating that cellulose remains
crystalline up to this high temperature [10]. In addition, cellulose becomes less birefringent at around 320 °C, and
the birefringence is completely lost at 330 °C. The image becomes brighter as cellulose loses birefringence. The
relative brightness stays constant below 310 °C, but increases in the narrow temperature range (310-325 °C), and
becomes constant again above 325 °C [10]. The fiber gradually loses birefringence as it is heated, but no
significant change is seen in the shape of the fiber. The fiber starts to deform when it almost completely loses
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birefringence and deforms further at higher temperatures. The large deformation suggests that cellulose becomes
plastic upon transformation and the mechanical properties as well as twisting and bending change dramatically
upon this transformation.

It is well known that water can only interact with the less ordered domains at ambient conditions [11] but
Deguchiet al. [10] found clearly that water also interacts with highly ordered domains at high temperatures under
pressure leading to crystalline-to-amorphous transformation. It was concluded that water is necessary to induce the
transformation because no such transformation is observed in ethanol at 7 MPa and at temperatures up to 350 °C
[10].

Cellulose Xanthate

Several polymers are birefringent due to their molecules are frozen in a stretched conformation upon molding or
extrusion [12]. In addition, the bio-based cellophane (cellulose xanthate) is birefringent. From Birefringence
measurements of cellophane sheets in the three orthogonal directions, Krishna lyer[13] indicated that the glucose
rings in the amorphous regions align themselves parallel to the film surface if the crystallites are oriented with the
101’ plane parallel to the film surface.

Cellulose Triacetate

Hayakawa and Ueda [14] examined the intrinsic birefringence of a cellulose triacetate (CTA) film using the
polarizability of the monomer model using the density functionaltheory. Since the CTA monomer has three
rotational isomers (conformations), namely gg, gt, and tg, the intrinsic birefringence of each isomer was evaluated
separately. The CTA with gg and gt structures shows a negative intrinsic birefringence, while the tg structure
shows a positive one [14].

Starch

Starch is a semi-crystalline material having alternating crystalline and amorphous regions [15; 16; 17]. The
crystalline regions are predominantly made up of amylopectin while the amorphous regions are constituted of
amylose and amylopectin [18]. Starch is insoluble in cold water, while under heating, its amorphous regions absorb
water and the crystalline structure is melt leading birefringence to be lost at a certain temperature [19; 20; 21]. This
temperature is referred to as gelatinization temperature that is dependent partially on the botanical source of starch
[15]. Upon continuous heating, molecular motion is increased leading amylose and amylopectin to be completely
separated [22; 23].

The gelatinization of starch can be determined by measuring the birefringence end point, viscosity changes, X-ray
diffraction, amylose-iodine binding (blue value), enzymatic digestibility, NMR, light extinction, solubility or
sedimentation of swollen granules, and absorption of Congo red [24].

I111. BIREFRINGENCE OF OTHER BIOMATERIALS
Collagen

Collagen is found in cartilage, tendon, bone, corneas, and many areas in the body. It is birefringent and commonly
studied with polarized light microscopy [25]. Some proteins and nucleic acids are also birefringent exhibiting form
birefringence [26].

Liquid Crystals (LCs)

The LCs material is an intermediate state (mesophase) between liquid and solid (Figure 3). The liquid state has the
ability to flow, while the solid one has an ordered crystalline structure. Regarding to position and molecular
orientation, solid crystals can exhibit short and long-range, while liquids and LCs may show short-range order
regarding to position and/or orientation. In addition, positional long-range order disappears for liquid crystals [27].
The most important structural features of LCs molecules can be concluded as reported by Andrienko[28] as follow:
1. The molecules have anisotropic shape (elongated). The LCs features can be arisen when the molecules
have flat segments like benzene rings.
2. The LC’s backbone is fairly rigid when it contains double bonds along the molecule axis.
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3. The existence of strong dipolar groups in the molecule.
4. The groups attached to the extremities of the molecules are generally of lesser importance.

State of Matter
Solid Liquid Crystal Liquid
[

U

LCs can show different molecular arrangements than do liquid and solid states. The LCs can be classified as
thermotropic and lyotropic crystals. Furthermore, nematic and smectic phases are the most common sub-phases of
LCs (Figure 4).

Thermotropic liquid crystals (TLCs) contain large number of organic compounds with anisotropic molecular
shapes. The TLCs can be obtained by obtained by melting a crystalline solid [28] and lowering temperature of
liquid. For the TLC state, too higher temperatures will enhance molecular motion and destroy their crystalline
order converting material into isotropic liquid phase [29].

Based on molecular shape of TLCs, they are divided into calamitic (rod like) and discotic (disclike) molecules
(Figure 4). Furthermore, calamitic TLCs type are additionally subdivided into nematic and smectic types. The
simplest liquid crystals phase is called nematic and is close to liquid phase. The molecules float around as in liquid
phase, but are still ordered in their orientation. The nematic phase is seen as the marbled structure. Columnar liquid
crystals have a unique construction because they are disclike shaped. Smectic liquid crystals have layered
arrangement of orientally-ordered rod-like molecules. The columns are packed together horizontally to form two-
dimensional crystalline array [29].

The arrangement of molecules in liquid crystal phases can be used to differentiate nematic, cholesteric and smectic
phases. In both nematic and cholesteric phases, the molecules tend to have the same alignment but the molecular
positions of nematic phase are not correlated. In addition, for cholesteric phase, the molecular alignment varies
regularly through the medium with a periodicity distance (pitch) equals p/2. Furthermore, in the smectic phase, the
molecules tend to lie in the planes with no configurational order within the planes and to be oriented perpendicular
to the planes [28].

The cholesteric pitch (Figure 5) may reach about several hundreds nanometers that is comparable to the
wavelength of visible light. The spiral arrangement of this phase is responsible for the featured colors in reflection
(through Bragg reflection by the periodic structure) and their very large rotatory power. The cholesteric pitch can
be quite sensitive to temperature, flow, chemical constitution, and stress-inducing agents applied such as magnetic
or electric field [28].
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Figure 1Figure 3. Main molecular alignment of the three states of matter.
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Lyotropic liquid crystals (LLCs) are subdivided into two sub-categories, namely lamellar and hexagonal types (Figure 4). The
LLCs are formed in solutions rather than in pure substances. Their individual molecules do not align by themselves to create
anisotropy but the molecules come together to form anisotropic aggregates which align themselves along the director.
Temperature and concentration of substance affects the LLCs behavior. Lyotropic crystals are formed by the amphiphilic
molecules termed as surfactants [29]. For more illustration, lyotropic liquid crystals occur as a result of solvent-induced
aggregation of constituent mesogens into micellar structure [30].
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Figure 5. A schematic representative of cholesteric
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Practical application of birefringence and liquid crystals (LCs)

Polarized light microscopy is commonly used in biological tissue, medical diagnostics as well as to detect stress in
plastics such as polystyrene and polycarbonate. In addition, the LCs materials are essential for liquid crystal
displays (LCD), liquid crystal thermometers and optical Imaging [29]. In addition, the LCs are used for
nondestructive mechanical testing of materials under stress. This technique is also used for the visualization of RF
(radio frequency) waves in waveguides. Furthermore, low molar mass (LMM) liquid crystals are used for erasable
optical disks, full color-electronic slides for computer-aided drawing (CAD) and light modulators for color
electronic imaging.
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