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9.1 INTRODUCTION

About 1885 the petroraphic microscope was introduced by gcoloists to
give more adequate information regarding thin slices of rocks. In 1916
Wri ght' suggested that the pctro graphic microscope be used for the identifi-
cation of chemical compounds. WinchcIls The Optical Properties of Organic
Compounds was first published in 1945 grid has since been rcvsed. 2 This text
included the optical crystallographic data on all of the organic compounds
reported in journals to which he had access at that time. At the present time
there arc several texts available to those interested in the use of optical crys-
talloraphy. 3 - 7 Today the petrographic microscope has assumed importance
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in the various fields of chemistry including pharmaceutical chemistry, medi-
cine. police and military intelligence, and the various scientific technologies.
The use of optical crystallography has been emphasized in identification and
determination of molecular orientations in the crystalline state. Its use often
permits the evaluation of properties that cannot be determined by other
means.

The use of optical crystallography developed with the theory of the inter-
action of light with the electrons of the molecules present in the crystal.
The theory used in the explanation of optical crystallography is derived from
the electromagnetic theory of light. Fletcher introduced the optical indicatrix
to explain the effect of light passing through a nonopaque crystal.' Early in
the twentieth century, Barlow and Pope published an article on "The develop-
ment of the atomic theory which correlates chemical and crystalline structur'
and leads to a demonstration of the nature of valency." Lewjs'° stated/that
this was an extremely bold but carefully elaborated theory of the nature of
valence and chemical structure based on the crystallographic study ofnemical
compounds. The theory leads to the idea that elements having Ihe same
valence occupy the same fraction of the total volume. Jaeger contributed to
the theory of Barlow and Pope using saccharin and phthalimidc as models."
Other investigators who contributed to the theory of Barlow and Pope were
R Odd ,lz Drugman, 13 and Colgate and Rodd.'4.,

In 1918 Wherry published his work on the correlation of the axial ratios
and refractive index ratios for compounds belonging to the tetragonal crystal
system." Dverin investigated the relationship of symmetrically substituted
aromatic compounds to threefold and sixfold symmetry. 1 ' After Lorentz'1
and Lorenz' developed the formula for molecular refraction, calculations
were made for the structural units in the molecule. Brtlhl found that con-
jugated unsaturated groups caused an increase of the molecular refractive and
dispersive power." This optical exhaltation was quantitative and dependent
on the nature and number of unsaturated atomic groups. It has been shown
that the mathematical relationship of the total induced polarization which is
caused by the distortion of the electron shells in the molecule is equiyalent
to the molar refraction. Optical crystallographers have included the deter-
mination of the molar refraction of the molecules in the solid state in their
publications.

Krishnan and other workers have studied the magnetic susceptibilities of
solids.** The results of those studies showed that there was a correlation of
magnetic and optical anisotropy. The investigators stated that 	 -

Optical measurements in theory have the same value, but owing to strong
mutual influence of the optical dipoles induced in neighboring molecules in the
crystal, even in those cases where the molecules happen to be oriented in the same
manner, the birefringence of the crystal, as a whole, does not directly give that
of-the individual molecules. In order to correlate the optical constants'of the
crystal, the relative positions of the latter in the crystal have also to be considered;
thus the problem is more complicated than in the corresponding magnetic case.
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Lonsdale and Kxishnanzl formulated mathematical relationships between
crystal and molecular diamagnetic susceptibilities and molecular orientations
for the different crystal systems. The abnormal susceptibilities of aromatic
molecules led Pailing to the conclusion that three bond orbitals of the
carbon atom in the benzene ring are coplanar and the fourth orbital possesses
lobes above and below the benzene ring. 2' The just mentioned studies Lcd
to the use of optical anisotropy in predicting molecular orientations. Wells 25

and Evans" have summarized these relationships.
Another area of microscopy was developed by the Kofler group and the

McCrone group. The Koller group has been responsible for the development
of "Thermo-Mikro-Methodcn" and the McCrone group has been responsible
for the development of fusion methods in the United States. The work of
McCronc may be appreciated by referring to his text." Fusion methods
have been utilized in the study of solids of pharmaceutical and medical im-
portance. identification of explosives, study of insecticides, and the investi-
gation of polymorphic-crystal forms.

Most recently in the pharmaceutical field there has been considerable
interest in the relationship of polymorphic forms as well as crystalline forms
of solvated molecules to drug availability. The use of optical crystallography
provides a convenient tool for the rapid identification of these various crystal-
line forms. Since a microscopió' examination can be done with a minimum
amount of material, positive and rapid identification and definite conclusions
can be made and drawn utilizing optical crystallography.

Having introduced the reader to the historical and applied aspects of
optical crystallography, a discussion of the tool, presentation of theory, and
application of the knowledge are in order.

9.2 PETROGRAPHIC MICROSCOPE

The petrographic microscope, a polarizing microscope, differs from an
ordinary compound microscope in that it has a rotating stage, a polarizer
located in the condenser below the stage, an analyzer located in the body tube,
and an Amici-Bertrand lens locatedin the body tube. Of importance also
is the convergent lens and iris diaphragm located in the condenser. Just
above the objective is a slot into which a quartz wedge, first-order test plate,
or quarter-wavelength test plate may be inserted. A cross section of the
petrographic microscope is shown in Fig. 9.1.

The polarizer and analyzer are iithcrNicol prisms or Polaroid lens. The
polarizer is used to resolve all light into one plane of vibration. The analyzer
is placed in the body tube so that its plane of vibration is perpendicular to that
of the polarizer. When the planes are perpendicular. the Nicol prisms arc
crossed. The planes of vibration of the prisms coincide with the cross hairs
in the ocular. The analyzer can be pushed in and out of the body tube. When
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is termed "extinction." If an anisotropic material is placed on the stage
between the crossed nicols, light will pass through the analyzer provided the
planes of vibration of the crystal are not parallel to the planes of vibration of
the Nicol prisms. The light passing through may be colored, and these are
called polarization colors. The intensity of the light in the optical system
may be controlled by altering the dimctcrof the iris diaphragm.

The polarization colors may be made a great deal more intense by rotating
the convergent lens into position above the condenser. If then the Amid-
Bertrand lens is inserted into the body tube, the image will be focused at
infinity. The resultant shadow or combination of colors and shadows is
called an "interference figure." This figure is of great importance in determin-
ing almost all of the optical crystallographic properties of a given crystalline
.substance. Complete determination of the properties is made by inserting the
test plates into the slot above the objective and observing the resulting effects
on either the interference figure or crystal. A more detailed description of the
petrographic microscope and the passage of light through the optical system
is found in any suitable textbook on optical crystallography- 7 or chemical
microsCOpy.

9.3.CRYSTALS

An ideal crystal is a regular polyhedral solid bounded by plane faces which
represents an extended array of atoms arranged in a definite order in all
directions. Such arystat contains a unit cell or a unit of structure, repetition
of which in three dimensions produces the crystal. Each unit cell fora specific
crystal is the same size and contains the same number of atoms similarly
arranged. Even though size and shape of such a crystal may vary, the angles
between the faces will remain constant. At times many of the crystal faces
may not be evident, but there still remains an orderly internal arrangement
of atoms.

Crystals vary in their angular relationships and symmetry. On this basis, a
crystal is classified into one of six crystal systems. The systems, depending on
the symmetry, arc subdivided into 32 classes. Certain forms are characteristic
of each class. A measurement of the interfacial angles reveals a number of
faces of the same type. Faces of the same type are referred to as a "form."
In some instances one form is all that is needed to define the three-dimensional
solid. In other instances, and at times demanded, two or more forms arc
present.

Each system is defined in terms of the crystallographic axes, which are
imaginary lines used to describe the position of the plane laces in space. The
systems arc defined as follows:

I. Isomeirk System. This system includes those crystals which arc referred
to three mutually perpendicular equal axes. The axes are identified as A 1 . A.
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FIGURE 9.2: The crystal systems. Courtesy of John Wiley & Sons.
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2. Terragonal System. This system includes those crystals which are re-
ferred to three mutually perpendicular axes, two equal in length, and one
longer or shorter. The equal axes are A 2 and A. The third axis is C.

3. Hexagonal System. This system includes those crystals which are
referred to three equal axes lying in one plane and intersecting at angles of
sixty degrees, and a fourth axis, either longer or shorter and perpendicular
to the plane of the other three. The equal axes are A 1 , A 2 , and 4 3 . The per-
pendicular axis is C.

4. Orthorhombic System. This system includes those crystals which are
referred to three mutually perpendicular axes of unequal length. The axes
are a, b, and c.	 -

5. Moiwclinic System. This system includes those crystals which are re-
ferred to three unequal axes, two axes perpendicular to the third axis but not
to each other. The two axes are a and c, the third axis is b.

6. Tric(isuc System. This system includes those crystals which are referred
to three unequal axes intersecting at oblique and obtuse angles. The axes are
a, b, and c.

The axes, simple forms, and combinations in the six crystal systems are
illustrated in Fig. 9.2.

Crystals of a given substance may vary in size, relative development of a
given face, and the. number and kind of faces or forms present. Crystals
showing such variations have different crystal habits. The habit acquired
depends upon the solvent used, the temperature, pressure, concentration,
impurities, and the rate of precipitation. If the crystal faces in the three
dimensions are equidimensional, or nearly so, the habit is termed "equant."
If a pair of opposite and parallel faces are larger, the crystal is flattened and
is said to be "tabular." If this is curried to the extreme, the crystal is said to be
"tamellar." If three or more faces all parallel to a line are larger and elon-
gated, the crystal is said to be "columnar"; the extreme tendency of this type
is termed 'acicular."

The habit of a crystal can also vary because the crystal is easily cleaved.
Cleavage occurs in the plane where the intramolecular forces are the weakest.
A crystal may possess several cleavages which arc parallel to common crystal
faces. The cleavage may range from perfect to poor. Cleavage is of great
help in suggesting intermolecular arrangement, particularly with aromatic
organic substances.

Crystals of a given substance may also vary in crystal form. This means
that the unit cell will vary, and the crystal exhibits polymorphism. Such
substances are termed dimorphic, trimohic, etc., accordin g to whether they
possess two, three, or more forms. On standing one of the forms may convert
to another form. This form is termed "mctastablc" If the form conversion
is reversible, the polymorphism is enarniotropic: if the form conversion is
I rreversible, the polymorphism is monotropic. Polymorphic conversions are
dependent on pressure and temperature. In addition various polymorphic
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forms may be isolated using different solvents. When different crystalline
forms of a sin g le substance are isolated, one must also consider the possibility
of isolatiric solvated forms. Also a sinele substance may exist in two different
species in the solid state. For example. two different species can exist because
of tautomerism. This difference is called "dynamic isomerism" and should
not be confused with polymorphism.

9.4 CRYSTALLIZATION

Macroscopic and microscopic procedures are valuable in obtaining crysthls
for microscopic study. Generally speaking well-formed crystals are obtained
using microscopic methods. Such crystals should be used for detailed study.
Pharmaceutical chemists are well aware of the macroscopic procedures. A
clean microscope slide is used for microscopic procedures. About 2 drops of
the solvent is added to the slide and a small amount of the solid material to be
crystallized. A supersaturated solution is obtained at room temperature. To
dissolve the small amount of excess solid, the slide is heated using a micro-
burner. On heating the solvent will evaporate and solid will crystallize at the
edge of the solution. A glass rod is used to push the crystals to the center of
the drop of solution. As this crystallization begins and proceeds, the slide is
removed from the microburner. To prevent further evaporation the solution
containing crystallized solid is covered with a clean cover slip.

Macroscopic procedures are advantageous because the rate of crystalliza-
tion may be carefully controlled. When necessary, large volumes of solvent
may be used for crystallizing slightly soluble solute. Concentrations of more
soluble solids may be carefully controlled. Temperature is more readily
controlled. Crystallization on a microscopical scale has great advantages in
that crystallization is rapid, the crystal growth may be followed directly, and
physical-chemical changes which occur can be readily identified. Crystals
from microscopic procedures may also be smaller and more nearly perfect.
Application may be done by doing experiments 9.1-9.4.

9.5 POLARIZATION COLORS—AN ISOTROPY

Substances in which the velocity of the transmission of light differs in
different directions are called "anisotropic." Tetragonal, hexagonal, ortho-
rhombic, monoclinic, and triclinic crystals are anisotropic. When white light,
which has many planes of vibration, passes through an anisotropiC crystal, it
is resolved into two planes of vibration. The velocity of light in each plane
of vibration is different. Since the refractive index is a measure of the velocity
of right, it can be said that the anistropic media shows double refraction. The
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numerical difference between the two indices of refraction is a measure of the
birefringence of the crystal.

The plane of vibration of the crystal may be located under the microscope
with the aid of the polarizer and the analyzer. Should the plane of vibration
of the crystal be parallel to the plane 'of vibration of the polacizer, light will
pass through the crystal with no change in direction of vibration. The light
vibrating in the plane of the polarizer will then be totally reflected in the
analyzer. As a result, between crossed Nicol prisms the crystal will be
extinct. If the crystal is rotated by moving the stage, the crystal will then take
on a color. The intensity of the color reaches a maximum at 

450 from the
position of extinction. The color may be any in the visible spectrum. These
are called polarization colors. With continued rotation of the stage, the
crystal will then become extinct again. The extinction position is 90 from
the previous extinction position. Thus, two different planes of vibration
have been located. The refractive index of the crystal is determined when the
crystal is in the position of extinction. The principal planes of vibration of the
tetragonal, hexagonal. and orthorhombic systems parallel the crystallographic
axes.

The principal indices of refraction are obtained by locating the principal
planes of vibration. A principal index of refraction parallels the b axis of the
monoclinic system. Principal indices of refraction may or may not parallel
one of the crystallographic axes of the triclinic system.

If an observer looks down the c axis of a tetragonal or hexagonal crystal
between crossed Nicol prisms, the crystal section will show complete extinc-
tion. lithe observer looks at a section including the a and c crystallographic

axes of the ictragonal or hexagonal system, extinction will occur when the
long edge of the crystal is parallel to the cross hairs. This occurs because the
plane of vibration is parallel to the crystallographic axis, which in turn is
parallel to the long edge of the crystal. This extinction is called "parallel
extinction." Orthorhomb crystals will show parallel extinction. However
no complete extinction is observed, as is shown by tetragonal and hexagonal
crystals. On close examination of the principal planes of .ihratiofl through
the determination of the principal indices of refraction, one finds that ortho-
rhombic crystals possess three different planes of vibration, all mutually
perpendicular. Monoclinic and triclin ic crystals possess three planes of vibra-
tion and therefore three different principal indices of refraction. When one
looks at a sc.tion of a rnonodinic crystal which includes the b axis. the extinc-
tion is parallel. When one looks down the b axis of this monoclinic crystal.
extinction between crossed Nicol prisms occurs when the lcnt edge of th,
crystal is at an angle to the cross hairs ? This extinction is called " i nclined" or
"oblique." Triclinic crystals show oblique cxlInCtIor. This discussion IS

summarized in Table 9.1. Experiments 9.5-9.9 allow one to obscrc the
CXtiflCtiOfl, polarization colors, and habit of various crystalline substances-
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TABLE 9.1: Effect of Crystals on

Velocit y of	 Principal indices
Svs:cm	 transmission	 Extinction	 of refraction

Isometric	 Isotropic	 Complete	 One
(cubic)

Tetragonal	 Anisotropic	 Parallel and	 Two
complete

Hexagonal	 Anisotropic	 Parallel and	 Two
complete

Orthorhombic	 Anisosropic	 Parallel	 Three
Monoclinic	 Anisotropic	 Parallel and	 Three

inclined
Triclinic	 Anisotropic	 Inclined	 Three

9.6 DETERMINATION OF REFRACTIVE INDEX

The refractive index governs the visibility of all transparent objects. It
can be defined as the ratio of the velocity of light traveling in a vacuum to the
light traveling in a given medium. The refractive index has also been defined
as the ratio of the sine of the angle of incidence to the angle of refraction when
incident light is refracted into a medium of less density to a medium of greater
density. These ratios result because of the interaction of light with the dcc-
trort shells of the lesser and denser media. The interaction of light with the
electron cloud causes a distortion of the cloud. A measure of the ease of
distortion is called the 'polarizability.' The refractive index is directly
proportional to the polarizability. The distortion causes an optical dipole to
be induced. The total polarization, which is a measure of the dielectric
constant, is a function of the induced dipole and the permanent dipole. For
light of long wavelength Maxwell showed that the dielectric constant was
equal to the square of the refractive index. For this reason the molar polari-
zation can be calculated knowing the refractive index.

The refractive index of liquids can be easily determined with the use of the
Abbé refractometer. Knowing the refractive index of liquids, the refractive
index of solids may be determined, since a wnopaque solid will not be seen
in a liquid provided both solid and liquid have the same refractive index.

• To determine the refractive index of solids, it is necessary to prepare a series
of liquids having specific refractive-index values. On mixing mineral oil and
a.-bromnaphthalcne in various proportions a series of liquids can be prepared
having refractive-index values varying from 1.48 to 1.658. Usually the oils
are prepared in which each oil varies from the next oil by 0.005. Equal
volumes of mineral oil and a .bromnaphthalenc provide a liquid having an
index midway between 1.48 and 1.658. The series of oils may be continued
by mixing a-bromriaphthalene with methylene iodide (1,74). Another oil



9.6 DETERMINA11ON OF REFRACTIVE INDEX	 347

may be prepared by saturating methylene iodide with sulfur. iodoform, and
iodides. This provides a liquid with a refractive index of 1.86. Mixing this
latter oil with methyknc iodide will provide various liquids having refractive
indices between 1.74 and 1.86. Most Organic solids are not sufficiently soluble
in these oils. Thus, they may be used to determine the refractive index of the
solids. The refractive index of the liquids will vary about 0.0004 units/1°C.

FIGURE 9.3 The Becke line is the bright band of light surrounding the crystal.

To determine the refractive index of an isometric crystal such as sodium
chloride, freshly crystallized material is isolated and dried. A few crystals
are placed in a microscope slide and immersed with a couple of drops of
refractive-index oil. The slide is mounted on the revolving sagc of the micro-
scope and focused sharply. The Becke line is used to determine if the crystal
has a higher or lower refractive index than the surrounding medium. The
Bccke line is a bright band of light which moves to the medium of higher index
of refraction as the body tube is focused upward. The bri g ht band of light
will move to the medium or lower index of refraction as The body tube is
focused downward. The Bccke line is difficult to observe if the field is too well
illuminated. hercforc, the iris diaph.cagm must be adjusted so that the field
is no too bright: the field should have a slight touch of g ray. The Bcckc line
is illtlsrratcd in Fig. 9.3. The movement of the Becke line in opposite direc-
tions when the body tube is moved upward or downward may he explained
with the use of Fig. 9.4. As the figure suggests the majoritY of ra y s from the
light source is rcflectcd when they hit the interface between the media of high
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and low refractive index. The reader may do experiments 9.10 and 9.11 to
familiarize himself with the determination of the refractive index of solids

When a crystal is mounted in a chosen immersion oil, the Becke line is
observed, lithe Becke line moves toward the center of the crystal as the focus
is raised, then the surrounding medium has the lower refractive index. In
order to determine the refractive index of the crystal, a higher mounting oil

FIGURE 9.4; Movement of the Becke tinc. (A) Crystal in sharp focus. (B) ..Beckc line
within crystal as the body tube Is focused upward. (C) Bcckc line outside crystal as the

body tube is focused downward. Courtesy of John Wiley & Sons.

is chosen. After mounting the crystal in an oil of higher refractive index, it
may be observed that the Becke'linc moves outward from the edge of the
crystal as the focus is raised. With-proper chbice of gils, the crystal,, is found
to disappear when mounted in one of the oils, or a mixture of two oils ad-
jacent in refractive index. When crystals do disappear, it is concluded that
the solid has the same refractive index as tTe liquid. Should the crystal be
colored, then a filter of the same color may be placed between the condenser
and the light source so that the field will have a similar color. In this nanncr
the refractive index of the colored crystal may be easily determined.

When an isometric crystal is mounted in an oil having the same refractive
index, the crystal will not be observed, even when the stage is rotated through
3600. If the difference between the refractive index of the liquid and solid is
low, the contrast is low; when the difference is great, the contrast is high.
When one mounts an anisotropic crystal in a liquid arid focus on the solid
sharply under the microscope, it can be observed that the contrast will vary
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as the stage is rotated through 3600. This indicates that the refractive index
of çhe crystal changes as the stage is rotated. This incidentally will.pccur only
when the polarizer is in position in the condenser and when the analyzer is
not inserted into the body tube.

In determining the refractive indicts of an anisotropic crystal, the orienta-
tion of the crystal must be known. Thus the experience gained in observing
the crystal as it is rolled in Canada balsam is most beneficial in determining
the principal indices of refraction. Consider a columnar crystal which belongs
to the tetragonal system. When looking at a face of this crystal (rectangular
shaped) two principal indices of refraction can be determined. One index
will be determined when the long edge is parallel to the vertical cross hair.
A second index will be determined when the long edge is parallel to the hori-
zontal cross hair. These positions represent extinction positions of the crystal.

To determine the refractive indices of the tetragonal or hexagonal crystal.
a crystal showing the maximum polarization colors between crossed Nicol
prisms is chosen for study. This crystal is rotated to a position of extinction.
It is then noted whether the long edge of the crystal is parallel to the vertical
or horizontal cross hair. The analyzer is then removed and the movement of
the Becke line 11 noted. The crystals are mounted in the various immersion
oils using the previously described procedure to determine the refractive index
which corresponds to the chosen plane of vibration (as determined from the
extinction position). Having determined the first refractive index, then the
refractive index corresponding the plane of vibration at 900 is determined.
This may be observed by performing experiment 9.12.

When Table 9.1 is examined, it will be observed that crystals belonging to
the orthorhombic, monoclinic, and triclinic crystal systems possess three
principal indices of refraction. These three indices are difficult to determine
without the knowledge or use of the interference figures to determine the
crystal orientation. Therefore, the procedure is somewhat "hit-and-miss."
Generally speaking the orientation showing the highest polarization colors
will yield the highest and lowest indices of refraction. If then the crystal is
rolled 90, the intermediate index may be obtained. These determinations,
however, may not yield the three principal indices of refraction. If one is
studying a crystal possessing a tabular habit, he may roll the crystal in Canada
balsam to determine the planes of vibration and relate the polarization colors
to each position studied. The planes of vibration ma y then be identifiedwith
the crystallographic axes. Then two orientations need be chosen to determine
the three indices of refraction. One of the indices will be common to both
orientations. This is illustrated in Fi g. 95 The refractive indiccs for an
Orthorhombic crystal may be obtained by performin g experiment 9.13.

If the higher index of refraction parallels the long ed ge of the crystal, then
the elon gation is positive. If the opposite occurs, then the elongation is
ne gative. Eloniation is not too sirnificant since the habit of the crystal is
quite Susceptible to cl'iinre.
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The two indices of refraction in letraconal and hcx;uonal crystals are
identified as epsilon and omera. Omca parallels the a crystallo g raphic axis
and epsilon parallels the c crystallographic axis. The three indices of refrac-
tion in the orthorhombic. monoclinic. and triclinic crystals are rcferrcd to as
alpha, beta, and gamma. Alpha is the lowest index value and gamma is the
hihcst index value, beta therefore bein g the intermediate value.

FIGURE 9.5: The three principal planes of vibration as observed from the three faces of the
orthorhombic crystal. The refractive indices are alpha, beta, and gamma. The crystal

shoes positive elongation.

It is possible that omega can be a higher or lower value when compared to
epsilon. When omega is the higher refractive index, the crystal by definition
is optically negative. When epsilon is the higher refractive index, the crystal
is optically positive. When the values for alpha, beta, and gamma are com-
pared, one can conclude that beta, the intermediate value, may have anjndex
value closer to alpha than gamma. If this occurs, one states the orthorhombic,
monoclinic, or triclinic crystal is optically positive. The crystal is optically
negative when beta has an index value closer to gamma than to alpha.

9.7 INDICATRIX

To understand the optic sign of anisotropic crystals more acquately and
comprehend the effect of crystals on light, the indicatrix is used. By definition
the indicatrix is a "three dimensional geometric figure showing the variation
of the indices of refraction of a crystal for light waves in their directions of
vibration. Each radius vector represents a vibration direction whose length
measures the index of refraction of the crystal for waves vibrating parallel to
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the direction." Consider a pinpoint source of light in the center of an iso-
metric crystal. Allow the light waves to propagate in all directions for an
instant. Then draw wave normals perpendicular to the direction of propaga-
tion The summation of all wave normals for the isometric crystal would be a
sphere. This sphere by definition is an isotropic indicatriL This is illustrated
in Fig. 9.6.

FIGURE 9.6 The isotropic indicatrix. Courtesy of John Wiley & Sons.

The radius of the sphere is equal to the refractive index of -the crystaL
Therefore, the refractive index of the isometric crystal is constant.

When considering a tetragonal or hexagonal crystal, an indicatrix shaped
like an oblate or prolate spheroid is formed. When light travels in the direc-
tion of the c crystallographic axis, it behaves as though the crystal is isotropic.
Therefore, two radii of the spheroid are equal. When light travels in a direc-
tion perpendicular to the c axis, the velocity of light varies depending on the
position of the section of the crystal. Therefore, the radii will vary. This
direction, coinciding with the c axis, is called the "optic axis." Consequently
in the three-dimensional section, the indicatrices appear as shown in Fig. 9.1.

The radius of the lon ger axis of the prolate spheroid corresponds to the
refractive index for epsilon. As dcliiied.earlier, this corresponds to a uni-
axial positive indicatrix. When the refractive index corresponding to epsilon
coincides to the radius of the shorter axis of the oblate spheroid. thc uniaxial
indicairix Is nctiv. If' one considers any section of the positive or negative
indicatrax. one axis always corresponds to the refractive index for omega and
the other axis Aill var y an len g th up to a maximum shich corresponds to
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Ootic axis

A	 B

FIGURE 9.7: The uniaxial indicatrixfor (A) a posiuve crystal and (B) a negative crystal.

epsilon. Consequently the value for omega will always be constant irregard-
less of the position of the crystal (or position of the indicatrix). However.
only the highest value for epsilon for a positive crystal and the lowest value
for epsilon for a negative crystal should be reported. These values are called

principal indices of refraction." The exact positions of the indicatriccs for

Optic axis

FIGURE 9.8: Uniaxial positive crystal (quartz). Courtesy of John Wiley & Sons.
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quarl/. (poitivc crystal) and sodium nitrate ( ccativc cr y stal) are lliictratcd
in Fws 9.S and 9.9.

In the quartz and Na NO 3 cr stal the section of the md icatri \ perpeiidictil.ir
to the optic .t'us is circular. All other sections are elliptical. \Vhcri I ookiii at
a section perpendicular to the optic axis, the crystal shows complete c\tuicCio:1
betccri crossed Nicol prisms. This always holds true and is a conveiliclit s;tY

Optic axis

FIGURE 9.9 Unixial negative crystal (NaNO). Courtesy of John Wiley & Sons.

to locate the optic axis. All other observed sections of the crystal correspond
to elliptical sections of the indicatrix and will show parallel extinction. That
is, when looking at the crystal planes corresponding to the elliptical sections,
one sees the crystal becoming alternately light and dark between crossed
Nicol prisms. The crystal is extinct when one of the axes of the indicatrix
is parallel to the plane of the polarizer. The greatest difference in the indices
of refraction, i.e.. the maximum birefringence, is obtained when a section is
viewed parallel to the plane of the optic axis. This orientation gives the two
principal indices of refraction. When a section is viewed perpendicular to
the optic axis, the crystal shows complete extinction between crossed Nicol
prisms. With this orientation only omega is obtained.

The orientation of tetragonal and Ixagonal crystals and the optic sign
are determined from interference figures. An interference fi g ure is a
scopic image of convergent fight passing through an anisotropic crystal be-
tween crossed Nicol prisms. The definition of the interference figure also
represents the procedure by which the figure may be obtained. A crystal is
focused sharply and placed at the intersection of the cross hairs in the ocular.
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FIGURE 9.10: Centered uniaxial optic-am interference figure.

The analyzer is then placed in position, the convergent tens is inserted into
position and the Amici-Bertrand lens is placed in position so that the power
of the ocular will be nullified. If one is looking at a section of a tetragonal or
hexagonal crystal perpendicular to the c axis (i.e., looking down the c axis or
looking down the optic axis) one sees an interference as shown in Fig. 9.10.
This figure is called a centered optic-axis uniaxial interference figure. If one
examines Figs. 9.8 or 9.9, one concludes that the crystal must rest on its apex
to get the centered figure (i.e,.in order to look down the optic axis). This is
impossible unless the crystal is mounted in a viscous liquid such as Canada

FIGURE 9. I: Off-centered tirsixiaI optic-axis intcrfcrcncc figure.
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balsam. It is more ii kely that the crystal will rest on one of its laces. If the
direction of prop.-at on of li ght is at an a neic to the optic :1 xis, then the
figure will not be cenicred, as illustrated in Fir. 9.1 1.

The crystal may he l ying on a predominant face and the optic axis is outside
the field of the m icroscope. Then the cross will not be observed, only one of
its brushes. This is illustrated in Fig. 9.12.

Optic axis

FIGURE 9,12: Off-centered optic-axis figure. Point of emergence of optic axis is outside
the field of the microscope. Courtesy of John Wiley & Sons.

'Should the crystal be lying on a face which represents a section including
the a and c crystallographic axis and therefore including the optic axis, one
will observe a flash figure. This interference figure is illustrated in Fig. 9.13.

The optic sign n'taS' be determined using the optic-axis interference. Before
this procedure is described, a review of the interaction of light waves (electro-
magnetic wave theory) is necessary. Without any crystal under the microscope
and with the polarizer and analyzer in-position, different Newton colors are
observed -when the quartz wedge is inserted in the slot located above the ob-
jective. As the wedge is pushed in, some colors will reappear. On first
appearance, the color is first order; on second appearance it is second order,
etc. The colors of the first order include, in order: gray, gray blue, white,
Yellowish white, yellow, and red. Following the red color, include, in order,
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the second-order colors, namely: violet, blue, green, yellow, orngc, red.
The third-order colors include violet, green, yellow, red. in reference to red
color, it can be said that a color of lower orde't would bcyellow or orange and
a color of higher order would be blue or violet. The quartz wedge is so con-
structed that the fast ray vibrates in the direction of the long edge and the slow

FIGURE 9.13: The uniax&al (laTh figure. Optic axis in the diagonal position.'

ray vibrates in the direction of the width of the quartz wedge. The quartz
wedge is illustrated in Fig. 9.14.

Another test plate used in-determining the optic sign is the gypsum plate
or selenite plate, which is ground to such a thickness that it gives a first-order
red color. This test plate is shown in Fig. 9.15 and the planes of vibration of
the fast and slow rays are identified.

Consider the anisotropic crystal to be of such thickness that its polarization
or interference color is gray. If this anisotropic crystal is now placed under
the microscope in its extinction position and the first-order red test plate is
inserted, the field will appear red. When rotated 450, the crystal may appear
blue. If the stage is now rotated an additional 90'. the crystal will appear
yellow or orange. These observations are explained as follows: when the
slow and fast rays of the test plate and crystal are vibrating, parallel rein-
forcement occurs. Thus, the color (red) will be reinforced to give a color or 
higher order (blue), lithe slow and fast rays of the test plate and crystal are
vibrating perpendicularly. then compensation occurs and the result is a color
of a lower order (i.e.. color changes from red to yellow or orange). Rein-
forcement is called "constructive interference'* and compensation is called
"destructive interference."

When Fig. 9.10 is camined, one observes a cross. tcrnicd "isoyrcs,"
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which represents positions of complete extinction. The light areas in the four
quadrants represent slow and fast rays of the crystal vibrating mutually
perpendicular of such wavelength difference that destructive interference is not
complete. Thus in the four quadrants rays are vibrating mutually perpendic-
ular, one ray representing the radial ray, the other representing the tangent
ray. The velocity of one of the rays does not change and is termed the "or-
dinary ray," the other ray velocity changes and is called the 'extraordinary

FIGURE 9.14: The quartz wedge.	 FIGURE 9.13: The first-order red test plate.

ray." The former ray is the tangent ray and the latter ray is the radial ray.
The traces of the planes of vibration of the ordinary and extraordirary
components in the optic-axis uniaxial interference figure are illustrated in
Fig. 9.16. The optic axis interfcrenoe figure is dashed in. If the first-order red
test plate is inserted into the slot, the isogyrcs will appear red. The slow ray
of the test plate (see Fig. 9.15) will vibrate parallel to the o ray in quadrants
2 and 4 and will vibrate parallel to the e ray in quadrants I and 3. Let us
assume that the e ray is faster than the a ray. Then the optic sign ma y be
determined from the interaction of the rays of the crystal with the rays of the
test plate. Figure 2.17 illustrates the resulting effect. The isogyrcs will be red.
Tb quadrants I and 3 adjacent t.o the isogyre a yellow color v.iIl appca.. In
quadrants,2 and 4 adjacent to the isogyrc a blue color will appear. Using a
first-order red test plate, blue appearsvheri interference is constructive. This
results when like rays (i.e., slow rays) vibrate parallel. Thus, in quadrants
2 and 4, the slow ray of the test plate is vibrating with the slow ray of the
crystal. The  ray is the slow ray because its plane of vibration is parallel to
that of the slow ray of the test plate. By definition, when the o ray is the slow
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FIGURE 9.16: The uniaxial interference figure.

FIGURE 9.17; The uniasial interference figure. When the first-order red plate is inserted
into the body tube, blue color will appear, as represented by the dotted areas in uadrints 2

and 4. The similar areas in quadrants I and 3 will appcar yellow.
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ray and the c ray is the fast ray, the crystal is optically negative. Should the
crystal have been optically positive (i.e., the optic sign is positive) blue would
have appeared in quadrants 1 and 3, whereas yellow or orange would have
appeared in quadrants 2 and 4. For a more detailed discussion of the deter-
mination of the optic sign of uniaxial crystals, using the various test plates,
the reader is referred to texts in optical crystallography.

_-2V --.,,

FIGURE 9.18: The positive biaxial iridicatrix. OA is the optic axis. Courtesy of John Wiley
& Sons.

Since the refractive index is inversely proportional to the velocity of the
light, the refractive index for the ordinary ray (omega) is higher for a negative
crystal than for a positive crystal.

The examination of the interference figures, the determination of the optic
sign may be done by performing experiments 9.13 and 9.14.

The biaxial indicatrix is common to the orthorhombic, monoclinic, and
triclinic crystal system. Biaxial indicates that this three-dimensional form
contains two optic axes. This indicatrix corresponds to a triaxial ellipsoid.
Just as the section perpendicular to the optic-axis of a uniaxial indicatrixis
circular, so must the • section perptdicular to the optic axis of the biaxial
indicatrix The radius of each of the three axes of the biaxial indicatrix
corresponds to the numerical value of the refractive index. Thus the ortho-
rhombic, monoclinic. and triclinic crystals possess three indices of refraction.
The values are identified in increasing numerical numbers as alpha, beta, and
gamma. The positive and negative biaxial indicatrices are illustrated in
Figs. 9.18 and 9.19.
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The three axes of the triaxial ellipsoid are XX' (shortest axis), Y Y' (inter-

mediate axis), and ZZ' (longest axis). The optic axes lie in the XZ plare. and

XX' or ZZ will bisect the acute angle made between the optic axes. W XX'

bisects the-acute angle, the indicatrix is negative. If ZZ bisects the acute
angle. the indicatrix is positive. Respectively then the ZZ' or XX' will be the
obtuse bisectrix. Perpendicular to the optical axes and to the XZ plane is V Y'.
This intermediate axis is termed the "optic normal." Perpendicular to each
optic axis is a circular section, the diameter being equivalent to V Y'.

Z.BxO

FIGURE 9.19: The negative biaxial indicatrix. 04 is the optic axis. Courtesy of John Wiley
At Sons.

Whereas the biaxial jndicatrix as such is not observed under the microscope,
observations are seen which can be correlated with the indicatrix. If the
observer looks at a section parallel to the XZ plane. he is looking down the V
axis. An interference figure called the "optic normal figure" is seen. This
figure is somewhat analogous to the flash figure observed with a uniaxial
figure. When the crystal with the optic normal orientation is placed in the
position of extinction, the interference figure is a cross. When the stage is
rotated, the isogyres (black brushes) will rapidly leave the field in either the
first and third quadrant or the second and fourth quadrant depending on
,,.hat direction the stage is rotated. On continued rotation the isogyres will
come back into the field in the alternate quadrants and form the cross at the

position of extinction.
If the observer looks at a section perpendicular to the axis bisecting the

acute angle made by the two optic axes (termed the "acute biscctrix" and
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abbreviated as lixa) in the position of extinction, a cross is observed. Oii
rotatinc the stage. the isogyres separate and conic to gether again during 90
rotation. If the observer is lookin g at a scctioIl perpendicular to the obtuse
bisectrix when the crystal is in the extinction position, a Cross is observed aiid
%%ill separate on rotation of the stage. The obtuse bisectrix figure separates
more rapidly when the stage is rotated than does the acute biscctrix licure.
The optic normal separates the most rapidly on rotation of the stae. Ii the
acute angle is small enough, the isogyres will not leave the field s hen the 51:1cc
is rotated. With most microscopes, the isogyres will leave the field when the
obtuse bisectrix figure is rotated, If examines a crystal so oriented that the
observed section corresponds to the circular section of the biaxial indicatrix.
a cross is not observed—only a single brush. The interference figures corre-
sponding to the various sections of the triaxial indicatrix are shown in Figs.
9.20 and 9.21.

When examining Fig. 9.20A-C and 9.21A-B, one observes concentric
rings. Th center of the concentric rings is the point of emergence of the
optic axis. Therefore, the distance between the point of emergence of the two
optic axes in Fig. 9.20A-C is a measure of the angle between the two optic
axes (termed "2V").

In Fig. 9.22 the axes of the triaxial ellipsoid arc located in the crystal. In
Fig. 9.22A the crystal is located in the extinction position and in Fig. 9.22B
the crystal is located in the 450 position. When the crystal is between crossed
Nicol prisms, the convergent lens and Amici-Bertrand lens inserted, the
interference figure is seen. In 9.22A the optic normal (YY') coincide with
the vertical cross hair and the obtuse bisectrix coincides with the horizontal
cross hair. When the crystal is rotated 45° so that the isogyres arc located in
quadrants 2 and 4, the optic normal (YY') is in the diagonal position in
quadrants I and 3. The obtuse bisecrix is in the diagonal position iii quad-
rants 2 and 4. The observer is looking down the acute bisectrix. Figure 9.2213
corresponds to Fig. 9.20B or C.

By definition, the length of the semiaxis of the triaxial ellipsoid correspond-
ing to the refractive index, XX'. Y Y', and ZZ', corresponding to alpha, beta.
and gamma. It has been previously stated that the refractive index is inversely
proportional to the velocity of the light. Therefore, the velocity of light
vibrating in the XX' plane is the fastest, the velocity of light vibrating in the
zZ' plane the slowest, and the velocity of light vibrating in the Y Y' plane the
intermediate. In Fig. 9.22B, the light vibrating in the diagonal plane in quad-
rants I and 3 represents rays parallel to-the optic normal and the -light
vibrating in the diagonal plane in quadrants 2 and 4 represents the rays
parallel to the Bxo.

This condition holds for that section between the convex sides of the
isogyrcs.

With this knowledge, the optic sign of the crystal may he determined.
Consider that a crystal fragment is so oriented that a centered acute bisectrix
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figure is obtained. The observer places the crystal such that the isogyres arc
in quadrants I and 3 in the 450 position (see Fig. 9.20C). The plane of vibra-
tion of YY' is diagonal in quadrants 2 and 4. The plane of vibratioi of ZZ
is diagonal in quadrants I and 3. The planes of vibration of he fast and slow
rays are-therefore known. The first-order red test plate is then inserted in the
slot above the objective. Yellow or orange spots are seen next to the optic
axis on the convex side of the isogyres. As recalled, yellow or orange results

FIGURE 9.20. The acuic biscctrix ntcr%crcncc figure. (A) Crystal in extinction pOIiCiOfl.
(U) Acute biscctrix with small 21'. (C) Acute bscctrjx with moderate 2V.
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(A)	 (B) -

FIGURE 9.21: The biaxial optic axis interference figure. (A) Symmetrical isogyre indicat-
ing 2V to be 90. (B) Nonsymmetrical isogyrc indicating 2Vto be less than 90.

because the plane of vibration of the slow ray of the first-order red plate is
vibrating parallel to the fast ray of the crystal fragment. Knowing the direc-
tion of vibration of the slow ray of the test plate, the direction of vibration of
the fast ray of the crystal fragment is thus determined. If the crystal fragment
is then rotated 906 so that the isogyres are in quadrants 2 and 4, one will
observe a blue patch next to the point of emergence of the optic axis on the
convex side of the isogyrc.

(4)	 (8)

FIGURE 9.22: A section of an Orthorhomb ic crystal including the optic normal and theobtuse b p ectrj. (A) The section in the etincta0n position and (8) in the 45* position
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9.8 DISPERSION

In some istanccs, which is true of many organic compounds, there is an
abnormal change of refractive index with different wavelengths of light. This
condition is called the "dispersion of the indices of refraction." Dispersion
is essentially the scattering of the components of white light along different
paths. Dispersion of the refractive indices is possible in any of the six crystal
systems. Rarely, if at all, is the dispersion of the indices in the anisotropic
crystals regular.

In biaxial crystals there can be dispersion of the optic axes. In uniaxial.
crystals such dispersion does not occur because the optic axis for different
wavelengths of light parallels thee axis. In orthorhombic crystals dispersion
of the optic axes is termed "axial dispersion." The optic axes for different
wavelengths of light lie in the XZplane, but 2Vchanges with different wave-
lengths of light.

Axial dispersion is expressed by a dispersion formula which states that 2 V
for red light is less than or greater than 2V for violet light. Red and violet
are chosen as these colors are most generally seen. When white light is used,
violet light is cut out along the optic axis for this monochromatic light. The
color at the opposite end of the spectrum, red, appears. At the point of
emergence of the optic axis for red light, violet light will appear. lf2Vfor red
light is greater than 2V for violet light, the dispersion formula is r > v.
Some crystals will show axial dispersion, u > r. Another type of dispersion
which may occur in orthorhombic crystals is crossed axial plane dispersion.
In this instance the optic planes for red and violet light are perpendicular. At
some intermediate wavelength of light, the crystal becomes uniaxiai

Three different types of dispersion may arise in monoclinic crystals,
depending on the orientation of the triaxial ellipsoid. One of the planes of
symmetry of the indicatrix is parallel to the plane of symmetry of the crystal.
One of the axes of the indicatrix coincides with the b axis of the crystal.

When the acute biscctrix parallels the 6 axis, the obtuse bisectrix and
the optic normal lie in the plane of symmetry. Dispersion takes place by the
rotation of the optic plane around the b axis. The optic normal and the
obtuse bisectrix lie in the plane of symmetry. In this instance the optic planes
for different wavelengths of light are crossed. This condition is termed
"crossed dispersion."

When the obtuse biscctrix parallels the b axis, the acute bisectrix and the
optic normal lie in the plane of symmetry of the crystal. Dispersion takes
place by rotation of the optic plane around the b axis. In the direction of the
acute bisectrix the optic planes for different wavelengths of light arc parallel
to each other. This condition is termed 'horizontal dispersion."

It is to be nocd that when the B.b, shows crossed dispersion. the B. shows
horizontal dispersion. Conversely, if the B, shows horizontal dispersion. the
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A third lvpc of dispersion is seen if the optic normal coincides with the b
axis. The acute and obtuse biscecrices lie in the plane of symmetry. The dis-
persion arises from the rotation or the optic plane on the optic normal. The
optic plane for different wavelcnehs of litht are in the same plane. However,
the optic axes for the different wavelene.ths of light are inclined to each other.
This condition is termed "inclined dispersion".

In the three types 01 dispersion in monoclinic crystals, which are indepen-
dent of the dispersion of the indices of refraction, there is always dispersion
of the optic axes—namely, axial dispersion. Crossed axial plane dispersion
may occur in monoclinic crystals.

The triclinic system has no plane of symmetry as the crystallographic axes
are inclined to each other. None of the cllipsoidal axes corresponds to the
crystallographic axes, so dispersion of the refractive indices, the optic axes,
and the bisectrices are irregular.

Dispersion of the optic axes and the ellipsoid is seen when looking at an
interference figure. When the crystal is in the extinction position, axial or
inclined dispersion is not seen as the optic plane, for different wavelengths of
light, is in the same plane as white light. When the crystal is in the extinction
position, crossed or horizontal dispersion can be seen. With horizontal
dispersion red light will appear in quadrants I or 2 or 3 and 4. Violet light
will appear in quadrants 3 and 4 or I and 2, respectively. With crossed dis-
persion red light will appear in quadrants 1 and 3 or 2 and 4. Violet light
will appear in 2 and 4 or I and 3, respectively.

Dispersion of the indices of refraction is observed when the source of light is
white light and the image of the crystal is seen. In such instances the crystal
may not disappear in immersion oils. However, when the index of refraction
in question is obtained, a band of blue light and a band of yellow light around
the edge of the crystal will move in opposite directions as the focus is raised.

9.9 MOLECULAR ORIENTATIONS IN THE SOLID STATE

Optical and magnetic studies led to the use of anisotropy in predicting
molecular orientations. Wells and Evans have summarized these relation-
ships.

In crystals containing planar atoms or groups with all their planes parallel,
a large negative birefringence is expected with two high and comparable
refractive indices for light polarized in the plane of the groups and one much
lower index for vibrations at right angles to this plane. When planar groups
are all parlIcl to a line but not parallel to each other, strong positive bi-
refringence is expected, since the single vibration direction parallel to all the
groups will be associated with a much smaller velocity than in any other direc-
tion. When planar groups arc inclined in all directions, no large birclringcncc
is to be expected. /
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Vibrations along the length of rod-shaped molecules or atom groups corre-
spond to much greater polarization than vibrations in any other dirtction.
A large positive birefringence is expected when the rod-shaped groups are all
parallel to one direction. When the groups are all parall;l to plane but not
to each other, a large negative birefringence is expected. If the rod-shaped
groups are inclined in all directions, the resulting crystal is isotropic or ap-
proximately so.

EXPERIMENTAL PROCEDURES

E9. 1. Recrystallize sodium chloride from an aqueous solution using the micro-
scopic procedure described previously. After placing the cover slip on the
recrystallized sodium chloride in the solution, place the cooled slide on the
stage of the microscope. Examine the crystals using white light. Examine
the crystals between crossed Nicol prisms. It will be noted that all of the
crystals examined show complete extinction between the crossed Nicol
prisms. Sodium chloride is isomatic.

E9.2. Recrystallize sodium chloride from an aqueous solution of urea and com-
pare the habit obtained in this manner with the habit obtained by crystalli-
zation from distilled water. Cubic forms are obtained when crystallized from
distilled water and octahedral forms are obtained when crystallized from a
solution of urea.

Habit variations may also be observed by first crystallizing adipic acid
from distilled water. Crystallize a second batch from 0.1 % bcnzalkonium
chloride. Finally crystallize a third batch from 0.1 Y. sodium lauryl sulfate.

E9.3. Recrystallize methylprednisolone (Medrol) from a oiling solution of n.butyl
alcohol. Examine the crystals under the microscope obtained when
crystallized above 117C. Recrystallize the steroid at a temperature below
I l7C. Also heat the solution above 120C and allow to cool slowly. After
standing for a few minutes examine the crystals under the microscope. Two
forms should be evident. Allow the solution to stand for 24 hours and
reexamine the crystals. The low temperature form should be present.
The high temperature form is therefore metastable at room temperature
and also more soluble than the low temperature form. Met hylprednisOlone
is dimorphic.

Recrystallize diethylbarbituric acid (Barbital) from hot water. How
many different forms can you identify? Repeat the microscopic study by
crystallizing from concentrated ammonium solution and also after sublima-
tion. Barbital is polymorphic.

E9.4. Recrystallize ouabain from water at 4, 20, and 0'C. Examine the crystals
under the microscope. They represent respectively the nonahydratc,
octahydratc, and dihydrate of ouabain. The tcirahydratc may be obtained
by recrystallizing from 977. methanol. The 4j hydrate is obtained by
recrystallizing from 95% ethanol.

The monoethanol solvate form of hydrocortisOnc :.butviacta(c may be
obtained by crystallization from 95% ethanol, When crystallized from
20% ethanol, the anhydrous form of the ester is obtained. Examine the
two crystalline forms under the microscope.
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E9.5. Examination of tetragonal crystal with and without the USC of croscd
Nicol prisms. Recrystallize urea from water using the microscopic tech-
nique. Note the columnar crystals. The extinction is parallel. Rctwccn
crossed Nicol prisms different crystals will show different polarization
colors. The colors vary because the thickness of the crystals is different.

Obtain some fluorocortisone acetate and crystallize from approximately
5O/ ethanol. Examine under the microscope with and without the analyzer
in the body tube. Complete extinction should be observed with most of
the crystals studied. Crystallize the fluorocortisone acetate using the
macroscopic technique. Filler and dry the crystals. Place a few crystals on
a microscope slide and suspend them in Canada balsam. Place a cover
slip on the balsam. Focus on a crystal under the microscope. If the cover
is gently moved, the crystal. if not too large, will roll. After balancing the
fluorocortisone acetate crystal on its side, one will observe parallel extinction
between crossed Nicol prisms. Danthron and potassium dihydrogen
phosphate are tetragonal.

E9.6. Examination of hexagonal crystals under the microscope. Repeat experi-
ment 9.5 by (a) crystallizing lead iodide from water, (b) iodoform from
water, (c) thymol from water-ethanol solution, (d) tartar emetic from water,
(e) sodium nitrate from water. Examine crystals between crossed Nicol
prisms, rolling the crystals in Canada balsam.

E9.7. Examination of orthorhombic crystals under the microscope. Repeat
experiment 9.5 by (a) crystallizing sulfacietamide from water-ethanol (b)
sulfanilamide from water, (c) potassium nitrate or potassium sulfate from
water, (d) p-aminohippuric acid from water, (e) codeine sulfate from water-
ethanol. Examine between crossed Nicol prisms, rolling the crystals in
Canada balsam.

E9.8. Examination of monoclinic crystals under the microscope. Repeat experi-
ment 9,5 by (a) crystallizing antipyrine, aprobarbital, ephedrine HCI,
pheniraminc malcate from water. Other monoclinic crystals include
salicylapide, quinine dihydrochloride,p-aminobcnzoic acid. Many organic
medicinals are monoclinic substances.

E9.9. Examination of triclinic crystals under the microscope. Repeat experiment
9.5 by (a) recrystallizing copper sulfate from water, (b) phenolphmhalcin
from water or water-ethanol, (c) naphazoline hydrochloride from water.

E9. 10. Recrystallize sodium chloride so that suitable crystals arc obtained. Dry
the crystals well. Mount the crystals on a microscope slide using the
following Immersion oils (a) mineral oil, (b) Canada balsam or nitro-
benzene and (c) -bromnaphthalenc or methylene iodide. Focus sharply
on the crystals and then nob, the movement of the Becke line as focused
upward and downward.

E9.1 r. Using the refractive index oils, determine the refractive index. of (a) NaCl.
(b) NaBr, (c) Nat. Relating the'refractive index to the polarizabilicy, and
knowing that the polarizability of the halides increases with molecular
weight, is it surprising that the relationship of the refractive index to the
sodium halides exist as found in this experiment?

E9.12. Determine the two principal indices of refraction for urea. To gain ex-
perience, also determine the two principal indices of refraction for
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fluorocortisone acetate and lead iodide. With the Latter two compounds,
the habit is such that the common orientation is a section perpendicular
to the c crystallographic axis. This orientation will show co&iplete
extinction. The crystals must then be crushed so that various random

-	 orientations will be-obtained. Choose the orientation showing the greatest
polarization colors.

E9.13, Place a few crystals of sodium nitrate on a microscope slide. Cover the
crystals with a cover slip. Heat the slide over a microburrier until the crystals
have liquified. Cool the slide and examine the fused material under the
microscope. Insert the convergent lens, analyzer, and Amici-Bertrand lens.
Move the slide around until an optic-axis uniaxial interference figure is
obtained. With the aid of the first-order lest plate, determine the optic
sign. Also observe the movement of the isochromatic curves appearing
in the four different quadrants when the quartz wedge is inserted.

E9.14. Obtain some fluorocortisone acetate, crystallize from 50% ethanol, and
determine the crystal system, optic sign, and the refractive indices. Repeat
the procedure for iodoform, urea, and tartar emetic. The common
orientation for the first two compounds is a centered optic-axis figure.
The common orientation for the latter two compounds is the flash figure.
You will observe that the two indices of refraction will be more difficult to
determine when the common orientation is the optic-axis figure.

E9.15. Obtain a small sheet of mica. Separate the sheet into thinner sections.
Mount one of these sections on the petrographic stage. Examine the
interference figure. This is an acute bisectric. Rotate the stage until
the isogyred are in quadrants 2 and 4. Determine the optic sign using the
first-order red test plate. Repeat the examination with the isogyres in
quatrants I and 3.

E9.16. Obtain some ouabain and crystallize from water at room temperature.
The octahydrate is isolated. Mount isolated crystals in Canada balsam
and examine the crystal. Determine what interference figure is common
to this section. Then roll the crystal 90 so that you are looking at another
section of the crystal. Determine the interference figure common to this
new section. Having determined the orientation of the biaxial indicatrix
by rolling the crystal, then determine the optic sign, dispersion, and princi-
pal indices of refraction for ouabain octahydratc.

QUESTIONS

Q9.1. Compare and/or differentiate:
(a) isoaxial, uniaxial, and biaxial
(b) dynamic isomerism and dimorphism
(c) monoclinic and triclinic
(d) dispersion in tetragonal and orthorhombic crystals

09.2. Compare the refractive indices (handbook values) of NaCl, NJal3r, and Nal.
Explain the values. (Hint: Check the values with the spccitic refraction
VaILICS of the halogens.)

Q9.3. Crystals of aromatic molecules such as purines will cleave readily one in
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plane, but not in other planes of the crystals. The cleavage is parallel to the
plane of the purinc nucleus. Explain why this characteristic cleavage occurs.

Q9.4. (a) Will the refractive index for isometric crystals change when different
monochromatic light sources arc used?	 -

(b) How would inc determine the refractive index of a colored isometric
crystal using the refractive index oils described?

Q9.5. Under what conditions will optical crystallography be valuable to a struc-
tural crystallographer?

Q9.6. (a) Assuming the orthorhombic crystal illustrated in Fig. 9.22 to be  negative
crystal, what kind of an interference figure would be seen if:
(1) the investigator looked at a section including the XX and ZZ' axes?
(ii) the investigator looked down the XX axis?

(b) Does the crystal illustrated in Fig. 9.22B show (±) or (-) elongation?
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