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OPTICAL CRYSTALLOGRAPHY
Optical Indicatrix

The manner in which light is affected by
crystals arises from the internal structure.
Crystals are placed in one of two classes depend-
ing on the effect of the transmission of light in
different directions through the crystals. These
classes are isotropic and anisotropic. Fletcher
(192) introduced the optical indicatrix to explain
the effect of light when passing through a nono-
paque substance. In relation to this, Wooster
(193) has discussed the geometrical properties
of a triaxial ellipsoid.

To visualize the optical indicatrix one can
consider a point source of light in the center of a
crvstal.  Allow the light to propagate in every
direction of the cryvstal.  After an elapse of time,
draw wave fronts for all of the waves. The
result of all of the wave fronts is either a sphere,
spheroid, or ellipsoid (triaxial). The sphere is
termed an iscaxial indicatrix; solids producing
such a figure are termed isotropic. These solids
are also termed isometric. The spheroid, either
prolate or oblate, is termed a uniaxial indicatrix;
solids producing such a figure are termed aniso-
tropic and belong to the tetragonal and hexagonal
systems. The triaxial ellipsoid is
biaxial indicatrix; solids producing such a figure
are termed anisotropic and belong to the or-
thorhombic, monoclinic, and triclinic crystal
systems.

termed a

Received from the University of Southern California, Los
Angeles 7.

Editor's note:  Part 1 of this review appeared in the June
issue; Tuis JoUurNaL, 51, 499(1962).

601

In order to determine the orientation of the
optical indicatrix within the crystal, the crystal-
lographer will examine the interference figures.
These figures are defined as telescopic images of
convergent light passing through anisotropic
crystals between crossed nicols. The theory of
formation of interference figures has heen pro-
posed by Kamb (194).

Refractive Index and Molar Refraction

The velocity of the light on passing through
the crystal is determined by measuring the
refractive index of the section of the crvstal
viewed.  Meaningful refractive indexes are
termed principal indexes. The principal indexes
are determined by viewing sections which lie
in the planes of the indicatrix coordinates.
This is done by looking for centered inter-
ference figures.

The refractive index depends on the velocity
of the light which, in turn, depends upon the
atoms, or aggregates present and their
This index is

jons,
position occupied in the lattice.
proportional to the polarizability of the molecule.
The ease of displacement of positive and negative
charges with respect to each other in an electric
field is called polarizability. Thus, the re-
fractive index is governed by the kind of atoms
present in the molecule and the packing of the
molecules, atoms, or ions in the crystalline
state. The polarizability is the same in any
direction in the crystal for isotropic solids. The
polarizahility will vary with the direction of
propagation of light in anisotropic crystals.
The net effect is the polarization of hight which is
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quite evident when anisotropic crystals are
examined under the microscope hetween crossed
nicols.

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 equivalent to the molar
refraction (195, 196). Briihl found that con-
jugated unsaturated groups caused an increase
of the molecular refractive and dispersive power
(197). This optical exhaltation was quantitative
and dependent on the nature and number of
unsaturated atomic groups.

Bragg (198) was able to calculate the re-
fractive index values for calcite and aragonite
utilizing the specific refractions of the carbonate
and calcium ions. This calculation was aided
with an X-ray analysis which showed that
carbonate ions were flat and the planes of the
ions normal to the direction of the least re-
fractive index. Under the influence of an
electric field an atom develops a doublet of
moment se, corresponding to the relative dis-
placement to a distance s of elementary charges
+ ¢

s = E’en (Eq. 3)

where £’ = strength of field in neighborhood
of atom and N = characteristic constant of
atom. This does not depend on the direction
of the local field if isotropic.

In each ml. of polarized medium, let there be
N, atoms which form doublets of moments,
¢, N, forms doublets of moment s,e, etc. It can
be shown that

(K - l)E_ P = (N;s.e -+ Nasoe + .. ) (Eq 4)

where E = average value of electric density
throughout medium, P = total polarization
per unit volume, and K = dielectric constant
of the medium.

The strength of a doublet is

1/ N (Eq. 5)
Strength of the doublet is also
(E + 1/sP)e (Eq. 6)
Thus
. _ E .z Ne’)\__ -
"“I“E‘1—_1/32Ne2x (Eq. 7)
K =n? (Eq. 8)
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If both sides of Eq. 10 are multiplied by 1//p

Moo=
n® +

5 = a (s Nt +

b (13 Noe*h2) + ... (Eg. 11)

This additive law is oheyed approximately
for isotropic material. The law would be
exactly obeyed were it not for the fact that all
other atoms around any given atom are not
arranged at random, since those which form
part of the same molecule have a definite re-
lationship to it.

Bragg considered the polarization of the ions
in the three directions; he also considered that
the polarization in the y and z directions affected
the polarization in the x direction. Allowance
for these effects yielded an equation for the
refraction index, #n, for any given direction of
the electric vector as

(aNie®™y + N2\ 4+ . )
1 — YlaNietn 4+ caNsetho + .. )
(Eg. 12)

n—1=

The polarization of the calcium ion in calcite
or aragonite is not too important since the
ion contributes about 159 of the total refrac-
tivity. The value for the calcium ion is given
as 1.99. The value for the calcium in calcite
and aragonite is determined with the knowledge
of the density of the solid. Thus
3p

— [(‘a'+

Loy
Nex i

(Eq. 13,
The value for Eq. 13 is 0.165 for calcite and
0.175 for aragonite. The I value for carbonate
was determined utilizing the molecular re-
fractions of Al:Q;, NO;—, CO;~, and SOs;. The
I, for the three oxygens is between 3.3 and 3.7.
When the 7 value for CO3~ is substituted into
Eq. 13, the value of 0.822 is obtained for calcite
and 0.873 for aragonite. The value for ¢? may
be calculated and then substituted back into
Eq. 9. When corrections were made for neigh-
boring interactions, Bragg found that the ob-
served and calculated refractive indexes were
similar. These values are reported in Table IV,

TaBLE IV.—CALCULATED AND OBSERVED REFRAC-
TIVE INDEX VALUES vOR CALCITE
AND ARAGONITE

Calcite Caled. Observed
€ 1,488 1.486
w 1.631 1.658
Aragonite
@ 1.538 1.530
B8 1.694 1.681
v 1.680 1.686
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It is to be noted from the data recorded in
Table TV that the calculated value for beta in
aragonite is greater than the value for gamma.
Those who have a knowledge of the biaxial in-
dicatrix know that this is impossible. It does
indicate, however, that at an early date there
was developed a quantitative relationship for the
calculation of refractive indexes of solids.

Bragg also pointed out that the oxygens
surrounding the sulfur in the sulfate ion were
uniformly distributed in the three-dimensional
pattern. IHe thus stated that this tetrahedral
arrangement of oxygen atoms was the cause
of the small differerice in the principal refractive
indexes. This does point to the use of refractive
indexes or molar refractions in prediction of
coordination complexes. Dachille and Roy
used infrared absorption and molar refractions to
check coordination (199). The investigators
related primary coordination, atomic number,
atomic weight, and ionic charge to absorption
wavelengths for the major bands. For AX,
compounds, a& K value of 0.168 was obtained
where K was found to be

_(CN)p)(da + Ax)v3
- ZaZz - 22

K = 0.168 (Eq. 14)
where C. N. = coordination number, Z,Z, =
valence, u = reduced mass term, A, + Ay =
sum of atomic numbers, and A = main absorption
wavelength in microns,

Equation 14 was applied to 4BO; type com-
pounds and the X value did not agree for the
different compounds studied as well as the value
agreed for the AX, compounds. The molar
reactivities supported the conclusions reached
using the infrared data.

Batsanov (200) calculated the electronic
polarizability of atoms with intermediate bond
character. The determination of the effect of
the change of bond polarity on the atomic
refraction was discussed. The study was quan-
titated by comparing the ionic and atomic
refractivities of the elements. After finding the
change in the atomic size with changing ioniza-
tion and by using the proportionality of refrac-
tions to atomic volumes, a law was proposed
which governs the change in the electronic
polarizabilities of the atoms with a change in the
bond polarity. Nutt (201) has reported a
correlation and prediction of the optical and
thermodynamic properties of saturated liquid
hydrocarbons by the group contribution method.
Such a relationship can be applied to the solid
hydrocarbons which are nonpolar without too
much error. Nutt used the Sellmeier-Drude
equation for calculations.
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The molar refractions of molecules in the
solid state have been experimentally determined
and compared with the calculated values. When
reports were submitted for ‘“Crystallographic
Data,” molar refraction values were included
(202). The molar refractions have been ex-
perimentally determined for the antihistamines
(203), sulfonamides (204), antitubercular com-
pounds (203), and steroids (206). The experi-
mental values were in close agreement with the
calculated values. The reader should recall that
Bragg, in calculating the refractive indexes of
calcite and aragonite, stated that experimental
and calculated molar refractions could be identi-
cal were it not for the fact that all other atoms
around any given atom are not arranged at
random (198). In some cases the experimental
molar refraction showed a negative deviation
from the calculated value; the deviation was by
as much as 14%. Compounds showing such
deviation included thiamine hydrochloride (207),
a-pyridine sulfonic acid (208), cyclotrimethylene-
trinitramine (209), cyclotetramethylenetetra-
nitramine (210), and streptidine sulfate mono-
hydrate (211). On the other hand, it was
observed that some highly conjugated systems
showed a positive deviation from the calculated
molar refraction. This deviation occurred with
trans-azobenzene (212), irans-stilbene (213),
trans-diethylstilbestrol (214), and 1,3,5-tri(p-
chlorophenyl)benzene (215). The positive devia-
tion was shown also by 4-aminosalicylic acid
(216), vanillin (217), 2-mercaptohenzothiazole
(218), gliotoxin (219), and 2-naphthoic acid (220).
The observed and calculated molar refraction for
I-naphthoic acid agreed within 19, (221).

Brasseur applied the Lorentz and Lorenz
equation to the study of inorganic materials
(222). The results obtained were satisfactory
for the carbonates of calcium, magnesium, manga-
nese, zing, ferrous, barium, strontium, and lead.

A comparison between the square of the geo-
metric mean refractive index of crystals and the
dielectric constant determined in solvents can
be made. Maxwell derived a relationship of the
refractive index for light of long wavelength to
the dielectric constant (223). This relationship
is given by Eq. 8 This relationship is close
when the molecules are far apart. A comparison
of the dielectric constant calculated from re-
fractive indexes of compounds in the solid state
to the dielectric constant of the molecule in
solution is shown in Table V. The dielectric
constant of acetanilid and D.D.T. was determined
using different solvents, and the value changed
with each solvent. In addition, D.D.T. was
liquefied and the dielectric constant was deter-
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TaBLE V.—CoMPARISON OF THE DieLectrI¢ CON-
STANTS OF SOME DRUGS OBSERVED BY DIFFERENT
METHODS (224-229)

€

Compound (from Dioxane) n?
Acetanilid 3.618 2.616

2.432¢ .
Acetylsalicylic acid 2.2583 2.583
Barbital” 2.2556 2.373
o 2.322
o 2.338
Cholesterol 2.2134 2.369
D.D.T.? 2.2614 2.773
2.393" 2.752

2 2387 .

2.9004

2.381¢ C
Phenobarbital® 2.2477 2.605
S 2.525
2.601

2 From benzene. *» Polymorphic. * From carbon tetra-
chioride. ¢ Pure liquid at 104°, ¢ Pure liquid at 145°.
q

mined at different temperatures. The values
for two such temperatures are included in the
table.

Kleber (230) reported the relation between the
dielectric constant and the structure of a crystal.
The relation was based on the polarizability
of the lattice, the anisotropic nature of the lattice,
and the presence of dipoles in the crystal lattice.
He related the dielectric constant to the number
of structural units on 1 ml. of the lattice and the
molar polarizability by
— 1 .
+2

€ 4 2

- v, = :" N [:a i}] (Eq. 15)
Pulou (231) measured the specific inductive
capacities for 60 crystals. The dielectric con-
stant of the crystal was measured relative to the
characteristic cleavage plane or optic axis.
McMahon (232) noted that the dielectric
constant of certain organic compounds became
higher than normal when solidified in either
alternating or undirectional electric fields. In
a magnetic field an anisotropic change resulted
in an increase in the direction of applied field and
decreased perpendicular to the field. Allen (233)
related the refractive index to the specific gravity
for some crystalline compounds. He stated
that the geometric mean of the three principal
refractive indexes was proportional to the
specific gravity as given by

(Bq. 16)

He reported that his equation was good for some
polymorphs but not others.

The refractive index has also been used in
establishing the conformation of cyclohexane
derivatives (234-236). Cis-trans pairs of disub-
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stituted cyclohexanes can be differentiated by
measuring the refractive index of the melt.
The isomer having the higher index of refraction
and higher density would be the isomer with the
less conformational stability. Kelly (237) pro-
posed that for isomeric cyclohexanes and tetra-
hydropyran derivatives similarly substituted on
corresponding ring carbon atoms, the refractive
indexes and densities increase with increasing
number of axial substituents.

The refractive index of solids has been used
for the identification of mixtures (238), and as
a supplement to X-ray analysis of solid solutions
to detect any possible heterogeneity (239).
The difference between the highest and lowest
refractive index values, the birefringence, has
been used to predict molecular orientations (240),
specific strength of cotton fibers (238),and the
nature of montmorillonite compliexes (241).
In studying the birefringence of aromatic com-
plexes of clays, it was noted that the polarizabil-
ity of the aromatic molecule would affect the
overall polarizability of the complex. When the
aromatic nucleus complexed parallel to the
silicate sheet, the negative birefringence increased.

Chemical Microscopy and Optical
Crystallographic Properties

The development of chemical microscopy and
optical crystallography in the United States
was largely the result of the works of Chamot
and Mason, Keenan, McCrone, and Witt and
Poe. Review articles on chemical microscopy
have appeared periodically (242-249). Mason
has justified chemical microscopy in the tech-
nical organization (250). Hartshorne has dis-
cussed the value of optical crystallography in
industry (238). During the first and middle part
of the first half of the twentieth century there
was no standard practice in reporting crystal-
lographic properties. As a result, recommended
practices were published (251). Through the
efforts of McCrone, optical crystallographic data
were published monthly beginning in 1948 (202).
This practice ceased in Analytical Chemaistry with
the report of alpha-p-talose (252). Similar re-
ports are now appearing in THIS JOURNAL (253).
Winchell has tabulated the optical properties for
many compounds (224) and at the peak of the
interest in optical crystallographic properties,
Kirkpatrick suggested punched cards for the
filing of such information (254). McCrone also
suggested a punched card system (255).

Keenan and his workers contributed a large
amount of data to the literature. Largely
through his efforts, data were collected on U.S.P.
XII compounds (225). Optical crystallographic
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properties were determined for N.F. X compounds
(256). Witt and Poe and co-workers contributed
to the development of optical crystallographic
properties of organic compounds of pharmaceuti-
cal interest (203-205,257-260). Plein and Dewey
have contributed particularly in the identifica-
tion of amines (261-264). The optical crystal-
lographic studies of Bryant and Mitchell remain
a classic (265-269). Brvant prepared the p-
hbromanilides of acetic acid and propionic acid
and found that the acids could be semiquantitated
in binary mixtures by determining the optic
axial angles using five monochromatic radiations
of the mercury arc. With the aid of dispersion
of the optic axes and the melting points, the
weights of the components could be calculated.
Their additional reports emphasized wvarious
tvpes of dispersion including crossed axial plane,
inclined, horizontal, crossed, and ellispoidal
dispersion. In reporting optical crystallographic
data of different compounds, McCrone and
co-workers had to resort to some imaginative
work. Deffner and McCrone (270) reported the
problems involved in the determination of the
refractive indexes of p-dimethylaminobenzalde-
hyde since the compound was soluble in all of the
refractive index oils. McCrone found poly-
morphism to be prevalent with some of the
compounds tested. The relationship between
temperature and transition was reported for
salicylamide (271). Rose, Van Camp, and
Williams have contributed to the literature.
Their studies include the Rauwolfia alkaloids
(272-276), alkaloids from Vinca rosea (277),
antibiotics (278, 279), and other compounds of
pharmaceutical interest. Shell (280, 281) and
Clarke and Krc (282) have contributed also.
Shell refined some of his studies by utilizing the
universal stage (203, 204). He also stated that
the orientation of the biaxial indicatrix in tri-
clinic crystals could be determined only with the
use of the universal stage (283).

The work of Prien and Frondel should not go
unnoticed by crystallographers. Their orig-
inal work was important in solving the toxi-
cology of sulfonamide therapy. Through the
use of optical crystallographic properties, they
were able to prove that acetylsulfathiazole
crystallized in the kidney. They also studied the
acetyl derivatives of sulfanilamide and sulfa-
pyridine (284-286). These investigators con-
tinued their studies with an emphasis on urinary
calculi (287-289). Prien reported the structure
and comparison of some 6000 human urinary
calculi studied by crystallographic techniques.
He was able to correlate the optical crystallo-

605

graphic studies with pathogenesis, and found that
it was often possible to reconstruct the clinical
history by an optical study of the calculus
obtained from the patient. In a paper con-
cerning the deposition of solids in the body,
Pfeiffer discussed the use of X-ray diffraction,
optical crystallography, and infrared absorption
spectrophotometry (290). Pfeiffer suggested that
the physical chemist could devote greater time
tohelp solve the problem of cholesterol deposition.
Stewart made an attempt to examine athero-
sclerotic and normal tissues and plasma in the
fresh state and at temperatures up to 37° with
the thought that results might have some
bearing on the problem of the integration of
certain forms of lipid in tissue. Stewart dis-
cussed the significance of the birefringent ma-
terial observed (291).

Optical crystallographic properties have heen
used to aid in predicting molecular orientations
in the solid state. Studies have been published
for purines and pyrimidines (260), and dicarboxy-
lic acids (292, 293). The limitations of the use
of optical crystallographic properties in helping
to determine molecular orientations has been
discussed by Krishnan and Lonsdale and co-
workers (294, 295).

Fusion Methods

The Kofler group has been responsible for the
development of ““Thermo-Mikro-Methoden”
(296). L. Kofler, holder of the Magister in
Pharmacy, Ph.D., and M.D., was a phar-
macognosist but had to turn to microscopy be-
cause of lack of facilities. His wife, Adelheid,
was a mineralogist who received an M.D. (297).
MeCrone and co-workers have been responsible
for the development of fusion methods in the
United States (298). McCrone pointed out
that both methods were influenced by publica-
tions of Otto Lehmann. The two methods were
developed apparently independently (298). Re-
ports utilizing Koflers’ procedures continue to
be published. These include studies of glutamic
acid antipodes (299), thermomicromethod studies
of polymorphic modifications of organic com-
pounds (300), studies of ergot alkaloids (301),
ergothionein (302), binary mixtures of some
medicinal agents (303), and ternary mixtures
(304). With the Thermo-Mikro-Methoden pro-
cedures, the eutectic temperatures of 16 hor-
mones were studied, using benzil, acetanilid,
phenacetin, benzanilid, salophen, or dicyandia-
mid. It was noted that 11 of the 16 hormones
were polymorphic and that three were present in
commercial products in an unstable modifica-
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tion (303). Arceneaux has reported that the
polymorphic character of trichlorophenoxyacetic
acid and related compounds made it difficult to
develop a quantitative microscopic fusion method
of analysis for commercial products (306).
Arceneaux also presented a study of the micro-
thermal analysis of the binary mixture of 1,2,3,4-
tetrachlorobenzene-pentachlorobenzene (307).

The great amount of work that McCrone has
done with fusion methods can be appreciated by
referring to his text (298). His methods have
been applied to pharmaceuticals. These in-
clude the sterols (308) and esters of 2,4,6-
trinitrobenzoic acid (309). The naphthalene
molecular addition compounds of these esters
melted incongruently, whereas most of the
phenanthrene molecular addition compounds
melted congruently. Trinitrofluorenonewas found
to be capable of forming molecular addition
compounds with aromatic hydrocarbons (310).
From the study, it was concluded that those
substituent groups known to release electrons to
the benzene ring either by inductive mechanisins
or by a resonance mechanism generally led to a
molecular addition compound with the reagent.
Bulky groups on the benzene ring prevented
complex formation. The study was extended
to polynuclear aromatics (311), which included
the examination of adlehydes, esters, acids,
amides, phenols, and aniline derivatives. The
reagent is of more limited applicability to the
benzene series than to the polynuclear series.
The value of trinitrofluorenone was recognized,
but a sub-reagent was also desirable for the
identification within a series of compounds.
Quinones were investigated as possible sub-
reagents. Of nine quinones studied, 2,5-bi-
phenyl-1,4-benzoquinone offered the greatest
potential (312).

The use of fusion methods was extended to the
identification of high explosives (313). For the
identification of these compounds, thymol
functioned as the solvent for the solute (explosive)
crystallizations. Seven different physical char-
acteristics were noted depending on the solu-
hility of the compounds in thymol. It is in-
teresting that McCrone, in this study, stated that
fusion methods ensure that a given compound will
always show the same morphological characteris-
West and Granatelli utilized 8-quinolinol
in developing a fusion method for the micro-
scopic identification of inorganic ions (314).

The fusion method was used in the determina-
tion of 2,2-bis-p-chlorophenyl-1,1,1-trichloro-
ethane in technical D.D.T. (315). In a complete
study of the problem of the impurity in D.D.T,,

tics.
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the investigators applied the Arrhenius rate
equation to the rate of crystallization of tech-
nical D.D.T. with varying percentages of im-
purity. When the log rate of crystallization
was plotted against the reciprocal of the tem-
perature, straight line plots were obtained.
Utilizing methods of fusion techniques, the
purity of compounds can be estimated by sub-
limation procedures (316). Petrucci and Wey-
gandt reported that the impurity content could
be determined if about 19, or greater. The
same method can be used for removing trace
impurities from organic solids.

CRYSTALLINE PROPERTIES

Crystallization

Bush reviewed the separation and purification
of compounds by crystallization on a small
scale (317). Tipson believes that often the
best method for separation and purification of
organic compounds is by recrystallization (318).
He outlined schemes for batchwise, counter-
current fractional recrystallizations, and in-
vestigated the distribution of the components in
the phases after each recrystallization. He
iltustrated his theory, scope, and methods with
binary and triangular phase diagrams.

Classical multicrystal growths from solution
still receives little attention (319). No com-
prehensive treatment of the batch process has
been reported in spite of its wide commercial
application. Caldwell reported that crystals
of commercially acceptable size could be pro-
duced by (@) circulation of crystals in the super-
saturation zone, (b) removal of excess fines, and
(¢) maintaining high magma density (320).
He considered these factors in relation to a con-
tinuous crystallizer which produces super-
saturation by vacuum cooling, rather than by
evaporation. The continuous crystallizer, known
as the draft tube, which utilizes the above
listed factors will produce crystals up to about
16 mesh. Caldwell called attention to the
mechanism of crystal formation. He discussed
the postulates of Meir, and of Rumford and
Bain, concerning nuclei formation. Crystal
growth was considered from the viewpoint of
bulk diffusion.

Whether crystal growth is bulk diffusion con-
trolled, surface reaction controlled, or interface
process controlled has been the subject of study
by wvarious workers. Doremus (321) showed
that crystal growth rate of jonic salts was con-
trolled by an interface process rather than by
bulk diffusion of solute. He proposed an ad-
sorbed layer on the growing crystal, and argued
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mation was a fourth-power step.  When growth of
a constant number of small particles of the
same size and concentration was greater than
0.4 mi, the precipitation was diffusion con-
trolled and the kinetics was measured according
to the following equation

kt = f¢a™v(1 —a)"'da (Eq.22)

When the concentration was less than 0.4
m{, then the kinetics was expressed by

ket = f§ a1 — a)~*da  (Eq. 23)

In the above equations a is represented by the
degree of reaction (precipitation). Thus, at
low concentrations the crystal growth is increased
with the fourth power of the concentration.
The changes of the order of 0.4 mAf can be oh-
served microscopically. When the initial con-
centration was less than 1).5 mA{ the crystals were
small prisms. When the initial concentration
was between 0.5 and 1.5 md, the crystals were
more or less distorted prisms, the corners having
grown more than the middle of the faces. When
the concentration was greater than 1.5 mM,
the corners had grown far more than the other
parts of the crystals, giving them appearance of
stars. Nielsen stated that the stars were to be
expected in the case of diffusional control of
growth rate since the concentration then is
greatest at the corners. Rectangular growth is
obtained when the concentration is approximately
the same all over the surface and it cannot be so
when the consumption of matter is fast compared
with diffusion.

Schlichtkrull has studied the nucleation and
growth of insulin crystals (339-344). Nuclei
were formed by freeze drying a crystalline
mixture containing dissolved insulin. Monodis-
perse insulin crystal suspension with crystal
sizes of 5, 25, and 40 u were obtained. The
rate of nucleation and growth of the crystals as
functions of concentration of insulin in crystal
mixtures were reported. The rate of growth of
pig insulin from a clear solution containing
sodium citrate and acetone could Dbe repre-
sented by

defdt = 2.8 X 1077 X ¢ (95.8 — ¢)* (Eq. 24)

where C represents the crystalline fraction in per
cent of total insulin and is measured in minutes.
The linear rate, Ra, of deposition of insulin on
crystal faces is

Ri = 1.63(Ci — 0.080)% u./min. for saline, beef
(Eq. 25)

Ry = 0.38(C; — 0.066)% u./min. for citrate, pig

(Eq. 26)
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The concentration, C;, of dissolved insulin was
expressed in mmoles per L. The shape of the
crystals could be related to the species. Using
ordinary methods, recrystallized pig insulin
precipitated as single, sharp, and perfect rhombo-
hedral bodies. Cattle and sheep insulin crystals
were often of a twinned appearance. When
urea or a halogenide was present in the mother
liquid of all three insulins, perfectly shaped
rhombohedral crystals were obtained. A patent
was issued to Schlichtkrull for obtaining uniform
insulin crystals for injection (343). A relation-
ship between the weight of seeds (P), the weight
of product desired (I), the size of seed crystals
(dp), and the size of the product crystals desired
(d;) was found to be

_ dp3
p=i (d,:3+ dps)

Chot and co-workers (346) found that g-lactose
could be determined from its rate of crystalliza-
tion in a saturated lactose solution abundantly
seeded with crystalline a-lactose hvdrate. In
a mixture of §- and «-lactose, the ao-lactose
could then be determined as the difference be-
tween the total lactose and the crystallized
B-lactose. The rate of crystallization of B-lactose
was represented by

(Eq. 27)

ket = log —= (Eq. 28)

Ly — S

Ct
where the total initial lactose concentration
after seeding was (), the final solubility .S, and
the concentration (', at any given time £,

Crystal Habit

Crystallographers describe the habit of a
crystal as acicular, lamellar, tabular, equant, and
columnar (347). The habit of pharmaceutical
compounds has been used for purposes of identifi-
cation. However, this method of identification
has definite limitations. It has been stated
that “‘it is virtually impossible to duplicate the
crystallization pattern of a single compound on
two slides” (348). The angles between any two
faces of a crystal will remain the same even if the
crystal growth is accelerated or retarded in one
another. Should crvstal habits
be used to identify compounds, the habits from
various solvents should be used for differentiation
of compounds. The microscopic identification
is more reliable the greater the number of crystal-
lizations from various solvents or the greater the
number of crystallizations of different derivatives.
Identification by this method has been used
considerably by chemical toxicologists (349, 350).

In a series of articles Shead discussed the use of
profile angles for the identification of compounds.

direction or
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that fitting a solute unit directly into the crystal
lattice from solutions would be difficult. It
would be an improbable event for uncharged
molecules to collide at a kink in a growth step
with just the right orientation to fit into the
crystal lattice. For ionic solutes, the difficulties
would be even greater because at least two
different particles would have to collide simul-
taneously or alternately in a kink. Furthermore,
the ions would have to be desolvated at the same
time as they fitted into the lattice. Thus, the
concept of an adsorbed layer which permitted
desolvation and partial orientation before in-
corporation into the lattice seemed reasonable.

Bauer (322) considered the general mechanism
of crystal growth from a thermodynamic point
of view. He stated that the atom layer growth
through surface nucleation occurred only for
growth on material of the same composition.
Growth on a material of different component can
occur by original formation of a mono or poly-
molecular layer without nucleation which then
leads to formation of three-dimensional nuclei
or through formation of three-dimensional
nuclei directly on the foreign substrate. IHoff-
man (323) called attention to the free energy
difference between the rate of nucleation and
growth of crystallites in supercooled liquids.
The free energy difference was approximated
by the expression

AT

Ak = T

AH; - (Eq. 17)
The equation was derived assuming that AH
and AS in the thermodynamic relation

AF = AH — TAS (Eq. 18)

is constant with temperature, and equal to
All; and AH /Ty, respectively. Inmany cases
AH and AS depend on temperature. Hoffman
derived a simple expression for the thermo-
dynamic driving force in nucleation and growth
processes that takes into account the temperature

variation of AH and AS
AT T .
) @

Those interested in the theory of crystal nuclea-
tion from vapor, liquid, and solid systems should
read Dunning’s discussion of the matter as well
as the work of Higuchi and O'Konski (324, 323).
Stranski (320), among various workers, devel-
oped a classical theory for the growth of crystals.
The growth of a crystal depended upon the
molecules depositing in layers on a crystal surface.
Gibbs (327) stated that a perfect crystal surface
could only grow by repeated two-dimensional

AF = (AH/
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nucleation of new layers.
crystal can only grow if the supersaturation
amounts to at least 259,. However, Volmer and
Schultze succeeded in 1931 in getting iodine
crystals to grow further from a 19, supersat-
urated vapor. This unusually great discrepancy
between calculation and experiment was the
cause for new investigations. In 1949 Frank
succeeded in explaining the discrepancy. He
stated that instead of growth occuriing by growth
in layers, growth occurred in the form of spirals
(328, 329). Frank’s theory has been tested and
positive results have been reported by many
mvestigators. Most recently, Dash and Tweet
reviewed the methods of observing dislocations
in crystals and discussed the work of Frank and
others (330). Studies of growth steps on sucrose
crystals (331), paraffin (332), diphenylamine,
phenanthrene, and borneol (328) provide in-
teresting reading. The reader should refer also
to Buckley’s text on “Crystal Growth” (333).
Cottrell stated that to understand work-harden-
ing, creep, fatigue, fractures, and recrystallization,
one has to study the collective behavior of large,
complex assemblies of dislocations, and the
theory of this can go forward only when experi-
ments have shown what are the decisive aspects
of this behavior in practice (334).

According to this, a

Kinetics

In a study of the kinetics of barium sulfate
precipitate formation, Johnson and O’Rourke
said the precipitation process is interpreted as
being initially controlled by nucleation reaction
and finally controlled by growth reaction (335).
They reported that the rate of growth of a single
crystal could be represented by

da/dt = —k(co — c)¥* - a® (Eq. 20)

where ¢ = mean ionic activity of Ba*+and 8O,~,
b = time, and ¢ and ¢ = molar concentration of
barium sulfate available at # and £. The kinetic
constant and shape factor is incorporated in k.
The rate of change of the mean ionic activity as
well as the surface of the particle is proportional
to some power ¢. The growth equation for a
constant number of particles becomes

da/dt = —k,V"¥ o — N a — a,)? (Eq. 21)

Further studies on the kinetics of crystal
growth in barium sulfate precipitations were
reported (336-338). Nielsen found that the
work of Johnson and O'Rourke was valid for
precipitations of certain electrolytes. In Niel-
sen’s original work he reported that the rate of
growth of barium sulfate was controlled by some
sort of chemical reaction in which the crystal for-
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Using sublimation procedures, he specified the
conditions necessary to obtain thin crystal
plates of simple goemetric form suited for
measurement of profile angles (351-354). Me-
Crone stated, however, that profile angles are
not sufficient for identification except in limited
cases (355), and suggested that using profile
angles along with fusion, optical-crystallographic
and polymorphic studies, and rates of crystal
growth would be more conclusive. In a series of
articles dealing with “‘organic chemical micro-
scopy,” Dunbar and associates developed tests
for organic classes of compounds using specific
reagents. They prepared derivatives which
could be identified microscopically. They re-
ported methods for the identification of amines
(356, 337), carboxvlic acids, anhydrides and
acid chlorides (358, 339), aldehydes and ketones
(360), hydroxy compounds (361), amino acids
(362), and cations (363). Van der Wegen re-
ported the microchemical identification of some
alkaloids, barbiturates, sulfonamides, and new
svnthetic drugs. Sixty-nine compounds and 29
reagents were tabulated with 42 drawings of
crystal forms (364). Sandri has reported that
bromoplatinic acid is more sensitive as a reagent
for identification of organic bases than is chloro-
platinic acid. Bromobismuthic acid was also
studied as a reagent. In addition, Sandri used
a special potassium bismuth iodide solution
for the microchemical detection and differentia-
tion of B-phenylisopropylamine and N-methyl-
phenylisopropylamine (365-367). Berisso uti-
lized potassium iodobismuthate to characterize
differentiate piperazine and a-methyl-
piperazine. Mixtures could be detected in any
proportion (368). Tenger was able to distinguish
derivatives of pyricine used in medicine with
a modified Dragendorff reagent (369).

The use of chlortetracycline hydrochloride as
a reagent for the qualitative detection or quan-
titative estimation of common cations or anions
has been reported (370). The antibiotic did
not show any promise. The characterization
of certain cations with isoquinoline has been the
subject of some reports (371-373). For a
detailed study of the identification of elements in
the periodic table, the text of Chamot and
Mason should be consulted (374).

A differential method using crystalline habits
has been reported for the identification of
barbiturates and sedatives (84, 86). Other
investigators have reported that solvents may
greatly affect the habit of the crystal (375, 370).
In a study of crystal habit, Stroitelev reported

and

that a less viscous media favored more coarse and
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more equidimensional crystals for pregmatities
and pneumatolytic, in comparison with magmatic
and hydrothermal deposits (377). In a study of
the crystal habit of salol, Malkin reported the
dependence of the form of crystal growth on the
rate of growth (378). Transition to an acicular
shape occurred when the rate of growth of a
crystal of salol increased. When undercooling
was decreased, the rate of growth decreased and
the growth of acicular crystals was replaced by
growth of crystals of regular shape. The various
habits of ice crystals obtained at various tem-
peratures under an atmosphere of oxygen,
nitrogen, or air with carbon dioxide have been
reported (379-381).

Hartman and Perdok (382) related crystal
structure and crystal morphology on an energy
basis. They concluded that the morphology
of a crystal is governed by chains of strong bonds
running through the structure. The effective
period of such a chain of strong bonds is called a
periodic bond chain vector, a P.B.C. vector.
The faces of a crystal are classified as (a) F-faces
or flat faces, each of which is parallel to at least
two P.B.C. vectors, (b) S-faces or step faces,
each of which is parallel to at least one P.B.C.
vector, and (¢) K-faces or kinked faces which are
not parallel to any P.B.C. vector. The faces
described are listed in order of decreasing
importance. In a later paper Hartman reported
on his studies of the equilibrium forms of crystals
(383). The F-faces were found to be the most
important faces. For nonionic crystals it was
found that the equilibrium form may also exhibit
S and K faces. Hartman stated mathematically
under what conditions S and K faces might exist.

Jackson developed an equation which permits
a prediction of which faces of any crystals are
smooth or rough and hence a prediction of
growth morphology (384). The equation per-
mitting this prediction is

Ly n:

= .o L o
o BTV (Eq. 29)
where
L, aS .
BT - R (Eq. 30)

Ly/kT represents the entropy change associated
with the crystal transformation divided by the
gas constant, and #;/V is the fraction of the
total bonding energy of an atom that can be
associated with an atomic layer parallel to the
face under consideration. When o < 2, faces
are rough and initiation of new lavers is easv.
When a > 2, faces are smooth and initiation
of new layers is difficult and growth on screw
locations is important.
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Rules have been established for twinning (385).
Hartman (386) derived seven possible twin laws.
He applied the periodic bond chain theory of
crystal morphology to growth twins. He con-
cluded that when twinnng starts on a face, this
face must be an F-face or, less probably, an S-
face. He stated that the difference of habit
between twins and single individuals can be
understood from enhanced growth at the twin
boundary. This enhancement takes place only
where F-faces or eventually S-faces must mieet
at a reentrant angle of the twin boundary.
The twin plane of contact twins should be an
TF-face. With penetration twins, a certain F-face
or S-face can be indicated that acted originally
as a composition plane. Hartman stated that
the existence of threefold, fourfold, and sixfold
twin axes is to be doubted. The elbow twinning
that occurs in calcium carbonate has been dia-
gramed by Bragg (387).

The crystal habit has been used to correlate
crystal structure with the thixotropic behavior
of aliphatic urethanes (388). Hendrickson and
Shulman found that all of the long chain aliphatic
urethanes showing thixotropic characteristics had
fine needle or cluster of needles type structures.
The more pronounced the structure of the cluster
of needles, the better the thixotropic properties.
Compounds showing no thixotropic properties had
rod-like crystal structures. One has to examine
the photomicrographs to fully appreciate the
relationship between the habit and thixotropy.

Shell (389) has emphasized the role that
crystal habit often exerts in the development
of stable suspensions. Shell stated that in
tableting ‘‘the mechanical influence of crystal
shape . ..1s one factor, but there is another,
sometimes dominant one, which results from the
anisotropy of cohesion and of hardness which is
possessed by organic crystals... Tt is signifi-
cant that this anistropy bears a fixed relation
to the fundamental crystallographic directions.
Therefore, as crystal habit varies, the dominant
faces may vary in their relation to this aniso-
tropy, and it is the influence of the dnominant
faces which tends to orient the crystals during
a packing or compression process. Thus, major
habit variations of an active ingredient can
influence greatly the ease or the difficulty of
making satisfactory compressed tablets.” Shell
quantitated the crystal habit of various batches
utilizing preferred orientation measurements.

Crystal Adsorption

Some of the recent work published concerning
the modification of crvstal habit by the addition
of impurities or poisons should provide a real
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stimulus. The early studies of crystal habit
modifications were summarized by Whetstone
(390). Whetstone reported that the crystal
habit modification by dyes depended on the
anionic and cationic substituent groups and the
nature of the substitution. Dyes were adsorbed
in a majority of conditions when sulfonic acid
groups were present. Several sulfonic acid dyes
were used in a study of the alteration of crystal
habits of ammonium, sodium, and potassium
nitrate, as well as ammonium sulfate. The
effects of pH and dye presence on the crystal
habit of these salts were correlated. In additional
publications, Whetstone illustrated the orienta-
tion of the dye molecule in relation to the cations
and anions on the crystal face where the adsorp-
tion occurred. Pleochroism was utilized in deter-
mining the face for dye adsorption (391-393).
Michaels, Colville, and Tausch studied the effect
of cationic and anionic surface-active agents on
the growth of adipic acid crystals (394, 395).
The effect of cationic and anionic surface-active
agents on the growth of adipic acid crystals was
studied. X-ray analysis indicated that the
linear 6-carbon dicarboxylic molecules are aligned
end-to-end in parallel array in the crystal with
their long axes parallel to the 010 face so that the
001 face is made up entirely of carboxyl groups,
while the 010 and 110 faces contain both carbox-
ylic and hydrocarbon portions of the molecule.
Trimethyldodecylammonium chleride (TMDAC)
in concentrations of 0.364 mmole was twice as
effective in hindering the growth on the 001
face as on the 110 or 010 face. High concentra-
tions of TMDAC caused the formation of very
thin plates or flakes. Concentrations of 50 p.p.m.
sodium  dodecylbenzenesulfonate (SDBS) were
three times more effective in reducing growth
rates on the 110 and 010 faces than on the 001
face. Higher concentrations of SDBS caused
extreme habit modification, the crystals changing
from hexagonal plates to long thin rods or needles.
Michaels and Tausch reported that the effect of
additive depends strongly on the supersaturation
level of adipic acid. At low supersaturation,
increasing additive concentration results in
drastic reduction or cessation of growth on certain
faces, while at high supersaturation levels, the
additives have relatively little effect on growth,
regardless of concentration. Anionic additives
significantly accelerated the growth on the
001 face. Additives increased the supersatura-
tion at which extensive 3-dimensional
in better-

level
nucleation occurred, and resulted
formed crystals. Michaels and Tausch inter-

preted their results in terms of 2-dimensional
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nucleation and dislocation theories of crystal
growth. Mechanisms for growth and habit
modification were developed.

Sears reported that lead chloride in a few
p.p.m. altered the growth behavior of potassium
chloride (39G). Sears attributed this alteration
to the inhibition of the rate of growth at unit
steps and that the rate of two dimensional
nucleation was markedly increased by the
presence of the impurity. In a second paper
Sears stated that the observed alteration of
crystal growth by specific soluble impurities was
inexplicable by the Frank theory of crystal
growth (397). He proposed that the poison
was adsorbed at growth steps to give monostep
coverage at each step. The growth rate from
a step was then controlled by the equilibrium
concentration of single unfilled sites in the line
of adsorbed atoms. As the concentration
of poison increased the number of open sites along
a step decreased, and the rate of step motion
then decreased. Sears further proposed that if a
poison was adsorbed at a step, it reduced the
step energy. Thus a growth poison will reduce
the critical free energy for two-dimensional
nucleation and increase the nucleation rate.
Comer presented evidence that cations including
stannic, chromium 1T, and ferric were adsorbed
on the surface of primary ammonium phosphate
and primary ammonium arsenate (398). The
tapering of the crystals in the presence of the
foreign cations was explained by the presence of
the foreign cation at the intersection of the
100 and 101 plane and the 010 and Ol1 plane.
This inhibited the growth and caused successive
layers to deposit at a slight distance in from the
intersection of these planes. MecCartney and
Alexander reported that the rate of nucleation
and crystal growth of calcium sulfate dihydrate
was most strongly reduced by colloidal materials
having regularly ionized carboxyl groups on a
chain structure (399). The anionic polymers
were most strongly adsorbed on the 111 faces of
the crystals.

Polymorphism and Lattice Energy

In 1821 Mitscherlich discovered polymorphism
with his work on the dimorphism of calcium
carbonate.  Since that time a considerable
amount has been reported in the literature.
In 1958 Eitel reviewed the importance of poly-
morphism in geological problems; his review
included 700 references (400). O‘Conner’s chap-
ter ont the polymorphism of fatty acids represents
an excellent review of the massive literature on
the subject (62). Additional sources concerning
polymorphism include IHartshorne and Stuart
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(401), Kofler and Kofler (296), McCrone (298),
and Jelley (192).

The importance of polymorphism has in-
creased in recent years in pharmaceutical re-
search for several reasons. Analytical errors
may develop when analytical methods utilizing
physical properties change with a change in
crystal structure (306). Polymorphs of a drug
differ in total solubility in a given solvent (402).
The absorption rate can vary with different
polymorphs of a given drug (403). Poly-
morphism can create problems in terms of crystal
growth in suspensions (404). Polymorphic forms
can create problems involving differences in
filterability (405). The thermal stability can
vary with different polymorphs of a drug (298).
The success of a new product is seldom independ-
ent of its physical form (406).

Polymorphism or transilions from one poly-
morph to another can be detected by various
methods. Observation of transitions with tem-
perature can be easily detected using the Kofler
melting point block. Dilatometry has been used
to study polymorphism of fats and other com-
pounds (407, 408). Cini and co-workers believe
that changes in magnetic anisotropy provide
a valuable tool in the study of polymorphisin
(409). Optical erystallography has been a most
valuable tool (238), as has X-ray crystallography
(410). Electron microscopy has been utilized
for such identifications (411). Infrared spec-
troscopy has been used with success (412).
Surface tension measurements have been utilized
in determining the transition temperatures
(413, 414).

Various methods can be used for the prepara-
tion of various polymorphs of a given compound.
Pressure has been used (415, 416G). This reviewer
has not read any articles dealing with the poly-
morphism of drugs as affected by pressures used
in tablet compression. Temperature changes
have been widely used for the preparation of
polymorphs and phase diagrams for the tem-
perature variable have been discussed (192, 296,
298, 401). Impurities have been known to cause
polymorphism (191), as well as mode of crystal-
lization (191). Solvents have been used for the
preparation of polymorphs.

Some fundamental studies of polymorphism
are lacking. However, von Sydow (191) at-
tempted to study the dipole effect of the solvent
on the polymorphic form of fatty acids isolated,
and reported that the study was difficult because
the rate of crystallization was not controlled.
A second way that the solvent could affect the
crystallization was related to the vapor pressure
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of the solvent. Two polymorphs of chloracet-
amide have been isolated using solvents (417).
The difference between the cell dimensions was
found to be only in the value of the obtuse angle
in the unit cell. The alpha form was obtained
from nonpolar solutions. These crystals were
hard to dissolve in benzene or in carbon tetra-
chloride. Katayama suggested that these mole-
cules become stable in these solutions by making
dimers by hydrogen bonds, and the dimers thus
formed come into the crystals having the alpha
configuration. These crystals are quite soluble
in water or ethyl alcohol and the molecules make
hydrogen bonds with the solvent molecules.
Katayama concluded that “this will be the
reason why the crystals obtained from these
solutions have a different structure.” In a
study of the polymorphism of 17-8 estradiol,
Smakula, ef al., stated that the ability of molecules
of a compound to associate in alternate modes of
hydrogen bonding of comparable stability can
be expected to be a major cause of polymorphism,
thereby causing differences in the solid-state
spectra of polymorphic substances (418). W.
Higuchi, et al., in a study of the polymorphism of
methylprednisolone, reported that the lack of
structural information on the methylprednisolone
system precluded a single interpretation of the en-
tropy of transition. But they suggested that the
entropy difference was a result of greater localiza-
tion of the functional groups in the side chain in
form I resulting either from intermolecular or
intramolecular interactions (£19).

Because of the similarity in structures, the
polymorphism of hydrocortisone terbutylacetate
and prednisolone terbutylacetate was studied
(420). Four polymorphs of each system were
isolated, but the isolation methods were not
similar.

The transition rates of some polymorphic
systems have been studied. Hartshorne and
Thackray have studied the o-and g-sulfur systems
(121). The activation energy for the transfer
of molecules from the beta to the alpha form
corresponded closely to the heat of sublimation
of the beta form. Thus the molecules in the
transition layer at the interface were energetically
equivalent to the molecules in the vapor state.
Johansson (422) suggested that should the forma-
tion of nuclei be a homogeneous process and that
all crystals be of the same size, the probability
of transition should be the same for each crystal.
The course of the transition could be described

as
—dNJdt = KN (Eq. 31)

N = Nye—*rt (Eq. 32)
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where NV is the number of nontransformed crystals
and NV, is the number of crystals when time is
zero. However, when log IV was plotted against
time, a straight line was not obtained. Thus, the
reaction must be heterogeneous and described by

N = Ne—k + Nee—kt + . (Eq. 33)

The heat of activation could not be determined
for the various nuclei so no conclusions could be
made concerning whether or not the number of
nuclei was proportional to the surface or the
volume of the crystals. Johansson examined the
kinetics of the polymorphic transformation since
such an investigaiion might elucidate the in-
fluence of a lattice transition on the velocity
of reactions in the solid state. In a study of the
growth of crystals in the alpha to beta transition
in paradichlorobenzene, Bykhovskii, et al.,
found that the linear growth rate was a function
of temperature (423). The temperature de-
pendence of the rate was not in agreement with
Hartshorne’s supposition that the rate of displace-
ment of the boundary between the phases was
determined solely by the difference between the
rates of evaporation. Bykhovskii’s conclusion
was that the material was transferred directly
in the solid state as a result of thermal agitation,
In the study of the transition rates the results
agreed best with the supposition that the alpha
to beta, or vice versa, transition in paradichloro-
benzene involved a dislocation mechanism in
growth.

The rate constant for the reaction of phenyl-
hydrazine with the stable and unstable modifica-
tion of o-methoxyhenzaldehyde was determined
by Urazovskii (424). Using the metastable form
of the aldehyde the rate constant was found to he
4.15 at 3.5°, and persisted at 5, 15, and 25°.
The stable form has a much higher rate constant
than that of the metastable form. In aqueous
dioxaite the difference was greater than in aqueous
ethanol. The stable form was apparently a
hydrogen bonded dimer, whereas the metastable
form was chelated by a hydrogen bond. The
heat of activation for the stable form was 11,400
cal. per mole and 11,200 cal./mole for the meta-
stable form.

Structural analysis has been valuable in the
study of polymorphism. The crystal structure
and polymorphism of N-methylacetamide has
been reported by Katz and Post (425). The low
temperature form changed to the high tempera-
ture phase at 10°. Below the transition tem-
perature the unit cell was found to be orthorhom-
bic with 4 molecules per cell. Above the transi-
tion temperature, the orthorhombic unit cell
contained 2 molecules per unit cell. Along with
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this transition there was a reduction in cell size
which was brought about by the existence of
molecular orientational disorder. The poly-
morphism of glycine has been studied in detail
(183, 184, 426). Three forms, alpha, beta, and
gamma, have been isolated. The beta form is
unstable. The molecular volume of the three
forms was the same within one cubic A. B-
Glycine consisted of hydrogen bonded molecular
layers extending parallel to the 010 plane. The
layers have the same configuration of molecules
as the alpha form. Single layers in the beta
form were connected geometrically by the
twofold screw axis and held together by hydrogen
bonds extending in the b direction. In a-glycine
the nitrogen atom was buried within the double
layer in such a wav that very close contact of
these two layers occurred. Where molecular
layers were discovered in the -glyeine parallel
to the ¢ axis, molecular double layers held
together by hydrogea bonds were found parallel
v-Glycine, which
showed a marked piezoelectric property along
the ¢ axis, was found to have a crystal structure
nearly the same as that of a-glycine. The bond
distances and bond angles were compared with
v- and o-glycine and with «- and B-glycine.
The crystal structures of the three forms of the
even-numbered fatty acids, A, B, and C, and the
four polymorphs of the odd-numbered fatty
acids, namely A’, B’, (', and D’ are illustrated
and discussed by von Sydow (191, 427).

The crystal structures for the polymorphs of
acridine have been studied.  Acridine was
reported to have five distinct polymorphic
forms (428). It was found that acridine T was
a hydrate. Acridine II and III appeared to
have nearly the same free energies at room tem-
perature since neither showed any great tendency
to transform to the other and both were produced
by the decomposition of 1. At higher temper-
atures II was the stable form. The sizes of the
unit cells, lattice energies, and wvolumes per
molecule were almost equal (172-174). A
comparison of the packing of anthracene and
acridine I1IT was shown. The acridine Il con-

to the ¢ axis in a-glycine.

sisted of two molecules in the asymmetric unit
cell and exhibited significant departure from
This was also evidenced from the
Birks and
Cameron reported that fluorescence in aromatic
compounds is associated with planarity (429).
The fluorescence was determined by the presence

planarity.
lack of fluorescence of the crystal.

and configuration of the = electrons in the
molecule. Phillips, et al., reported that the

apparent molecular thermal motions in I, (I,
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and III were of the same type but that the
translational components of the mean square
amplitudes of vibration appeared to be higher
in the acridines than in the anthracenes. This
result may explain the lower melting point of the
acridines than anthracene. Phenazine has been
found to be dimorphic (430, 431). Iadigo has
been found to be dimorphic. The value of a-sin
8 was found to be the same for the two forms,
However, the change of one form to the new
form occurred by a slip of about ¢/4 of the
molecular plates parallel to the ¥Y0OZ plane
(432).

Omne of the most difficult polymorphic problems
to solve was that of cortisone acetate. Several
patents have Dbeen issued (433-440). The
polymorphs of cortisone acetate were detected
by infrared spectra (441, 442). Most recently,
Callow and Kennard correlated the previous
work (443). There is evidence of six crystalline
modifications or solvates of cortisone acetate.
Five forms of cortisone acetate aad methods of
their isolation along with photomicrographs were
presented by Callow and Kennard. They re-
ported that forms II, III, IV, and V as intact
crystals are stable for some time in the presence
of water, but when shaken or ground, trans-
formation to form I takes place rapidly. Crys-
tals of form II were apparently unchanged in
water after 126 hours, whereas in a shaking
machine a change was seen after 20 hours and
was complete after 60 hours. If the crystals
were ground, transformation could take place
in 4 hours, but probably because of caking of
suspensions, complete transformation still took
about 56 hours. Form IV was found to be a
dihydrate which was found to be unstable in
water at room temperature. This reviewer, in a
study of the polymorphism of cortisone acetate,
noted that crystals from aqueous alcohol, pre-
sumably form IV, gradually changed to another
form when stored at room temperature free from
solvent. This change was followed easily by
noting the change in the refractive indexes of the
crystals.

Polvimorphism has been recorded for many
steroids and natural and synthetic drugs. It
would be impossible to list all of the forms of the
various drugs that have been reported in the
literature. Though temperature studies have
beeinn reported, infrared patterns interpreted,
speculations on hydrogen bonding made, little
or nothing can be said of the exact molecular
orientations. Much work must be done, and
perhaps it is up to the X-ray crystallographers to
move in.
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Polymorphism has been investigated from a
thermodynamic point of view. Staveley dis-
cussed, in length, the transitions in solids and
liquids (444). Hurst obtained a second-order
differential equation in the variable p and T
which is valid for all phase equilibria of the first
and second orders (445). A first-order phase
transition is accompanied by the absorption
or evolution of latent heat. Second-order
transitions differ from first-order transitions in
that there is no evolution or absorption of latent
heat. Hurst says that a second-order transition
is to be regarded as the limiting case of a first-
order tramsition with infinitesimally small AV,
The heat, entropy, and temperature of transition
have been calculated for the forms I and IT of
methylprednisolone (419). The escaping tend-
ency, or fugacity, for the two polymorphs was
determined by solubility studies. It was found
that the transition temperature was 118°, that
the AH®1,1i1 was 1600 cal. per mole, and that the
entropy change at the transition point was 4.1
eu. Exploratory studies involving cloud point
determinations indicated that much more ener-
getic crystal forms were probable.

Frederick (404) reported that one of the most
important elements of polymorphs is that the
different forms of the same drug differ in their
solubility properties. Wagner (446) pointed
out the significance of differences in dissolution
rate ¢n vivo of drugs (of different brands of
dosage forms of the same drug). The dissolution
rate of a compound is proportional to the solu-
bility of the drug in the solvent (447). From
these relationships it can be concluded that one
polymorphic form may have a greater activity
than a second polymorphic form., Higuchi,
et al. (419), stated that the activity of the more
energetic form of methylprednisolone was found
to be of the order of 809 greater than that of the
more stable form. In an #n vivo study of the
forms I and II of methylprednisolone, Ballard
and Nelson (403) found that the mean absorption
rate in mg. per hr. per cm.? was approximately
1.7 times as great with form II than with form .
This study was performed by preparing pellets
of the drug for implantation. Rats were used in
the investigation. In discussing the physical
chemical analysis of percutaneous absorption,
Higuchi stated that substances showing lower
melting points generally permitted higher con-
centration in solution and would thus tend to
give faster penetrating systems. He stated
that it would be difficult to produce rapid
absorption of high melting point compounds
(448). ITiguchi also pointed out that different
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crystalline modifications may exist having
different free energies, thus different thermo-
dynamic activities at room temperature. As to
the choice of polymorphs of a given drug, it may
be pointed out that in 1952 Dale received a
patent for the development of a polymorph of
riboflavin which possessed much greater solu-
bility and therefore a more useful form of the
vitamin (402).

One can conclude then that the lattice forces
are important in terms of the availability of the
drug for utilization. Pirsch has contributed to
the question of the lattice forces of organic
molecules (449). In recognition that the form
of the spatial filling of organic molecules is
of decisive influence on the magnitude of the
molar heat of fusion, Pirsch arranged organic
molecules into three large spatial types, according
to the magnitude of their molar heat of fusion.
These three spatial groups were classified as
(@) chain molecules, (b) disk molecules, and (c)
spherical molecules.

Organic compounds of the spherical structures
show small fusion entropy values and low molar
heats of fusion. As a rule, these types of com-
pounds demonstrate no polymorphic changes
near the melting point. Closely above the
melting point, liquid crystals should persist.
The molar heat of fusion is greater for the disk
and chain compounds, with the latter showing
the highest values. A relationship was presented
characterizing the linear dependence of the molar
heat of fusion on the position of the melting
point

AgH = (T, — a) (Eq. 34)

in which 2 and a are characteristic constants
for each spatial form type. Just as a higher
energetic form would be desirable for drug
availability in vive, a higher energetic form may
not be the most suitable form for drug stability.
Higuchi and Guillory determined the stabilities
of derivatives of vitamin A (450). The in-
vestigators found that the relative rates of
degradation of series of similar solid derivatives
measured at any temperature were such that the
logarithm of the rates was a linear function of the
reciprocal of their melting points. Thus a strong
lattice offers a stabilizing effect.

An additional consideration in drug availability
from the crystalline state would be solvates.
Rose, et al., have reported that t(rans-diethyl-
stilbestrol forms solvates when crystallized
from chloroform, benzene, ether, 2-propanol,
methanol, and acetic acid (214). Rose also
reported that erythromycin formed an acetone
and chloroform solvate which readily lost solvent
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on exposure to air and converted to a powder
(279). Gramicidin forms a solvate with acetone
which is apparently lost on drying. Different
forms were obtained from various solvents
(451). Ballard and Nelson (403) reported that
anomolous results were obtained when anhydrous
tetracycline pellets were implanted iz vivo (rats).
They suggested that the anhydrous tetracycline
at bodv temperature was converted to the
trihvdrate. Higuchi and Shefter (452) rec-
ognized that many drugs exhibit a strong tend-
ency to form discrete hvdrate structures, but
that much less was known concerning the for-
mation of solvates with organic solvents. These
investigators showed that the normal amyl
alcohol solvate of fludrocortisone acetate had at
least five times the solubility of the nonsolvated
species, while there was a twofold increase with
the ethyl acetate solvate. The anhydrous forms
of caffeine, theophylline, glutethimide, and
cholesterol showed a greater dissolution rate
than did the corresponding hydrates,

A different approach to drug availability was
reported by Sekiguchi and Obi (453). These
investigators compared the absorption of sul-
fathiazole to an eutectic mixture of sulfathiazole.
Eutectics with sulfathiazole were prepared using
ascorbic acid, acetamide, nicotinamide, nicotinic
acid, succinimide, or urea. The urea eutectic
was studied 4z vive. Where sulfathiazole had a
melting point of ahout 200°, the eutectic mixture
of 529, sulfathiazole and 489, urea by weight
melted at 112°. It was reported that the
solubility of sulfathiazole decreased slightly
with a continued increase by weight of urea.
In a study of the report Nelson (454) stated
that the 8-hour cumulative urinary excretion
of the eutectic was 509, while the 8-hour
cumulative urinary excretion of the normal
sulfathiazole was 399%. In Nelson’s studies he
reported that using finely powdered sulfathiazole
the 8-hour cumulative urinary excretion was
5%,

It is evident that similar studies will follow.
A fruitful area should be complexation. Drugs
forming clathrates, channel lattice type com-
plexes, as well as the possible complexation of
nonpolar aromatics with heterocycles could be
investigated. It would be well at this point
for the investigator to review the fusion studies
of the Kofler group and the McCromne group.

REFERENCES

(192) Fletcher, L., “The Optical Indicatrix,’”” Frowde,
London, 1862; quoted by Jelley, E. E., and Weissberger,
A., “Physical Methods of Organic Chemistry,” 3rd ed.,
Interscience Publishers, Inc., New York, N. V., 1959, p.
1397.

615

(193) Wooster, W. A., A Textbook on Crystal Physics,”
Cambridge University Press, London, 1938, p. 128.
(184} Kamb, W. B., Am. Mineralogist, 43, 1029(1958)
(195) Lorentz, H. A., Ann. Physik, 9, 641(1880).
(196) Lorenz, L. V., ibid., 11, 70(1880).
(197) Brithl, J. W., J. Chem. Soc., 91, 115(1907).
(198) Bragg, W. L., Proc. Roy. Soc. London A, 105, 370

(199) Dachille, F., and Roy, R., Z. Krist., 111, 462(1959).
) Batsanov, S. S., Zhur. Fiz. Khim., 30, 2640(1956);
through Chem. Absir., 51, 1263(1957).

(201) Nutt, C. W., Trans. Faraday Soc., 53, 1538(1957).

{202) Armour Research Foundation of Iilinois Iostitute
of Technology, Anal. Chem., 20, 274(1948).

(203) Shell, J. W., Witt, N. F., and Poe, C. F., Mikrochem.
Acta, 1960, 31,

lg(2704) Shell, J. W., Witt, N. F., and Poe, C. F,, ibid,,
(20.)) bhell J. W., Witt, N. F., and Poe, C. F., ibid,,
1957, 103.

(206) Biles, J. A., THIS JOURNAL, 50, 464(1961).

(207) “Crystallographic Data,” Aunal. Chem., 20, 683
(1948).
(208) “Crystallographic Data,” ibid., 20, 779(1918).

(209) McCrone, W. C., thid., 22, 954 (1950).

(210) McCrone, W. C,, 1bzd 22 1225(1950).

(211) Rose, H. A 2bid., 26, 015(1954

(212) "Crystallographic I)ata,” thid., 20, 385(1948).

(213) McCrone, W, C., 1bid., 22, 197(1950).
. (214) Rose, H. A, Hinch, R. J., and McCrone, W. C.
1bid4, 25, 993(1953).

15) “Crystallographic Data,” ibid., 20, 1124(1948).
(21()) Kre, J., Jr., and McCrone, W. C., 7bid., 27, 1503

(217) McCrone, W. C., 7bid., 22, 500(1950).
(218) “Crystallographic Data,’ bid., 21, 757(1949),
(219) McCrone, W. C., 1bid., 26, 10()"(1‘).)4)
(220) Krg, J., jr and Hmch R., Jr., dbid., 26, 780(1954).
(221) Mc(,r(me W C., tbid., 25, 1120(19)5)
(222) Brasseur, H,, Bull. soc. roy. sci. Litge, 18, 137
; through Chem. Abstr., 44, 894(1950).
) Glasstone, S., “Textbook of Physical Chemistry,”
I>. Van Nostrand Co., Inc., New York, N. Y., 1640, p. 526.

(224) Winchell, A. N., ““The Optical Properties of Organic
Compounds,” 2nd. ed., Academic Press, Inc., New York,
N. Y., 1954.

(225) Keenan, G. L., J. Assoc. Offic. Agr. Chemists, 27,
153(1944).

(226) Kumler, W. DD., J. Am. Chem. Sor., 67, 1801(1945).

(227) Kulkarni, 8. B., J. Indian Chem. Soc,, 26, 207(1949).

(228) Kulkarni, S. B., sbid., 26, 211(1949).

(229) Kulkarni, S. B., ibid., 26, 215(1949).

(230) Kieber, W., Heidelberger Beilr. Mineral. u. Peirvog.,
3, No. 1, 1(1952), through Chem. Abstr., 46, 10728(1952).

(231) Pulou, R., Aun. fac. sci. univ. Tulouse, sci. math. et
‘Eci,rp)hys., 11, 1(1947); through Chem. Abstr., 46, 3821
1952).

(232) McMahon, W., J. Am. Chem. Sor., 78, 3290(1955).

(233) Allen, R. D., Am. Mineralogist, 41, 245(1956).

(234) Pitzer, K. S., and Beckett, C. W., J. Am. Chem. Soc.,
69, 977(1947).

(235) Allinger, N. L., Experientia, 10, 328 (1954).

(236) Allinger, N. L., J. Org. Chem., 21, 915(1856).

(237) Kelly, R. B., Can. J. Chem., 35, 149(1957).

(238) Hartshorne, N. H., Endeavour, 6, 15(1947).

(239) Wood, L. J., and Paproth, H. H., Anal. Chem., 28,
1427 (1956).

(240) Evans, R. C., “Crystal
Uuaiversity Prexs London 1938, p.

(241) Greene-Kelly, R., Nature, 184, 181(1959).

(242) Hallet, 1.. T., Ind. Enyg. Chem Anal. Ed.,

(_hemxstry Cambridge
273,

14, 956

(243) Jelley, E. E., Anal. Chem., 21, 40(1949).
(244) McCrone, W, C., ibid., 26, 42(1954).
(245) Maresh, C., Coven, G., and Cox, R., #bid., 30, 829

(246) Coven, G., and Cox, R., ibid., 32, 87R(1960).

(247) Coven, G. E. and Cox, R L,1b1d 34, 122 R(1962).

(248) Krc, J., Jr.. Microchem. J., 3, 8)(1‘4 )9)

(249) Benedetti- Pichler, A. A, 1bzd 2, 3(1958).

(250) Mason, C. W., Anal. Chem., 21, 43001949).

(251) Mason, C. W., ibid., 17, 603(1945).

(252) Van Camp, A,, 1bid,, 33, 316(14961).

(253) Rose, H. A, and Williams, J. G
50, 1045(1961).

(254) Kirkpatrick, A, ¥, Anal. Chem., 20, 847(1948),

(255) McCrone, W. C,, ibid., 28, 972(1956).

(256) Biles, J. A., THIS JOURNAL, 44, 74(1955).

{257) Castle, R. N., Witt, N. F, and Poe, C. F,, J. 4m.
Chem. Soc., 71, 228(1949).

(258) Castle, R. N., and Witt, N. F., 7bid., 68, 64(1946).

(259) Biles, J. A., Witt, N. F_, and P()e C. F., Turs
JournaL, 42, 53{1953).

(260) Biles, J. A., Witt, N. F., and Poe, C. F., Mikrochem.
Acia, 38,591(1951).

(261) Devey, B. T., Plein, E. M_, [ud. Eng. Chem. Anal.
Ed., 15,534(1943).

(262) Plein, E. M., and Dewey, B. T., ib1d., 18, 515(1946).

(263) Plein, E. M., and Dewey, B, T., Anal. Chem. 27,
307(1955).

(264) Dewey, B. T., and Plein, E. M., bid., 27, 862(1955).
; (26;5) Bryant, W. M. D., J. Am. Chem. Soc., 60, 1394
1938

, THIS JOURNAL,



616

(266) Bryant, W. M. D., ¢bid., 65, 96(1943).
121(32((157) Mitchell, J., Jr., and Bryant, W. M. D., bid., 65,
268) Brydnt W. M. D, and Mitchell, J., Jr., ¢bid., 60,
2748(1
(269) Bryant, W. M. D., and Mitchell, J., Jr., bid., 63,

511(1941)

(270) Deﬂ'ner, J., and McCrone, W. C., Anal. Chem., 31,
1119(19

271) McCr()ne W. C., and Hinch, R. J., ¢bid., 25, 1277
(1953)

(272) Rose, H. A., ibid., 27, 469(1955).
(273) Rose, H. A., and Van Camp, A., ibid., 28,

(274) Rose, H. A, 1bid., 32, 1371(1960).
(275) Rose, H. A, ibid,, 26, 1245(1954).
(276) Van Camp, A., ¢bid., 30, 1883(1958).

(277) Van Camp, A., THIS JOURNAL, 49, 681(1960).
(278) Rose, H. A., Anal. Chem., 27, 1841(1955).
(279) Rose, H. A, ibid., 26, 938(1954).
(280) Shell, J. W, #bid., 30, 1576(1958).
(281) Shell, J. W., ibid., 27, 1665(1955).
(282) Clarke, R. L., and Kre, J., Jr.,

1054

ibid., 24, 1516

(283) Shell, J. W., personal communication,

(284) Prien, E. L., J. Urol., 45, 765(1941).

(285) Prien, E. L., and Frondel, C., ibid., 46, 748(1941).

(286) Prien, E. I.., Crabtree, E. G., and Frondel, C., ibid.,
46, 1020(1911)

( 7) Prien, E. L., and Frondel, C., ibid., 57, 949(1947).

(288) Prien, E. L., ¢bid., 61, 821(191()),

(289) Prien, E. L.. ibid., 73, 627 (1955).

(290) Pfeiffer, R. R., Norelco Reptr., 8, 62(1961).

(291) Stewart, G. T., Nature, 183, 873(1959).

(202) Castle, R. N., Mikrochem. Acta, 38, 92(1971).

(293) Biles, J. A, 1bid., 39, 69(1952).

(294) Krishnan, K. 8., Guha, B. C, and Banerjee, S,
Trans. Roy. Soc. London A, 231, ’i’)(l‘)§§)

(295) Lonsdale, K., and Krishndn K. 5., Proc. Roy. Soc.
London A, 156, H97(1936).

(296) Kofler, L, and Kofler, A,
Kennzeichnung organischer Stoffe
Wagner, Innsbruck, 1954,

297) Brandstatter M., Microchem. J., 5, 287(1961).

(298) McCrone, W. C.. “Fusion Methods in Chemical
Mic7roscopy,” Interscience Publishers Inc., New York, N. Y.,
1957,

(299) Kofler, A., Delande, N., and Lacourt, A., Microchem.

J., 1,55(1957).
(300) Kofler, A., Mikrochem. Acia, 1960, 904.
ibid., 1956, 1193.
ibid., 1957, 80.

(301) Kolsek, J.,

(302) Kornhauser, A., and Perpar, M.,

(303) Sekena, A., and Pakorny, J., ibid., 1957, 103.

(304) Brandstitter, M., and Obkircher, J., ibid., 1960,
36.

‘““Mikro-Methoden zur
und Stoff gemische,”’

(305) Brandstitter, M., and Kofler, A., ibid., 1959, 847.
(306) Arceneaux, J., Anal. Chem., 27, 979(1955).
(307) Arceneaux, C. J., thid., 25, 486(1953).

(308) Gilpin, V., ibid., 23, 365(1951).

(309) Lasknwskl D. E.,, and Adams, O. W., ibid., 31,
118(197 ).

(310) Laskowski, DD. E., and McCrone, W. C., tbid., 26,
1497(1854).

(311) Laskowski, DD. E., and McCrone, W. C., #bid., 30,
542(1958).

(312) Laskowski, D). E., tbid., 32, 1171(1960).

(313) McCrone, W. C., Mt(mchem J., 3, 479(1959).

(314) West, P. W., and Granatelli, I Anal Chem., 24,
870(1952).

(315) McCrone, W. C., Smedal, A., and Gilpin, V.,
18, 578(1946).

{316) Petrucci, and Weygandt, J. C., ¢bid., 33,
275(1961).

(317) Bush, M. T., Microchem. J., 5, 327(1961).
Tipson, R. S., Anal. Chem., 22, 628(1950).

(319) Schoen, H. M., Ind. Eng. Chem., 52, 173(1960).

(320) Caldwell, H. B., ¢bid., 53, 11‘5(19()1

(321) Doremus, R. H., J. Phy: Chem., 62, 1068(1958).

(322) Bauer, E., Z. Krist., 110, 372(19.)8)

(323) Hoffman, J. D., J. Chem. Phys., 29, 1192(1958).

(324) Dunning, W. j., in Garner, W. E., “Chemistry of
the Solid State,” Academic Press, Inc., New York, N. Y,
1955, p. 159.

(325) Higuchi, W. 1., and O’Konski, C. T., J. Colloid Sci.,
15, 14(1960).

(326) Stranski, 1. N., Z. physik Chem., 136, 254(1928).

(327) Gibbs, J. W., “Collected Works,”” Longmans Green
and Co., London, 1928, p. 325.

(328) Brandstitter, M., Mikvochem. Acta, 1956, 154.

(329) Frank, F. C., in Garner, W. E_, “Chemistry of the
Solid State,” Academic Press, Inc., New York, N. Y.,
1955, p. 1.

(830) Dash, W. C., and Tweet, A. G., Sci. American, 208,
No. 4, 107(1961)

('331) Albion, N., and Dunning, W. J., Acta Cryst., 12,
219(1959).

(332) Jaccodine, R. J., Nature, 187, 498(1960)

(333) Buckley, H. E., “Crystal Growth,” John Wiley &
Sons, Inc., New York, N V., 1951, pp. 169224, 339-387.

13’%4) Cottrell A H, Nature 178 1090(193(‘))

335) Johnson R. A, andORourke J. D, J. Am. Chem.

76,2124(1951).
(336) Nielsen, A. ., J. Colloid Sci., 10, 576(1955

ihid.,
R. H,

Journal of Pharmaceutical Sciences

(337) Nielsen, A. Y., Acta Chemn. Scend., 11, 1512(1957).

(338) Nielsen, A. E., tbid., 12, 951(1958).

(339) Schlichtkrull, J., ibid., 10, 1455(1956).

(340) Schlichtkrull, J., ibid., 10, 1459(1956).

(341) Schlichtkrull, J., sbid., 11, 291(1956).

(342) Schlichtkrull, J., 7bid., 11, 439(1957).

(343) Schlichtkrull, J., tbid., 11, 484(1957).

(344) Schlichtkrull, J., tbid., 11, 1248(1957).

(345) Danish pat. 87,001, March 9, 1959; through Schoen,
ggé\i[), and van den Bu;,,aerde J. Ind Eng Chem., 53, 155

(346) Choi, R. P., Tatter, C. W., and O Malley, C. M.,
Anal. Chem., 23, 888(1951).

(347) Winchell, A. N., “Elements of Optical Mineralogy,"
part I, John Wiley & Sons, Inc., New York, N. Y., 1937, p.

16.
(348) Drug & (omutz( Imi 89, 710(1961).
(349) Stephenson .H., bome Microchemical Tests for
Alkaloids,” J. B. Lippincott Co., Philadelphia, Pa., 1921
“Clinical Toxi-

(350) Thienes, C. H., and Haley, T T,

cology,” 3rd ed., I.ea and Febiger, Philadelphia, Pa., 1955.
( (3%1) Shead, A. C., Ind. Eng. Chem. Anal. Ed., 9, 496
193

(352) Shead, A. C., ibid., 10, 662(1938).

(353) Shead, A. C., Mikrochem. Acta, 1957, 432.

(354) Shead, A. C., ibid., 1959, 657.

(355) McCrone, W. C., Microchem. J., 3, 479(1959).
(356) Dunbar, R. E., and Knuteson, J., bid., 1, 17(1957).

(357) Dunbar, R. K., and Ferrin, F. J., ibid., 4, 167(1960).

(358) Dunbar, R. E., and Moore, C. C., ibid., 3, 491
(1959).

(359) Dunbar, R. E., and Farnum, B. W., 7bid_, 5, 5(1961) .
(éizg)O) Dunbar, R. E., and Aaland, A. E, 1b1d 2, lI:
19¢

ibid., 3, 1»’)(1‘))9)
4, )Q(I‘N)U)

<., and Ferrin, F. J.,

(361) Dunbar,
and Ferrin, F. j., Lbul

(362) Dunbar,

(363) Dunbar, R. I, and Ferrin, F., J., ibid ., 5 145(14961),

(364) van der Wegen, P. A., Pharm. W eekblu// 94, tidHt
(1959); through Chem. Abstr., 54, 2664(1960).

( ) Sandri, G., Mikrochem. Acta, 1959, 214,

(366) Sandri, G., ibid., 1959, 221.

(367) Sandri, G., ibid., 1956, 2-t4.

(368) Berisso, B., ibid., 1957, 296.

(369) Tenger, F. L., ibid., 1956, 104,

(370) Payton, P. I.., Cefola, M., and Yanowski, L. K.,
ibid., 1957, 378.

(371) Spakowski, A. E., and Freiser, H., Anal. Chem., 21,
986(1949).

(372) Schaeffer, H. F., ¢bid., 23, 1674(1951).

(373) Schaeffer, H. F., 7bid., 31, 1111(1959).

(374) Chamot, E. M., and Mason, C. W., ‘“Handbook of
Chemical Microscopy,” Vol. 2, John Wiley & Sons, Inc.,
New York, N. Y., 1940.

(375) Lindberg, W., Neues Jahrb.
149(1956); through (hem Abstr., 57, 1683(1957).

(376) Hendrlckson R. C., dnd Shulman, S,
J.. 5, 588(1961).

(377) Stroitelev, S. AL,

Mineral. Abhandl., 89

Microchem.

Trudy Tomsk. Univ. Ser. Geol. 124,

233(1953); Referat. Zhur. Geol. Geograf., 1954, No. 3865,
through Chem. Absir., 51, 9421(1957).
(378) Malkin, V. 1., Problem, Metalloved. { Fiz. Metal., Sbor-

nik, 4, 113(1955); through Chem. Abstr., 52, 12499(1958).

(379) Isono, K., Nature, 182, 1221(1958).

(380) Hallet, J., and Mason, B. J., Proc. Roy. Soc. London
A, 247,440(1958).

{381) van den Heuvel, A. P, and Mason, B. J.,
184, 519(1959).

(382) Hartman, P., and Perdok, W. G., Acta Cryst., 8,
19(1955).

(383) Hartman, P., ibid., 11,

(384) Jackson, K. A., Proc. Intern. Conf. Cooperstown,
1958, 319; through Chem. Abstr., 53, 9764(1959).

(385) Hurlbut, C. S., “Dana’s Manual of Mineralogy,”
15th ed., John Wiley & Sons, Inc., New York, N. Y., 1944,
. 60.

(386) Hartman, P., Z. Krist., 107, 225(1956).

(387) Bragg, W. L., “The Crystalline State,” G.
and Sons, Ltd., T.ondon, 1939, p. 177,

(388) Hendrickson, R. C., and Shulman, S.,
J., 5,587(1961).

(389) Shell, J. W., personal communication.

(390) Whetstone, J., Trans. Faraday Soc., 51,

(391) Whetstone, J., J. Chem. Soc., 1956, 484

(392) Whetstone, J., ibid., 1957, 4284.

(393) Whetstone, J., ibid., 1957, 4289.

(394) Michaels, A. S., and Colville, A. R., Jr.,
Chem., 64, 13(1960).

(395) Michaels, A. S, Tausch, F. W., ibid., 65,
1730(1961).

(396) Sears, G. W., J. Chem. Phys., 29, 979(1958).

(397) Sears, G. W., ibid., 29, 1045(1958).

(398) Comer, J. J., J. Colloid Sci., 14, 175(1959).

(399) McCartney, E. R, and Alexander, A. E., tbid., 13,

383(1958
W., Geol. Soc. Am.

1((300) Eltel
)

(401) Hartshorne, N. H., and Stuart, A., “Crystals and
the Polarising Microscope,” 3rd ed., Edward Arnold Pub-
lishers Ltd., London, 1960, p. 20.

(402) U. S. pat., 2,603,633, January 26, 1950.

(403) Ballard, B. E.,, and Nelson, K., J. Pharmacol. Expil.
Therap., 135, 120(1962).

(404) Frederick, K, J.,

Nature,

159(1958).

Bell

Microchem .

973(1955).

J. Phys.

and

Mem. Spec. Papers, 66,

TH1s JOURNAL, 50, 531(1961).



Vol. 51, No. 7, July 1962

(405) Norelco Replr., 8, 60(1961).

{406} Williams, D, F ibid., 8, H5(1961).

(407)7§1avin, L. J., and nguchx ‘I'., THIS JOURNAL, 46,
5

9, 821

(408) Beno, D., Compt. rend., 241, 1396(1955).

(409) Cini, R., Ferroni, E., and Cocchi, M., Aunn. chim.
Rome, 47, 841 (19..)7) through Chem. Absitr., 51, 1782(1957).

(410) Susich, G., Anal. Chem., 22, 425(1960).

(411) Hamm F. A and Van Norman, E., J. Appl. Phys.,
19, 1097(1948).

(412) Kendall, D. N Anal. Chem., 25, 382(1953).

(413) Ferromi, E., Ann. chim. Rome 46, 947(1956);
through Chem. Abstr., 51, 5511(1957).

(414) Ferroni, E., and Gabrielli, G., #bid., 47, 833(1957);
through Chem. Absir., 51, 17350(1957).
( (41.;)) Smith, F. G., and Hill, V. G., Acta Cryst.,
1956) .

(416) Jamieson, J. C., J. Geol., 658, 334(1957).

(417) Katayama, M., Acta Cryst., 10, 468(1957).

(418) Smakula, E., Gori, A., and Wotiz, H. H., Spectro-
chim. Acta, 9, 346{1857).

(419) Higuchi, W. 1., Lau, P. K., Higuchi, T., and Shell,
J. W, THI1s JOURNAL, mpress

(420) Biles, J. A., presented to the A . PH.A. meeting, T.as
Vegas, March’ 1962

(421) Hartshorne N. H., and Thackray, M., J. Chem. Soc.,
1957, 2122, and references therem

(422) Johansson G., Arkiv Kemsi, 8, 33(1955)

(423) Bykhovskii, AA I, Larlknv L N., and Qvsienko,
. E., Kristallografiya, 6, No. 2, 284(1961)

(424) Urazovskii, 8. S Vopm:y Khim. Kinetiki, Kalaliza
7 Reaklisionnof szosobnosii Akad. Nauk S.S.S.R., Otdel. Khim.
Nauk, 1055, 833; through Chem. Abstr., 50, 1602(1956).

(425) Katz, J. L., and Post, B. Acte Cryst., 13, 624(1960).

(426) Albrecht, G., and Corey, R. B., J. Am. Chem. Soc.,
61, 1087(193Y).

(427) von Sydow, E., Arkiv Kem1, 6 304(1953),

(428) Kofler, A., Ber.. 76, 871(1943

(4249) Birks, J. B., au(l Cunemn A. 1. W Proc. Roy.
Soc. London A, 249, 287 (1959).

617

(430) Herbstein, F. H., and Schmidt, . M. ], Acle
Cryst., 8,399(1955).

(431) Herbstein, F. H., and Schmidt, G. M. J., ibid., 8,

406(1955).

(432) Eller-Pandraud, H. V., Bull. soc. chim. France, 1958,
316; through Chem. Abstr., 52, 11512(1958).

(433) U. S. pat. 2,828,319, March 25, 1958.

(434) U. 8. pat. 2,841,599, July 1, 1958.

(435) U. S. pat. 2,861,920, November 25, 1958,

(436) British pat. 787,912, December 18, 1957.

(437) German pat. 945,651, July 12, 1956.

(438) German pat. 949,251, September 13, 1956.

(439) U. 8. pat. 2,671,750, March 9, 1954.

(440) British pat. 794,482, May 7, 1958.

(441) Dickson, D. H. W., Page, J. E,,
J.Chem. Soc., 19558,443,

(442) Garratt, D. C., and Marshall, P. G., J. Pharm. and
Pharmacol., 6, 950(1954).
( (44:;) Callow, R. K., and Kennard, O., ¢bid., 13, 723
10613},

(444) Staveley, .. A. K., Quart. Revs. London, 3, 65(1949).
( q(JAS')) Hurst, C., Proc. Phys. Soc. London B, 68, 521
1955).

(446) Wagner, J. G.,

(447) Mader,

and Roger, D.,

THuIs JournaL, 50, 375(1861).
W. J., Vold, R. D., and Vold, M. J., in
Weissherger, A., ‘Physical Methods of Organic Chem-
istry,” 3rd ed., Part I, Interscience Publishers Imc., New
York, N. Y., 1959, p. 655.

(448) Higuchi, T., J. Soc. Cosmetic Chemists, 11, 85(1960).

(449) Pirsch, J., Mikrochem. Acta, 1956, 992.

O) (_vmllory,l K., and Htguch: ‘I, Tuis JourNaL, Si,

l()O(l

(1451) Olesen P. E., and Szabo, L., Nature, 183, 749
(1959).

{452) Higuchi, T., and Shefter, ¥, personal communica-
tion.

(453) Sekiguchi, K., and Obi, N, Chem. and Pharm. Bull.,
9, RGG(1961).

(151) Nelson, I, personal communication.

Reseavch Arwticles

Infrared Analysis of Pharmaceuticals III

Identification and Determination of Adrenocortical Steroids,
Barbiturates, and Sulfonamides from Paper Chromatograms

By ALMA L. HAYDEN

The adrenocortical steroids: cortisone, hydrocortisone, and 17-hydroxy-11-desoxy-
corticosterone, have been identified and estimated from paper chromatograms in
amounts between 50 mcg. and 1.5 mg. Recoveries of 90 to 1059, of these steroids

were obtained on the basis of infrared spectrophotometric determinations.

An-

alyses were made of commercial tablets which contained (#) hydrocortisone and
17-hydroxy-11-desoxycorticosterone, or (b) the sodium salts of phenobarbital,

butabarbital, and pentobarbital.

The results agreed within 3.8Y9, with those pub-
lished earlier (9), or with the declared amounts.

In addition, the identification and

estimation of sulfanilamide in a sulfacetamide powder were achieved by these
methods.

PAPER CHROMATOGRAPHY allows the rapid sepa-
ration of microgram quantities of compounds.
However, the coincidence of Ry and mobility val-
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ues for a standard and a sample does not afford
positive identification in all cases. The value
of this separation technique is greatly enhanced
when it is combined with other identification
methods.

In addition to other applications, paper chro-
matography and infrared spectroscopy have been
combined in the investigation of steroids in hu-
man placenta (1). Recently, the use of these





