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1. Yo, Luz Clemencia DE PAEZ, en mi condicién de apoderada de la sociedad
solicitante de la patente de la referencia, me refiero al oficio No. 10462 notificado por

fijacion en lista el 26 de Agosto de 2014.

2. Mediante oficio No. 10462 se puso en conocimiento del solicitante el informe que
contiene las observaciones hechas por su Despacho sobre la presente solicitud de
patente. Las observaciones realizadas en el oficio se refieren a la presencia de
reivindicaciones referentes a un uso o segundo uso, a la claridad del pliego reivindicatorio
y al nivel inventivo de Iaé reivindicaciones 1-5 en vista de los documentos D1:
WO02006/104356 y D2: H.G. Brittain. Segunda Eddicion, Informa Healthcare, NY, 2009.

3. Respuesta a las objeciones

De este modo y con el objeto de atender las objeciones arriba mencionadas, se

desea presentar las siguientes modificaciones, aclaraciones y argumentos:

“EXCELENCIA LEGAL EN UN MUNDO SIN FRONTERAS”
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3.1. Modificacién de una solicitud en tramite

De acuerdo con el articulo 34 de la Decisién 486 de la Comisién de la Comunidad
Andina, donde se establece que la modificacion de una solicitud es posible en cualquier
momento del tramite mientras no implique una ampliacién de la solicitud inicial, me

permito presentar un nuevo pliego reivindicatorio conformado por 3 reivindicaciones.

Se han introducido las siguientes modificaciones al capitulo reivindicatorio:

e Se modifico la reivindicaciéon 1, especificando cuales son los valores
caracteristicos del pico (28) en el difractograma de XRD.

¢ Se eliminaron las reivindicaciones originales 2, 5 y 6. Lo anterior no puede ser
considerado como un desistimiento de la materia alli revelada y mi representada
se reserva el derecho de volver sobre la misma durante el tramite de la presente

solicitud de patente.

De esta manera se aclara y precisa ain mas el objeto de la presente invencion,
especialmente mediante el énfasis en sus caracteristicas técnicas. Por lo anterior, las
objeciones formuladas por el Examinador en cuanto a la presencia de reivindicaciones
referentes al uso, la claridad y concisién del pliego reivindicatorio se ven superadas. En
consecuencia, se solicita atentamente tener en cuenta este nuevo pliego reivindicatorio
para el nuevo analisis de patentabilidad.

3.2. Argumentos con respecto a la falta de Nivel Inventivo

El articulo 18 de la Decision 486 sefiala lo siguiente:

“Articulo 18.- Se considerara que una invencion tiene nivel inventivo, si para una
persona del oficio normalmente versada en la materia técnica correspondiente, esa
invencién no hubiese resultado obvia ni se hubiese derivado de manera evidente

del estado de la técnica”.



Una invencion se considerara inventiva si la misma no hubiese resultado
obvia a partir del arte previo para una persona del oficio normalmente versada en la
materia. Esto a su vez implica que el Examinador a cargo de esta evaluacion debe
colocarse en el momento exacto en el que el inventor buscaba resolver el problema
técnico contemplado en la solicitud y para el cual poseia la literatura y el conocimiento

disponibles en dicho momento.

Siguiendo entonces los lineamientos de la Jurisprudencia aplicable al analisis del
nivel inventivo de una solicitud de patente, se considera que una anterioridad o una
combinacion de dos anterioridades puede afectar dicho requerimiento de patentabilidad, si
una persona medianamente versada en la materia encuentra ensefianzas o sugerencias
claras que, a partir de un conocimiento medio en dicho campo, le permitan llegar de
manera obvia a la invencion reivindicada. Adicionalmente se considera que una mejora

sustancial, un efecto inesperado o una ventaja con respecto al arte previo es un indicio de
nivel inventivo, por cuanto aporta un salto tecnolégico en la regla técnica.

A este respecto, respetuosamente solicitamos atentamente la reconsideracién
de las razones por las cuales se objeta el nivel inventivo, con base en la siguiente -
informacién:

En la reivindicacion modificada 1, el 1,5 hidrato de sal de tartrato de 1-{(2S)-2-
amino-4-[2,4-bis(trifluorometil)-5,8-dihidro-pirido[3,4-d]pirimidin-7 (6H)-il]-4-oxobutil}-5,5-
difluoropiperidin-2-ona es especificado por seis picos de XRPD de 14.6, 15.4, 18, 20,
21y 23° con base a la Figura 1 del capitulo descriptivo de la presente invencién. Como
se puede observar en la Figura 1, los picos de XRD mencionados previamente son los

mas representativos.
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Ahora, tal y como lo indica la Guia para Examen de Solicitudes de Patente de
Invencién y modelo de Utilidad, “la Difraccion de Rayos X es la técnica mas util
para el estudio del polimorfismo en lo que atafie a la estructura cristalina, dado
que los patrones de difraccion de los diversos polimorfos presentan siempre
notables diferencias, por lo que deben incluir los picos de intensidad mas
representativé para el caso del cristal reivindicado”, en este caso particular, los
6 picos presentados en la reivindicacion 1 son suficientes para caracterizar el

compuesto cristalino reivindicado.

Asi mismo, como Anexo se presenta el articulo “Chemical analysis by X-ray
diffraction” que también ratifica que los picos mencionados son suficientes para la
caracterizacién. Ademas, la posibilidad de que el 1,5 hidrato de sal de tartrato de 1-
{(2S)-2-amino-4-[2,4-bis(trifluorometil)-5,8-dihidro-pirido[3,4-d]pirimidin-7 (6H)-il]-4-
oxobutil}-5,5-difluoropiperidin-2-ona muestre picos de XRPD no sélo a los mencionados

pero también diferentes, es extremadamente baja.

La presente invencion esta dirigida a el 1,5 hidrato de sal de tartrato de 1-{(2S)-2-
amino-4-[2,4-bis(trifluorometil)-5,8-dihidro-pirido[3,4-d]pirimidin-7 (6H)-il]-4-oxobutil}-5,5-
difluoropiperidin-2-ona que tiene un contenido de agua de 3.5-5.5% y unos picos de
XRPD de 14.6, 15.4, 18, 20, 21 y 23°.



El compuesto del ejemplo 83 de D1 se encuentra en forma de base libre y es un
compuesto amina. La base libre es facilmente degrada y por lo tanto su contenido
decrece. Cuando esta base libre es preparada, el producto crudo es concentrado al
remover el solvente. Sin embargo, cuando el compuesto es preparado en a gran
escala, toma un largo tiempo, concentrar el producto crudo. Como resultado, es muy
complicado obtener el compuesto del Ejemplo 83 de D1 con una alta pureza debido al
incremento del producto de degradacion. Ademas, la base libre del Ejemplo 83 de D1

es dificil de cristalizar y tiene baja estabilidad térmica.

En este sentido, los datos comparativos con respecto a la estabilidad térmica de la

base libre y de la sal de tartrato se muestran a continuacion.

Condicién Tiempo (Semanas) Base libre (%) Sal de tartrato (%)
0 96.24 98.58
2 96.22 98.12
40°C/75%RH
4 94.27 97.75
6 - 97.74

Como se presentd previamente, la base libre del Ejemplo 83 de D1 tiene
propiedades fisicas que muestran su dificultad para ser desarrollada como un
medicamento. D1 no presenta ninguna sugerencia o motivaciéon para que una persona
versada en la materia seleccione especifica una sal de tartrato, y especificamente el
1.5 hidrato de sal de tartrato.

Por su parte, D1 revela polimorfismo en solidos farmacéuticos. Como se mencion6
en el capitulo descriptivo de la presente solicitud, en este campo técnico no existe una
tendencia general par preferir el hidrato sobre el anhidro o viceversa, para el
mejoramiento de la propiedades farmacéuticas incluyendo la estabilidad del
medicamento, la propiedad higroscépica, etc. Especificamente, no podria ser
anticipado entre cualquier forma concebible de un determinado medicamente, es decir,
compuesto libre, sal, anhidro o hidrato, cual podria exhibir estabilidad con la propiedad

higroscopica que no cambia en funcién de la humedad a su alrededores, y entre




hidratos, el nimero de hidratacion mas estable, tampoco puede ser predicho. Ademas,
asi el nimero de hidratacién sea el mismo, sigue siendo impredecible qué forma de

cristal sera mas estable.

Por lo que es claro, que ni si quiera una persona ampliamente versada en la
materia podria predecir qué forma de un medicamento en especifico presentaria

estabilidad. Adjuntos también se encuentran los documentos:

e R1: Polymorphism in molecular cystals.
e R2: Peddy Cishweshwar et al., L. Am. Chem. Soc. 2005.
e R3: Andrew Bond et al, Angew. Chem. Int. Ed. 2007.

R1 menciona que la posibilidad de polimorfismo puede existir para cualquier
compuesto en particular, pero las condiciones necesarias para preparar polimorfos
desconocidos, de ninguna manera son obvias, dado que no existen métodos
sistematicos comprensibles para determinar dichas condiciones. Ademas, en la
actualidad se es totalmente ignorante con respecto a las propiedades que podrian

esperar de un nuevo polimorfo que sea obtenido.

Por su parte D2 y D3, muestran estudios del polimorfismo de la aspirina, que fue
sintetizada por primera vez en 1853, y que contintia en proceso. Por lo tanto, es claro
con base a los argumentos presentados previamente que el 1.5 hidrato de sal de
tartrato del compuesto | reivindicado en la presente invencion en su forma cristalina, no

es obvio con base al arte previo.

Asi entonces, es claro que la materia de invencién revelada en la presente solicitud
de patente se debe tener como inventiva frente a las ensefianzas de los documentos
D1 y D2 citados, toda vez que dichos documentos no ensefian ni sugieren como un
todo las caracteristicas técnicas esenciales de la presente invencién y por lo tanto, la
materia objeto de proteccién no podria derivarse de manera obvia u evidente a partir

de las ensefianzas de este documento.



Ademas, el capitulo descriptivo de la presente invencién muestra con claridad los
efectos ventajosos de la misma. El ejemplo 8 muestra que la forma cristalina | (1.5
hidrato) presenta mayor estabilidad térmica que la forma cristalina Il. Mientras que el
Ejemplo 9, muestra que la forma cristalina | presenta una mayor densidad aparente que la
forma cristalina I, por lo tanto la forma cristalina 1, que presenta un menor indice de Carr
puede ser facilmente manipulado en el procesamiento de procesos. Dichos efectos
mejorados con respecto al 1.5 hidrato de sal de tartrato del compuesto 1 son inesperados
con base a los documentos D1 y D2. Por consiguiente, la presente solicitud posee la

altura inventiva necesaria para que se le conceda el privilegio solicitado.
3.3 Conclusién

Por todo lo anterior, el documento D1, el documento D2, o su combinacién, no
resultan anterioridades validas capaces de afectar el nivel inventivo de la invencién de la
presente solicitud.

Por lo tanto, consideramos que el Examinador esta pasando por alto que
una sola diferencia con respecto al estado de la técnica, permite concluir que el objeto
reivindicado es nuevo. Ademas, estad excluyendo el hecho de que el inventor en el
momento de solucionar el problema técnico de la solicitud tuvo que emplear habilidad
inventiva, pues la presente invencién no resulta de la mera extrapolacion de las
ensefianzas del arte previo, como se afirma. Se estd desconociendo el mérito

investigativo empleado y que esta aportando una ventaja al arte previo.

4. Puesto que se ha dado respuesta a todas las objeciones formuladas por el
Examinador, se solicita atentamente proceder al otorgamiento de la solicitud de patente.
En este sentido, respetuosamente recordamos al Examinador que la patente no podra ser
negada con base en objeciones diferentes a las expuestas en la accién oficial No. 10462,
toda vez que al no haber sido trasladadas a mi representada, dicha decisién violaria tanto
el tenor literal del articulo 45 de la Decision 486 como el derecho constitucional al debido
proceso. En este evento, y con base en el inciso 2 del articulo 45, respetuosamente

solicitamos al Examinador expedir una nueva accién oficial que permita a mi representada



contra argumentar las mismas o modificar la solicitud con el fin de cumplir los requisitos
de patentabilidad.

5. Anexos

¢ Nuevo pliego reivindicatorio conformado por 3 reivindicaciones.

e HANAWALT, J., RINN, H., FREVEL, L. “Chemical analysis by X-Ray Diffraction:
Classification and use of x-ray diffraction pattern”. The Dow Chemical Company.

e Nota de Aceptacion de la Oficina de Patentes Europea.

e BERNSTEIN, J. “Polymorphism in Molecular Crystals”. Department of Chemistry,
Ben-Gurion University of the Negev.

e BOND, A., BOESE, R., DESIRAJU, G. “On the polymorphism of aspirin: Crystalline
aspirin as intergrowths of two “Polymorphic domains™. Angew. Chem. Int. Ed.
2007.

e VISHWESHWAR, P., et al. “The predictably elusive form Il of aspirin”. Department
of Chemistry, University of South Florida. 2005.
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REIVINDICACIONES MODIFICADAS

1. Un 1,5 hidrato de sal de tartrato de 1-{(2S)-2-amino-4-[2,4-
bis(trifluorometil)-5,8-dihidro-pirido[3,4-d]pirimidin-7(6H)-il]-4-oxobutif}-5,5-
difluoropiperidin-2-ona, caracterizado porque tiene un contenido de agua en el
rango que oscila entre 3,5y 5,5 %,

en donde los valores caracteristicos del pico (26) en el difractograma de

XRD son de 14.6, 15.4, 18, 20, 21y 23°.

2. Un proceso para preparar el 1,5 hidrato de acuerdo con la
reivindicacion 1, caracterizado porque la sal de tartrato de 1-{(2S)-2-amino-4-[2,4-
bis(trifluorometil)-5,8-dihidropirido[3,4-d]-pirimidin-7 (6H)-il]-4-oxobutil}-5,5-
difluoropiperidin-2-ona se recristaliza a partir de solvente de agua,

acetonitrilo/agua, etanol/agua, etanol/hexano o acetato de etilo/hexano.

3. El proceso de acuerdo con la reivindicacién 2, caracterizado porque

el solvente de recristalizacion es agua.

CPT\CPT\ID-274851\WPC13548
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e clearly described that their scheme of chemical analysis

INDUSTHRE

ANALYTICAL EDITION 2

Harrison E. Howe, Editor

InpusTRIAL AND EncINEERING CHEMISTRY copsiders
itself fortunate in being able to present herewith a com-
plete, new, workable system of analysis, for it is not often

Several quslified reviewers assure us that the authors
present here a method that is not only workable but so

will be readily understood by all those familiar with x-ray
diffraction. The reader does not need to be skilled in
“erystal analysis; he needs only to be familiar with the
bare principles of diffraction.

There is regson to believe that this publication, which
is made possible in this form by the generous financial
assistance of the Dow Chemical Company, will serve to
bring this method of analysis into general use in indus-
trial and consulting analytical laboratories.

HIS paper supplies tabulated data on the diffraction

patterns of 1000 chemical substances and gives a scheme
of classification which makes possible a routine and valuable
use in the chemical laboratory of the Hull method of x-ray
analysis,

In 1919 Hull (9) described a new method of chemical
8nalysis by means of x-ray diffraction. He gave the experi-
ental procedure and pointed out the various interesting and
Important features of the method, emphasizing the experi-
mental simplicity of obtaining the diffraction pattern of a
tubstance and the fact that it requires only a minute amount
i material. He gave illustrations of the important fact that
the diffraction method tells the state of chemical combination
of the elements present in the unknown, and stated the basis
for the method: “That every crystalline substance gives a
Pattorn; that the same substance always gives the same
Pattern; and that in a mixture of substances, each produces
s pattern independently of the other, so that the photo-
Baph obtained with a mixture is the superimposed sum of
"ph‘)tographs that would be obtained by exposing each of the
lmmponents geparately for the same length of time. This
3% applies quantitatively to the intensities of the lines [pro-
ed absorption is negligible for each of the components], as

1 Chemical Analysis by X-Ray Diffraction
the desireq "
; Classification and Use of X-Ray Diffraction Patterns

i : J. D. HANAWALT, H. W, RINN, a~xp L. K. FREVEL
The Dow Chemical Company, Midland, Mich.

well as to their positions, so that the method is capable of
development as a quantitative analysis.”

These unique features would appear to entitle the method

to & place of real usefulness in chemical analysis. However,
as yet no extensive use has been made of x-ray diffraction
in this way. Probably one of the most important ciggifm-
stances, which at present handicap the general use of the
method, is that an adequate file of standard patterns is not
available for reference. The method being empirical, stand-
ards are necessary. A certainimited gmount of work could
be done by determining crystal strucfyré, but this is not a
practical procedure. For’any one person, the assembling of
a large library of patterns would be a great task, since it
would run into many thousands; also, it is not assured with-
out test that it would be feasible to classify and make use of
such a file were it available. : i

At The Dow Chemical Company it has been found that
another useful fact concerning diffraction patterns may be
added to those already given by Hull—namely, that the
thousands of patterns representing the thousands of different
chemical substances can be classified in such a way that they
may be easily used for the identification of an unknown, even
when the unknown is & mixture of substances.

The basis for this interesting conclusion and the scheme
of classification were described in an earlier publication (8).
Since that time, there have been many requests to make the
data available for general use. The Dow Chemical Com-
pany has been very willing to do this, but has postponed pub-
lication until this time in order to determine a satisfactory
form in which to put the data. When the original negatives
are on file, the simplest procedure, after locating the standard
by means of the classification system, is to compare negatives
directly as to position and intensity of the lines. However,
for publication, it is not feasible to make a true reproduction
of the negatives. Microphotometer traces would give the
data accurately, but would involve & more time-consuming
technie than is desirable for routine and economical analysis.

The data of the pattern should be recorded as simply as
possible and yet sufficiently accurately for analysis. During
the past year such a means has been fully demonstrated and
it is now possible to present the diffraction data in a form
which may be used by a person in another laboratory. If it
appears sufficiently interesting, data on more substances could
be made available from this laboratory and perhaps from

Tod €05, Chem, Tl Ed. 10, #5751 (1938)
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many others. The use of the x-ray method of analysis
would be greatly extended if crystal structure workers, after
they have taken care to get a pure material, would publish
the powder data of the material in the same or in an equivalent
form.

+

For those who are already equipped with x-ray diffraction
apparatus, the only step necessary to use the data here pre-
sented is to compile the index book as described. For those
who are not familiar with the details of what is involved in
x-ray diffraction anslysis, a survey view is given of the ap-
paratus required, the technic of obtaining the patterns, and
the method of interpreting the patterns, as well as some illus-
trations of the field of application of the general method. The
present, article is based on experience gained in carrying out
several thousand actual analyses during the past five years.

The Classification System

The diffraction pattern, as commonly obtained, consists
of & sequence of lines in certain definite positions (on an A.
scale giving the spacing of the crystal planes represented) and
of certain relative intensities (Figure 1). The method of
measuring the negatives is discussed below, but for the pur-
pose of describing the classification system it can be assumed
for the moment that the data have been obtained in the form
given in the tables of patterns. The lines liec between 20 A.
and 0.5 A., and for indexing purposes are grouped into 77
suitably chosen divisions. The sizes of these divisions are
based upon experience and are determined by the considera-
tion that they should be larger than the aceuracy of measure-
ment of the position of the lines, and should be no more nu-
merous than is necessary to handle conveniently all the pat-
terns without conflict. Actually the size of & division is 5 to
10 times the error of measurement.

From the data of the patterns, the positions of the three strong-
est lines are read off in the order of decreasing intensity. If two
lines have the same intensity value, the rule is to list the one with
the greater A. spacing first. One thus has as a characteristic
of each pattern, three numbers in a certain sequence. The pat-
terns are then listed, at the proper place, in an indexed book which
is divided and subdivided into the chosen regions. The first
number determines the group, the second number the subgroup,
and the third number the location within the subgroup. The
index book thus consists of 77 sections or groups, each of which
in turn contains 77 subgroups. For illustration, three sections
of the index book are shown (Figures 2, 3, 4). 'The index book
s it is actually being used provides 15 spaces in each subgroup,
but in the illustration these spaces have been omitted. These
sections are typical of the average section of the index book and
show that among the 1000 patterns listed, it is hardly necessary

-

INDUSTRIAL AND ENGINEERING CHEMISTRY
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to use more than the two strongest lines in order to index the
patterns.

In the whole index book, there are only 27 subgroups whieh
contain more than 3 patterns and only one which contains moy,
than 5 patterns. The fact that two patterns fall in the sapy,
subgroup does not mean that they are identical with respect ¢,

FIGurRe 1. ANGsTROM ScALE with Symmerric Fium

their first two lines, since their positions within the divisions may
be different and their relative intensities probably will be differ-
ent. Considering now the coincidences of third lines within a
subgroup, there are 11 subgroups in which 2 patterns have the
same positions of the third line (withintwice the = error of meas-

. urement) and 4 subgrougs in which 3 patterns have the same

third line. In seven of these cases, a measurement of the fourth
line serves to distinguish the patterns. (A column is included in
the book for recording the fourth line.) However, in practice,
after a pattern has been located in the index book (which gives
its name and number in the file), the pattern data are referred to
in the file and compared directly in all their details. When this
is done, for the conflicts still remaining there are only three cases
left in which the patterns are not immediately distinguishable
from each other. In these cases, if there were nothing essier
to do, a more accurate determination of planar spacings by a dif-
ferent x-ray technic would be sufficient. Probably, however,
some other information would be available to assist in separating
these very occasional conflicts.

Taking into account the number of subgroups and the dis-
tribution of the lines as they occur in the type of pattern
studied, it is estimated that the index book in its present
form, making use of three lines as described, would handle
many thousands of patterns. If, for instance, there were
20,000 patterns in the file, there would be a total of only
several hundred cases in which one would have to compsare
his unknown with two patterns from the file, and not more
than about twenty cases in which one would have to compare
with more than three patterns.

As practiced at The Dow Chemical Company, a second
and independent method of listing the patterns is included in
the index book. Each of the 77 major groups of the book 38
followed by a section called the Supplementary Group Inde
in which (1) all the patterns whose strongest line falls in the
major group have their three strongest lines listed in the
order 1, 2, 3; (2) all the patterns whose second strongeSt
line falls in the major group have their three strongest linés
listed in the order 2, 1, 3; and (3) all the patterns whost
third strongest line falls in the major group have their_three
strongest lines listed in the order 3, 1, 2. An illustration 0
the use of the Supplementary Group Index will be {oud
among the examples given below.,

Procedure with Unknowns

Suppose that the pattern of an unknown has been ‘Ob‘
tained and the positions and relative intensities of the 1ine
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Index thy . FIGURE 2
ups whigh Group 2.55-2.50
2inS morg
the spmg T ard | 4th 3rd | 4th 3rd 4th 3rd | 4th
Tespect g No. Compound line line No. Compound line line No. | Compound line line No. | Compound line | line
i
| 20.00-15.00 4.50-4.40 . 2.75-2.70 1.75-1.70
—| _
= 1"15.00-12.00 4.40-4.30 2.70-2.65 1.70-1.65
s _— —_
| 12.00-10.00 4.30-4.20 2.65-2.60 1.65-1.60
| 10.00- 9.00 4.20-4.10 . 2.60-2.55 1.60-1.55
9.00- 8.50 4.10-4.00 2.56~2.50 ° 1.55-1.50
743 | SiC (Cubic) |_1.81
8.50~ 8.00 4.00-3.90 . 2.50-2.45
) 1.50~1.45
__|.8.00-7.50 3.90-3.80 2.45-2.40 426 | FesOc 1.62
_ ' 979 | _ZnFe:0u 2.97
_|_7.50-7.00 | _3.80-3.70 2.40-2.35 527 | MgFe:Os 2.95
7.00~ 6.50 3.70-3.60 2.35-2.30 1.45-1.40
ions may ‘ 372 | CuO 1.86
be differ- __|_6.50-6.00 3.60-8. 50 1.40-1.35
g‘;&lemt‘h: . ~ 2.30-2.25
r as- | | 6.00-5.75 3.50-3.40 . 1,36-1,30
houurth 2.25-2.20 _
cluded in I | 575 5.50 3.40-3.30_ | 1.30-1.25
practice, . -
b e 2.20~2.15
ich gives pras— _
iffﬁue%htig __|_5.50-5.25 3.30-3.20 1.25-1.20
n
Are: cases * fr— i S 1 _2.15-2.10 . L
guishable | _5.25- 5.00 3.20-3.10 1.20-1.15
ag easier .
g easier 108 | Ba(NO5)s-H:O |_3.48 807 | S0 2.00 2.10-2.05
by a dif: _ , e
however, T _ ' 1.15-1.10
sparating = : =
| 5.00-4.90 3.10-3.00 2.05-2.00
. 1.10-1.05
the dis- [—— PR —
pattern ! _4.90- 4.80 3.00-2.95 2.00-1.95
present | — |.1.05-1.00 .
. handle —_|_4.80-4.70 2.95-2.90 1.95-1.90
‘“3f Wl‘:lre 855 | NasBnOs3H:0 | _1.85 i 1.00~ .90
of o y,/ —_— 2.90-2.85 1,90-1.85
tompa.re = — —
ot more _ | _4.70- 4.60 90~ .80
:ompare —_ 2.85-2.80 1.85-1.80
- —.|_4.60- 4.50 .80-
second 2.80-2.75 1.80-1.75
uded in
] i8
p 1muex
s in the .
in the _
rongest SeppLEMENTARY GRroUP INDEX 2.55-2.50
st lines ¥ lst | 2nd 3rd 2nd | lst 3rd 3rd | lst | 2nd
. whose _i Compound line | line line No. Compound line | line line No. Compound line | line | line
ir three W81 BaNONeH:0 | 2.52 5.1 3.48 127 | BeSO.4H:O | 2.52 | 3.00] 38.20 || 362 | CuFe(CN)e7H:O | 2.50 | 6.0 | 3.55
ytion of 39-5; NasSn0x3H:0 2.51 | 4.75 1.85 113 | Bai(POs): 2.51 | 3.58 | 4.45 848 | Na,PbOs-3H:O 2.53 | 4.80 | 4.82
found I S0, : 2.5213.14 2.00 .l 679 | XI 2.50 | 3.53 4.08 95 | BaCl-2H:0 2,54 | 4,48 | 2,91
: 10 Kt Suo0 2.51 | 2.31 1.86 683 | KNO; 2.50 | 3.31 | 2.20 185 | CAWOu 2.53 | 3.80 | 3.05
wl osic 2.51 | 1.54 1.31 74 | Sbls 2.54 | 3.30 | 2.14 580 | Hg(CN)s 2.51 | 3.72 | 4.85
| Breoo |zmivie) e me) g malia) pn g Geokmo ) EG b o
(21971 9 . . . . . 8 - . .
27| MgFe.Ou 2,51} 1.48 | 2.95 749 | AgsAsOq 2.50 | 2.74 | 1.63 349 | 2CuCO;Cu(OH): | 2.51 | 3.561} 5.1
: : 423 | FerOs 2.51 | 2.69 | 1.84 115 | Ba(H:POs)Ha0 2.64 | 3.3¢4 | 7.8
en ob- 84 | AmOs 2.5313.18 | 6.3
. | . 726 | KsWO.2HiO 2.51 1 3.09 | 3.92
e lines ‘ - 724 | ECNS 2.51 | 2.97 | 2.79
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Ficure 3 :
Group 2.70-2.65
Na | Comi
ard | 4th 3rd | 4th =l
No. | Compound No. | Compound | line line No. Compound line line Compound _20.00-
-—
20.00-15.00 4.40-4.30 2.70-2.63 1.85~1.80 L o
1 ==
15.00-
]
15.00-12.00 4.30-4.20 2.85-2.60 1,80-1.76 e
= _2.85- | —
12.00-
—
___|.12.00-10.00 4.20-4.10 2.60-2.55 1.76-1.70 N (—
10.00-
"
10.00- 9.00 4.10-4.00 2.65-2.50 1.70-1.65 e i
423 | FesOs 1.84 ] s.00
9.00- 8.50 4.00-3.90 1.65~1.60 s e
_2.50-2.45 et B
8.50- 8.00 3.90-3.80 785 | AgPO. 1.66 1.60-1.55 e A
8.00- 7.50 3.80-8.70 | 2.45-2.40 o —
1.56-1.50 | _17.80
== B |
| 7.50- 7.00 3.70-8.60 2.40-3.35 "o (D
= 1.50-1.45 ]
7.00- 6.50 3.60-3.50 — | 2.35-2.30 0 | Pifs
1.45-1.40 gt
6.50- 6.00 3.50-3.40° 2.30-2.25 — 8.8
1.40-1.35 00 | HeSC
6.00- 5.75 3.40-3.30 2.25-2.20 A [T
1.35-1.30 | 6.0
5.75~ 5.50 3.30-3.20 2.20-2.15 | .
! 808 | ZnCiO 9.50 1.80~1.25 IS
5.50- 5.25 2.20-3.10 =|—
2.15-2.10 1.26-1.20 —|_B8.5
5.25- 5.00 3.10-3.00 877 | Nmsf
2.10-2.08 1.20-1.15 il
5.00- 4.90 3.00-2.95 407 | FeCly 5.60 5.2
5Ca0.3AL0: 1.15-1.10 Jml N
2.95-2.00 | 2.05-2.00 —1.8.C
_4.90- 4.80 .8 1.10-1.05 el
2.90-2.85 2.00-1.95 _4.€
4.80- 4,70 502 | MmCa 3.14 1.06-1.00 L. L
1.95-1.90 2k ool \EF ST
4.70- 4.60 2.85-2.80 1.00- .90 0
1.90-1.85 Bl T
= =
4.60- 4.50 2.80-2.75 672 | KF 3.08 .00~ .80 s e
840 | N 5H:O | 1.54 | 4.23 . — bt
4.50~ 4.40 2.75-2.70 170 | 8Ca0-Al:Os 1.54 | 4.08 .80~ o e
752 | AgCOs 2.97 —| L
8 ©
—
SvrrLEMENTARY GROUP INDEX 2.70-2.65
1st | 2nd ard 9nd | 1st | 8rd 8rd | 1st | 3nd ———
No. Compound line | line | line | No. Compound live | line | line | No. Compound ling | line | line No,
171 | 5Ca0-BALO; 2.68 | 4.00 | 2.44 | 354 | CuCh-2NHCL2H:O | 2.68 | 5.5 | 2.76 | 138 H 2.67 [20.0 | 9.9 )
202 | MeCe 3.65 [ 2.87 | 814 | 314 | Cn(CiO0yH:O 268 | 475 [ 9.2 {120 | BaCNSnemo | 206 [7.7 |34 %
782 | A 2.85 | 2.73 | 2.27 | 544 | MgBOTH,0 2.66 | 4.22 | 5.9 | 532 | Mp(PO,):8H:0 | 2.69 | 6.7 | 2.9 ol
423 | FesOs 2.69 | 2.51 | 1.84 | 533 u.n%m-amo .69 | 428 | 208 | 506 H.IéOr 1/4H:0 | 2.67 | 4.80 | 3.00 T85
765 T30 10 | 43| ToaEbOn 951848 5.8 Jos3)| EN 2.60 | 8.77 | .08 81
968 | Zn 2.67 214 | 95 | 138 [ BiQC 67 (345 | 7.4 |60 2785 | 3.75 | 2.1 4
407 |  FeCly 2.68 | 2.08 | 5.9 |11l | BaO .68 | 3.87 | 2.11 | 820 | NaHC:O-H:O0 | 2.67 | 2.07 | 3.8 1
846 | NmHPO,SHO | 2067 (189 | 1.84 | 907 | TeCls 60 (824 | 420 | 702 | NaCOv1HO | 2067 | 276 | 2.57 9
170 | 3Ca0-AlOs 2.68 | 1.90 [ 1.55 | 879 | Na:CiH:0:NeH:0 .66 | 8,17 | 4.72 | 481 | LiOH 2.67 | 2.75 | &.38 n
e el e e Moono | 1|1 14 [ 12 s | om
- A + . . i .
800 | NasOordeo 66 | 2.87 | 420 e o
35| © 67 | 1.67 | 2.47 8]
:z:
685
ﬁ
o 808
=
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Ficure 4
Group 2.85-2.90
=3 3rd | dth ard | 4ta Brd | 4th 3rd
Yo- Compound line | line || No. Compound line | line | No. Compound line | line || No. | Compound | line
= 20.00-15.00 4.40-4.30 2.80-2.75 1.00-1.85
o A B 3 e 85
9325 | 8n 2.01
~| 18.00-12.00 4.30-4.20 178 | caCi 1 1.05 1.85-1.80
818 | NalOs 3.10 779 | NalNs 2 .42
ﬁ B - —
| 12.00-10.00 2.756-2.70
© | 4.20-4.10 801 | NasCrO: 4.00 1.80-1.75
10.00- 9.00 308 | InsOs 1.52
A0 e .
e 4.10-4.00 2.70-2.85
| _s.00- .50 485 | Phu(POOs 3.01 1.75-1.70
2,85-2.60
o 00-3.90 .
_|_8.50-8.00 4.00-3. 1.70-1.85
303 | cacl 4.1
=
__|_8.00-7.50 : 3.90-3.80 2.60-2.55
I 795 | NaHCO: 3.48 1.86~1.60
__|_1.50-7.00 3.80-3.70 2.56-2.50
2 152 | CdCOs 1,88 918 | Th 1.79 1.60-1.55
__| _7.00- 6.50 :
840 | i 4.90 3.70-3.60 2.50-2.45 1.55-1.50
a 93 | Ba(ClOW)+-3H:O 2.14 685 | KeCrOs 2.82
__|_o.50- 8.00 1.50~1.45
00 | HgSO«2HEO | 5.5 | 3.60-8.50 2.45-2.40
1.45-1.40
=
__| _s8.00- 5.75 3.50-3.40 2.40-2.85
=R : 1.40-1.85
==
| 575 5.50 i ) 3.40-3.80 32.85-2.30
1 : 715 | CyeHsOsNs(S0:sK)z | 8.00 1.85-1.80
| &.50-5.25 e 2.30-2.25
BT | NasS:0e5H:0 | 2.84 3.30-3.20 1.80-1.25
797 | NaClO, 1.76 2.25-2.20
— —_ —— —
5.25- 5.00 . 1.25-1.20
¢ 3.20-3.10 2.90-2.15
— v —
| 5.00- 4.90 782 | NasBeOr-5H:O | 4.40 1.20-1.15
4¢) 3.10-8.00
| 4.00- 4.80 2.15-2.10 1.15-1.10
) 3.00-2.95
| _4.80-4.70 2.10-2.05 1.10-1.05
el 2.95-2.00
—|_4.70- 4.60 2.05-2.00 1.05-1.00
) 2.90-2.85
| _4.80- 4.50 2.00-1.95 1.00- .90
= 2.85-2.80 |
—|_4.50- 4.40 - 1.05-1,00 90~ .80 )
T8 (c.u.ﬁox)r 3.45
BONe B0~
SopruemenTART Grour Inpex 2.05-2.00
1st | 2nd | 3rd 2nd | lst 3rd 3rd 1st
o, line | line | line || No. Compound line | line | line | No. Compound line | line ﬁia
B0 2. 6.7 |4.90 ) 532 | Mg(POuy 2.04 | 8.7 | 2.00 CiHy NK 2.00 | 14.5 | 0.4
€00 99 8.2 |55 | 561 uﬁ"(g:1§ 293 |87 | 208 | 120 | BiC . 2.90 | 135 | 3.35
Lied ‘03 | 5.4 |2.84 ) 05| BaCle2H 2.01 | 4.48 | 2.54 | 748 2.91 | 10.0 | 3.04
786 04 | 4.40 | 3.45 | 523 .gg 8H:0 2.93 | 4.42 | 3.29 B'EC}LO 2.04 | 9.4 |3.37
81§ 03 | 4.25 | 3.18 | 543 | MgSO.6! 2.92 | 4.40 | 4.04 | 927 2.04 | 6.2 | 5.3
485 91 | 423 | 301 | 093 | KR.PO. 2,90 | 3.72 | 1.9 CoClr.8H1O 294 | 5.6 | 4.85
152 ‘94 | 3077 | 1.88 | 991 | eo-ZnS 201 | 8.20 | 1.76 | 377 | CuOH.CuPO 2'91 | 4.81 | 2,63
0 ‘90 | 3.65 | 214 | 462 | PbO 2.03 | 3.06 | 2.72 | 533 NHPOL0H:0 | 2.03 | 4.28 | 2.69
s ‘go | 3785 | 300 | 170 | CaC:lm 202 2.8 | 2.05 | 588 | HgCh3HgO 2.02 | 3.05|2.70
n ‘94 | 3728 | 1.78 | 507 | HePOu 2.04 | 2,60 | 3.09 | 440 AsOq 2.93 | 3.39 | 317
25 2.01 | 2.79 | 2.01 , 707 2.00 | 3.23 | 8.07
178 2.93 | 2.79 | 1.95 765 CrOy 2,92 | 3,14 | 3,02
801 2.01 | 2.73 | 4.00 701 204 | 3.08 | 4.35
i 1k gi| gikoomo (1w | 298| 8%,
P Ecﬁ.. 4;3 2.46 | 2.32 853 | NumSiOr9H:0 2.92 | 2.70 | 3.83
82 | NayBOr3H:O ‘o4 | 2010 | 4.40
L M| NaMa ‘o1 | 1.82 | 2042
' gg Ins0s 91| 178 | 162
R ) ‘90 | 1768 | 4.
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have been measured and tabulated. One opens the index
book at the major group determined by the strongest line,
turns to the subgroup determined by the second strongest
line, and sees whether any of the lines of the unknown check
lines in this subgroup. (This can be done at a glance since, of
the subgroups which are occupied, the largest contains only
seven patterns and most of them contain only one.) If the
unknown is a single substance, the third strongest line will
check and the pattern will have been located. However, if
the unknown is a mixture of phases and if the second strongest
line of the pattern happens to be the strongest line of the
second component, the pattern will not have been found and
one proceeds by using the third strongest line of the unknown
pattern o determine the subgroup, andsoon. When a match
is found, the lines of the unknown coinciding with the stand-
ard are noted, as are also any intensity variations which
would indieate superpositions of lines. The remaining un-
identified lines of the unknown are then treated in the standard
manner.

Tasie I. X-Bay Dirrracrion Data

de n I/

4.95 8 0.13

4.08 25 0.40

3.89 20 0.82

3.58 17.5 0.28

2.01 62.5 1.00

2.73 40 0.64

2.47 15 0.24

2,16 7 0.11

2.11 & 0.08

2.0 15 0.24

1.04 10 0.16

172 | 0.8

1.68 2 0.03

1.64 6 0.10

1.81 12.5 0.20
8 d = interplanar mgasured in Angstrom units,
I = inf ion ling (arbitrary units),

b tensi da:ddﬂtm bier

eIy = intensity of the strongest line,

If the constituent corresponding to the strongest line of the

unknown pattern is not contained in the file, or if the strongest ~

line should happen to be 8o by virtue of the superposition of
two lines, neither of which is the strongest line of any com-
ponent present in & mixture, one will not find & mateh in the
major group determined by the strongest line of the unknown
pattern, so he must proceed by using the second strongest line
to determine the major group, and so on. One cannot fail
to find any or all components of & mixture which exists in the
reference file. If the pattern is not found in the file, then
even in this case one has obtained considerable negative in-
formation about the unknown.

Use of System in Identifying Unknowns

Probably the easiest way to become acquainted with the
details of the system is to follow through the determinations
of a few unknowns. For this purpose, three sections of the
index book (Figures 2, 3, 4) have been chosen to be reprinted.
(The complete index book is not reprinted here because it
requires 462 pages, but it can, of course, be easily tabulated
from the pattern data given.)

In working with a real unknown, one cannot, in general, fell
by simply looking at the pattern whether it represents a single
substance or a mixture, nor is it necessary to know this. How-
ever, for simplicity the illustrations are picked from different
types of cases.

A, A Swvore CompoNENT. Assume that the measurements
of the pattern have been recorded as in Table I,

The three stro lines in order of decreasing intensity are
2.91,2.73,4.08. Turn to the index book to group 2.95-2.90 élFig—
ure 4) and look in aubm.'rs-zm One finds that sodium
chromate, pattern No. 801, has a third line at 4.09, which is also
the third most intense line of the unknown, Then turn to pat-

* analysis of
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tern No, 801 and observe that within experimental error all p,.
tions and relative intensities check and there are no lings of
either pattern not accounted for. The eonclusion is that the

unknown contains sodium chromate,

B. or Two SussTaNcES (no superposed mdexn..u}
The data of such an unknown are reproduced in Table IT, i
Tasee II. X-Ray Drrrracrion Data

d I d
4.65 1.82 < 4
3.79 12.6 1.75 20
3.28 8 1.71 2
2.93 50 1.83 1
2,07 20 1.58 10
2.52 50 1.54 1.5
2.32 50 1.60 15
218 15 1,485 1.5
2.07 2 1.430 (]
1.97 1.406 10
1.86 10 1.872 10
Turn to group 2.95-2.90 (Figure 4) and to subgroup 2.55-
and find tmthere is no compound witha.thirdxiinemifg
sponding to any of the lines of the unknown. Turn next g
subgroup 2.35-2.30 and agein find no mateh. Turn next to sy},
%?ru 3.80-3.20 and observe that sodium chlorate, pattern N
, has a third line at 1.76. Since there is a line at 1.75 in the
unknown pattern, com the data of sodium chlorate, pattery
No. 797, with that of unknown and list the relative intens.
ties of the identified lines. This gives Table III in satisfastory

agreement with sodium chlorate, pattern No. 797.

Tasee IIT, X-Ray DirrractioN Data

d I I/n
4.65 6 0.12
3.70 12.5 0.25
8.28 30 0.60
2.93 50 1.00
3.67 20 0.40
2.18 15 0.30
2.07 2 0.04
1.97 ] 0.12
1.82 4 0.08
1.75 a0 0.60
1.63 1 0.02
1.58 (10) (0.20)
1.54 1.6 0.03
1.50 (15) (0.80)
1.465 1.5 0.03
1.430 6 0.12

The identiﬁ'rca:ion of oni ﬁm und of the mure
established. stronges e remaining li is

hence turn to groug 2.55-2.50 (Figure 2), subgroup 2.35-2.30, and
note the com cuprie oxide, pattern No, 872, with a third
line at 1.86. ferring to the data of cupric oxide, pattern No.3
note that all the mmumgﬂl‘l:m of the unknown are acco!
for in position. List the ive intensities, Table IV.

Tase IV. X-Ray DirFraction Data

d I I/1
2.52 50 1.00
2.32 50 1.00
1.86 10 0.20
1.71 2 0.04
1.568 {Iﬂg {DM}]
1.50 15 0.30
1.406 10 0.20
1.372 10 0.20

These are seen to be in gatisfactory agreement with the oupné
oxide data. Since all the diffraction lines of the unknown bave
been satisfactorily sccounted for, the qualitative compound
the mLhu'eTw is complete,

oF

C. o CoMPONENTS snge{(msed lines). The
dataforthaunknownmmwrdedinT(ab 5

Tasre V. X-Ray DrvractioNn Data

d I d I
4.90 2 1.300 4
3.68 4 1.274 2
2.98 7 1.256 3
2.69 25 1.220 1
2.52 50 1.189 2
2,43 1 1,160 2
2.21 7 1.140 2
2.08 8 1.120 i
1.84 13 1.103 1
1.09 17.5 1.089 2
1.61 15 1.064 2
1.480 25 1.040 1
1.450 10

gEPTEMB

Turn to
no com
the lines ¢
jron ferrite
lm l‘- 1-6:
date of the
dentified li
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Turn to group 2.55-2.50 (Figure 2), subgroup 2.70-2.65, and
- listed with a third line uonas%luiing to any

. Turn to subgroup 1.50-1.45 and find

ferrite (ferrosoferric oxide), pattern No. 428, with a third

E:: st 1.62. Compare the data of pattern No. 426 with the
dsta of the unknown. On listing the relative intensities of the

tified lines (Table VI), it is seen that the intensity of line
9,52 is decidedly too high, which suggests the possibility of a
auperposition of lines.

Tapre VI, X-Ray DirrractioN DaTa

d 1 n

4.90 2 0.04

2,06 7 0,14

2.52 50 1.00

2.43 1 0.02

2.08 8 0.16

1.89 17.5 0.35

1.61 15 0.30

1.480 25 0.50

1.274 2 0.04

1.120 1 0.02

1.089 2 0,04

1.054 2 0.04
. Therefore include line 2.52 along with the remaining uniden-
tified lines. In.;gnmr.mu shows that the intensity of the super-

of

line on 2. iron ferrite is about as strong as line 2.68.

r, group 2.55-2.50, subgroup 2.70-2.65, gives no check,

while group 2.70-2.65, subgroup 2.55-2.50, lLists ferric oxide,
pattern No. 423, with a third line at 1.84.

Com) the data of ferric oxide, pattern No. 423, with the
data of the unknown, it is found that the positions of the ferric
oxide lines check with all of those of the remaining unidentified
lines of the unknown as well as with three of the lines which had
slready been checked with the iron ferrite pattern. Thus there
sre superpositions of lines at three positions in the unknown

In order to show conclusively that the unknown is a mixture
of ferrie oxide and iron ferrite, it is necessary to account satis-
factorily for the relative intensities of the lines of the unknown

Since line 2.69 is not a superposed line, its intansktr is

entirely to ferric oxide, and to get the value of the absolute

intensities of all other ferric oxide lines of the unknown, it is only

necessary to multiply the intensity of line 2.69 by the known rela-

tive intensities of ferric oxide as given in pattern No. 423. This
is done in Table VII.

Taszy VII. X-Ray Drrrracrion Data

d e I
3.88 0.18 X 25 = 4.5
2.60 1.00 X 25 = 25
2.62 0,76 X 25 = 19
2.21 0.18 X 25 = 4.5
1.84 0.63 X 25 = 16
1.69 0.63 X 25 = 18
1.61 0.13 X 25 = 3
1.480 0.50 X 25 = 12.5
1.450 0.50 X 25 = 12.5
1.309 0,18 X25 = 4.5
1.256 0,13 X 256 = 3
1.180 0.08 X 25 = 2
1.160 0.056 X 25 = 1
1.140 0.13 X 25 = 3

Then subtract these computed absolute intensities from those
of the total unknown pattern (Table VIII). The resulting data
must agree with those of iron ferrite, if the identification of the
unknown is to be considered complete. This is found to be the

Case,

The low intensity in the case of line 1.48 can be explained by
the fact that this line in the unknown pettern is a partially super-
posed line, and the intensity as read is not the sum of the inten-
titles of the lines. The case could never exist where this phe-
Momenon would cause the intensity of a line to be caleulated too

It is worth while to point out an alternative method of iden-
lifying a mixture of the above type by making use of the
Supplementary Group Index. If one inadvertently fails to
Teognize the anomalously high intensity of the spacing 2.52
for the identified iron ferrite pattern and proceeds to identify
the second phase in the usual manner, he might easily neglect

reconsider the spacing 2.52 (inasmuch as the spacing has
Nready been identified as the most intense line of iron fer-
Tita) and consequently fail to locate the second phase. In that
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event, upon looking in group 2.70-2.65 in the standard man-
ner, one fails to identify the remaining lines. He then refers
to supplementary group 2.70-2.65 and finds listed along with
2.68 and 1.84 the line 2.51 which also occurs in the unknown
pattern. The ferric oxide pattern would then be checked.
The Supplementary Group Index in general is useful when
for any reason the strongest line of a pattern is overlooked
and one is attempting to identify a pattern from its second or
third strongest lines.

While the illustrations have been limited to mixtures of
only two unknowns, no new situation will be encountered in
mixtures of three or more components. It has been found
from experience in this laboratory that it is practical to use
this method of analysis for mixtures with as many as four or
five components. However, the ease of analysis becomes less
as the number of components increases.

Apparatus and Technic

The x-ray literature describes many types of apparatus for
difiraction work (1} 2, 4, 6, 7, 10). The type to be used in any
particular case depends on the kind of data desired and the
accuracy . A completely equipped x-ray laboratory
which could handle all the x-ray technies for diverse purposes
would require a large variety of apparatus. However, for the
particular purpose of chemical analysis under discussion in
this article, a satisfactory equipment and experimental pro-
cedure which is sufficiently accurate and at the same time eco-
nomical will be deseribed.

The diffraction unit most used in this laboratory is the G. E.
tﬁauttipl? sgiﬂmtion;;mt, Type Vg‘i:g._ aninthE" a;éﬁxbed by

vey . (The production of this ar type
of x-ray mg'ﬁebem suspended at the ent time, though
other powder diffraction units are co i This
unit, consists of a transformer, x-ray fube with a molybdenum
target, and cameras, Twelve slits 0.05 X 1.25 em. (0.02 X
0.5 inch), located around the circumference of the cylinder con-
tni.nlnght;la x-ray tube, define the x-ray beams, There is a switch-
board holding the o ing switches, meters, filament current
stabilizer, a water pressure switch, and an overload circuit
breaker. In this laboratory there have been added a recording mil-
lismmeter, which gives a record of the tube current during the
exposure; a time switch, by which an exposure can be sto
at a i time; and a temperature switch, which
shuts off the voltge if the temperature of the cooling water
reaches about 38° C. (100° F.). X

The G. E. quadrant cassettes of 20.32-cm, (8.00-inch) radius
(Figure 0) are used. A t modification of these cameras makes
it possible to record the diffrnotion lines on both sides of the beam,

is produces a symmetrical pattern, which enables an accurate
location of the setting of the Ipnms.ry beam on the zero of the
memi.uglseale (Figure 1). In order to obtain a more uniform
pattern eapeg:::g tube is rotated duf_i 1t::he exposure. .
power for rotat e specimen is su an electric ¢
motor and is transmitted b sailkﬁ-line t. A zirconium
dioxide filter about 0.04 em, {0016 inch) thick is placed in front
of the film to absorb the MoK# radiation. (These filters are
supplied by the n Company, Towanda, Pa.)
Double-emulsion x-ray film 4.76 X 40 cm. (1.875 X 16 inches),
costing about 7.5 cents each is used. A fluorazure intensif
sereen (also supplied by the Patterson Screen Company) is p
immediately the film

The imens are loaded in powder form in Pyrex capillary
tubes gpeeom gi.Olﬁ—inuh) inside diameter (measured with a
No. 78 drill) and 0.08-em. (0.025-inch) outside diameter (measured
with a No. 22 U. 8. standard wire gage). These tubes can be

Tasue VIII. X-Ray DI!‘I’EI.ACHQN Data
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readily made in large quantities. A plug of absorbent cotton
about 0.1 em. (0.0¢ inch) long is placed in the center of the
tube. The samples are then loaded on either side of the
central plug for a distance of 1 em. (about 1 mg.) in & manner
similar to that used in 10n‘diniur:m]ting point_tubes. Piano
wire serves well as an aid in packing because it does not buckle
and break the tube. After the sample is packed into the tube,
another cotton pl]u|§3 is inserted and the ends of the tube are
sealed in a flame. Brittle substances can be prepared for load-
ing by grinding in an agate mortar. Samples of metals can be
obtained by filing with a clean file. It has been found helpful to
have available various dental tools for the purpose of obtaining
samples of small inclusions in nonhomogeneous materinls, A
desicoator box equipped with glass top and rubber sleeves is more
convenient for loading hygroscopic substances than loading under
a protective liquid. Samples which contain elements of high
atomic number should be diluted with an amorphous material
such as flour or charcoal to decrease the sbsorption of the radia-
tion. In general, about 200-mesh is & satisfactory powder size
to use. The preparation and loading of a sample can usually
be ascomplished in 5 minutes or less.

The loaded tube is inserted in the pulley of the camera and se-
cured by Picein wax. The camera is then placed on the diffrac-
tion unit and exposed for 6 hours at 30,000 volts and 20 milliam-
Eeres:. The unit holds twelve cameras, so that 24 specimens may

e exposed simultaneously. (When an analysis is desired in
the least possible elapsed time, use of copper radiation and a differ-
ent type of camera would require an exposure time of only about
15 minutes. This technic would not permit the simultaneous
exposure of 24 specimens, however.) The exposed films are then
developed as a batch in standard x-ray developer for 5 minutes
at 18° C. (65° F.), fixed in x-ray hypo for about 12 minutes,
washed in running water for 20 to 30 minutes, and dried in a

film dryer. The drying takes about half an hour. The deve.
oped film, or pattern, is now ready to be measured,

Taswe IX. Tmve Stopy or OPERATIONS

Tims
Man-minyy,

Preparation of specimens and filling of tubes (24 specimens) 120

sding enmeras, mounting specimen (24 specimens) 45
Removing cameras after exposure and filing specimen

(24 specimens) 1 30

Darkroom operation (24 specimens) 20

Labeling and filing negatives (24 specimens) 30

Total 245

Preparation of pattern, average time per specimen 10

IMeasurement of pattern, average time per specimen 10-15

Identification of pattern, average time per specimen 5-15
Total man-minute time for analysis and permanent record,

per specimen 2540

The pattern is placed symmetrically in the measuring seale
(Figure 1) and the positions of the different lines are read off in
the order of decreasing A. spacings. The scale divisions begin.
ning at 20 A. are 20, 15,12, 10, 9; every 0.5 A. from 910 6; every
0.25 A, from 6 to 5; BXE?{ 0.1 A. from 5 to 3; every0.05 A. from
3to 2; and every 0.01 A. from 2 to 0.55.

The next step is to record the intensities of the lines with the
aid of an intensity scale. The pattern is placed on top of the
intensity scale, and the combination is viewed by eye in trans.
mitted light. A mateh is then sought between the diffraction
line and the standard lines of the intensity scale. The complete
data of the diffraction pattern are thus recorded, giving the inter-
planar spacing and numerical intensity of each line,

The pgaipa.rat.ion of an intensity scale must
be carried out very carefully. However, it
need be done only onee if the seale is protected
from wear by sealing in a Cellophane en-
velope. (The diffraction patterns themselves
can well be filed in Cellophane envelopes,)

While the pattern consists of diffraction
lines formed by x-ray beams of very different
intensities but of the same sure time, the
intensity seale can, by virtue of the reciprocity
relation which holds for x-rays, be constructed
by using an x-ray beam of constant intensity
and varying the exposure times. The value
of the intensity for each step of the intensity
scale is therefore proportional to the time of ex-
posure used for that step.

In order to have a beam of MoKea radiation
of intensity comparable with the powder reflee-
tions, a caleite crystal monochromator was
used in conjunction with an absorber further to
reduce the intensity of the beam. The ex-
posure times were determined to one-third
second by a shutter system. The film was
mounted on a drum which was turned by 8
400-to-1 reduction gear, for the purpose of easily
spacing the intensity steps. The secondary
voltage was kept constant at about. 25 kilovolis
to within 0.5 per cent. The tube current was
maintained constant by astabilizer, The shorl-
est exposure to produce a barely visible mark on
the film was 10 seconds, This blackness was
arbitrarily chosen to represent unit intensity.
The longest exposure was 3250 seconds, corré-
sponding to an intensity of 325. The ste
0? the intensity scale are such that easily ob-
servable differences in blackness exist between
adjacent intensity marks, and are as follows:
1, 2, 4, 6, 8, 10, 15, 20, 30, 50, 75, 125, 175,
250, 325. The width of the intensity marks is
made approximately the same as that of the
diffraetion lines,

Figure 5. DirFracTION
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A fair idea of the approximate expense and time involved
rrying out analysis by the x-ray method can be obtained
data based on actual operation in this laboratory.

If only one specimen were run through instead of 24 at a
jgich, the time for preparation of the pattern would be about
sminutes instead of 10.

inﬂs

Tasug X. Cosr or SuPPLIES

Cents
tube (3225 per tube, average life 12,000 hours'
boind tion) per specimen 0.5
parkrogm suppliea 0.7
X7 o8 tube ﬁ'g
= in -
Speaims 03
7.3

fotal cost of supplies per specimen

The expense of the analysis is almost entirely due to the
sbor involved (Table X).

Accuracy of the Data

gpaciNG MpAsUREMENTS. In the experimental technic as
gven, the error of measurement of spacings increases in a
smooth eurve from =0.001 3.., at 1.0 4., through =0.01 A at
154, to =0.06 A. a6 8.0 A. Higher accuracy than this, of
wurse, could be attained by modern precision x-ray methods,
it only at the expense of the ease and speed of making the
peasurements. The use of MoKa radiation and a large
amera radius of 20.32 em. (8.00 inches), as described, makes
pessible the rapid measurement of the position of thelineson a
wtle, whereas use of a small precision camera and a compara-
for is not only tedious but also makes the measurement of
weak lines very difficult. In order to secure the accuracy
obtained, all cassettes are calibrated with sodium chloride.
Since all films are treated under standardized conditions,
the effect of film shrinkage is absorbed in the sodium chloride
ulibration. In 310 cases (the starred compounds) an inde-
pndent check on the accuracy of the measured spacings
wis afforded by ealeulation of the spacings from published
data listed by Wyckoff (10) and Ewald and Hermann (5).
The agreement was within the experimental error. Each of
the 1000 patterns was measured-independently by two differ-
wt observers,

IntensiTY MEASUREMENTS, The most objective method
o measuring the intensities would be to use the micropho-
bmeter or densitometer. However, one year's experience
vith a direct comparison intensity scale has shown that it is
ufficiently accurate for use with the classification system. It

{ s the advantages of being rapid and easy to use. Weak

lnes cap be measured in this way when they would be dif-
dult to record with & microphotometer. The steps of the
ntensity geale are such that suceessive differences in black-
%8 can easily be recognized. In use, one decides only
vhether the intensity of the diffraction line lies closer to one
o two adjacent pairs of intensity marks, or lies nearer the
Mean. To check the accuracy of the intensity data, each
i the 1000 patterns was read by two independent observers.
‘agreement was found to be within the steps of the in-
ity seale. It has been thoroughly tested that the rela-
e intensities of the lines of a pattern remain essentially
Mehanged, even though the absolute strength of the pattern
b different—for instance, because of different exposure
h"iﬂg or amount of diffracting material in the tube. One can
®tain on a single film the equivalent of two different ex-
Msures by covering half the x-ray film lengthwise with a
Yitable thickness of aluminum foil.
IF order to attach a physical meaning to the seemingly
frary intensity values, microphotometer tracings were
:'"dﬁ_of the intensity scale itself and of a number of sodium
hbﬂde films, for which the time of exposure and the con-

—
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centration of sodium chloride were varied. This work showed
that the use of the infensity scale eliminates the background
and gives intensity values proportional to the peak intensities
of the diffraction lines. The relative intensities as listed in
the tables of data refer to intensities of the diffraction lines
from rotated powdered specimens,

Besides the relative intensities, the values of the intensity
of the three strongest lines of each compound are included in
the tabulated data in order to have a measure of the absolute
strength of the diffraction pattern. This information fre-
quently permits a rough estimate of the sensitivity of detec-

Ficure 6. Fium Casserres wite SepciMeNy TUBE AND
Rorarmve Device

tion of a compound in a mixture. In using the intensity
data, one should bear in mind that the agreement between
the tabulated relative intensities and those determined by
the analyst for his film is only a semiquantitative one. While
the recorded data for the 1000 compounds were obtained with
MoKa radiation, it is possible to use the same data for CuKa
radiation, provided due precautions are taken to reduce the
effect of absorption.

Sources and Reliability of Standards

The majority of the 1000 standards listed in this article
have not been subjected to a complete chemical analysis. At
The Dow Chemical Company, the patterns of a considerably
larger number of substances have been entered in the index
book and file. Whenever any one of these patterns is used
a8 o standard, its reliability is invoked and, if questioned, is
closely examined. However, to permit testing the usability
of the classification system and x-ray method of chemical
analysis, 1000 substances were selected whose compositions
are thought to be reasonably certain.

The starred patterns are those for which it was possible to
check all the lines of the pattern with published crystal struc-
ture data. This comprehensive check included the caleu-
lation of the spacings, the indexing of the lines, and the ap-
plication of space group criteria. Since, in general, when a
crystal structure investigation is made, the chemical formula
of the substance must be definitely known, there islittle reason
to question the reliability of the starred patterns. There are
310 such patterns. Unfortunately, crystal structure data
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are lacking for most of the balance of the 1000 patterns.
Compounds rated chemically pure were obtained from Eimer
& Amend, Merck & Co., Inc., Mallinckrodt Chemical
Works, E. H. Sargent and Company, General Chemical
Co., Vanadium Corporation of America, G. Frederick Smith
Chemical Co., Central Beientific Company, Eastman Kodak
Company, and The Dow Chemical Company. When it was
not possible to obtain the desired compounds in & c. ». grade,
the available grade was used. The less stable hydrates of a
sizable group of compounds were prepared in this laboratory,
and the degree of hydration was checked gravimefrically.
In addifion, about 50 compounds not commercially available
were synthesized. Y

It is probable that a small number of cases exist among the
unstarred patterns for which the data do not represent the
exact formuls as given. An idea of the type and extent of
the errors to be expected can be obtained from a consideration
of the results in those cases where a check with the erystal
structure data was possible. Of the 342 cases so investi-
gated, in 14 cases the degree of hydration was incorrectly
given by the label on the reagent bottle, the diffraction pat~
tern obtained being that of a different hydrate or of a mix-
ture of hydrates. Seven cases resolved themselves as a me-
chanical mixture of the labeled substance and an impurity, and
four cases as polymorphic mixtures of the same chemical sub-
stance. In seven instances, the diffraction pattern experi-
mentally obtained differed completely from the data as
published in the crystal structure literature.

Field of Application of X-Ray Diffraction
in Chemical Analysis

It is well known that there are definite limitations to the
field of application of the x-ray method of analysis, but the
important question is as to the range of usefulness left when
these things are taken into account. The method is limited
in the first place to solids, and secondly to those solids which
are crystalline, meaning by erystalline simply those substances
which give a pattern. The only way to determine whether
or not & material will give a pattern is to subject the material
to x-ray diffraction. It has been found experimentally that
about 5 per cent of the solid inorganic chemical substances are
essentially amorphous and give no pattern by which they
could be identified.

A considerable number of other substances give such weak
patterns that, while they could be identified if they were the
only constituents present, they might escape detection if they
were mixed with something else. Depending to some extent
on what the substances are mixed with, some would show
if they represented less than 1.0 per cent of the material
being examined, but many would not show at less than
10.0 per cent and some would nqot show plainly even when
as much as 50.0 per cent was present. The magnitude of
this figure can be estimated after the pattern has been ob-
tained, but cannot be told beforehand. Still another weak-
ness of the method is that appreciable percentages of elements
may be present in solid solution without changing the pattern
enough to be detected, at least without special technie.

Thus, while certainty of analysis is one of the valuable
features of the x-ray method, this certainty applies only to
what the pattern does show and not to what it does not show.
If, for instance, one obtains the pattern of manganese chlo-
ride dihydrate it is certain that manganese chloride dihydrate
is present. However, it is not certain that tl.ere is not & small
amount of a more or less amorphous material mixed with.it,
nor that there is not in solid solution in the manganese chlo-
ride a substance which does not greatly change the charac-
teristics of the manganese chloride patterr.

For these reasons the x-ray method is not independent and
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cannot, in general, stand alone as a means of chemical analyg,
The x-ray data must be combined with other data for ey,
plete information. The combination of spectroscopy ay
x-ray diffraction is very fortunate, since they supplemer
each other’s deficiencies by giving entirely different typ,
of information about the same substance. In the arc
spark, the material is broken up into its elements, so that they
show regardless of the state in which they were present, whij,
the x-ray, without so much &s changing the temperature of f},
material, records the existing chemical and physical state
The spectrograph is also sensitive in the region of small pe.
centages, where the x-ray is not. .

Installation of x-ray diffraction in the laboratory does ngy
in general, displace other technics, but gives the power g
get moreinformation or to obtain information under peculiarly
difficult conditions. A practical procedure is to make a gy.
vey analysis before other work is attempted. In those casy
in which the information obtained is sufficient, it does elimi.
nate other work.

In the field of identification, the merits of x-ray diffrac
tion analysis are sometimes compared with those of micr.
scopic examination. The technics involved and the sciep.
tific principles invoked are different. The microscope i
much more sensitive than the x-ray to the presence of small
percentages of substances, and to amounts of sample of
less than 0.1 mg., which is about the practical limit for the
x-ray method. It isequally true that the x-ray is much more
suited to the general problem of determining the chemics!
state and composition of the main components of an unlknows,
The x-rays are less affected by superficial differences, sine
they analyze the body of the substance. Furthermore, the
interpretation of the diffraction pattern is direct. The exper-
mental technic involved can be rapidly acquired. A further
advantage of the x-ray method is that no special requirements
are imposed upon the form of the specimen. It seems fairto
say that, in general, no other single method will yield com-
pound analysis of solids so reliably and economically.

The field of application of x-ray in chemical analysis might
be summarized in a general way by saying that, whereveritis
necessary to maintain an analytical laboratory, an invaluable
gupplementary technic will be found in x-ray diffraction

The following are some of the unique features which have been |

found of practieal importance in this laboratory:
1. The substances present show in their true state of
chemical combination. -

The analysis of reaction mixtures is a good illustration of b
lication of this feature. The analysis of the residue or s

of & -temperature reaction in this way shows which com |

ponents of the charge react, and what the equation of the reactio®
18, For example, it is desired to determine whether the co™
pounds caleium carbide and ealeium silicide will react, About?
gram of the two in molecular proportions is mixed and groush
-end the mixture is heated to 1500° C. in a small electric vacut?
furnace. Before heating, the mixture is a dark powder who
x-ra?r pattern is the superposition of the calcium carbide wi
caleium silicide patterns. After heating, the powder looks ihe
same as before, but the x-ray pattern shows only silicon car
One concludes with certainty that reaction has taken place 8¢
ocording to the equation

Cats + CaSi; — 2Ca + 28iC

The entire experiment is done with & minimum of expense ol
time

A problem which resisted the usual chemical methods of 5
tack was that of the chemicals added to molding sand to inbib’
the oxidation of magnesium alloys on casting. A si Dﬁ
pound sueh as ammonium fi or ammonium borofiuo®
may be added to the sand, but reactions begin to take place ¥
mediately. The question therefore arises as to what chﬂ‘*'k
cals are actually present in the sand and which ones To
actually effective in inhibiting oxidation. The chemieal wﬁ,
sis for the ammonjum radical present gave no hint as W0
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sullnte
79 t.rtsu]ﬁd tibaite
80 e ' By (CyTeOa)s - 6HO
81 Aaﬁmunyl potassium tartrate (8bO)KCH(Og-1/sH: O

Arsenic metal As
HET, £
mu:&e M’O:
t.ri-ulﬁ:ln ({ous), (orpiment) As;Ss

82
83
B4
85
86
87
88
80 barate
90
01
92
93
04
95
98

Barium metal Ba
noetate monohydrate Ba(CsHyOs)s- HeO
carbonate BaCOy
chlorate Ba(Cl0s)s
chlorate monohydrate Ba(ClOs)s- HsO
palmlq!&l;m trihydrate Ba (EO: 1 8H'O
chlori 8
chloride dihydrate BaCly:2Hs0
chromate BaCrO4
97 citrate Bm&C.H.Ov!'-?H:O
o8 iylmelu Ba{CNh
an uoride 1
100 titanium fluoride BaTiFy
101 flucsilicate BaSiF,
102 formate Ba(HCO:)s
103 hydroxide ootahydrate Ba(OH): 8H:0
}g; iodnte A Ba(10a)s H:0
mangans aMnO,
106 peﬂnlmnste Ba(MnOds
107 nitrate Bal NOI}I
108 nitrite monohydrate Ba(NOy)r-HaO
109 BalC:0y
110 BaO
111 percxide Bals
112 phenolsulfonate Ba(CsHOH 8042
113 phosphate Bas(POu)s
114 hosphite
115 Eypuplmwhll& BnéH:I‘Oa)l Hs0
116 sulfn BaSOy
117 sulfide BaS
118 sulfite

Bal0;
119 ° tartrate BaCiH0s: HiO
120 thiooynnate Ba(CN8):-2H:0
121 thiosullate monohydrate Bats0y H:0
}22 borotungstate

23 valerinnate Ba({CHsCOs)s
124 Beryllium metial Be

125 oxide BeO

120 sulfate BeS0y

127 sulfate tetrahydrate BeS0i-4H:0
128 Bismuth metal Bi
120 acetale Bi(CaHaDs)y
130 benzoate Bi(CeHsCO0)s
131 bromide i

BiOBr
132 subearbanate BisOs: COs HsO
138 oxychloride BiOCL
134 eh:l‘omllfe (BiO)CrO
135 ammonium citrate

Bi{Catly
Bi Cuii-Ou! 7H:0

137 laotate

138  B-naphthol Bi0;.CreHy

139 subnitrate B:U NOs- H:O
140 osmate

141 oxnlate Bué]CIOA)I

142 trioxide (yullo*)

143 tatraoxi BI:U{ 2H:0

144 phnaphnt-n BiP

145 salicylate BlnfL|H|OHC(30)I
146 sullate Bi: (804,

147 Boric acid H:BO:

148 Boron carbide BC

140 Cadmium metal cd

160 ncetate Cd%CuII:Os);-?HtO
161 bromate Cd(BrOs)s- HaO
152 earbonate CdCG

163 chloride CdCls

184 ablarida hesdentnd ISFTE TR - Y
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Pattern
No. ‘Name Formula
60 Ammonium sulfite monohydrate (NH):80:-HaO
61 tartrate ECH H)s(CO:NH)»
thiocyanate NHCNS
i3 thimu.lfum {NH} 13103
[ (NHe)s WO: - nH:0
a5 phmnhn{mhtu 3(NH. vO P04 6WO;-0H,0
66 metavi to NHV
07 Antimony 8b
68 arnenate 8bAsOy
60 amenite
70 tribromide EbBra
71 muhlandl B8bCls
72 “ﬁ SbOC1
73 unrido 8bFa
74 triiodide Bbls
75 trioxide BbeOs
76 pentaxide 8bs0s
77 potassium sul{urated KB 8bally

Name

Cadmium hydroxide
potassium jodide
nitrate tetrahydrate
oxalate
oxalate trihydrate
oxide
e R
phosp!
salieylate
sulfate
tungatate

acetate monchydrate

aluminum all (22% Ca)
Triealcium alu
Pentacaloium lluruuut-a
Calcium arsenate

arsenite

benzoate

bonta

carbide (tetragonal)
carbide II
carbide LIT

[ PETPY

chlor - monchydrate
1joride dihydrate

utrlhydui-e
chlorids hulhydrnte

h lﬂrﬂne
chromate

chromate dihydrate
dichromate

citrate

cysnamide

eyanide

ferrocyanide

i.utmlum ferrocysnide
ride

uosilicate
uosilicate dihydrate
glycalate
glyeolate trihydrate
lycolate hydrate
hippurate

‘l::’;dradd
8
odate

ul

nitrate tetrahydrate
nitrite

oxalate

oxide

pﬂnnnlﬂulfumta
wydrogen phos

bydmnn nhmggm c!ﬂ::rdnm

h h
ﬁh’m‘:“ et

n phosphate mono-

h
orthaph

urthophuﬁnte monohydrate
caphate

shiorobyd

ophosphate
oaphide
sphosphite
sodium hypohosphite

snlicylate

silicate
Dicalcium silicate {I\JWJ
Diealeium silicate (high)
Tricaleium silicate
Caleium ailicide

gulfate

sulfate hemihydrate

sulfate dihydrate (gypsum)

sulfide

sulfite
tartrate
thisoyanate
tungstate
urate

I

Acetamide

R oty (ohssasefin)
phenetidin (phe )
Anﬁ;lyriau (1-phe 1-3)3-:!1-
¥ e,
Awh-!n {ml?ﬁ::hcylie noid)
Bensoic acid
Benzophenone
o-Chlorobenszoic aeid
B8-Chloronaphthalene
Chloro-s-nitroaniline
mrumiu acid

Mlacts aat
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Tapre XI. Ivpex 1o Powper DirrracrioNn Data ror 1000 Caemicar Swestances (Conbinued)
P;Tmm
0.

Formula
Cd(0OH
2KI- Crﬁa -3Hy0
Cd(NOy)s-4H,0
CdC:04-3HO
cdo
CdFesOy

Cda(POu)z
Cd(CeH«OHCO0D),- HeO
ACdS0-8HO

CdWOy

Ca

Ca EC:H:O
Ca(CyHaOs)e - HaO
8Ca0-ALD,
5Ca0-3Al1:0a
Cas(AsOih
Ca(CaHyCOn)e-3HsO
CaBre-6H:0

CaCa 1

CaCy II
CaCs III

CaCOy
Cl{(}(]:l(k}:»iﬂzo
CaCly

CaCly+ HiO
CaCh-2H:0
CaCls-4Hs0
CaCly-8Hs0
CaCly: CaFy

Ca Cia)rfﬂa{)
8:0101 «2H0
CN(C!BI-O?)I -4Hs0

Cm(FnNgNh 121!:-0

ClﬂlF‘
CaSiFg- 2H,0
™

Ca CH:OHCOOL@H!D
Ca({CH:OHCO00):-3Y/2Hs0
CaHs

CSG Ja

Ca(l

Caly
Ca MnO«l)t 4Hs0
Ca{NO:):
Ca(NOajs-4HyO
Ca(NOs)s HsO
CaliOy

Ca0

Cals
C|H1OHSOJ}an 0

GnHPO« 2H:0
Ca(HaPOu)s

Ca(H:POu):- HiO
Cas(POus- H:O

Ca0:: PO - OCHy(OH)s
CHP|0:

Cné H!PO-h

Ca{NaHPOs)
Ca{CsHOHCO00) - 3HO

880«
CaS04-1/:H:0
CaB0,-2HsO
CaS

Ca80:
CaCiHiOe-4H'O
Ct%JNS}t -3Hs0
CaWOu
CaCeH:ONy

C

CHyCH(NH:)OH
CHICONHO M, 4
CeH((OC:He) (NH - CHIO0):

CuHuON:
C:H:CO;HC&CHr
CeHsCOOH

‘Emsguus ¥ zagéuaa'ﬁ;&asaaaaaa*—zaaaaﬁﬁaﬂﬁaﬂﬁ i

srEEsE ESEESER

ShEn
F
o

.:_:.

£z

Ssssrsss £ UENSEEESEESEREEENSEY

'

v

n

Coumarin
2, 6-1} bmr

y&n ch
Dipheny
Dipheny’
Dipheny
Esgyi ami;
Glycine
Gb-mlhu a
Hexamat

Todoncatyl
~lodopher
m::

'lilshm wel
Nn ;ir:lhe

14
htllc

g -]

NI

p-Nltrm:
m-Nitrobe
Dxalie aeit
'Pentachlol
o-Phenylp!
-“hnqylp
'u.amse (m
ulfenal (¢
Cartaric &
Tetrabrom
Taoluane
ichlorob
Trional (m
diethy

Ures




r H0

3H:0
B/4H0O

Hy0

VH)

3H,0

SHiC0): 14
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Tapre XI. Inpex 1o Powper DirrracrioN DaTA For 1000 Ceemican Sussraxces (Coniinued)

Name

7|

arin
- Dibromo-4-ni enol
troph

deh:
Oxalic neid dihydra
nene

anol

)
(aoetons diethyl sulfone)
Tartario scid (dl) A

et

Cerium metal

um (commercial)
nitrate
oxi

da
sulfate
ld.f:h :I)}n)

Cesium aluminum sullate (alum)
:ﬂﬁdim chloride
iummm
nitrate

£ HEESEEESS
g
:

"
i
jsf’-‘

3
:
H
:
g

oxid, m; (io
o (ous
vhmnimhi {
s g
smmonium suliate (ous)
Columbium metal

Copper metal
uptu;:m(lc).(l’arhmnl

beanzonie
beryiiium alloy (129 Bo)
borate (ic

ide ti)
st I e

]
o

Gride (10 dibydrate

Formula
CaHiOr
NOiCA]H:BuO}T.
(ClHl(: d):CO

C1Hl :80
CaHs.

CH:NH:COOH
CH:OHCOOH

N
(HCRcoom):
Cals
CeHJOH "

o
il (COOH)s
CpH-OH
Gl
3
NO:C(ECHU
’CO&H)] +2H:0
0-CeHyCHOH
EG.H.CAH;OH
H.OHCOOH
CuHuOn
gg'é?gmcemh
Hal 0
& HsBry~(1 2 4,5
C‘Hiﬂh'CH;CN
C«I'IIGH:C OICIHI)I
NHs-CO-N
Ce

GoCl
Go(NO)y- 6H:0
Cex(Cs0y)a- H:0

Ce(804)s2+4H:0
c-(Psoz)'s -

CrAl(804)2- 12HsO
CsCl-RbCL
Ca

- <12H0
}: 13H0

SRR
(B0y)s-1

Co
4
gn{IG:ng:!an ’%0

r(h
Co(UH)
S\(n.Co (Mn.Co)gO‘ 2Co:Mn

OSNO‘

Cu(POda- 8H:0

O

CoBOy
CoB0(NH():80: 6H:O
Cb
Cu
w:{){)ﬂu(&m}l
il
Cu(CsHsCO0): - 2H10
CIIB
20“00! Cﬂ&OH):
CuC-C
uCl

CuCla
CuCls-2Ha0

No.

354
355

$ ¥88 B B8 SEBERERENINIINNUNSERRIEPERSscEsE

g% &

£SE8ER588: &8

1
<=1

1

&3¢ 28823 SRRGEREGOGOEREBORARECE

Nama

Cunnur mmanim w{’ﬁ}dd' (io)

Formula
CuCls- 2NH,C1-2H:0
CuCls: 2KC1-2H:0

CuCr0y-2Cu0-2H,0
CuCry0-2H:0
giaﬁ.mm *5H:0
g‘,?(l; #:nk)?ﬂ:o
&“E;CECE?‘ +2H:0

C

cum&).—sn.o

GI!O

CuCosOu

(CIHIOHMII'GHIO

Safton a0

CnéCiEcOHCOOJ!-QKuO

CuB0Ou-H:0

CuSONNHNS0; CHiO
asi0He ’

CugS0;- HsO

CuCyHiOs 8H:0

CuCNS

ErCly - 6H:O

EnOs

Ge0s

Au
AuCN
AuK(CN)s

In
InCls
Ina0s

I
1:0s
Ir
IrCls

Fe

?Al

Fer(As0)s- 6H:0
ro[;cm 8Os}

F
l‘aOk 2H,0
FeCla-4H:0

S YA
i

FauN

ﬁlkﬂso

%&E‘ﬁﬁm “6H,0

:.43;

T Ph (O - T:0
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Taste XI. Inpex To Powper DirrFraction DATA For 1000 Ceemican Sussrancms (Continued)

Name

Lead antimoniate
o orthoarsenate

br

earbonate
earbonate (basic)
chloride

L

shromate
:uu:uixv (oubie)
luosilicate
formate

odide

nitrate

oxnlate

oxide (litharge)
dioxide

oxide ma:ium)
phos:

sulfate

sulfide
thiosulfate

469 Lithium metal

S38ERERRER2

43

2
=4

-
o
=S

a8t

g3%8

e s s et e B e
EECRSEnRAmm—D

gRgsts

EEERER FEZEEBELEBEARELE

banzonte

sullate
sullate monohydrate
tartrate

Magnesium motal

cetate

catate hh‘lh!dtlh
uminum alloy I
:mntnu.m alloy IT
aluminate

e e

bensonte
borate

Dolomite

Formula

Bb0u):
PbHAsO.
PbB

PhO
2PbCO:-Pb{0OH)
PbCl, ’

Pb!hECN% +3H:0

PbBiFd 2H.0
Ph(HCOs):

Pb
Ph(NOsh
P i
%hol
Pha(P(
oo ™
PbS
PbB,0s

F

LBi0r 5110
[{Br. 28,0
8 o
(hGrO- 230
LisCrs07-2HO
LAOH
LiL-3H:0

e
CiHOH-C00
1504+ H:O

BiCyH O
[iHC O

{ " 0 T

fc’mg- 4H:O

H; 0

00y BH:O

MgBr:-6H:0

.H.pGl

MeCs

MgC0y 8HsO

.3 400y 5H:0

o
GlOVs-3HO

Me caoisiun.o

MgCls-8HO

ﬁ 2 N?Hrﬁ%-ﬂﬂlo
)2+ 14H:0

Mg8iFy 6H:0

CHOx)z-2H:O
OH
MEomy

u;(ggmh +3Hi0

Mg:
-
MgCr0c: 2H10

}&IAOHSOE:Mg

““M. o

M E o 6m0

Pattern
No.

561

8

BE3BRES

&8

8383382 38ESRE

§8888 288

g2
L=

635
636
637
638
639
640
641

Name
Magpesium urate
vanadate

Manganese (o)

+ (cinnabar)
S alAde (hiosyanate (o)

M hda:}mmﬂd

oxalate
axide (iog
sili

Neodymium chloride
chioride

nte
mangan nel
sulfate = ate

sulfate qum E\‘hﬂn

Ammoni
tartrate (ous)

8568

Osmium metal

Palladium metal
i
nitrate

Phosphorus pentachloride
DRTRORIGD

- pentasulfids
Phoaphomolybdic seid

Formula
MgCiHs N0z

gt

Mn Eh.g.oo.-‘mo

Mn.

Mn(CeHyCO0):-3H:0

e
n

U[: b -.:?I!I?O

MnCls - 4H70

!dn‘_’:

Mn .nO
Mu Q1 /sH O

o {Mn 00)104 2Mn:Co
ﬂ%:‘gélé,-

MIICDHIOI

RS,

HgiBry

H‘B ECIOc}t
Hg:Cls
H;Ch- 8HgO

m -
Ni({CN)-4H:O
Ni(CH 2Hs0
15
NiCiO¢: 2HA0
HiMqu
NiBOy-GH:0

gﬁ :%hﬂm-aaﬂ

Os

Picn
PA(NOM

Cls
s

%ﬁ'{aﬁ.‘zm -48H:0

e T Y.

EERRERES

EEEEEEEE§§§§§§£§Ei‘!!52?!53!2!9!!QEEBE!523222Sﬂﬁﬁﬁﬁﬁlﬁiﬁlﬁﬁﬁiﬁﬁﬁiﬁﬂﬁﬁ

EELEPE SRR

F)

g gEgEFE §

Rhenium ;

Rhodium

Rubid}
uhton"tctll:
iodide
nitrate
sulf,

aluming

Rutheniu
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NO. . Name Formula
“l Platinum metal Pt
] ammonium chloride (ic) i‘l‘:}[q 1PtCla
H! potassium ehloride ?B) 1y
4 potassium thloride {ous) KPtCl
| 6 godium chloride
§7  barium mnﬁt t&t.mltydnh BaPt(ON)i-4H:0
H  Potassium oy KiPH(CN)-3H:0
D
otasaius tal K
ﬁ Pmtlbltn - KCiM:04
g3  mmenate
@3 nrsenite
o aside KNs
5  benzoate K(CHyC00)-3H,0
g6 bebr KiBiO1+ 5
@57  bromate KB
@8  bromide KBr
g9  carbonnte KsCOy
0  Dbicarbonate KHCOs
«2Mn:Co (61  chlorate Eg}g. ~
@ Shlorids G
£ g4  chromate
@65  dichroma KiCra0r
500 aitrate {yCaHyOr - HsO
g7  cyanate LCN
g8  cynnide LCN
0 ferricyanide ﬁ‘i’gg.
i L]
ﬁ ide trihydrate K.Fe(CN)e-3Hs0
i  fluoride . KF
g finoride dibydrate KF-2H;0
o fasie o
g jodnta Klg:
§ S -
i lodide i
80 = ﬂn&
®  nitate KNOs
M3 nmitrite
1 o osmate KiOsQu-2H:0
i85  oxalate KaC:04
68  oxalate monohydrate - HsO
887  oxalate, acid 0108'613!0
§8  phenclsullonate K Clﬂk )]
g A g
opl 4
w1 ogen phosphate HPO
@ hdrosen Dhoephate rikydrate ?‘ﬁg.‘-mo
2 nmnniﬁ ghl;mphl:: ;
a : K(P:0;3H:0
“r éthlli C.HA&%O&:‘N’K
B  soioe S CRC00k
10 selenate -, KsSeOu
P i ! K80, "
05 ﬁ sulfate K80
- £
] gﬁuﬂm C2HIS04
ﬁ"o nmhyl sulfate 2KCHs80. HyO
M hydro K80,
| o
;]1: a‘ﬁmu CHSOK
N5 fodigo sullonste
%g toluene sulfonate HyCoHB0K
N8 ammonium tartrate (N H.) CHiOs
1is S Gt
M tellurite KaTeOs 00
M thioearbonat KiCSs
2 thiosulfate KSO. o
" thiooyanate KONS
ﬁ titanate KsTiOs
m tungstate KaW04-2H:0
fy  lUranate OO0
1 mp urste Gt KH&.H:N&-
T xanthogenate KB8;COCiH:
0 Rl Rhenium metal Re
™ Rhodium metal Rh
1 Rubidiam bromide b Br
s chloride b Cl
TR thl
g ok o
b aluminum sulfate (alum) tb A0 - 12H:0
2O 1™ Ruthentom metal Ra
Y e
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Tapie XI. Ivpex To Powper DiFrracTioN DATA For 1000 Cammicar Sumstrances (Continued)

Pattern
Ne. Name Formula
740 Seleni exagonal
741 Eldni:: gid (ous) ) %le.ﬂ..o.
18 B s is o
Kt .
orms,
745 Gilican diorids (acrimiobalite)  SiOr
746 3 8i0s
747 Bilver metal Ag
‘;:g mhu“ AgC:Ha0y
760 hromate
751 bromide i:g:‘o.
752 carbonate AmCos
753  perchlorate AgClO:-HiO
754  chloride AgCl
755 chromats AmCrOy
756  citrate AnCiHiOr
767 oyanide AgCN
758 rnhninm e
750  iodide (oubic) Agl
760 iodide (cubio and hexagonal)  Agl
781  molybdate AgsMoOy
762 nitrate AgNOy
763 nitrite AgNO:
;% oxide 2 AmO
786 ulteie prehiy
1‘7% :ul.ﬁds {orthorhombic) ApS Os
769  vanadate AgpViOr
770 Sodi
7y Sl NacH:0:
772 acetate NaC:H;0:+3H:0
778 un?;l zino acetate Nﬁ?ﬂo:ﬂn((‘dﬂlo
T4 ami N
775 Arsanate (methyD CHAMON Eoﬁf),’o oH
% mwnm -
78  bathal g
781 bismuthate NaBiOs
;’g tetraborate decabydrate N g
(borax) NasB0:-10H:0
, 784 mataborate
m perborate NaBOy-2H:0
borobenzoate
% bramide g
789 butyrate CH:CH,CH:.COONa
- v 5 jomag;
792 earbonate
783 carbonate hydrate Ni 21/:HO
704 earbonate Ni 10H:0
795 carbonate Ni
796 um carbonate NaKCOy
797 NaCl0x
7908 orate NaClO.
799 orate monohydrate Ni “Hy0
% chromate g-ﬂr&
203 Sbromae dibydrate N e
B . e
806 2N -11HO0
M e NaON
£ B, u
1 cyanide decahydrate CN)er 10H:0
i sl e,
8138 aluminum flucride (cryolite)  NasAlFs
Bl4 luosilicate Nﬂ!lé
gig :rmshm NaHCOs
817  hydroxide NaOH
{odate NalOs
§ia Neu104
g?. porm' nnate lnqr:lmo.
822 molythu NaaMoOy-2
823  ph olybdate
824 naphthionste
825  nitrate NaNO:
826  nitrate (cobaltic)
£ == N
% oxalate Nlﬁ&l'm
831  p-phenolsulfl HE0:Na-2H:0
832 ni late
833 dini late
s34 rm 2 N
a0 -nm’i'mﬂ‘m.e.w NmHPO\-2H:0
§38  dihydrogen : Iphphmhh Nempo: 2
L]
830  dihydrogen phosphate mono- NaR:PO,- HiO

4m v
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Taswe XI. Inpex To Powper DivrractioNn DaTA ¥or 1000 Cremican Sussraxces (Concluded)
Pattern
No, Name Formula P;lte‘..m Name Formuls
840 Sodium h Na¢Ps04- 10H:0 .
oo um &lphm e " (] 3% Thorium nitrate '-g NQ‘E}‘: 12H\0
842 Py NP0y 923 dioxide Th
843  pyrophosphate decahydrate NauPs01+ 10H,0 924  sulfate Th(804):
| wam o NaNHHPO(-4H:O
glyceroplicepbats et 036 T 1 8n
. (I:limnul) - g;g Egﬂmowﬁ s)uoy a&
osphite . e, .
ﬁg oaphite llg:'}%!'g:-g!%o 828 ammonium chloride (ic) ajm
848 ate NasPb0Os-3Hs0 920 chloride dibydrate Cls- 2Hs0
e Bl MGt = B
818601 932  oxide
%; nnw‘ﬁm gnﬁl&‘ 938 oxide ?o‘;.) B‘“’}.
853  matasilicate NasSiOs - 0H:0 934 phosphate (ous) Oy
854  aluminum silicate te) 104 935 o) Bn(804): 2H0
855  stannate NuslaOy 4150 936  sulfate (ous) !
- OO em0 338 pulid (o) £nS
T Y e oy
m sulfate (orthorhombic) }gluﬂo. - B30 tartrate (ous) BnCHOs
880 sulfate (decahydrate) NueS0, - 10H:0 940 Titanium metal
861 sulfate NaHEO, 041 bide 1o
ggg suliste monohydrate lzgnHBDanO 042 TiF,
864 mulfido nonahydrate E:.ﬂg'bg'mo S50 | eteum Saoite e RO
830 to b NaaS0: - 7THHO 945 dioxide (rutile) T
o7 E;'#....lm ’ NasS:04-2H10
809  Liibraaus onste  OFiO.S0sNa T e B WeOu
870  naph o monosulfonste  CioHrSO:Na 848 mug" )’ﬁfn . %’0.
&1 naph adirulfonate  Cls(80iNa) = :
873 m' ogen tartrats NaHCH O HiO 949 Uranyl acetate UOHOT0n 2110
g: m ﬂ:c'l‘ﬁnga 650 Uranyl nitrate hexahydrate TU0s(NOCy)s-6H:O
. 876 oeulfate NesSi0s
877  thiosulfate pentahydrate " NasfsOs - 5H:0 051 Vanadium b
L NGNS 0o =
880  metevanadate NaVOr-HiO 084  trioxide Vi0s
881 orthovanadate Naa V0 18H:0 & v pentoxide R’%'h SR
3 M’lm (Bol)l'
832 Strontium Br
883 8r(CsHsOx)s - 057 Yttrium nitrate Y(NOys)s:6H:0
884 bromide bexahydrate gé%'l-mg b 968 oxide Y:01 /
886 te 8r(ClOy)s+8H:0
887 chloride hexshydrate 8rCn 680 5 e = A
- A et %61 ssotato dibydrate Ba(Cattione 280
800 formata dikydrate & GO 2m0 - Gl oo Zna(AsO 02 -8H:O
1
964
202 octahydrate Br(OH); -SH:0
B EOWS R 8B
e B IO 8HO 967  chloride (fused)
2 : 968  chromato ZnCrO
806 axainte 8GO HiO 989  oyanide i Zn(CN)s
808  phosphate SrHPO. o1 o ZnsFe(CN)s 3H10
% :-:ﬁ':’tt‘h 8r(CrHOy)s- 2H:0 978 fiuori Znly
901  tartrate 8:CH(Ou- 4H:0 s RIS SEshyCxate %"g:"o
976 lactate Zn(CsHi0s)s-3HsO
902 Bulfur 8 g;g Ji:lmllm; %DJDrﬁH-O
903 Tantal bl Ta L R
uin e on OX!
904  potassium fluoride 80  permanganate Zin(MnOgs:6H:0
005 pembite Tudr® os1 phenolsulfonate (O RO HSOD-8H:0
983  phosphate tetrshydrate 4H0
906 Tellurium Te 084 te m‘l}fﬂ‘hﬂﬂ
907  dichloride (ic) TeCls 985 osphite HaPOss HO
908 dioxide (o) TeOs 088 p Zn CO0):-3H:0
ggg : 4TeOs N1Os- 11/4HsO ﬁ :g:g ﬁnonoh b o -?
911 id HiTeO ammonium Zn80s 80,-6H:0
otz s Siydrate Go) Te(OH)s ﬁ poiaseiym ulfate 7250, RSO0k
wmﬂ a-,
992 sulfide (oubic) #nS
913 Thalli tal (hexagonal T sulfide a0y 21/4H0
o ehloride (o) | ) %%o; - A e (omcn.é'g.'cn.coohﬁn-ﬂm
)3t
917 Sulfme (;’n.; Ths 995 Ziroonium mot
B Fong,
918 Thorium metal Th 998  dioxide (monoolinio) ‘
910  acetate 599 ta ZeSiOs
P20  chloride ThCL 1000 Zirconyl sulfate
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Taprm XII. Powpmr DirFracTioN Darta ror 1000 Cmmmican Sumsraxces (Concluded)
(Starred patterns wers checked with published crystal structure data) Dete]
a I/n d I/n d n d 70 d I/ d m,
994, (CHCHCHy 995, Zi* 907. Zr(NOs)SH:O 908, ZrO:* - 999, ZeBiO* 1000. Zirconyl Sulfaty
CHiCOO)s2n.2 278 (20 03 98 4y 100 {Sesocinis) 43 0.50 6.5 ® 0.4
12.5 (02.5) 1.00 2.56 si 020 8.9 40) 1.00 5.1 0.05 3.20 (100) 1.00 4.92 0%
7.2 008 2.44 (40 1.00 6.1 0.06 3.60 024 264 0.0¢ 4.85 @0 1
8.3 0.06 1.88 0.18 5.2 0.10 3.19 im; 1,00 2.51 (100) . 1.00 3.47 X
5.5 010 1.61 018 473 (200 0,50 2.85 (100) 0.80 2.33 0.13 208 (17.5) Ol
48 a0 048 1400 0.18  4.31 0.18 2.63 0.82 2,21 0.15 2.90 2
4.56 E: 0.24 1.360 0,16  8.84 0.20 265 0.16  2.06 0,30 2.70 08 HE prod
4.25 0.08 1.343 0.10  3.49 0.16 2.3¢ 0.08 1.90 0.25 2.51 008 ercilly
78 0.24 1.282 0.08  3.25 0.38 2.21 0.2¢ 1.74 0.15 2.33 0.3 m
57 0.10 1.230 0.03B  3.03 0 201 016 171 (7B 0.75 2.18 38 | jem of contar
110 0.08 1.180 0.03B  2.56 A8 1085 0.3 1.64 0.25 1.98 a0
08 0.03 1.082 0.05 2,43 6 1B1 (50) 0.4D 1,54 0.03 1.8 0 | pstances of
2.87 0.02 1.088 0.08  2.33 8 1770 0,20 1.479 0.16 1.82 ‘08
2,70 0.08 1.008 0.08 2,17 15 1.88 0.24 1.380 0.20 1.77 g | pressure
2,57 0.06 0.977 0.08 213 5 162 0.05 1.360 016 1.72 0 the fre
2.48 0.02 0.898 0.08  2.07 8 160 0.06 1.285 0.06 1.69 o0 | B
.38 0.06 0.877 0.08  1.98 13 1.85 0.2¢ 1.256 0.20 1.64 020 | facture, and 1
.30 .03 1.01 08 1.51 0.08 1210 0.02 1.59 0 Tno
124 0 loos. ZOChamO | 1:8) 10 1.486 0.16 1.185 018 1.52 ‘o | mifide.
110 03 1.74 08 1.426 0.16 1.163 0.08 1.480 06 | gohave an ac
12 08 128 (1 100 1.70 .08 1.303 0.05 1.098 0.16 1.302 08 .
.07 06 10.6 0.27 1.84 0.10 1.330 0.08  1.087 0.08 1.358 0.05 | pavior of thie
02 0 7.0 . 0.20 1.59 0.03 1.307 008 1. 0.13 1.280 08 study
.08 0.06 6.0 (10) 0.67 1.58 0.08 .270 0.12 0,999 0.04 1,250 06 (ases & Stul
.88 0.06  4.80 0.13 1.5 0.03 1.210 0.06 0.972 0.10 1.080 006 | geh as fracti
81 08 4.12 0.27 1.478 0.08 1,167 0.06 1.053 .05
78 03 382 0.20  1.390 0.08 1.113 0.06 replace more ¢
.60 06 3.80 (12.5) 0.8 1.300 0,05 1.036 0,04
.80 03 324 040 1.205 0.08 1.001 0.06
1400 s 2.9 007 1228 0.03
3.5 0.07 i frrst
.39 0.07
22 0.13
15 0.20
o7 0.13 !
.00 0.07
01 0.13
.81 0.18
71 0.18
62 0.13
57 0.07
.51 0.07
1460 0.07
1423 0.07
-
A Compact Self-Regulating Valve
L. WILLIAMS anD A. H. WILSON BUSBY The methc
Consolidated Mining & Smelting Company of Canada, Ltd., Trail, B. C. analysis of di
“tent water cc
. EAp although belr
mn IN CONNECTION with collecting air samples by means of an evacuated Its manipula
(= B chamber, a constant rate of flow of the sample was required as the avai
e - vacuum in the chamber dropped. The controlling device had to be com- ing bulb and
, pact, light, and sufficiently strong to stand a lot of abuse. The volume of #s. Any g
3 the chamber was approximately 1 cubic foot, and it was desired to sample the one being
ViRrive this volume in about 3 minutes. for both the
gl The valve as illustrated was made from materials at hand and performed * Analyses ¢
o "‘ well. A No. 10 rabber stopper was cut out to leave s 0.19-inch wall | by subjectin
. and two 0.063-inch brass plates were vulcanized over the open ends. In densed gas k
the center of one plate was drilled a 0.047-inch orifice and a copper co™ Neessary eq
necting tube was soldered on. In the center of the other plate was
a 0.125-inch valve stem and packing gland. The original valve needle
had been cut away and & smaller long needle set in its place. This end
‘/ﬁ YBBER plate also contained the 0.25-inch vacuum connection. E:int.he 801
A 1 As the vacuum in chamber A varies, the end plates move accordingly and e the 0.
the orifice adjusts the flow to an approximately constant value. There is 10 to k;p?:
ek friction involved in the movement and the adjustment takes place without 82y D, between n
time lag. With the full vacuum applied, the needle was screwed in until the de- tin of gag p
sired rate of flow was attained, and it was found that the flow remained consta®* %"“"'“"J’Uﬂ
to within 10 per cent for a variation of vacuum from 28 down to 2 inches of m&™ by the Pltft%:cr
cury, below which the flow fell off at & rate depending on the frietion n the bulb is showr
sampling system. The steadiness of flow may be improved by suitably shap” :E!e-mrp;
ing the point of the needle valve, By & reverse arrangement of the needle, the ‘m:i? exit, 1
valve may be adapted for governing air flow from a pressure source. The alve o the dhemepr;
INLET worked surprisingly well and can be refined and adapted to other purposts: Rin 5 the
STEADY Flow Recervap August 22, 1938, _ 2 Wuthed the:
1
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8 INTRODUCTION AND HISTORICAL BACKGROUND

McCrone (1957, 1965) has also given detailed descriptions of the microscopic

examinations and phenomena that can be used todistinguish polymorphism from other &
i labelled as pseudopolymorphism:

1.2.3  Conventions for naming polymorphs

Part of the difficulty encountered in searching and interpreting the literature on poly- .

morphic behaviour of materials is due to the inconsistent labelling of polymorphs,
In many cases, the inconsistency arises from lack of an accepted standard notation,
However, often, and perhaps more important, it is due to the lack of various authors’
awareness of previous work or lack of altempts to reconcile their own work with
earlier studies (see, for instance, Bar and Bemstein 1985). While many polymor-
phic minerals and inorganic compounds actually have different names (e.g. calcite,
aragonite and vaterite for calcium carbonate or rutile, brookite, and anatase for tita-
nium dioxide) this has not been the practice for molecular crystals, which have been
labelled with Arabic (1, 2, 3,...)or Roman (1, 11, I11, .. ...) numerals, lower or upper

caselalin(a,b.c....OIA,B,C....}urlawu-caseGmck(u.ﬁ.y,.,.)lcummby 3

names descriptive of properties (red form, low-temperature polymorph, metastable
modification, etc.).

As Threlfall (1995) and Whitaker (1995) have commented, arbitrary systems faor
naming polymorphs should be discouraged to avoid confusion surrounding the nom-
ber and identity of polymorphs for any compound. Relative stability and/or order of
melting point, as well as a specification of the monotropic or enantiotropic nature
of the polymorphic form (see Section 2.2.4) have also been suggested as a basis for
labelling (Herbstein 2001), but these do not allow for the discavery of forms with
intermediate values, in addition to the fact that small differences in stability or melt-

ing point might lead to different order and different labelling by different workers.
McCrone (1965) proposed using Roman numerals for the polymorphs in the arder of
their discovery, with

the numeral I specifying the most stable form at room tempera-
ture. By Ostwald's Rule (Ostwald 1897) (Section 2.3) the order of diseavery should
the order of stability the least stable appearing first. McCrone also

point (or melting point range, in many cases) so that real or apparent inconsistencies
may arise from such a designation (see Sections 4.2 and 4.3).

In view of the body of literature already extant and the questions surrounding the
definition of a polymorph it does not appear lo be practical to define hard and fast rules
for labelling polymorphs. The Kofier method has clear advantages, since the melting
point designation may eliminate some questions of identity; hence its use-should be

9
IS THIS MATERIAL POLYMORPHIC?

raged. i i i it is important to
. For those studying (and naming) p?lymoqﬂnc systems i .
wcf?::ly aware of previous work, to try to identify the corrnspnndl:noc.be;?mcn ﬁ
- n polymorphic discoveries and those of earlier workers, and to avoid flippancy
:: use of nomenclature in the naming of truly new polymorphs.

13 Is this material polymorphic?

1.3.1 Occurrence of polymorphism

most well-known statement about the occurrence of polymorphism is
;?;?Muc‘émm (1965): ‘Itis at least this author's opinion that every compoum};a:
different polymorphic forms and that, ?n general, the numbnir of fomx; cmlcr:4::\0-'1‘1&““ i
iven compound is proportional to the time and money spent in researc oy o
o nd.’ As a corollary fo this rather sweeping, even provocative, statement, ‘ c e
ﬁg:lcd thal ‘all the common compounds (and elements) show polymorphism’, and
i organic and inorganic examples. . ;
ml‘ﬁ::;em;:;.::iﬂ?lnar ;gI:mmls by Findlay (1951) p. 35, ‘[polymrphlsn;] ls now
recognized as a very frequent occurrence indeed’, Buergerand_Blo?m (1937), p:g
morphism is an inherent mMyof&mMmMMthaht;c?mmbz
under special conditions’, and Sirota (1982), ‘[polymorplnsm} is ;:w m::fml ek
characteristic of all substances, its actual non-occurrence arising from U Ty
polymorphic transition lies above the melting point of the substance orin cip i
yet unattainable values of external equilibrium factors or other conditions providing
on. i
[ms?chtr:t:wmnm ts tend to give the impression that polymorphism is t_hc rule r::juma
than the exception. The body of literature in fact in.dicates thal caution sttl'nn -
exercised in making them. Tt appears 1o tlfem ﬂmt‘mslmt;:es h::;: p;mmion ::fmsolid
uncommon in those industries where the preparation and ¢ . :
gtainls are it::::gml aspects of the development and m.unuﬁfc:mnrtg of pmd}lcls (::_
those on which a great deal of time and money is spent): snhc_a, iron, calcium _s:l
cate, sulphur, soap, pharmaceutical products, dyes, and explosives. Sth lrzatcn:;
unlike the vast majority of compounds that are isolated, are pxcpa.l'cd :ﬁ“ ;1;3 mu:::;e -
repeatedly, under conditions that may vary slightly_ (cven unintention yd&r?n e 1
time. Similarly, in the attempl to grow cxystgls of bmz.mlecularcon;‘p;un e e
and effort is invested in attempis to crystallize proteins under carefully contro

slightly varying conditi

JEven with The growing awareness and economic poriance |
f polymorphism, most documented cases have been discova:cd by serendipity m::;
han through systematic searches. Some very common malerials, t;uch n;a s:c::;em
thalene, which certainly have been crystallized mnumt_:rablc umu_. - e i b
to be polymorphic. The possibility of polymorphism may exis pzlr Y par
icular compound, but the conditions required to prepare as yet unknown P ynmphsmelhws
are by no means obvious. There are as yet no comprehensive systa;:u ; :
for feasibly determining those conditions. Moreover, we are a.lmosl_ lm bey m
about the properties to be expected from any new polymorphs that mig .

and polymorphism is frequently observed (Bernstein eral, __
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Polymorphism, the existence of more than one crystalline form
of a compound, is an intensely studied phenomenon, yet it remains
poorly understood and controlled.! Polymorphism in active phar-
maceutical ingredients, API’s, is critical from both regulatory and
intellectual property perspectives'® since polymorphs can exhibit
different physical and/or chemical properties. However, the very
nature of API's, which typically exhibit exterior hydrogen bonding
sites and/or conformational Mexibility, makes them ideal candidates
for polymorphism control using additives or templates.? Further-
more, whereas API's have traditionally been limited to polymorphs,
solvates, and salts, in recent years, an alternative form, pharma-
ceutical co-crystals, has been targeted.® In this context, aspirin is
somewhat of an enigma, Aspirin was first synthesized in 1853°
and had by the turn of the 19th century become the world's best-
selling drug.® In the 1960s and 1970s, aspirin was subjected to a
series of studies? to determine whether it exhibits polymorphism,
and there were indications that there could be a metastable form,”
However, these studies were inconclusive, In the end, differences
in physical properties were attributed to salicylic acid impurities.”
Most recently, computational studies have addressed polymorphism
in aspirin.?

In this contribution, we report the results of a series of studies
concerning pharmaceutical co-crystals of aspirin, resulting in
isolation and structural characterization of the clusive form II of
aspirin as well as a pharmaceutical co-crystal involving aspirin and
another API, carbamazepine.

oM
OCOCH,

Aspirin

The crystal structure of aspirin form | has been studied by both
X-ray'® and neutron diffraction.!! Herein we shall use as a reference
point Wilson's 100 K structure!' (CSD refcode: ACSALA02) to
compare with form I1 since our data were also collected at 100 K.
Form [ consists of centrosymmetric carboxylic acid dimer moieties
(O+=0: 2.635 A, 177.7°) that are, in turn, linked via centro-
symmetric methyl C—He+Q (C++0: 3.553 A, 164.0°)"* contacts
of acetyl groups, thereby forming 1D chains (Figure Ia).

Aspirin form 11 was repeatedly obtained during attempted 1:1
co-crystallization of aspirin and levetiracetam from hot acetonitrile
and was subsequently also observed in the presence of a molar
equivalent of acetamide. Small plate-like crystals form in ap-
proximately 3 days, and one was mounted on a diffractometer
directly from the viscous mother liquor to avoid conversion into
form 1. In addition to single crystal structure determination, form
Il was also characterized by melting point, IR, DSC, and HPLC

* University of South Florida,
t TransForm Pharmaceuticals, Inc.

me=-. + Am MHEM, SOC. 2005, 127, 16802—16803

Figure 1. Crystal packing of aspirin forms 1, 11, and S. L. Price predicted
form I1. (a) Form L: 1D chains sustained by allernating carboxylic acid
and acetyl group centrosymmetric dimers. (b) Form II: acid dimers are
connected via catemeric methyl C—He++O and phenyl C—H-++O (not shown)
hydrogen bonds. (c) Acetyl group C—H-++0 dimers in form | and calemers
in form IL. (d) S. L. Price predicted form I1. Note the similarity with the
crystal packing of form 11 (b).

(see Supporting Information). Crystals of form 1l convert to form
I under ambient conditions; however, they are relatively stable at
100 K. DSC thermograms reveal an endothermic peak at 135.5 °C
for form 11 versus a melting transition at 143.9 °C for form L. The
chemical composition of bulk samples of form II aspirin was
determined by HPLC to be consistent with those of form 1, salicylic
acid content of 0.5~3.0% in form [ versus 1,7% in a form II sample.

There are clear differences between the unit cell parameters:
form | (P2/c): a=11.233(3) A, b = 6.544(1) A, ¢ = 11.231(3)
A, B=9589(2)°, ¥ = 821218 A; form 11 (P2y/c):" a = 12.095(7)
A, b=6491(4) A, c = 11.323(6) A, f = 111.509(9)°, ¥ = 827.1(8)
A%, The molecular geometry of aspirin molecules in form Il is
slightly different in terms of the torsion angle defined by the
carboxylic acid and acetyl groups, although the centrosymmetric
carboxylic acid dimer remains intact [0-0: 2.632(14) A, 173.1°].

10.1021/ja0564550 CCC: $30.25 © 2005 American Chemical Society
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Figure 2. Simulated powder X-ray diffraction (PXRD) pattems of aspirin
form 1, I, and S. L. Price predicted form [l crystal structures. See the
noticeable additional peaks in form Il and S. L. Price predicted form I1
compared to form [ near 26: 20 and 26°,

However, the crystal packing of adjacent dimers is different; methyl
groups form catemeric C—H++0 [C+O: 3.85(2) A, 164.0°]
hydrogen bonds with the carbonyl oxygen (graph set C(4)) of the
acetyl group versus centrosymmetric dimers (graph set R%;(8)) in
form I (Figure 1). The existence of competing catemer/dimer motifs
is well documented in polymorphs of carboxylic acids and primary
amides, "*" Simulated powder X-ray diffraction palterns also
exhibit significant differences (Figure 2). It is interesting to note
that a computational study concerning polymarphism in aspirin
predicted a low energy polymorph with a low shear elastic constant,
implying & low barrier to transformation. This calculated structure
is consistent with that of form [1.™

The discovery of a new form of aspirin through attempted co-
crystallization of amides and acids is perhaps unexpected when one

" considers that acids and amides are known to form reliable
supramolecular heterosynthons." Indeed, attempted co-crystalliza-
tion of carbamazepine and aspirin resulted in the expected® 1:1
co-crystal, the structure of which is illustrated in Supporting
Information (Figure 83). This crystal structure'® reveals that aspirin
molecules form acid—amide supramolecular heterosynthons to
carbamazepine molecules through O—H+++0 [0=+0: 2.564(2) A,
167.5°] and N=H,+O [N*++0: 2.914(3) A, 168.4°] hydrogen
bonds.

The salient feature of this study is not just the identification of
aspirin form 11, it is also the manner in which it was prepared.
That crystallization of aspirin form IT can occur in the presence of
certain amides, whereas a co-crystal with carbamazepine can also
occur and might appear to be counterintuitive. However, these
observations are consistent with studies that have demonstrated how
tailor-made additives can disrupt nucleation and induce polymor-
phism.? Supramolecular heterosynthons, therefore, seem to have
implications for control of polymorphism.

To summarize, we have obtained and characterized a new
polymorph and a new co-crystal of aspirin, In our opinion, the most
salient features of the results reported herein are the method by
which the once elusive form I of aspirin was isolated and the fact
that it had been hitherto predicted.

Supporting Information Available: X-ray crystallographic in-
formation in CIF format, IR, DSC, HPLC, aspirin and carbamazepine

1:] co-crystal packing diagram, torsional angle, and hydrogen
bond tables. This material is available free of charge via the Internet
at http:/pubs.acs.org.
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On the Polymorphism of Aspirin: Crystalline Aspirin as Intergrowths

of Two “Polymorphic” Domains**

Andrew D. Bond,* Roland Boese,* and Gautam R. Desiraju*

In the preceding paper, we highlighted the ambiguity that
exists in the literature concerning the nature of crystalline
aspirin.""! In 2004, Ouvrard and Price demonstrated computa-
tionally that the long-established aspirin crystal structure!
was amongst those predicted to be most stable, but they
identified a slightly more stable structure as the thermody-
namic minimum.””! At the time, it was unclear whether the
predicted minimum-energy structure was a remnant of
inadequate energy assessment,”l or whether it was a plausible
structure that awaited discovery. This issue appeared to be
resolved in 2005, when Peterson, Zaworotko, and co-workers
(hereafter referred to as PZ) claimed to have obtained the
predicted second polymorph,” following X-ray analysis of
aspirin crystals obtained from hot acetonitrile solution in the
presence of either levetiracetam or acetamide. The proposed
new polymorph was labelled aspirin “form II", and the long-
established aspirin crystal structure was thereby designated
“form I",

The distinction between the proposed aspirin polymorphs
is subtle. They contain identical arrangements of O—H--O
hydrogen-bonded dimers lying in layers, but these layers are
arranged differently with respect to each other in the two
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forms (Figure 1). In form I, the layers are arranged so that C—
H-+O interactions form centrosymmetric dimers (arrange-
ment A, Figure 1). In the proposed form II, adjacent layers

0-H.-0
layer

O-H--0
layer

0-H--0

Figure 1. lllustration of the two interlayer arrangements within a
representative aspirin crystal. Arrangement A, comprising centrosym-
metric C—H-O dimers, exists between the layers that are colored red.
Arrangement B, comprising C~H---O catemers extending along 2,
screw axes, exists between the layers that are colofed blue. The change
in color within the central layer is for illustration only; all 0-H..O
hydrogen-bonded layers are identical.

arc arranged so that C-H--O interactions generate catemers
(arrangement B, Figure 1). Both interlayer arrangements are
reasonable and acceptable in terms of the C-H-O inter-
actions, Taken with the accord between the experimental and
computational findings/"! the PZ description of aspirin
polymorphism appeared superficially to be plausible.” How-
ever, there are serious problems with their structure refine-
ment, For the proposed form II, their crystallographic R-
factors are unacceptable (R1=0.162, wR2=0.327), and
several refined displacement parameters are close to or
equal to zero, with anisotropic refinement being impossible.
Combined with very close metric similarity between the unit
cells of the form I and form II structures, this caused us to
raise the question of whether the proposed form II might
actually be an experimental artifact originating from erro-
neous handling of diffraction data collected from a form I
crystal"! Indeed, we showed that formII of aspirin as
reported by PZ may be derived, to the accuracy and precision
reported by those workers, from experimental diffraction data
collected on an aspirin crystal that was most certainly form I.
Thus, we stressed that the PZ report did not establish the
existence of aspirin formII to any acceptable level of
scientific rigor."! In this report, we are able to resolve the
issue fully. Aspirin exhibits a tendency to crystallize with an

Angew. Chem, Int. Ed. 2007, 46, 618 622



intergrowth structure, in which layers of O—H-O hydrogen-
bonded dimers form domains with arrangement A and
domains with arrangement B, within the same single crystal.
The distribution and total ratio of the domains is variable but
appears 1o be limited. Aspirin form I, which comprises 100%
arrangement A, is commonplace, but pure form II, which
would comprise 100% arrangement B, has not been realized.

The crucial experimental result was first obtained after we
freshly synthesized aspirin from salicylic acid (see the
Supporting [nformation) and prepared single crystals by
rapidly cooling a solution in hot acetonitrile (Table 1), Single-
crystal X-ray diffraction analysis of these crystals (denoted
1a, laths of typical dimension 0.20x 0.10x0.05 mm) pro-
ceeded apparently routinely to provide the form II structure,
with R1=0.071 and wR2 =0.197, against data measured to
26 =50° (Mog,)."*! Unlike the PZ report, our refinement was
anisotropic and entirely satisfactory, although we noted that
our R-factors were a little higher than expected. These
crystals were obtained without addition of levetiracetam or
acetamide, demonstrating that the additive is not a significant
factor. We obtained similar results by slow evaporation of an
acetonitrile solution, indicating that the rapid cooling proce-
dure also is not important, Powder X-ray diffraction seemed
to confirm that the single crystal 1a was representative of the
bulk sample,””! and the polymorphism of aspirin might there-
fore appear to be clear-cut. However, reconstruction of
precession photographs in the a*c* planes of our experimen-
tal data (Figure 2a) revealed numerous additional reflections
lying halfway between those of the principal form II lattice in
the odd [ rows, together with diffuse streaks along a* between
the Bragg reflections. In physical terms, the diffraction
pattern demonstrates that aspirin crystals contain layers of
O-H~0O hydrogen-bonded dimers that are consistent
(Figure 1), but that these layers form domains in which they
adopt arrangement A (form I) and domains in which they
adopt arrangement B (form II). The existence of the form I
and form II domains is shown by the two sets of Bragg

) An,

Figure 2. Reconstructed (h—11) precession photographs for crystals
1a and 2. a) Crystal 12 exhibits sharp Bragg reflections corresponding
to the form Il lattice (reciprocal lattice vectors shown), broader
maxima halfway between these reflections in the odd / rows, and
diffuse streaks along a*, This indicates extended form || domains,
smaller domains of form |, and regions in which there [s a disordered
distribution, b) For crystal 2, the most intense Bragg reflections
correspond to the form 1 lattice (reciprocal lattice vectors shown), and
Bragg reflections of comparable profile exist for the form Il lattice, This
indicates a relatively more ordered structure than in 1a (a) with
extended form | and form Il domains.

reflections, while the streaks indicate some degree of stacking
disorder.

From analyses of numerous crystals obtained under
various experimental conditions, including crystallization in
the presence of acetamide!" (Table 1), we find that both the
relative intensities of the two sets of Bragg reflections and the
extent of the streaking are variable. In crystal 2 (Figure 2b),
for example, all Bragg reflections are relatively sharp, and
there are no obvious streaks, consistent with extended well-
ordered domains of form I and form II, In crystals 1a and 1b,
sharp Bragg reflections for the formIl lattice indicate
extended form 11 domains, while the broader Bragg reflec-
tions between these lattice points indicate smaller domains of
form 1. The diffuse streaks also indicate regions with a less
ordered pattern of interlayer arrangements A and B. Thus,
both the sizes and distribution of the form I and form IT
domains are variable.

The interpretation of onc-dimensionally diffuse diffrac-
tion data has a long history!"!! and has been summarized

Table 1: Summary of crystallization conditions and single-crystal refinements,

Refined batch

Crystallization conditions No. Conventional refinement Single-crystal refinement
of single-crystal data™ with batch scaling factors scaling factors'

form R1 wR2 form R wR2
rapid cooling of solution in hot MeCN 1" | 0344 0658 | 0.075 0.202 0.132(1)
1} 0.07 0197 Il 0,054 0.132 0.747(2)
1b" I 0544  0.846 I 0076 0220 0.038(1)
i 0.041  0.176 1 0.034  0.080 0.858(2)
rapid cooling of solution in hot MeCN 2 | 0.059 0.175 I 0.056 0.140 0.803(3)
in the presence of 1 equiv acetamide 1 0.305 0.631 I 0.076 0.288 0.146(1)
as synthesized 3¢ 1 0033 0,089 | 0033 0089 0.982(4)
(see the Supporting Information) I unstable n 0.076 0.141 0.003(1)

[a] Crystals 1a and 1b are different single crystals from the same erystallization batch. [b] Based on data sets obtained from two separate standard
integrations of the CCD frames, considering only Bragg peaks. Refinements are performed against all F* data to 26,,,,=50° (Moy,). R1 is quoted for
data with 1> 20{l), wR2 is quoted for all data. [c] The high precision refers to that obtained from the least-squares refinement. See the text for
discussion of the approximations and limitations of the approach. [d] A pure form | crystal. For form | refinement, the batch scale factor refines to be
essentially unity, Conventional form 11 refinement against all F 2 data is unstable. For batch refinement, the scale factor refines to zero, effectively
omitting all odd / reflections, thereby emulating a data set that contains only the even [ reflections. This is exactly the situation that we noted in our

previous manuscript.
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recently for molecular crystals" The literature includes
examples in which layered structures exhibit only one kind of
interlayer arrangement, that is, structures for which there are
alternative positions of adjacent layers that have exactly
equivalent interatomic/intermolecular contacts (as for the
close packing of spheres, for example)."’l The aspirin case is
apparently the first of its kind in that it exhibits two distinctly
different interlayer arrangements (A and B), both of which
are physically and chemically reasonable. The accidental
energetic degeneracy of the two possibilities*¥ combined
with the specific metric relation between the formI and
form II lattices, is the reason for the unusual crystallographic
observations, since it allows aspirin diffraction patterns to be
processed in two different ways to provide two different
structures, both of which are physically reasonable. The
metric transformation [1 0 %4 0 =100 0 —1] that relates the
form I and form IT unit cells causes all Bragg reflections ikl
with even [ to overlay but places the odd / reflections of
form II halfway between those of form L/**! Thus, the Bragg
reflections arising from the two types of domain appear to a
first approximation as a weighted overlay of the form I and
form II diffraction patterns, with the distribution dependent
on the relative domain ratio. If such a diffraction pattern is
indexed in the usual way to one or other of the form I or
form II unit cells, standard integration (that is, considering
only Bragg reflections, and discounting any other features).'""
will provide a data set in which the even / reflections are of the
correct intensity, but the odd [ reflections are systematically
weak. This is the path that was followed by PZ.”) The extent
to which the odd [ reflections are in error reflects the ratio of
the form I and form II domains.

On the basis of our description, a practical procedure to
obtain an estimate of the total domain ratio is to introduce a
batch scale factor into the crystallographic

refinements, applied only to reflections with o7

odd L The refined value of this scale factor is] g =
gives the relative weights of the formI and § r%&-_rra g
form II reciprocal lattices and therefore a direct A 05 4 05 A
estimate of the crystal composition. This esti- & | & g
mate will be good for crystals that exhibit only :

sharp Bragg peaks and no diffuse streaks, while it 03 03

will be more approximate when the streaking is - s

more significant. Thus, the approach would be E E
exact for two perfectly ordered domains with a 01 PR o 0.1

single domainpcboundary. but it becomes pro- 3 # !;!:'__,_,;— "—P’ ol B

il o i s |t ol R

same crystal. While standard treatment of the form I structure
gives R1=0.344, wR2 = 0.658 and does not permit anisotropic
refinement, introduction of the batch scale factor allows
routine refinement with all non-H atoms anisotropic to give
R1=0.075, wR2=0.202. In this instance, the refined batch
scale factor indicates approximately 15% form I domains.
The discrepancy between the two indications of the crystal
composition (in other words, that they do not sum o 100%)
reflects principally the failure to account for the diffuse
features of the diffraction pattern.I"”’ With this procedure, the
refined crystal structure will be either pure form I (100%
arrangement A) or pure form II (100 % arrangement B)if the
batch scale factor should refine to unity. This is the case for
crystal 3 (Table 1), which is pure form I. In all other cases, the
intergrowth structure is present, and a more complex analysis
of the entire diffraction pattern, including diffuse features, is
necessary to extract further information regarding domain
size and distribution.""”

Using our straightforward approach, a general correlation
can be derived between approximate domain ratio and the
expected crystallographic R-values for a conventional treat-
ment of the X-ray data," Figure3 provides a guide for
assessment of the total domain ratio in any aspirin crystal
using the R-values obtained from F refinement on the basis
of either the pure form 1 or the (hypothetical) pure form II
structure if standard data reduction and refincment proce-
dures should be followed. Using the correlation shown in
Figure 3, the R-factors reported by PZ"! show that their
crystal actually comprised approximately equal proportions
of domains with interlayer arrangement A and domains with
interlayer arrangement B.

Chemically speaking, it is reasonable (albeit realized in
hindsight) that aspirin crystals should provide intergrowth

0.7

gressively more approximate for real aspirin Fmtv—om
crystals as the extent of the domain disorder :
increases. The procedure gives a total composi-
tion estimate but no direct information concern-

% 8 70 6 50 4 30 220 1

0 20 30 40 S0 60 70 80 80 100
Fractional composition of aspirin single crystal

[Batch scale factar applied to odd / raflections » 100]

|
{

620

ing the sizes of the form I and form [I domains or
their distribution. For crystal 1a, such a refine-
ment against the form IT data set"*! gives R1=
0.054 and wR2=0.132, a significant improve-
ment on the standard refinement, and the
refined batch scale factor indicates that roughly
75% of the crystal comprises form 11 domains.
The practical effectiveness of the process is
illustrated more dramatically by batch refine-
ment of the form I data set obtained from the
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Figure 3. Correlation between total domain ratio and expected crystallographic R1
value, obtained for conventional refinement against all F* data, The correlation is
derived from experimental data for crystal 3 (see the Supporting Information for full
details). The red and blue curves refer to standard data reduction and refinement on
the basis of the form | and form 11 structures, respectively, for an aspirin crystal with
domain ratio indicated by the horizontal axis. The experimental points correspond to
the R values obtained for the crystals listed in Table 1. For these, the composition
estimate is taken from the batch scale factor refinement, with error bars indicating
45% composition. For example, conventional refinement of crystal 1a as form !l
gives R1=0.071. The separate batch scale factor refinement indicates 75% form Il
domains. The same crystal 1a refined conventionally as form | gives R1 =0.344, with
the separate batch scale factor refinement indicating 159 form | domains.
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structures in this way. The strongest interactions (O~H:--0,
herringbone) occur within the layers parallel to the (100)
planes, which constitute the persistent building blocks within
aspirin crystals, These are presumably the most robust growth
units"™ in the system. Shearing of these layers relative to each
other along [001], which is in effect the movement that
transforms arrangement A into arrangement B, involves
rupture and creation of weak C-H-O interactions. The
energy difference between the A and B arrangements is
clearly very small,* and together with the consistent layer
surface at (100), this permits facile turnover between the two
possibilitics in the composite crystal. If the energy difference
were significantly greater, individual crystals of one pure
polymorph (either form I or form IT) would be accordingly
more stable. Ouvrard and Price” noted that form II should
have “a low shear elastic constant, implying that it is so
readily deformed that there may be problems in its growth”.
In the course of our present study, we have frequently
observed crystals of pure formI (at least to the limits of
detection possible for single-crystal and powder X-ray
diffraction™), but the maximum proportion of form II
domains that we have observed is approximately 85%.
Thus, aspirin form Il has not been documented in a pure
form so far. Whether this means that arrangement A is
inherently more stable than arrangement B, contrary to the
calculations,” is a matter that remains to be firmly cstab-
lished. 1f it were, form II might be a metastable kinetic
product®! which could still potentially be observed, but which
might transform to the more stable form [. However, we have
not observed any such transformation, at least for single
crystals standing in air over a period of two months™ It is
also possible that arrangement B is indeed more stable than
arrangement A" but that the growth problems associated
with arrangement B prevent the isolation of a pure aspirin
form IL In this case, approximately 85% arrangement B may
be the most that we can expect, Clearly, much future work
remains to clarify completely the thermodynamic and kinetic
aspects of crystalline aspirin.

Finally, the case of aspirin raises issues with regard to
nomenclature. As for any evolving scientific area, crystal
engineering is presently subject to lively and ongoing debate
pertaining to the naming of concepts and phenomena. Terms
such as “co-crystal” and “pseudopolymorph™ have been
discussed recently in this context.”! The term “polymorph”
has so far stayed above such controversies and is used to
signify a situation where the same substance exhibits different
crystal packing arrangements.™! For crystallographers, this
definition might be considered to encompass only crystals for
which long-range translational order is dominant; in other
words, it is appropriate only at one end of a continuum that
ranges from perfect crystals to systems without long-range
translational order, To chemists, the accepted distinction is
rather more clear. Polymorphism implies that a molecule may
adopt onc or other type of packing arrangement in the
crystalline state, and different polymorphs are distinct entities
that display different physical and chemical properties, A
single crystal of a given chemical substance is either one
polymorph or another. In this context, onc might ask how
many polymorphs of aspirin actually exist. The domains with
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interlayer arrangements A (form I) and B (form IT) certainly
represent two different crystal structures that serve as
reference points. However, considering that aspirin crystals
display both arrangements within a single crystal, should
aspirin really be described as polymorphic? What is certain is
that the PZ description of their crystal as a polymorph distinct
from form I is not justifiable. The PZ crystal, like several
other aspirin crystals described in this paper, is an intergrowth
of two “polymorphic” domains. We emphasize that the
intergrowth crystals are exactly that: they arc not simply
mixtures of form I and form II, and they are not twins. Each
aspirin crystal is an integral whole in which the domains are
intimately connected with each other, with possibly many
turnovers of domain within a single crystal. Further, it seems
that the ratio of the domains in aspirin crystals is likely to be
constant in any particular batch prepared under the same
conditions.

This issue has implications beyond nomenclature. Should
individual form I/form I compositions qualify for separate
patent protection? Should patents be granted only for ranges
of formI and form Il domain ratios and not for specific
compositions?® Is (pure) form 11 entitled to patent protec-
tion considering that it has not been realized as yet? Could
this problem be solved by calling these crystals “polytypes”,
considering the voluminous literature on this topic in
inorganic solid-state chemistry?™ 1f so, would different
polytypes then be entitied to patent protection? These and
other issues suggest that one keeps an open mind with regard
to definitions in crystal engineering, including that of the term
“polymorph”.?! In an evolving subject, no definition should
be carved in stone.

The Supporting Information includes details of the syn-
thesis and crystallization procedures, powder X-ray diffrac-
tion data, reconstructed precession photographs for single
crystals 1a, 1b, 2, and 3, a description of the geometry and
intensities of the Bragg reflections in aspirin diffraction
patterns, and details regarding the correlation between R-
factors and the total domain ratio. The results of all refine-
ments referred to in Table 1 are available in CIF format, with
the corresponding hk! data available in SHELXL HKLF-4
format. All CCD frames (Bruker APEX2 format) can be
obtained from the authors on request,
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