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A powder x-ray diffraction technique has been developed to quantify the relative amounts of anhy-
drous carbamazepine (C,sH;,N,0) (I) and carbamazepine dihydrate (C,sH,,N,O - 2H,0) (II) when
they occur as a mixture. The theoretical basis of this technique was developed by Alexander and Klug
(Anal. Chem. 20:886-889, 1948). The powder x-ray diffraction patterns of I and II revealed that the
lines with d-spacings of 6.78 and 9.93 A were unique to I and II, respectively. The ratio of the
integrated intensity of the 6.78 A line in a mixture of I and II to the intensity of the 6.78 A line in a
sample consisting of only I was calculated as a function of weight fraction of I in the mixture. These
ratios were also experimentally determined, and there was a good agreement between the theoretical
and the experimental intensity ratios. Similarly good agreements between the theoretical and the
experimental intensity ratios for the 9.93 A line of I were obtained. The samples were compressed
into tablets and subjected to x-ray analysis. When compressed to a certain pressure, the particles
tended to orient the same way in replicate samples resulting in highly reproducible intensity values.
Compression into tablets was necessary because the powder samples yielded unsatisfactory results.
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preferred orientation.

INTRODUCTION

Carbamazepine, SH-dibenz[b,flazepine-5-carboxamide,
is used in the treatment of epilepsy and trigeminal neuralgia
(1,2). It is practically insoluble in water (3). Anhydrous car-
bamazepine (C,sH,,N,0) (I), when dispersed in water or in
0.1 N HCl, was observed to transform rapidly to carbamaz-
epine dihydrate (C,sH,,N,O - 2H,0) (II) (4,5). Several other
pharmaceutical compounds have been reported to undergo a
similar transformation in the presence of water (6,7). In or-
der to study the kinetics of such transformations, the anhy-
drous material is dispersed in the appropriate liquid medium.
An aliquot of the solid is removed at predetermined time
intervals so as to determine its water content. The two com-
mon methods to determine water content in solids are (a)
Karl Fischer titrimetry and (b) heating the sample to con-
stant weight.

The water in solids is generally bound in two different
ways. (a) Water held in a definite molar proportion within
the solid is referred to as chemically bound water. Water of
crystallization belongs to this category.” (b) Physically bound
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2 The existence of non-stoichiometric hydrates in pharmaceuticals is
known. However, the formation of such hydrates has not been
reported in case of carbamazepine.
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water wherein the amount held is variable. This depends on
the method of solid preparation and/or the conditions under
which the solid is stored. The adsorbed water belongs to this
class (8).

The Karl Fischer method quantifies the total water in a
sample and does not distinguish between physically and
chemically bound water. Attempts to determine the water
content in a solid by heating it to a constant weight can cause
other undesirable events such as sample decomposition.
Even if drying conditions are chosen to avoid sample de-
composition, the weight loss is likely to reflect the total wa-
ter in the sample. Therefore this method also possesses the
same limitation as the Karl Fischer titrimetry.

Based on crystal lattice studies, three cases have been
distinguished following the dehydration of hydrates: (a) the
crystal lattice of the residue is nearly identical to that of the
original hydrate, (b) the residue is poorly crystalline, and (c)
the residue recrystallizes with a different crystal lattice (9).
Many compounds of pharmaceutical interest belong to the
last category. In these cases, the powder x-ray diffraction
patterns of the hydrate and the anhydrous material will be
different. If the differences in the powder pattern are pro-
nounced, they can be exploited for quantification purposes.
The aim of this study is the development of a quantitative
x-ray technique to determine the relative amounts of I and I1
when they occur as a mixture.
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Theory

The decrease in the intensity 7 of an x-ray beam as it
passes through any homogeneous substance is given by the
expression

L db )]
where b is the distance traversed by the x-rays and w is the
linear absorption coefficient. The value of p depends on the
substance, its density, and the wavelength of the x-rays (10).
The mass absorption coefficient of a substance, p*, is ob-
tained by dividing p by the density of the substance.

The theoretical basis of the quantitative analysis of pow-
der mixtures was developed by Alexander and Klug (11,12).
Though a mixture may consist of N components, it was re-
garded to be composed of just two components: component
J, which was the unknown, and the sum of the other com-
ponents, which was designated the matrix. The intensity of
line i of component J in a powder mixture was given as

I K x 1 (2)
g =
O el - ko) + pdil
where
K = a constant
xy = weight fraction of component J in the mixture
p; = density of component J

pnf and pf; are, respectively, the mass absorption coeffi-
cients of component J and the matrix (for radiation of a
particular wavelength).

In a mixture of I and II, I is first considered the un-
known component and II is the matrix. The unknown com-
ponent and the matrix are written with subscripts 1 and 2,
respectively. Therefore, Eq. (2) can be written as

I = le
T ot — p) + pil

where x,;, pf, and p¥ are the weight fraction of I, mass
absorption coefficient of 7, and mass absorption coefficient
of I1, respectively. The line i of component 1 should be so
chosen that in the 26 range where this peak occurs, II should
not exhibit any diffraction peaks. The intensity of peak i of a
sample consisting of only I, (I,,),, is given as (12)

(3

i) - £ 4
o " oy ut

Division of (3) by (4) gives

In X1 pf )
Fi)o  xi(uf— pd) + ui

Based on the chemical formulae of I and II, p¥ and 3 can be
calculated. It is then possible to calculate the intensity ratio,
I,/U;),, as a function of x,. This ratio can also be experi-
mentally obtained. The intensity of the peak i of a sample
consisting of only I is determined [(Z;,),]. This is followed by
the determination of the intensity of the same peak in mix-
tures containing different weight fractions of I and II. This
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enables the experimental intensity ratio, I;,/(;,),, to be ob-
tained as a function of x,.

Similarly, when II is considered as the unknown com-
ponent, I forms the matrix. A peak of II should be selected
such that in the angular range where this peak occurs, I does
not exhibit any diffraction peaks. Both theoretical calcula-
tions and experimental determinations of intensity ratios can
be made following the procedure outlined earlier.

MATERIALS AND METHODS

Materials

Anhydrous carbamazepine (I) was obtained from Sigma
Chemical Company (St. Louis, MO). It was stored at room
temperature (=25°C) under 0% relative humidity (RH). Car-
bamazepine dihydrate (II) was prepared by dispersing I in
water at room temperature for 24 hr. The slurry was filtered
and stored at room temperature under 52% RH until attain-
ment of constant weight. The sample was then ground in a
ball mill (Spex Mixer/Mill, Spex Industries, Metuchen, NJ)
for 5 min using a sample holder and ball made of agate and
stored at room temperature under 52% RH.

Thermal Analyses

A Du Pont 910 differential scanning calorimeter with a
Du Pont 990 thermal analyzer was used. The calorimeter was
calibrated with indium. About 1- to 3-mg samples were
weighed into standard (open) aluminum sample pans and
heated from 30 to 200°C at 10°C min~! under a stream of
nitrogen. The samples were weighed at the end of each run.
Simultaneous differential thermal analysis and thermogravi-
metric analysis (TGA) were performed on a Stanton Red-
croft STA780 thermal analyzer.

Powder X-Ray Diffractometry

Qualitative Studies. The samples were exposed to
CuKa radiation (40 kV X 30 mA) at a scanning rate of 1° 20
min~"', in the step scan mode in a Siemens D500 wide-angle
x-ray diffractometer. The Bragg-Brentano focusing geome-
try was used, with a 1° incident aperture slit, a 0.15° detector
slit, and a scintillation counter as the detector. The signal-
to-noise ratio was considerably enhanced by the use of a
single crystal graphite monochromator (10). The sample
holder, 2.0 X 1.5 X 0.2 cm, was packed from the side.

Quantitative Studies. For integrated intensity measure-
ments, the diffractometer was operated in a step-scan mode
with increments of 0.01° 26 over two angular ranges:
8.20-9.19° 26 for II (9.93-A line) and 12.60-13.39° 26 for I
(6.78-A line). Counts were accumulated for 3 sec at each
step. The background was measured under similar condi-
tions from 11.20 to 11.40° 20. The background counts had
been obtained over an angular range of 0.2° 20 (21 steps),
while the intensity of the 9.93- and 6.78-A lines had been
obtained by integrating over 0.99° 26 (100 steps) and 0.79° 20
(80 steps), respectively. So the background counts were cal-
culated for 100 and 80 steps and subtracted from the inte-
grated counts of 9.93- and 6.78-A lines, respectively. Such a
correction is permissible because in the case of both I and I1
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the background counts did not undergo any perceptible
change as a function of the scanning angle in the angular
range of interest to us (8.20 to 13.39° 28). I, II, and mixtures
with different proportions of I and II were prepared. Two
hundred milligrams of the sample was accurately weighed
and compressed in a hydraulic press (Fred S. Carver, Meno-
monee Falls, WI) to a pressure of 125 MPa and held for 1
min. The tablets obtained were 9.5 mm in diameter and 2 mm
thick. A aluminum x-ray sample holder with a central cavity,
9.6 mm in diameter, was fabricated. The cavity had a depth
of 2.2 mm. Two small pieces of molding clay were put at the
bottom of the holder, the tablet was dropped into the cavity,
and using a flat glass slide, the tablet was gently pressed
down until the holder surface and tablet surface were copla-
nar. Tablets of I prepared as described above were periodi-
cally subjected to x-ray studies and the intensity of the
6.79-A line was obtained by integrating from 12.60 to 13.39°
20 and correcting for the background. The coefficient of vari-
ation (CV) of all such samples pooled together was less than
4%. Therefore long-term instrumental drift was assumed to
be small enough not to require any correction. There was no
measurable short term instrumental drift during the time of
analysis of each sample. From the time of compression, until
subjected to x-ray analysis, the tablets were stored at room
temperature in a chamber maintained at 52% RH.

RESULTS AND DISCUSSION

The powder x-ray diffraction pattern of I (Fig. 1) was
identical to that of B-carbamazepine reported both by the
JCPDS (13) and by Lowes er al. (14). Carbamazepine has
also been reported to exist in two other crystal modifica-
tions: the a form (14) and form III (15). The use of CuKa as
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the radiation source resulted in an intense peak around 5° 20
for the former and several peaks between 5 and 10° 26 for the
latter. The absence of all of these peaks indicates that our
sample consisted only of the B form and is not a mixture of
polymorphs. The DSC curve obtained was similar to that
reported earlier (14). There was no detectable weight loss on
heating the samples suggesting the absence of both physi-
cally and chemically bound water.

The powder x-ray diffraction pattern of II (Fig. 2) was
very similar to that of carbamazepine dihydrate reported
(15). The existence of two crystal modifications of carba-
mazepine dihydrate has been suggested (16). Several batches
of carbamazepine dihydrate were prepared and the x-ray
powder diffraction patterns of all of the samples was identi-
cal to the pattern presented in Fig. 2. The relative peak in-
tensities were very close to one another in all of these sam-
ples. Carbamazepine dihydrate was also prepared by storing
I at room temperature under 92.9% RH and its powder x-ray
pattern was superimposable on the Fig. 2 pattern. Therefore
it was concluded that all batches of the carbamazepine di-
hydrate existed in one crystalline structure and were not a
mixture of polymorphs. The DSC curve of II was similar to
that of I but two additional endotherms at 88 and 100°C were
observed. The first endotherm was attributed to the dehy-
dration reaction and the second to vaporization of water of
crystallization. In order to quantify the water loss, the DSC
run was stopped after the appearance of the above two peaks
and the samples were weighed. The weight loss of 13.0 %
0.5% (w/w) agreed with the theoretical weight loss of 13.2%
(w/w) for the complete transition of II to I. The weight loss
obtained in the TGA was 13.5% (w/w). The amount of phys-
ically bound water, if any, in samples of Il is likely to be very
small. This conclusion is based on the fact that the observed
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Fig. 1. The powder x-ray diffraction pattern of anhydrous carbamazepine (I).
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Fig. 2. The powder x-ray diffraction pattern of carbamazepine dihydrate (II).

weight loss and the theoretical weight loss (assuming two
molecules of water of crystallization per molecule of
C,sH,N,0) are close to each other. The presence of an
appreciable amount of physically bound water will cause a
weight loss substantially greater than that predicted theoret-
ically.

When the powder x-ray patterns of I and II were com-
pared (Figs. 1 and 2), it became evident that in the 26 range
where the 6.78-A line in I occurred (peak at 13.05° 20), there
were no peaks in the powder pattern of II. The 6.78-A line is
due to diffraction by the plane with Miller indices (TOI) (13).
Diffraction by the (200) plane results in a peak at 12.75° 26
(13). Therefore the integrated area is due to diffraction by
both the planes (200) and (TOI), although the major contri-
bution comes from the latter. Similarly in the 26 range where
the 9.93-A line in I occurred (peak at 8.90° 20), there were
no peaks in the powder pattern of 1. The powder x-ray pat-
tern of II is not listed in the powder diffraction files of the
International Center for Diffraction Data (Swarthmore, PA)
and the Miller indices of the diffracting planes are not
known. The transformation of I to II will result in a progres-
sive decrease in the intensity of the 6.78-A line and will be
accompanied by an increase in the intensity of the 9.93-A
line.

For the purposes of quantitative x-ray studies it is nec-
essary to calculate the mass absorption coefficients of I and
IL If w,, ..., w, are the weight fractions of elements 1,

.,nandif wf. .. u¥ are their respective mass absorption
coefficients for radiation of a particular wavelength, then the
mass absorption coefficient of the compound, p*, is (10)

W= D wi i ©)
k=1

The mass absorption coefficients of I and II were calculated
to be 5.21 and 5.87 cm? g~ ! (CuKa radiation), respectively
(17). The ratios, I,,/(I,,),, Eq. (5), were calculated for differ-
ent values of x; and x,. If I is considered to be the unknown,
then II formed the matrix, and vice versa. The calculated
intensity ratios are presented in Table I.

To begin with, pure I and pure II were packed into 20 X
15 X 2-mm sample holders. Four hundred milligrams of pow-
der was accurately weighed to ensure that the same amount
of sample was used each time. In order to minimize pre-
ferred orientation, the specimen cavity was filled from the
edge (18). Repacking of the same sample or packing of a

Table I. The Intensity Ratios {7,,/(J;;),] Calculated using Eq. (5)*

Calculated intensity ratio

TEUUN|
Wt fraction o o
6.78-A 9.93-A
I 11 line® line®
0.00 1.00 0.00 1.00
0.10 0.90 0.09 0.91
0.20 0.80 0.18 0.82
0.40 0.60 0.37 0.63
0.60 0.40 0.57 0.43
0.80 0.20 0.78 0.22
0.90 0.10 0.89 0.11
1.00 0.00 1.00 0.00

“ The 6.78-A line is unique to I and the 9.93-A is unique to 1I.

b In this series, wf = 5.21 cm? g~ ! and pj = 5.87 cm® g~ !. The
theoretical line in Fig. 3 is based on these values.

¢ In this series w¥ = 5.87 cm? g~ ! and p¥ = 5.21 cm® g~ !. The
theoretical line in Fig. 4 is based on these values.
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fresh sample resulted in integrated area values that varied
considerably (CV about 15%). When mixtures of I and II
were prepared, the experimental intensity ratio [£,/({;;),]
showed a similarly high variability and also did not agree
well with the theoretical ratios predicted in Table I. Some of
the possible sources of error were evaluated.

Preferred Orientation

Microscopic examination of I revealed irregularly
shaped crystals. More than 95% of the particles were less
than 3 pm (the longest dimension) in size. The remaining
particles were 3-6 pm in size.

In case of I, particles either were irregularly shaped or
were needle shaped and a sizable fraction was larger than 5
pm. Therefore the longest dimensions of 1000 particles were
measured and 61.2% of these particles were in the size range
of 1-5 pm, 19.5% of the particles in the 6- to 10-pm range,
18.3% of the particles ranged in size from 11 to 50 pm, and
1% of the particles were in the range 51 to 130 pm. Because
of the large size of some of these particles, II was ground for
S min in a ball mill. As a result, more than 95% of the par-
ticles were less than 3 pm and the remaining particles were
in the size range of 3 to 6 um. Particles above 6 pm in size
were not found. The use of such fine particles should sub-
stantially aid in minimizing preferred orientation effects. In
all further experiments, II ground for 5 min in a ball mill was
used and the specimen cavity was filled from the edge.

It was also necessary to ensure that grinding for 5 min
did not cause dehydration of II. The powder x-ray diffraction
pattern of ground II was identical to that of unground II, with
no trace of the 6.78-A line (the line unique to I). Moreover,
the weight loss on heating of both unground and ground II in
the DSC was about 13.0% (w/w).

Extinction

In addition to the possible problems of preferred orien-
tation outlined above, particle size can affect the diffracted
intensity of x-ray in other ways. It has been observed that
the diffraction intensity from substances crystallizing with a
high degree of perfection decreases when the crystallites are
larger than 10-15 pm (12). This is known as primary extinc-
tion. In particles smaller than this size, errors due to primary
extinction are negligible. Particles of I and II were all less
than 10 pm in size. Moreover, it is unlikely that these crys-
tals have a very high degree of perfection. Therefore, pri-
mary extinction effects are unlikely in our samples.

Maximum Acceptable Particle Size

According to Brindley (19), the maximum acceptable
particle size, ¢ in quantitative x-ray analysis is

max?

1
where W is the average linear absorption coefficient of the
material composing the powder. This formula assumes that
absorption of x-rays within each particle [ — (dI/I) in Eq. (1)]
is 1% and calculates the maximum particle size for satisfac-
tory averaging of the absorption process. The density of I
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has been reported to be 1.3 g cm ~3 (20). Its linear absorption
coefficient was calculated (12) to be 6.8 cm ™! (CuKa radia-
tion). The density of II was not available in the literature and
was determined by the liquid floatation method to be 1.3 g
cm ™ at room temperature (21). The linear absorption coef-
ficient of II was calculated to be 7.6 cm~!. Based on these
linear absorption coefficient values, the ¢,,,, values of I and
IT were calculated to be 15.4 and 14.1 pm, respectively.
Since the size of the particles was microscopically observed
to be less than 10 pm problems due to particle size are un-
likely.

Microabsorption

The accuracy of intensity measurements can also be
affected by a phenomenon called microabsorption. Suppose
a powder is a mixture of two phases, a and B. The problems
of microabsorption are negligible if the following conditions
are met: (i) b, = pg, Where p is the linear absorption coef-
ficient, and (ii) both phases have the same particle size or
both phases consist of extremely fine particles (10). In our
case, the linear absorption coefficient values of I and II are
close to one another and both I and II occur as extremely
fine particles. Therefore, microabsorption effects are likely
to be negligible.

Statistical Accuracy of Counter Measurements

The magnitude of statistical errors depends on the total
number of photons counted (12). The percentage standard
deviation, 100 ¢, in the net peak area is given by

100Nt + Np)'

Nr — Ng ®

100 o, =

where N is the integrated counts for the peak (including the
background) and Ny is the integrated counts for the back-
ground. The percentage standard deviation in the net peak
area for one peak unique to I (12.60 to 13.39° 20) and one
peak unique to II (8.20 to 9.19° 20) were calculated for var-
ious mixtures of I and II (Table II). The results indicate that
at all the compositions studied, the statistical accuracy was
acceptable.

Table II. The Standard Deviation in the Area of the Peaks (Cor-
rected for Background) of I and II

Standard deviation in
the net peak area (%)

Peak unique Peak unique

Wt. fraction

tol to Il
(d-spacing (d-spacing
1 I 6.78 A) 9.93 A)

1.00 0.00 0.23 —
0.80 0.20 0.28 1.46
0.65 0.35 0.30 0.72
0.50 0.50 0.39 0.66
0.65 0.35 0.41 0.43
0.20 0.80 0.56 0.36
0.00 1.00 — 0.30
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Sample Thickness

If the maximum diffracted intensity from a flat powder
specimen is desired, the sample thickness ¢ must satisfy the
condition

3.2 sin@
t=2—— ©
p*p
where 0 is the incident angle of the x-ray and p’ the density
of the powder including interstices (12). The sample cell vol-
ume was 0.6 cm?, into which 0.4 g of sample was loaded. The
calculated value of p’ was 0.67 g cm ~>. The sample thick-
ness for I (peak at 13.05° 26) must be =1.1 mm, and for II
(peak at 8.90° 20) ¢ must be =0.7 mm. For mixtures of I and
II, the minimum thickness required would range between 0.7
and 1.1 mm and would depend on the sample composition.
Since all our samples were 2 mm thick, they satisfy Eq. (9)
and there would be no loss in intensity due to inadequate
powder thickness.

Phase Transition in Mixtures

Mixtures of I and II were stored at room temperature in
a chamber maintained at 52% RH until subjected to x-ray
analysis. It was necessary to ensure that transition of I to II
or vice versa did not occur under these conditions. In a
different study, I and II had been stored under various hu-
midities at 25°C. The transition of I to II occurred at RH =
92.9% while the transition of II to I occurred at RH =< 43.0%.
Between 43 and 92.9% RH neither I nor II underwent a
phase transition (22).

The results suggested that the particle size of the sam-
ples and the experimental conditions had been controlled so
as to eliminate the major sources of error in quantitative
powder x-ray diffractometry. Therefore we have no defini-
tive explanation for the poor reproducibility of the results. It
is possible that the sample does not pack uniformly in the
sample holder. The differences in sample packing in repli-
cate samples could explain the lack of reproducibility. We
believed that compaction of the powder into a tablet may
minimize the packing nonuniformity. Therefore the powder
was compressed into a tablet in a hydraulic press, mounted
in a holder, and subjected to powder x-ray diffraction stud-
ies.

Compression of a solid can cause it to undergo a poly-
morphic transformation (23). However, in our case, the x-
ray patterns of the compressed samples and the uncom-
pressed powder were identical over a compression pressure
range of 62 to 250 MPa. Therefore it was concluded that
when compressed to these pressures, I and II did not un-
dergo any polymorphic transformation. Lefebvre et al. (23)
had observed that compression did not cause any phase
transformation of I.

Since compression is likely to cause preferred orienta-
tion, the next step was to determine the effect of compres-
sion pressure on the intensities of several peaks of I and II.
The changes in the relative peak intensities as a function of
compression pressure for the 10 most intense peaks of I and
II are shown in Tables III and IV, respectively. In the case
of I, the effect of compression pressure becomes clearly ev-
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Table III. Effect of Compression Pressure on the Relative Intensi-
ties of the Ten Most Intense Lines of I

Relative intensity (%)*

Compressed to

20 d-spacing 62 125 187 250
(deg) (A) Uncompressed MPa MPa MPa MPa
13.05 6.78 100 100 100 100 100
15.25 5.81 95.5 96.6 109 111 114
15.85 5.59 45.7 442 50.0 53.1 549
18.65 4.75 54.1 60.2 61.6 67.1 68.0
20.35 4.35 37.3 31.8  41.5 42.0 459
23.35 3.81 47.3 523 60.0 60.2 61.5
23.90 3.72 39.7 37.2  41.5 40.7 416
24.85 3.58 66.4 67.1 737 753 776
26.70 3.34 46.6 450 520 542 579
27.50 3.26 88.7 87.1 101 112 113

“ For each of the 10 lines, the relative intensity was calculated as
follows: (peak intensity of the line X 100)/peak intensity of 6.78-A
line.

ident only at 125 MPa, while in the case of II, the effects are
obviously right from the lowest compression pressure.

It is not possible to prevent the preferred orientation of
the particles during compression. When compressed to a
certain pressure, if particles tend to orient in only one spe-
cific manner, then the variability in the area of a particular
peak should be small in replicate samples. This must also be
true for all of the diffraction peaks. In such an event, the
problems due to preferred orientation are eliminated because
our interest is not the absolute intensity of any peak but the
intensity ratio I,,/(I;,), [Eq. (5)]. A compression pressure of
125 MPa was chosen. This was the lowest pressure at which
satisfactory tablets were obtained. Table V shows that the
CV values for the integrated intensities of the 10 most in-
tense peaks of I are all below 4%. Occasionally it is possible
to perform quantitative studies with the peak (maximum)

Table IV. Effect of Compression Pressure on the Relative Intensi-
ties of the Ten Most Intense Lines of II

Relative intensity (%)*

Compressed to

20 d-spacing 62 125 187 250
(deg) &) Uncompressed MPa MPa MPa MPa
8.90 9.93 45.5 76.3 86.8 102 106
12.30 7.19 64.4 130 165 195 197
18.90 4.69 31.4 49.7 643 724 718
19.45 4.56 100 100 100 100 100
24.20 3.68 81.0 103 124 131 129
24.70 3.60 30.0 53.8 702 81.3 80.7
28.55 3.12 47.8 70.7 865 959 96.4
29.20 3.06 36.4 534 671 722 718
37.50 2.40 22.2 40.2 149 152 154
38.45 2.34 31.3 46.6 61.8 702 694

“ For each of the 10 lines, the relative intensity was calculated as
follows: (peak intensity of the line x 100)/peak intensity of 4.56-A
line.
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Table V. CV of the Areas and Intensities of the Ten Most Intense
Lines of Compressed (to 125 MPa) I (n = 3)
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Table VII. CV of the Peak Intensities of the Five Most Intense
Lines of I and II Following Compression to 125 MPa of 50:50 (w/w)
Mixtures of I and II (n = 3)

Peak area Peak intensity
Peaks unique to I Peaks unique to II
Integration CV of CV of
angle integrated 20 peak counts 26 d-spacing (6A% 26 d-spacing CVv
(deg 26) counts (%) (deg) (%) (deg) (A) %) (deg) (&) (%)
11.55-13.40 3.8 13.05 4.0 13.05 6.78 5.0 8.90 9.93 5.5
14.45-15.55 1.9 15.25 1.5 15.25 5.81 1.8 12.30 7.19 3.0
15.55-16.35 0.7 15.85 2.1 18.65 4.75 3.0 19.45 4.56 2.0
17.95-19.00 1.1 18.65 2.0 24.80 3.59 1.7 24.20 3.68 2.7
19.95-21.25 2.2 20.40 4.2 27.50 3.24 4.5 28.55 3.12 4.5
22.35-23.65 1.6 23.35 3.4
23.65-24.20 1.1 23.90 1.8
24.20-25.60 1.3 24.85 1.1
25.85-26.85 0.6 26.65 0.4 9.93-A line (unique to II) were determined. The results are
26.85-28.25 0.6 27.35 1.2

intensity. This is possible only when it can be established
that there is a constant proportionality between peak and
integrated intensities (10). Interestingly, Table V also reveals
that the CV values of the peak intensities are all less than 5%
suggesting that these lines have the same shape in replicate
samples. This was also confirmed by visual examination of
the powder patterns. These observations lead to the conclu-
sion that when compressed to a certain pressure, the parti-
cles orient in only one manner. The results of Table VI lead
to a similar conclusion in the case of II. Finally, the effect of
the presence of I on the intensity of peaks of II and vice
versa were studied. It was not possible to determine the
integrated intensities of the 10 most intense peaks because of
the frequent overlap of peaks of I and IL. Therefore the peak
intensities of the five most intense peaks of I and II were
determined in 50:50 (w/w) mixtures of I and IT and the results
are presented in Table VII. The low CV values suggest that
in the presence of II, particles of I orient in only one manner
and a similar conclusion can be drawn about the packing of
particles of II in the presence of L.

Mixtures containing various weight fractions of I and II
as well as pure samples of I and IT were compressed and the
integrated intensities of the 6.78-A line (unique to I) and the

Table VI. CV of the Areas and Intensities of the Ten Most Intense
Lines of Compressed (to 125 MPa) II (n = 3)

Peak area Peak intensity
Integration CV of CV of
angle integrated 20 peak counts

(deg 26) counts (%) (deg) (%)

8.15-9.20 0.6 8.90 3.4
11.65-12.85 0.3 12.30 5.7
18.65-19.10 0.4 18.90 1.2
19.10-20.10 2.2 19.45 0.6
23.55-24.55 1.0 24.20 1.9
24.55-25.20 2.1 24.70 1.8
27.95-28.85 1.2 28.55 2.2
28.85-29.80 2.0 29.20 0.1
36.95-38.05 1.2 37.50 3.2
38.05-39.10 0.8 38.45 1.6

presented in Figs. 3 and 4. The line in Fig. 3 is based on the
theoretical calculations given in Table I, while the points are
experimental values. There is a good agreement between the
theoretical and experimental intensity ratios. In the case of
II we again see a good agreement between the theoretical line
based on Table I and the experimental observations (Fig. 4).

The usefulness of powder x-ray diffractometry for the
quantitative analysis of a mixture which consists of the an-
hydrous and hydrated forms of a compound has been dem-
onstrated. The technique is capable of quantifying the rela-
tive amounts of the two phases without any interference

>

= 100

-

[

=

=

-

=

Yt
0.75

St

o

=5

g

o<t

=] 4

R 0%

o

St

o

. n

=

195}

S 0254

g

=

g

L

>

=

=

=5

& 000 . . .
0.00 0.25 0.50 0.75 1.00

Weight fraction of I

Fig. 3. The relative intensity of the 6.78-A line of I as a function of
the weight fraction of I in binary mixtures of I and II. The line is
based on theoretical values (Table I), while the data points are ex-
perimental measurements. Each point is the mean of three determi-
nations. Error bars represent standard deviations; in many cases
they were smaller than the size of the symbol.
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Fig. 4. The relative intensity of the 9.93-A line of II as a function of
the weight fraction of II in binary mixtures of I and II. The line is
based on theoretical values (Table I), while the data points are ex-
perimental measurements.

from the physically bound water in the samples. Other pos-
sible applications of this technique are under investigation.
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