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a b s t r a c t

Accurate, precise and reliable X-ray powder diffraction method was developed for the quantitative deter-
mination of famotidine polymorphic forms in their binary mixtures, which slightly outperforms the
previously established Raman method. The study highlights the advantage of focused beam transmission
geometry in diminishing the effect of preferred orientation in general, and the straightforward transmis-
sion foil sample preparation technique in facilitating high-throughput measurements in particular. This
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combination can provide good quality data for Rietveld refinement which assures more reliable quan-
titative results than utilizing intensity ratios of selected single reflections. After careful adjustment of
profile parameters, simple routine application of the method was achieved.

© 2009 Elsevier B.V. All rights reserved.
ransmission

. Introduction

The importance of quantitative solid state analysis in the
harmaceutical industry is constantly growing [1]. There is an
ver-increasing demand for the quality assurance to justify the
olymorphic purity of active ingredients [2,3]; while intellectual
roperty considerations often specify the limits of non-infringing
ompositions [4,5].

Famotidine, a widely used histamine H2-receptor antagonist,
as two polymorphic forms: the thermodynamically stable form A
nd the kinetically favoured form B [6]. Previous experiences with
he quantitative analysis of famotidine polymorphs are detailed
n our recent study [7]. Those results suggested the superiority
f Raman spectroscopy over X-ray powder diffraction (XRPD). The
oorer performance of the latter was ascribed to preferred orien-
ation effects.

Transmission geometry in XRPD, with sample filled in a capil-
ary, is usually efficient in decreasing preferred orientation. Filling

apillary does not require forcing the crystals onto a certain reflec-
ion plane, and the orientation of crystallites in the active volume
ill exhibit more random distribution. In this case, however, the

ample preparation and capillary alignment is relatively tedious. A

∗ Corresponding author. Tel.: +36 1 431 4991.
E-mail address: z.nemet@richter.hu (Z. Német).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.09.017
promising alternative is to use X-ray transparent foils enclosing a
thin layer of the sample. In this case one takes out ca. 10–20 mg
of sample from the bulk, puts it on a foil, and then encloses it with
another piece of foil. The specimen can safely be stored; and in addi-
tion to quick sample preparation, it also permits the automatization
of series measurements by utilizing sample changer.

Our aim was to improve the previously established XRPD
method for the quantitative determination of famotidine poly-
morphs, and to develop a Rietveld refinement method which can
be simply utilized in the routine phase analysis of famotidine mix-
tures.

While the Rietveld technique was initially developed for the
refinement of crystal structure, it proved very efficient also in quan-
titative phase analysis, as the Rietveld scale factor of a phase relates
to its relative amount in a multiphase mixture. The improved per-
formance of the method compared to conventional single peak
methods derives from the fact that the whole diffraction pat-
tern contributes to the analysis, thus the impact of peak overlap
and sample related effects (as preferred orientation) is minimized.
Using physical constants from crystal structure data for calculating
reflection intensities eliminates the errors associated with intensity

measurements and calibration procedures. Detailed description of
quantitative Rietveld methods [8] and practical guidance to its use
in general [9] can be found in the literature. The method has been
successfully used for quantitative applications of pharmaceutical
solids [10,11].

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:z.nemet@richter.hu
dx.doi.org/10.1016/j.jpba.2009.09.017
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. Materials and methods

.1. Materials

The preparation of pure polymorphic forms, calibration mix-
ures and samples of unknown composition was described
reviously [7]. In order to decrease the particle size allowing suf-
cient particle statistics, every sample measured was previously

ightly ground for 3 min in an agate mortar with a pestle. It has
lready been shown that such grinding does not cause polymorph
ransition or amorphization [7].

.2. X-ray powder diffraction

Diffraction patterns were measured on PANalytical X’Pert PRO
PD diffractometer using Cu K� radiation with 40 kV accelerating

oltage and 40 mA anode current at a scanning rate of 0.005–0.010◦

� min−1 with 0.013◦ 2� step size in transmission mode, spinning
he sample holder by 1 s−1. PIXcel detector (0.75◦ active length)
nd focusing mirror (1/2◦ entrance slit) was used with 0.04◦ Soller
lits. About 20 mg of the sample was enclosed between two mylar
oils. The majority of the mixtures and unknowns were measured

ultiple times (different portion of the sample was repacked and
easured). Data were collected by PANalytical Data Collector soft-
are, version 2.2.

.3. Data analysis

Univariate data analysis was performed by PANalytical Data
iewer, version 1.2c and Microsoft Excel. Rietveld refinement was
arried out using Fullprof program [12] from the published single
rystal structure data [13]. The results of different data processing
rocedures were compared using linear correlation coefficients (r)
nd root-mean-squared error of prediction (RMSEP). The latter is

efined by the following equation: RMSEP =
√∑n

i=1(yi − Yi)
2/n,

here yi, Yi and n are the calculated value, the theoretical value
neglecting the possibility of inaccurate mixture preparation, this
as considered equal to the nominal value) and the number of
easurements, respectively.

. Results and discussion

.1. Univariate data analysis

Transmission measurements from foil sample preparations
roved highly efficient in decreasing preferred orientation. Fig. 1
hows the comparison of diffractograms measured in reflection
nd transmission to those calculated from the single crystal struc-
ure. Transmission patterns show very good match to the calculated
atterns, while the reflection patterns have significant relative

ntensity distortions.
It was previously ascertained [7] that the reflections at 11.6◦

�, i.e. (0 0 2) reflection for form B, as well as 14.4◦ 2�, and 18.7◦ 2�,
.e. (1 1 0) and (1 1 2) reflection for form A, respectively are the most
ppropriate for phase analysis. These were selected for the univari-
te quantification also in transmission. Peak heights and integrated
eak intensities gave substantially the same results, thus the former
as used in the followings because of its simplicity.

It is evident that neither the absolute amount of the sample
etween the two foils, nor the actual sample thickness can be

ontrolled in measurements applied. The use of internal standard
as avoided, because of its additional labour with sample mixing.
ccording to Chung’s matrix-flushing method, however, there is
o need for internal standard in the quantitative analysis of binary
ixtures, providing that the occurrence of a third phase, typically
Fig. 1. X-ray powder diffraction patterns of famotidine form A calculated, mea-
sured in transmission and reflection, as well as form B calculated, measured in
transmission and reflection, from top to bottom, respectively.

amorphous, is unlikely [14]. In the famotidine case this is true.
The corrected intensity ratio of the two characteristic reflections
is given by Eq. (1):

r = Ia
Ia + Ib(Ia0/Ib0)

(1)

where Ia and Ib are the intensities of specific reflections of form A
and form B in the mixture, while Ia0 and Ib0 are the corresponding
intensities of pure forms, respectively. The reference intensity ratio,
Ia0/Ib0 can easily be obtained by the measurement of a mixture con-
taining both polymorphs in the same amount (i.e. the 50% mixture).
This intensity ratio, r, should be equal to the weight fraction of one
polymorph, in this case form A (wA).

The reference intensity ratios, determined from triplicate mea-
surement of the 50 wt.% mixture, are 1.314 (0.074) and 0.709
(0.014) for (1 1 0) and (1 1 2) reflections, respectively (with standard

deviations in parentheses). The composition of calibration samples
were calculated by using these ratios, and were plotted against their
actual (nominal) composition (Fig. 2). The correlation is very good,
the slope is nearly equal to unity, and the intercept is practically
zero, irrespective of whether (1 1 0), or (1 1 2) reflection’s intensity,
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ig. 2. Calibration correlation for famotidine transmission XRPD data using the inte
c) the sum of both; (0 0 2) reflection is used for form B in every case.

r the sum of these were used for form A. This means that cali-
ration is actually unnecessary; the composition can be calculated
olely from Ia and Ib using Eq. (1).

Although all three evaluation methods seem to be precise and
nbiased, the sum of intensities possesses the smallest RMSEP. Note
hat the intercept of the correlation line is a little bit smaller and
arger than zero for (1 1 0) and (1 1 2) reflections, respectively, while
t is practically zero for the sum of the intensities of these two
eflections. This negligible bias is certainly caused by the remain-
ng preferred orientation. Table 1 shows the limits of detection
LOD) and quantitation (LOQ) for these three evaluations, which
ere calculated by multiplying 3.3 and 10 the standard deviation

f 2 wt.% mixtures (results of five independent measurements),
espectively (2 wt.% mixtures were chosen because the concentra-
ion of their minor component is presumably around the LOD).
etection limit for form B is around 1 wt.%, which is rather low

rom a quantitative method also working in the range of high
oncentrations. Detection and quantitation limits of form A are
imilar; however, (1 1 2) reflection gives significantly higher LOD
nd LOQ. This is also the result of orientation of form A crystals
elating to this lattice plane, causing relatively high intensity vari-
tion.

One can conclude therefore, that the best simple “univariate”
ethod for the quantitative phase analysis of famotidine mixtures

s to take the intensity of (0 0 2) reflection for form B and the sum
f (1 1 0) and (1 1 2) reflection intensities for form A, and calculate
he composition of the analyte according to Eq. (1).

.2. Rietveld refinement

Rietveld refinement was done using the Fullprof program suite
12]. During refinements the structural parameters (atomic coor-
inates and thermal coefficients) were kept fixed. In the first
tep, refinements were done on the diffraction patterns of famo-
idine pure polymorphs to determine profile, sample related and
nstrumental parameters. For this, unit cell coordinates, instru-
ental zero position, background, profile shape and asymmetry
arameters, as well as overall B-factor and preferred orientation
arameters were released. Stable and reliable background refine-
ent was achieved using the 6 coefficient polynomial with 4

eleased coefficients. For the correction of preferred orientation

able 1
imits of detection and quantitation of famotidine polymorphs by univariate evaluations

(1 1 0)

Form A Form B

Predicted concentration of 2% mixtures (wt.%) 1.4 2.5
LOD (wt.%) 0.8 1.4
LOQ (wt.%) 2.3 4.4
of specific reflections: (a) (1 1 0) form A reflection, (b) (1 1 2) form A reflection, and

the refinement of G1 coefficient of the modified March’s function
proved sufficient.

After reaching acceptable profile fit, the profile shape and asym-
metry, as well as the modified March’s function parameters were
further refined on the diffraction pattern of the 50 wt.% polymor-
phic mixture. The obtained model was used for the quantification
of other mixtures thereafter, refining only polynomial background
function and preferred orientation. Keeping data collection and
sample preparation parameters constant allowed fixing instrumen-
tal and sample related parameters at previously determined values.
With only these few released parameters the convergence was
always stable and quick. The resulting weight fraction values were
used as phase concentrations. As the polymorphs exhibit identical
mass absorption coefficients, no Brindley correction was necessary.

For the purpose of quantification the diffraction patterns were
measured in the range of 3–60◦ 2� with low scanning rate (150 s
counting time) for ca. 3.2 h, to achieve good signal to noise ratio.
The obtained Bragg R-values were 11.4 and 7.9 for pure forms, 10.4
and 9.4 for the 50 wt.% mixture, for form A and form B, respec-
tively. Higher values were obtained for the minor components of
mixtures, e.g. 26.7 and 18.2 for 5% form A and 5% form B, respec-
tively. The relatively poor fit, however, does not seem to influence
the quantitative result of the refinement. Data collection optimiza-
tion revealed that only 3–40◦ 2� range is necessary and scan speed
can be increased to 0.01◦ 2� min−1 (75 s counting time).

The obtained correlation between the calculated and the actual
concentration of calibration mixtures is very good (Fig. 3a), RMSEP
is around 0.6%. LOD and LOQ were calculated from the standard
deviation of 2 wt.% mixtures, measured in triplicate. Table 2 shows
that Rietveld refinement slightly outperforms the previously estab-
lished Raman method, which proved unequivocally superior to the
reflection XRPD method [7]. However, it seems that the former is a
little bit biased in the low concentration range (less than 15 wt.%)
of form B. Actually, this is the reason why the slope of the line in
Fig. 3a slightly differs from unity.

In usual pharmaceutical applications, this bias can be neglected;

however, needing very accurate quantification it has to be taken
into account. In this case the result of the Rietveld refinement has to
be adjusted to correct for this (1–2 wt.%) bias. Proper scaling factor
was easily obtained by constructing a calibration line in the low
concentration range of form B (Fig. 3b).

.

(1 1 2) (1 1 0) + (1 1 2)

Form A Form B Form A Form B

2.6 1.8 1.8 2.2
3.8 0.5 1.2 0.9

11.5 1.5 3.7 2.7
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Fig. 3. Calibration correlation for famotidine transmission XRPD data by the Rietveld method: (a) in the whole concentration range and (b) in the low concentration range
of form B.

Table 2
Limits of detection and quantitation of famotidine polymorphs by the Rietveld method and Raman spectroscopy.

Rietveld XRPD Raman univariatea Raman multivariatea

Form A Form B Form A Form B Form A Form B

Predicted concentration of 2% mixtures (wt.%) 1.7 1.0
9 2.6 0.9 1.2 0.9
8 7.8 2.6 3.7 2.8

ion of 3% mixtures (see Ref. [7]).
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Table 3
Composition of unknown samples determined by univariate XRPD, as well as the
Rietveld and Raman methods.

wt.% of Form Aa

(1 1 0) + (1 1 2) Rietveld Raman

Sample 1 3.0 (0.6) 3.3 (0.4) 2.9 (0.8)
Sample 2 56.6 (0.3) 65.4 (0.3) 66.6 (0.7)
Sample 3 88.6 (0.2) 89.5 (0.3)b 91.1 (0.7)
Sample 4 12.0 (0.6) 9.8 (0.6) 11.0 (0.6)
Sample 5 7.8 (0.6) 8.5 (0.4) 9.4 (0.6)
Sample 6 5.0 (0.9) 5.4 (0.6) 5.5 (0.8)
LOD (wt.%) 1.0 0.
LOQ (wt.%) 3.1 2.

a LOD and LOQ of the Raman method were determined from the standard deviat

It is worth to note that the univariate Raman method also failed
o obtain accurate quantification in the whole concentration range
ith single calibration correlation; different calibration lines were
sed for the determination of low levels of form A and form B. Quan-
itative methods for solid state phase analysis working in the whole
say 1–99%) concentration range are relatively rare in the literature.

There are two other unsurpassable advantages of the quantita-
ive Rietveld method. It utilizes the whole diffraction pattern and
lso corrects for moderate orientation effects, which assures the
ost reliable quantitation. As soon as proper Rietveld model is

uilt, which requires a bit of expertise in this field, it can be easily
tilized in routine industrial applications as a “push-one-button”
ethod.
Except for the mentioned 1–2 wt.% bias in the low concentration

ange of form B, the method also does not need establishing cali-
ration correlation, which eliminates the preparation of calibration
ixtures. Only a few mixtures are required in order to check that

efinement results in the correct phase composition.

.3. Comparing univariate method and Rietveld refinement

As it has been already stressed [7], there is a need for test-
ng the reliability of a quantitative method intended to be applied
n routine industrial practice. Therefore, polymorphic mixtures of
nknown composition were analyzed, and the quantitative results
f the above evaluations were compared to the Raman spectro-
copic method, described previously [7]. This may be thought of as
kind of robustness testing, as these samples had different crystal

ize, shape and perfection than those used for the preparation of
ny kind of calibration mixtures.

Table 3 shows that there is a good correlation between univari-
te transmission XRPD, Rietveld and Raman results; except Sample
, the composition of which depends on the evaluation used. Form

crystals orient in the mixture in such a way that the intensity

f (1 1 0) reflection is much smaller than it should be; thus even
he intensity averaging method (Fig. 3c) estimates less form A than
here actually is in the mixture. It is important to note that such
ronounced preferred orientation may occur also in other crys-
a Numbers are mean values from three measurements with standard deviations
in parentheses

b The result is corrected for the bias observed in the low concentration range of
Form B (see Fig. 3 and the text below that)

tallographic directions due to actual morphology of the sample
crystallized under certain conditions, which implies that methods
using single peak reflections lack robustness in this relation.

As it might be anticipated, the Rietveld method determines the
polymorphic content of unknown samples correctly. There is a very
good agreement between the results of Rietveld refinement and
Raman methods; the former, however, seems to be more precise
(providing results with smaller standard deviation).

4. Conclusions

Quantitative XRPD method was developed for the determina-
tion of famotidine polymorphic forms in their binary mixtures.
Both the platy crystals of form A and the acicular crystals of form
B are prone to preferred orientation; transmission geometry is,
however, highly efficient in diminishing orientation effects. Sample
preparation between the two X-ray transparent foils is fast and sim-
ple; the measurement can also be automatized by using a sample

changer.

Univariate data evaluation using the intensity of (0 0 2) and the
sum of the intensities of (1 1 0) and (1 1 2) reflections for form B and
form A, respectively, assures simple and relatively accurate deter-
mination. In some cases, however, it can provide biased results,
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hich means that the method is not sufficiently robust against
ariations in morphology and/or perfection of the crystals.

Quantitative determination was also accomplished by the
ietveld method, which utilizes the whole diffraction pattern, thus
roviding the most reliable results. The method requires crystal
tructure data for every phases of interest; however, no calibra-
ion standards are needed. After finding correct profile parameters
nd utilizing these appropriately, about 1 h of data acquisition is
ollowed by the refinement needing only starting the algorithm
tting the polynomial background function and preferred orienta-
ion parameter in the modified March’s function, and correcting for
nstrumental zero shift, if needed. Limits of quantitation are 3 wt.%
or both the forms, and the method accurately measures the compo-
ition of arbitrary mixtures with the precision of about 0.5 wt.%. This
s slightly better than that the previously established quantitative
aman method provides [7].
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