Journal of Thermal Analysis and Calorimetry, Vol. 89 (2007) 3, 729-743

COMPARISON OF QUANTITATIVE METHODS FOR ANALYSIS OF
POLYPHASIC PHARMACEUTICALS
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Adequate very sensitive quantification methods are needed for the development and are also now required for the monitoring of
undesirable solid form(s) as routine tests. The pre-requisite for quantitation are selectivity, sensitivity and most important the purity
of standards and their proper storage, what is a challenge for metastable forms.

Several analytical techniques are available such as X-ray diffraction, spectroscopy, thermal analysis and microcalorimetry.
The different steps of the validation of the analytical methods and problems to be solved are discussed. Examples illustrate the
different techniques and compare their possible advantages and limits. The relative standard deviation of measurements should
allow for checking the homogenization procedure of mixtures for calibration. The validation should be carried out following ICH
guidelines for validation of analytical methods. Comparison of different techniques in adequate concentration range add confidence

in the analytical results.
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Introduction

The chemical industrial development in pharma-
ceutical industry is faced with the acceleration of the
development time of new medicines and with
harmonization guidelines which are required by
health authorities for worldwide registration.
The existence of several crystalline and amorphous
phases for a drug substance — called in this article
‘polyphasic drug substance’ — has been identified as
key source of deficiency [1, 2]. In development of
new entities the choice of the solid phase to be
developed as drug substance and as drug product is
done very early in order to avoid delays due to change
of formulation. Bioequivalence bridging studies and
upscale has to be taken into consideration since
synthetic processes will be optimized from the first
mg material to the production amount in tons
range [3-9]. The reproducible production of organic
crystals in the correct form (habit, solvate,
polymorph) is a subject which causes much heart-
ache to chemists, engineers, pharmacists and
formulators. A great number of recent books, review
articles deal with the thermodynamic, kinetic and

structural aspects of  ‘polyphasic’ drug
substances [10-20].
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Figure 1 summarizes the main steps of develop-
ment. Salt screening and polymorphism screening
belong to the design of the drug product formulation.
Why does the analytical laboratory should monitor
polymorphism? First, in order to fulfill the decision
tree of ICH [3], secondly to develop robust processes
and to guarantee the quality of the marketed product.

This article is focused on the analytical part of
this area by comparing quantitative methods most
commonly used in the industry.
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Experimental

Experiments described in this article were performed
with the following instruments: Perkin Elmer DSC-7
with robot system, Mettler TA 851 with autosampler,
X-ray diffractometer Scintag XDS 2000 or X1 with
autosampler and Pelletier detector, X-ray diffrac-
tometer Bruker Advance D8 with autosampler and
Vantec PDS detector, DVS from Dynamic Vapour
System for the sorption-desorption curves. FTIR
experiments were performed with Brucker FTIR
Vertex 70, Raman spectra with Brucker RFS100/S
with laser 1064 nm. Microcalorimetry and solution
calorimetry were performed with the instruments
Thermal Activity Monitor of Thermometric.

Standards of polymorphs have been analysed for
purity, assay, solvents and are stored in controlled
conditions.

Materials and analytical consideration

Following the polymorphism screening, the different
phases have been identified and their thermodynamic
relationships clarified [8, 9]. The objective of the
analytical control depends on the product design, on
the amount of manufactured samples of pure forms. In
some cases a limit of quantitation can be sufficient
when the drug substance and the drug product are
manufactured with the thermodynamic stable form
and when manufacture does not require the need of
monitoring. Quantitative methods require generally
standards of polymorphs what is often difficult for
metastable solid phases. Samples have to be analyzed
in order to have proper standards. The physical purity
of the standard used is often the origin of different
results when comparing different techniques or even
the same technique with different standards. The
difficulties are first the homogeneity of the sample if
diluted in a matrix, the particle size or preferred
orientation. For samples in transformation state, the
problem inherent of in-homogenous sample is
evident. It is a major drawback of the analysis of
samples submitted to stress conditions. Therefore a
great number of measurements should be necessary.
For quantitative analysis, methods have to be
validated according to ICH guideline Q2 [21] with
linearity, accuracy, precision, intermediate precision,
limit of quantitation, limit of detection. The
instruments have to be qualified and calibrated
according to cGMPs.

Analytical steps

Selection of analytical technique and instrumentation
Design of the method and the desired limit of
detection
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Preparation of the standard of polymorphs, analysis,
storage and handling
Calibration

* Homogeneous known mixtures

» Number of concentrations and experiments

» Design calibration curve or mathematic model (two
polymorphs or several forms, matrix effect)

* Define LOQ, LOD

Validation
 Precision, repeatability, intermediate precision
* Accuracy, recovery

Selection of the analytical technique

The selection of the analytical technique is driven by
the selectivity and the limits of quantitation (LOQ)
and detection (LOD) as well as by general considera-
tions of the techniques. A system suitability for
selectivity and LOD should be a part of the routine
method. The limit of quantitation for the drug product
can be deduced by multiplying the LOQ for the drug
substance by the ratio drug substance to excipient.
For example with a loading of 20% a LOQ of 1% for
the drug substance would give a LOQ of the
undesirable form in the desirable form of 5% if the
excipients do not interfere. Review about analytical
methods, see [12].

Standards, preparation, purity, storage and handling

The purity of the standards and their proper handling
and storage are of most importance. They should be
controlled as the usual crystalline form including
chemical purity, residual solvents and assay. Several
analytical methods such as X-ray diffraction, FTIR,
FT-Raman, DSC, TG allow for comparing quality and
specificity. If no pure standard is available, and
especially if the standard is partially amorphous, the
signal obtained is lower as it should be. The limit of
detection measured is higher as the real situation. We
observed a change of LOD from 20 to 10% by using a
more crystalline standard.

The study of the behaviour under accelerated or
stressed storage conditions (temperature, humidity) is
necessary. We observed crystallization of amorphous
samples or transformation of solvates in hydrated
form or transformation of metastable polymorphs into
the stable form when samples were not stored in very
tight packaging in refrigerator or freezer. The control
of standard within measurements for the establish-
ment of calibration curve or within measurements is
mandatory. System suitability test should be part of
procedures, including LOQ, LOD.
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Preparation of standard and mixtures

The observation of published examples show
dispersion of results and the calibration lines do not
suggest very robust and accurate methods of analysis.
It is well accepted that samples should have very
similar particle size. Grinding in a mortar or milling
in small mills or sieving has been proposed for good
homogenization of the mixtures. Niemczyk [74]
proposed to add small portions stepwise, e.g. fora 1%
mixture a dilution stepwise of 10% mixture with the
major component. The procedure is very long.
Okomura [75] proposed to mill compounds in an air
jet mill to <10 pm and in addition to mix the
compounds in vibration mill with rubber balls. From
our experience milling drug substances in air jet mill
<10 pm can give amorphization up to 10-20%.
Therefore the behaviour of polymorphs under
grinding should be known (XRPD or melting heat).
A check for homogenization can be done by the
observation of the standard deviation of several
measurements performed with the same mixture.

Methods

X-ray powder diffraction (XRPD) is extensively used
for quantitative analysis of mixtures of crystalline
forms and to a less extent the determination of the
degree of crystallinity (100% minus amorphous
content) [22-29]. Preferred orientation and crystallite
statistics, particle size are minimized by preparation
of analytes. Difference in mass absorption coefficient
of the compound changing from anhydrous to hydrate

should be taken into consideration in the calibration.
The danger of amorphization while reducing the
particle size is of concern and has to be verified along
the development of the method. There are two
primary methods for quantitation, either using indi-
vidual peaks or the whole pattern. Partial least square
(PLS) is a multivariate technique which requires as
many sources of sample variations as possible.
Several softwares use the Rietvield method. It was
used successfully for carbamazepine [23].
In development the use of individual peaks are pre-
ferred since the matrix effects are not well known.
The peaks with the best repeatability should be
chosen [28]. Internal standard can be used or the ratio
between peaks of two forms are calculated for the
calibration line. For the determination of crystallinity
the area under the amorphous background and the
area of the individual peaks are calculated and the
crystallinity as peaks ratio to the total area calculated.
From our experience it is difficult to obtain accurate
results for less than 5% amorphous content (95%
crystallinity). However, for some compounds such as
sucrose a LOQ of crystallinity was found 1.8% with a
LOD 0of 0.9% [24].

The limit of detection is correlated with the
detector type and the amount of sample submitted to
the analysis. It depends on the method design
(reflection or transmission, scanning rate, etc.). All
modern instruments are highly automated and high-
throughput precise analysis can be performed in very
short time and limit of detection of crystalline forms
down to 1% or even 0.1% are possible. This is a
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considerable advantage for the analysis of drug
products where the drug substance is diluted.
Considering the transformation of metastable forms,
an alerting problem of aging can be observed very
early in the stability programs. Cooper et al
developed a quantitative XRPD method for a tablet
and could monitor a polymorphic transformation of
stability samples (See decision tree Fig. 2 for drug
products). XRPD is described in USP [30]. It had
become common practice to calculate powder
diffraction patterns from single crystal structure to aid
establishment of phase purity. This makes the X-ray
diffraction technique as unique for this advantage.
Figure 3 shows such a determination of phase
purity [9].

In addition X-ray diffraction can be combined
with DSC enabling to obtain X-ray diffraction of high
or low temperature crystalline forms and with TG or
sorption-desorption in different humidity [31, 32].

Crystal modeling allows to calculate single
crystal structure from X-ray diffraction, to simulate
mixture of polymorphs and to predict LOQ.

Infrared techniques have been extensively used [33]

Mid-FTIR (4000 to 400 cm ™) is the method of choice
for chemical identification of substances and is

P WmT BT REERERERT IR DR SRR D0TRE R NRU ] HOR HL
5 10 15 20 25 30 35

5 10 15 20 25 35
20/degree
Fig. 3 Peak purity. Comparison of the top — calculated X-ray
diffraction with the bottom — experimental
diffractogram of a monohydrate [9]
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prescribed in monographs in pharmacopeias,
generally in transmission. Samples should be diluted
pressed in tablets KBr, NaCl, KCl with generally
danger of phase transformations. We frequently
observed transformation during tablet pressing. For
polymorphic analysis, suspensions in Nujol mulls or
dilutions in powdered KBr in diffuse reflectance
(Reflection mode DRIFT) are preferred. Attenuated
total reflectance (ATR) is now very performant for
polymorphic analysis in reflectance mode. The effect
of the pressure has to be controlled.

Generally the peak ratio of the polymorph to a
common peak of two forms are used for calibration
[34-36]. First or second derivative of absorbance are
often used. FTIR is described in pharmacopeia and
calibration requirements described [37]. The
instrument resolution and the number of scans
measured are relevant for accurate results. Recent
publications detailed validation results for Aprepiant
[35] and Ranitidine [36].

Near-IR technique has been introduced in
pharmacopeias [39, 40]. The method is used for
quantification of drug substances in drug products. It
has been successfully used for sulfathiazole and
indomethacin with LOD in the range of 1% [42]. It
requires a great number of calibration standards when
multivariate chemometrics are used. Details for
validation and required steps for quantification are
described in USP29 [41].

Raman is increasingly being used and described
in pharmacopeias with indication for calibration
[43, 44]. Differences in spectra arises because of
differing intermolecular interactions or molecular
conformations. LOQ was found 1% in case of
mannitol [45]. The use of Raman for quantitative
analysis is described in USP 29 [43] with the steps to
be done for quantitative analysis. Heating effects and
fluorescence are strong limiting factor, (even with
laser wavelength of 1064 nm) and the optimisation is
a compromise between laser power, limit of
detection, particle size and matrix effect. We found
that particle size is also very important. This was also
observed by [46].

A big advantage vs. IR is that the sample is not
diluted and can be measured through glass.

Terahertz radiation lies between the IR and
microwave regions of the electromagnetic spectrum
and have a frequency between 0.1 and 2 THz corres-
ponding to 3.3 to 100 cm™".

In the past, conventional far-infrared Fourier
transform spectroscopy was used. Newly the
radiation are obtained using ultra-short laser pulses in
the femtosecond time scale. The method is called
terahertz pulsed spectroscopy (TPS). First instrument
of Terahertz Spectroscopy have been developed by

J. Therm. Anal. Cal., 89, 2007



QUANTITATIVE METHODS FOR ANALYSIS OF POLYPHASIC PHARMACEUTICALS

TeraView and recent results for polymorphism
quantitation published [48].

Solid state NMR spectroscopy is an established
technique [49-52]. It has been used for Neotame and
formeterol [50, 51]. However, the method is at
present not ready to be used as a fast routine analysis.

Thermal analysis, differential scanning calorimetry

The method is described in USP and Pharm.Eur. [53].
As the method detects also every small energetic
changes, very sensitive quantitative analytical
determinations can be expected. However due to
kinetic effects [17] it should be used with great care.
The endothermic transition of desolvatation or
dehydration, or the enantiotrop transition can be used
for crystalline forms [17]. The amorphous form can
be determined by the exothermic recrystallization
peak which follows the glass transition or — if no
crystallisation occurs — the melting peak can be used
for the measurement of crystallinity. Both methods
have been used for the examples given below.
Modulated DSC (MDSC) have been used with
dynamic moisture absorption for detecting amor-
phous content up to 5-6% in a batch which showed
marked stability differences [54]. The new high speed
DSC [55] has been proposed for accurate deter-
mination of amorphous content in sucrose by the
measurement of the glass transition heat capacity
change.

Thermally Stimulated Current spectrometry
appears to be capable of detecting amorphous phase
as low as 1% [55].

Solution calorimetry and microcalorimetry

Solution calorimetry is described in USP for the
determination of the amorphous form [56]. The heat
of solution of amorphous and crystalline standards are
measured. The values obtained allow for determining
the crystallinity of analytes. This method supposes

Table 1 Methods proposed for lactose

that no other crystalline form may interfere.
The method can also be used for polymorphs [17, 57].

The decreases of the 7, is the principle of the
microcalorimetric method of the determination of the
amorphous part. The substance is subjected to vapors
of water or organic solvent in an isothermal
microcalorimeter. The heat flow of crystallization is
measured and is proportional to the amorphous
content. Depending of substances, LOD of amor-
phous content down to 0.5-1% have been obtained
[58-64].

Most methods have been used for lactose.
Table 1 summarizes techniques used with lactose
monohydrate, lactose anhydrous and lactose amor-
phous as model substance and compares the limit of
detection obtained [65—71]. Lehto et al. published
very recently [69] results obtained with 7 different
techniques to quantify the amorphous content of
spray lactose: XRPD, DSC, StepScan DSC, iso-
thermal microcalorimetry, solution calorimetry,
Raman and gravimetric moisture sorption and
suggested to employ a combination of methods.

Results and discussion
Example 1

This case deals with the determination of two forms A
and C in a form B. IR and Raman were not selective
enough. Since single peaks of diffractions for each
form A and C were separated from B with LOD in the
range 0.5-1%, a method XRPD was developed. The
ratio [A/A°])/[A/A°+B/B°] and [C/C°]/[C/C°+B/B°]
with A, B, C peak areas measured in mixtures and A°,
B°, C° the peak areas measured of pure forms A, B
and C. The calibration line would there permit a
quantification method independent of standards.
Therefore the linear regression should be of very
good quality.

Figure 4 shows the XPRD of mixtures 0.5 to 5%
form A in form B, the corresponding linearity and the

Method LOD amorphous LOD crystalline Comment Reference

Isothermal microcalorimetry 1% [66]

Solution calorimetry 2% Cgmparlsop with [67]
microcalorimetry

X-ray diffraction 1% 0.5% DSC found not [71]

reliable

NIR 0.2% 0.5% [71]

DMA 2% [73]

DVS 0.7% [68]
Comparison with

NMR 0.5% microcalorimetry [70]
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Fig. 4 Example 1. Quantitation A in B by X-ray diffraction.
Top: X-ray diffractograms, middle: linear regression
with 7=0.944, bottom: intermediate precision

intermediate precision. Figure 5 shows the same
pictures for the determination of the form C in the
form B. The same method of preparation: slight
grinding in a pistil mortar was used. By comparing
the two figures, the inhomogeneity of the mixtures A
and B is evident. The correlation coefficient r is 0.944
for the mixture with form A and 0.991 for the mixture
with form C. The intermediate precision is quite
better with form C.

The observation of the samples of poly-
morphs A, B and C showed that the particle size are

1.6%

3.6%

Fig. 5 Example 1. Quantitation C in B. Top: X-ray
diffractograms, middle: linear regression with 7=0.991,
bottom: intermediate precision

6.8%

increasing in the order B, C, A. Therefore it was
decided to use a better method to reduce the particle
size in order to obtain good mixtures. Each mixture
was measured 6 times and the relative standard devia-
tion calculated. The best method should give the
smaller standard deviation. For the method 1, the
mixing time of the mixture was 30 s and in addition
2 min in a vibrator. For the method 2, form A was
previously slightly ground 30 s. For the method 3,
form A was ground 30 s and thereafter sieved in a
90 um sieve. The mixture was treated like method 1.

Table 2 Example 1. Influence of the preparation method on the homogeneity of mixtures used for calibration. 6 measurements
each mixture with methods 1 and 3

Form A 1 2 5 7 10 30
Method 1

Srel area peak 17.1 21.6 10.4 14.1 13.8 14.5

Srel/%o 20.7 21.2 11.4 12.7 15.3 11.9
Method 3

Srel area peak 4.4 9.1 9.1 4.7 33 43

Srer/% 2.2 4.1 2.8 1.5 2.0 2.7
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Table 2 allows for comparing the methods 1 and 3.
The sieving of form A prior to mixing is very helpful.
For a mixture 30% A, the relative standard deviation
of the ratio is 11.9% with method 1 and 2.7% with
method 3. From the 1 to 30% mixtures, the method 3
is considered as adequate since the relative standard
deviations of each mixture measured 6 times are in
the range 2—4%.

The calibration lines are different: y=ax+b
giving  0.0119x£0.0024 for method 1 and
0.0093x+0.0009 for method 3. The difference is 20%
in the slope (Fig. 6).

0.5, . Sample preparation 3

« Sample preparation 1

044 :
E — Linear (Sample preparation 3) 1
+
iﬂ 0.3{ —Linear (Sample preparation 1)
<
o> 0.24
<
<

0.1

0 5 10 15 20 25 30 35
Form A in Form B/%

Fig. 6 Example 1. Quantitation A in B. Optimized method of
preparation. Linearity. Method 1, 7=0.988. Method 3:
7=0.999

I I 5%
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| ~___ 15%
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26/degree
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0O 05 1 15 2 25 3 35 4 45 5 55

Form B/%

Fig. 7 Example 2. Forms A and B. Determination of form B
by XRPD. Calibration curve in range 0.5-5.5%
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Example 2

It is the case of iso-energetic polymorphs with nearly
the same melting point and the same melting energy
with a very slight difference of solubility. Form A was
selected for development and XRPD, FTIR and
Raman evaluated for a method of quantitation.
Figures 7 to 10 correspond to these determinations.
Figure 7 shows the X-ray diffraction region chosen
for the peak of undesirable modification B and the
linearity expressed as area of the peak at 4.2° 26 in the
range 0.5-5% with measurements in triplicate.
The correlation coefficient » is 0.99. Figure 8
represents the linearity of two experiments in the
range 0.5-50% and a zoom of the part 0-15%.

1400
1200
1000
800
600
400+
200
0

—200 T T T T T
0 10 20 30 40 50 60
Form B in mixtures/%

Experience 1
r=0.9946

Area peak modification B

350 Experience 1
3004 r=0.9648

Area peak modification B

T
0 2 4 6 8 10 12 14
Form B in mixtures/%

Experience 2
r=0.9996

Area peak modification B

-200 T T T T T
0 10 20 30 40 50 60
Form B in mixtures/%

350 4 Experience 2
r=0.9967

150

=50 T T T T T T T

0 2 4 6 8 10 12 14
Form B in mixtures/%

Fig. 8 Example 2. Comparison of quality of mixtures

Area peak modification B
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Fig. 9 Example 2. Determination of form B by FTIR in Nujol
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Fig. 10 Example 2. Raman of forms A and B. From top to
bottom: form B; 50% form B; 40% form B; 30%
form B; 20% form B; 10% form B; 5% form B;
form A
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The points in the higher range allows for obtaining a
better line of calibration in terms of correlation
coefficient. In a second experimentation the method
of mixing includes a longer grinding time, the
correlation coefficient (9 mixtures, single measure-
ment) is quite high 0.9996. The second preparation of
the mixtures is quite better as demonstrated visually
by Fig. 8 in both ranges 0—-50% and 0—15% of form B.

Figure 9 shows the FTIR peak at 3446 cm'
which differentiates form A for mixtures 0-50%.
The mixtures are prepared as described above.
Samples are dispersed in Nujol between 2 KBr plates.

A peak at 2330 cm ' is present in both forms. The
ratio 3446/2330 cm ' was used for the calibration line
in the range 0-50% B. Measurements were done in

736

triplicate, the relative standard deviation was <3% for
each mixture. The correlation coefficient was found
r=0.997. The limit of detection LOD of B is 5%.

Figure 10 shows a part of the Raman spectra of
different mixtures B and A, from 5 to 50% and the
spectra of pure forms. The laser power is 150 mW.
The limit of detection LOD of B is 15%.

Example 3

The determination of a trihydrate in a monohydrate was
described in [9]. The thermogravimetric curve permitted
for an evaluation of the presence of the trihydrate since
trihydrate and monohydrate have separated steps for the
loss of the water. Nevertheless, XRPD was chosen for a
routine method of quantification. Figure 11 shows the
representation of accuracy and the intermediate
precision. The accuracy was sufficient. The inter-
mediate precision was designed by the comparison of
8 measurements performed by each analyst using two
Scintag instruments with a batch containing 6% of
trihydrate. Figure 11 bottom shows that one measure-
ment is quite outside the other 15 measurements. The
only possible explanation was the inhomogeneity of the
batch.

Example 4

The results presented in Figs 12 and 13 summarize the
work published by Giron et al. [76, 28]. A new entity

359 M Theoretical amount
30 [l Amount found
254
X
3 20—
IS
a 154
=
& 10
5
0
1 2 3 4 5 6 7 8 9
14 1
== Analyst 1
12 1 -®- Analyst 2
xX
% 10 A
5
< 8
>
=
g6
4
24
0 T T v v v
0 2 4 6 8 10

Experiments

Fig. 11 Example 3. Quantitative determination of a trihydrate
in the monohydrate. Top: accuracy. Bottom:
Intermediate precision. Homogeneity of the batch
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Fig. 12 Example 4 . Monitoring of stability by IR and XRPD
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Fig. 13 Example 4. Repeatability, linearity, summary of
results. a— XRPD, RSD% of results at different peaks
2 0 at different concentrations in form B.
b — % form II found in all stability samples by XRPD
for 3 peaks and by IR for 2 wavelengths

was first manufactured as metastable form I and the
stable form II was discovered during the poly-
morphism screening. Form I was monotrop to form II.
Two batches of form I were put in formal stability
study. Surprisingly a change in XRPD was found
after storage of batch 2 while batch 1 remained
unchanged. Two techniques were used in parallel for
quantitation of both forms: XRPD and IR in Nujol.
For XRPD different peaks were checked for
repeatability 7=0.9923, n=6 and the peak at 8.6° 20
selected. Figure 13a shows the relative standard

J. Therm. Anal. Cal., 89, 2007

deviation (RSD% of 6 measurements) for 5 peaks
specific to form II for 6 mixtures. For IR the ratio of
the peak at 815 cm' to the reference peak at
2220 cm ' and the ratio of the peak at 930 cm™' to the
reference peak at 2220 cm ' were calculated. Best
results for the linearity were found with the peak at
8.6° 20 for XRPD , /=0.9923, n=6 and 815 cm ' for
IR, =0.9885, n=6. LOQ of 5% were found in XRPD
and 15% in IR. The analysis of stability-samples
shows a good correlation as demonstrated by
Fig. 13b. Figure 12 exemplifies the need of very
sensitive method. In batch 1 no trace of form II was
detected (LOD 2%). Form II was present in traces in
batch 2 as demonstrated by the analysis of sample
stored in freezer. These seeds initiate the
crystallization and the temperature accelerates the
growth of form II.

Example 5

Helmy [35] published a comparison of quantitative
determination  of  polymorphs of  Aprepitant
(5-[[(2S,3R)-2-[(1R)-1-[3,5-bis(trifluoromethyl)phe-nyl
]lethoxy]-3-(4-fluorophenyl)morpholin-4-ylJmeth-yl]-1,
2-dihydro-1,2,4-triazol-3-one)) by using XRPD and
ATR. In ATR the method selected was the second
derivative peak ratio 1140/1272 cm . Influence of the
pressure was found critical. LOD for both techniques
were comparable. Linearity and accuracy were
performed. Figure 14 shows a comparison of values
obtained for the same mixtures 5 to 15% by both
techniques. The results are in good agreement. The
results of XRPD are closer to the theoretical values.

6 @ XRPD A ATR-FT-IR @ 1517
A15;15
e 14 4
N A 10,13
E R @ 10;11
£ .
=10 1 A 810
g 8 - 8;8
5 ‘5;7 ¢
F~ 6 1 5,6
4 -
2 -
0 66 T T T T T T T T
0 4 6 8§ 10 12 14 16 18

Form Il ... /%

Fig. 14 Example 5. Aprepitant (5-[[(2S,3R)-2-[(1R)-1-
[3,5-bis(trifluoromethyl)phenyl]ethoxy]-3-(4-fluorophe
nyl)morpholin-4-yljmethyl]-1,2-dihydro-1,2,4-triazol-
3-one). Accuracy. Analysis of 4 mixtures with 5, 8, 10,
15% Form II. Mean of 3 determinatons. Comparison of
ATR-FTIR and XRPD from data of Helmy et al. [35].
¢ — XRPD, A —ATR-FTIR
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> 20/degree 10

Fig. 15 Example 6. Comparison of sensitivity between DSC
and X-ray diffraction
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Fig. 16 Example 6. Top: FT-Raman spectra of forms A and B.
Bottom: determination of form A in form B. Ratio of
peaks intensity at 593 and 570 cm™ vs. % A in
mixtures A and B
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Fig. 17 Example 6. Detection of form B in form A by FTIR in
nujol. From top to bottom: 100% form A; 5% form B;
10% form B; 10% form B; 5% form B, 100% form B

Example 6

Figures 15 to 17 correspond to example 6. This sub-
stance was first manufactured as metastable form A.
Like for example 5, traces of stable form B catalyse
the transformation into form A. But in this case the
kinetic is extremely fast. Therefore it was necessary
to have a very sensitive technique. The DSC melting
peak of form B could serve to this objective since a
study demonstrated that after melting of form A, since
recrystallization into B did not occur in mixtures with
small amounts of B. Figure 15 shows a comparison of
XRPD and DSC. The LOD of DSC can attain 0.1%.
In XRPD the limit with the Scintag was about 2%. IR
and Raman of both forms were different. Approx.
10% of B or 10% of A could be detected in mixtures
by IR (Fig. 17). The FT-Raman spectra of forms A
and B are given in Fig. 16. The detection of form B in
form A is difficult and amounts lower than 20% are
not detectable. In contrary low amounts of form A can
be quantified in form B. A linearity could be found
and the ratio between peaks at 593 cm ' vs. peak at
570 cm' reliable for quantitation purposes with a
limit of approx. 10%. DSC was the only technique
suitable to detect traces of B in A.

25 1
Q q )
2 20 I~ 08 &
E . \ o >i
0
B \ g
=10 < A 04 =
= A 2
Mo 02 8
0 0 &

0 20 40 60 80 100

Form I in mixtures/%

Fig. 18 Example 7. Comparison linearity XRPD and DSC.
e —DSC, Ao—-XRPD
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Example 7

For this substance there was no difference in IR and
the XRPD peaks of the two forms overlap except two
peaks not very well separated. In DSC an endotherm
is present in form I. Figure 18 shows the results of
XRPD expressed in ratio of the peaks form I/form II
and the DSC results of the endothermic peak of form I
vs. the amount of form I mixtures of both forms. This
figure shows that the DSC is more reliable than
XRPD since a linear relationship is found, what is not
the case for XRPD.

Example 8

Determination of polymorphs in drug product is
limited for low amount of active ingredient in the
dosage form. The linearity shown in Fig. 19 corres-
ponds to the determination of the crystalline form in a

304
E s .
& :
‘S s
5] .
é + points
8 ——regr.
G
o
<
(o]
—
<

0 T T

0 0.5 1 1.5 2 2.5 3 35 4 4.5
Crystalline in placebo/%

Fig. 19 Example 8. Measurement of crystalline form in
placebo mixture of drug product; y=a+bx, a=0.0149,
b=5.3090, R=0.9734, R’=0.9475

3(5)8 1.78%, n=6 repeatability
350 e
300 ///L/—""_'—f .
250 e
200 ‘_’_’_/A'—::—‘:__w__, e
s ———— - _,:P.f—:_/i,_“”",f
100f- —— R ]
Oeoronoro——— " N ——
e —
4.2 4.6 5.0 5.4 5.8
20/degree

Fig. 20 Example 8. XRPD peak at 5.08 20: 6 measurements
of the mixture at 1.78% level

solid dispersion in which the drug substance is
amorphous. A very low strength and the matrix effect
of excipients were the limiting factors for a precise
LOQ. Figure 20 shows the variation of the repeated
measurements. For the determination of the limit of
quantitation several mixtures were measured.
The relative standard deviation of the peak areas as

100

90 - s XRPD mDSC o Solution calorimetry
© 80
> 70
=
E 60
g 50

40
[
30

20

10

0 T T T T T

1 2 3 4 5 6

Samples

g. 21 Example 9. Comparison of XRPD, DSC and solution
calorimetry for crystallinity

90 110 130

LOD (signal/noise ratio 3:1) is better than 1%

Fi

T ——— I '
amorphous \V
2
T
=}
=]
=
[sa]
! _
crystalline
T T T T T
75 125 175 225 275
Temperature/°C

Fig. 22 Example 10. Determination of the amorphous content
by DSC down to 1%

Table 3 Example 8. Statistic results obtained with different mixtures at 2% level of the crystalline drug in the placebo mixture

of excipients
Mixture% Peak position (26) Area Relative STD% Area/2% SIN
1.78 5.08 (n=6) 9.0 (n=6) 16.5 10.1 14.0 (n=6)
1.98 5.06 (n=3) 11.0 (n=3) 7.1 11.5 7.3 (n=3)
2.20 5.07 (n=3) 8.7 (n=3) 4.0 7.9 10.8 (n=3)
2.65 5.15 (n=3) 19.5 (n=3) 14.5 14.7 18.0 (n=3)
Mean 11.1 13
Relative standard deviation of n=4 mixtures 26% 36%

J. Therm. Anal. Cal., 89, 2007
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well as the determination of the peak height/noise
ratio were measured. Table 3 sumarises the results.
The LOQ was estimated at 2%.

Example 9

Figure 21 is a comparison of 3 techniques for the
measurement of crystallinity of a drug substance:
DSC melting enthalpy of the crystalline form, XRPD
calculation of crystallinity and solution calorimetry.
All methods were validated for linearity and
compared for accuracy. Some discrepancy is found.
Solution calorimetry gives lower values of crystal-
linity [9].

Example 10

Figure 22 shows the DSC curves of a drug substance.
After milling or after spray drying amorphization is
observed. The crystallization exotherm after the 7, of

Table 4 Example 10. Comparison of results of crystallinity
obtained by XRPD and DSC

Theoretical amount

(spiked samples) Found X-ray Found DSC
13.6% 18% 21%
19.7% 18% 21%
29.2% 21% 26%
49.6% 46% 47%
58.5% 54% 50%
79.4% 80% 74%
Production samples

1 97% 79%
2 91% 1%
3 92% 90%
4 84% 64%
5 83% 85%
6 73% 82%
7 60% 27%
8 24% 27%

the amorphous form allow for determining the
amorphous content. XRPD can also be used for
crystallinity determination. Both methods were
validated. The correlation coefficient for XRPD is
0.99 and LOD is 5%. For DSC the linearity has a
correlation coefficient of 0.99 and a LOD of 1%.
Table 4 shows the results of analysis of samples by
both methods. Good agreement is found for mixtures
manufactured in the laboratory (spiked samples). For

740

0,
Amorphous form,,q,s/%
S = N W A LA 0O

T T T T T T T
8 88 90 92 94 96 98 100

Crystallinityeo,/%

Fig. 23 Example 11. Comparison of accuracy for isothermal
calorimetry and XRPD [77]

production samples, there are strong discrepancy in
two samples which might be not homogeneous.

Example 11

For a purine derivative [77], XRPD was successfully
used for the detection of 4 different polymorphs down
to 1-2%. For the quantification of amorphous content
isothermal microcalorimetry and XRPD were
compared. Figure 23 shows the comparison of the

3.5

3.0
2.5
2.0
1.54
1.04
0.5
0.0

Heat flow/mW

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time/h

2.5
2.04
1.5
1.04
0.5

vol L
T T T T T T

0 1 2 3 4 5 6 7 8
Time/h
Fig. 24 Example 12. Determination of amorphous content by
microcalorimetry. Top: sovent vapor ethanol/water,
bottom: solvent vapor dimethylformamide

Start

Heat flow/mW
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linearity in the range 0—10% amorphous or 90-100%
crystalline. Isothermal calorimetry gave quite better
results and the limit of detection was 1%.

Example 12

This example has been selected for the determination
of amorphous content by isothermal calorimetry.
The duration of recrystallization of amorphous material
is dependent on the temperature of decreased glass
transition. Different solvents vapors were screened in
order to optimize the parameters start of recrystallisa-
tion and duration of the analysis. Figure 24 shows the
heat flow curves for a sample treated by ethanol/water
solvent vapor and by dimethylformamide solvent
vapor. With the ethanol/water the correlation
coefficient of the linearity was found 0.999 and the
relative standard deviation of repeatability for a sample
of 16% amorphous content was 2.2%. However the
limit of detection was not as low as suitable since the
crystallization was too fast. In order to obtain a lower
limit of detection dimethylformamide was selected but
the time of analysis was longer. The kinetic of
crystallization depends also on the particle size. The
penetration of solvent vapor in crystalline material is

1600
1400 4
1200 4

1000
800 -
600 4
400 4

+ points
— regr.
95% conf.

Peak area/mJ

200 4

-200 T T T T T T T T T
0O 10 20 30 40 50 60 70 8 90

Amorphous content/mg

Fig. 25 Example 12 Determination of amorphous content by
microcalorimetry by using dimethylformamide as
solvent

90

60+

P/uW

) / 1.5%

e
ll -
0 0.7%

0 5 10 15
Time/h

Fig. 26 Example 12. Determination of amorphous content by
microcalorimetry. 1.5% is detectable
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slower and calibration curves of mixtures
crystalline/amorphous simulate well the heat flow but
not the time of the experimental curve. For samples
micronised the crystallization occurs quicker and the
time of equilibration may overlap with crystallization.
For example approx. 16 h was needed for 400 mg of a
15% mixture amorphous/crystalline compared to
approx. 6 h for a real micronised 15% amorphous
sample by using dimethylformamide as solvent vapor.
Figure 25 shows the calibration curve with a corre-
lation coefficient 0.9994. The repeatability was
obtained by calculating the relative standard deviation
of 6 measurements. The relative standard deviation
was found 2.7% for a sample with a high amorphous
content of 16%. The relative standard deviation was
found 19% for a sample with a low amorphous content
of 1.6%. Accuracy was measured by comparing results
obtained from spiking experiments compared to
theoretical values calculated as recovery. Recovery
values were 105% at level 7% and 119% at level 5%.
At level 2% recovery values of 82 and 102% were
obtained. Comparison of measurements with ethanol/
water as solvent and dimethylformamide as solvent are
in very good agreement for a sample measured with
both methods: 12.9% compared to 12.7%. Figure 26
shows the heat flow curves for 2, 1.5 and 0.7%
amorphous content by using dimethylformamide.

Conclusions

The examples show that generally XRPD is the
method of choice for crystalline forms. Very low limit
of detection can be easily obtained. FTIR is easy to be
applied but we never observed limit of detection
better than 5%. Raman and NIR are growing
techniques, Terahertz is newly applied. Thermal
analysis techniques extremely sensitive are routinely
useful if no kinetic effect appears, preferably for limit
methods. For solvates and hydrates classical
analytical methods such as GC, TG, Karl Fischer may
be more efficient.

In some cases the most sensitive method is not
required for routine analysis, e.g. FTIR methodology
present in almost analytical laboratories can be
sufficient for limit methods in range <10-20%.

For the determination of amorphous content
isothermal calorimetry is the reference method. Very
low limit of detection can be obtained. However if no
recrystallization is induced by solvent vapors, the
method cannot be applied and XRPD or alternative
methods have to be tried.

Quantitative method development according to
ICH is possible if sufficient amount of standard
samples polymorphs is available, if the purity and the
crystallinity of standards is known.
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Storage conditions of standards and mixtures
during validation should be guaranteed.

The homogeneity of mixtures, the sample
preparation and the particle size are critical param-
eters. The number of experiments necessary can be
extremely high and statistical evaluation of the results
has to be done. The repeatability of measurements of
analytical mixtures should be a criteria of preparation,
e.g. a relative standard deviation less than 5% in a
quantification range, 15% for the LOQ.

The stability of polymorphs during measurement
should be demonstrated through several measure-
ments e.g. several scans of the same sample.

Every mixture used for calibration should be
repeated (e.g. 3 preparations, measured each in
triplicate). The number of mixtures should be >6 in
the considered range.

The influence of the presence of other forms or
of the matrix from excipients should be studied for
using the calibration model for analysis.

The instrument calibration, parameters should be
thoroughly studied and selected.

Recovery studies with spiked samples are easy to
be done, but the method has also to be validated by
using real samples when possible. Accuracy by using
an independent technique for some samples in the
range where both techniques can be applied is highly
suitable.
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