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ABSTRACT

Purpose To investigate the heating-induced dehydration and
melting behavior of the trihydrate phase of the calcium salt of
atorvastatin.

Methods Multivariate curve resolution (MCR) was used to
decompose a variable-temperature synchrotron X-ray powder
diffraction (VT-XRPD) data matrix into diffraction patterns and
concentration profiles of pure drug phases.

Results By means of the MCR-estimated diffraction patterns and
concentration profiles, the trihydrate phase of the drug salt was
found to dehydrate sequentially into two partially dehydrated
hydrate structures upon heating from 25 to 110°C, with no
associated breakage of the original crystal lattice. During heating
from 110 to 140°C, the remaining water was lost from the solid
drug salt, which instantly collapsed into a liquid crystalline phase.
An isotropic melt was formed above |55°C. Thermogravimetric
analysis, hot-stage polarized light microscopy, and hot-stage
Raman spectroscopy combined with principal component analy-
sis (PCA) was shown to provide consistent results.

Conclusions This study demonstrates that MCR combined with
VT-XRPD is a powerful tool for rapid interpretation of complex
dehydration behavior of drug hydrates, and it is also the first report
on a liquid crystalline phase of the calcium salt of atorvastatin.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-012-0923-1) contains supplementary material,
which is available to authorized users.

KEY WORDS calcium atorvastatin - multivariate data analysis -
phase transformation - Raman spectroscopy - synchrotron XRPD

INTRODUCTION

40% of new chemical entities entering clinical trials fail to
become drug products due to patent concerns and issues like
solubility and drug interactions (1). In order to minimize the
assoclated costs, the physical forms of drug candidates, and
transformations among them, must be identified, under-
stood and optimized for i vivo performance, manufacture of
high-quality products and protection of intellectual property
rights.

Water has the ability to associate with certain solids to
form crystal hydrates, which possess different physicochem-
ical and mechanical properties than the corresponding an-
hydrous solids (2,3). For pharmaceutical compounds,
transformations between hydrate and anhydrous forms
may occur during high-shear wet granulation and drying
of powders in manufacturing processes (4-6). Dehydration
of hydrate crystals has been reported to happen by either
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breakage of the crystal lattice, followed by formation of
a new crystal lattice for the anhydrous form, or by
retaining the original hydrate crystal lattice during and
after dehydration. The latter class of dehydrations leads
to formation of high-energy dehydrated-hydrate struc-
tures, which can be relieved through either incorpora-
tion of small molecules into the lattice (resolvation, i.e.
these structures are highly hygroscopic) or by structural
relaxation (7).

Dehydration mechanisms of hydrate-forming drugs are
commonly studied by variable-temperature X-ray powder
diffraction (VIT-XRPD), vibrational spectroscopy and more
traditional thermal methods (8—12). When it comes to iden-
tifying, understanding and predicting the dehydration be-
havior of higher hydrates, several solid phases may be
encountered during dehydration. This complicates the qual-
itative and quantitative assessment of the transformation
kinetics (13,14). Moreover, since some solid forms encoun-
tered may be metastable, it is not always possible to isolate
reference material for calibration samples. For XRPD anal-
yses, this can prevent determination of crystal structures of
individual phases in a complex mixture, which greatly com-
plicates or hinders any quantitative phase analysis. In such
cases, variable-temperature XRPD in combination with
multivariate curve resolution (MCR) may have a potential
for rapid in-depth assessment of phase transformations en-
countered on heating, since MCR offers calibration-free
estimation of pure analyte signals (¢.g. X-ray powder diffrac-
tion patterns or spectral profiles) and concentration profiles
from multivariate data matrices. In other words, MCR may
facilitate quantification of complex mixtures and even isola-
tion of XRPD patterns for pure phases when no prior
information is available about the structure of those phases.

MCR methodology assumes that data fit to the following
model:

D=CST+E

where D is the data matrix, G contains the concentration
profiles of the pure components, 8T contains the transposed
signals of the pure components and E contains the residual
error (Fig. 1). In the specific case of monitoring structural
changes by XRPD, D represents the measured XRPD
patterns which are expected to be mixtures, and S repre-
sents the patterns of the pure components (as of yet un-
known). When applying MCR, the number of physical or
chemical components encountered in the data matrix
should be resolved by e.g. principal component analysis
(PCA) or evolving factor analysis. In many chemical/phar-
maceutical problems, the expected number of constituent
phases may already be known from other techniques (e.g.
thermogravimetric analysis in the case of hydrates). After
determining the number of components, an initial guess of

the pure signal profiles (sq, sg, efc.) must be provided before
the concentration profiles (cy, €3, ¢lc.) can be estimated, or
vice versa. These could be obtained, for example, by taking
representative patterns from clusters obtained from princi-
pal component analysis (PCA) (15). Next, the predicted
signals and concentration profiles can be refined by applying
constraints such as non-negativity (for estimated signal and
concentration profiles) and sum to unit concentration by an
alternating least-squares approach for minimizing the resid-
ual error E (16,17). The result should be a set of pure signals
for the components in the mixture (z.e. a set of XRPD
patterns for the pure phases). In recent years, the use of
MCR has been described for a variety of purposes such as
near-infrared chemical imaging of pharmaceutical tablets
and analysis of counterfeit drug products by Raman micros-
copy (18,19). To the best of our knowledge, however, the
procedure has not been applied to XRPD patterns describ-
ing complex phase transformations.

The aim of the present study was to investigate heating-
induced solid-state changes encountered during dehydration
and melting of the trihydrate of the calcium salt of atorvastatin
(THCaA, Fig. 2) with a focus on increasing the understanding
of the physical instability of hydrate forming drugs at elevated
temperatures in typical pharmaceutical manufacturing envi-
ronments. The THCaA system is a prime candidate for the
MCR approach on VI-XRPD data, because crystal struc-
tures have not so far been reported for any of the hydrate or
anhydrous phases. Synchrotron XRPD data have previously
been reported for THCaA, from which a unit cell has been
deduced by Pawley refinement (20,21). However, full struc-
tural information has not been established. Here, we use
MCR to decode the information in a variable-temperature
XRPD data matrix and show that this approach can provide a
rapid interpretation of complex dehydration behavior, even in
the absence of detailed structural knowledge. Moreover, there
is currently a trend towards continuous manufacturing of solid
dosage pharmaceuticals in the pharmaceutical industry,
which requires effective and inexpensive in-line process mon-
itoring and control of the continuous manufacturing process-
es. In this context, in-line vibrational spectroscopy offers
effective in-process evaluation of quality attributes of solid
dosage pharmaceuticals during manufacturing (22). In order
to illustrate the potential use of Raman spectroscopy, it was
thus decided also to investigate the degree of consistency
between the MCR approach on VI-XRPD data and results
established by Raman spectroscopy and PCA.

MATERIALS AND METHODS
The trihydrate of the calcium salt of atorvastatin (Ca

(C33H54FN5O5)o-3HyO; THCaA) was purchased from Ava-
Chem Scientific (San Antonio, TX, USA) and assessed by
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Fig. | Schematic representation

of multivariate curve resolution of EN i
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a three-component system, = f

where D is a data matrix, C :

contains the concentration pro- D

files, ST contains the transposed
signal profiles and E contains the
residual error. D;-D3, ¢j-¢c3 and
s|-s3 are the data matrices, con-
centration profiles, and signal
profiles of component -3,
respectively.

laboratory X-ray powder diffraction (XRPD) to be identical
to the solid phase referred to in the literature as Form I (23).

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed using a
Perkin Elmer TGA7 (Perkin Elmer, Norwalk, C'T, USA)
controlled by Pyris software version 7.0 (Perkin Elmer, Nor-
walk, CT, USA). A ferromagnetic standard and a 100 mg
standard weight were used for temperature and weight
calibration, respectively. Samples were analyzed in triplicate
in a flame-cleansed open aluminum pan heated at 1°CG/min
and 10°C/min from 25 to 200°C under nitrogen flow.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed
using a Perkin Elmer Diamond DSC (Perkin Elmer,

CHSHN/‘ :
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—
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HO
HO O
F
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Fig. 2 Chemical structure of the trihydrate phase of the calcium salt of
atorvastatin (THCaA).
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Norwalk, CT, USA) equipped with an Intracooler 2P
(Ultra Low Special Products BV, Ede, The Netherlands)
and controlled by Pyris software version 7.0 (Perkin
Elmer, Norwalk, CT, USA). Samples were analyzed in
open aluminum pans. Indium and tin were used for
temperature and heat flow calibration, respectively,

and samples were analyzed in triplicate from 25 to
200°C at 1°C/min and 10°C/min under nitrogen flow.

Hot-Stage Polarized Light Microscopy

A Zeiss Axiolab microscope (Carl Zeiss Inc., Oberkochen,
Germany) coupled with a Mettler-Toledo FP90 Central
Processor, a Mettler-Toledo FP82HT hot-stage (Mettler-
Toledo, Greifensee, Switzerland) and a Moticam 10 10.0
megapixel digital camera (Motic Co. Ltd., Xiamen, China)
was used for hot-stage cross-polarized light microscopy.
Samples were placed on a glass slide in the hot stage and
were allowed to equilibrate for 5 min at the selected tem-
perature prior to image acquisition. No oil was used for the
microscopy samples.

Variable-Temperature X-ray Powder Diffraction

Time-resolved X-ray powder diffraction (XRPD) experi-
ments were conducted at the Advanced Photon Source
beam station 12-ID-B (Argonne National Laboratories,
Argonne, IL, USA). The simultancous Small-Angle X-ray
Scattering/Wide-Angle X-ray Scattering (SAXS/WAXS)
instrument was equipped with Pilatus 2 M (SAXS) and
300 K (WAXS) detectors (Dectris Ltd., Baden, Switzerland).
The energy of the X-ray source was 12 keV (A = 1.033 A),
and the sample to detector distances were ca. 2.2 m (SAXS)
and 0.45 m (WAXS). The O range was 0.005-0.76 A7 for
SAXS and 0.88-2.44 A™' for WAXS. The SAXS and
WAXS ranges were calibrated using silver behenate and
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the absolute intensity was calibrated using glassy carbon.
The crystalline sample was prepared in an aluminum
DSC pan (Tzero DSC sample pans, TA Instruments,
New Castle, DE, USA) and subjected to a temperature
ramp using a Linkam DSC600 stage controlled by a
Linkam CI-93 temperature program (Linkam Scientific
Instruments Ltd., Surrey, United Kingdom). The sample
was heated from room temperature to 168°C using a
heating rate of 1°C per minute and the sample was
measured once every minute using an exposure time of
1 s. The synchrotron X-ray powder diffractometer allows
for exceptionally fast acquisition of high-quality data
whereby rapid dehydration events can be captured. The
diffraction data are presented using the wavelength-
independent unit Q (= 21t/ d-spacing, unit A~'). Representative
patterns plotted using units of 26 (°) for CuKa radiation are
included as Supplementary Material I and II.

Hot-Stage Raman Spectroscopy

Raman spectra were collected using a Raman RxN2 Hybrid
equipped with a PhAT System probe head with a 250 mm
working distance and 6 mm spot size (Kaiser Optical Sys-
tems Inc, Ann Arbor, MI, USA). Laser power and wave-
length were 400 mW and 785 nm, respectively. Samples
were placed in a THMS600 hot stage, controlled by a
THMS93 controller (Linkam Scientific Instruments LTD,
Waterfield, United Kingdom) and heated at 1°C/min from
25 to 170°C. Raman spectral data in the spectral range
150-1890 ecm ™' was collected in-line in 1 min intervals
and each collected spectrum was the average of 5 accumu-
lations with a 5 s exposure time each. Invictus Laser Control
software version 1.4.0 (Kaiser Optical Systems Inc., Ann
Arbor, MI, USA) was used for controlling the laser and iC
Raman version 4.1.910 (Kaiser Optical Systems Inc., Ann
Arbor, MI, USA) was used for data collection.

Multivariate Statistical Modeling of X-ray Powder
Diffraction Patterns and Raman Spectral Profiles

MatLab version 7.9.0 (R2009b, MatWorks Inc., Natick,
MA, USA) and PLS_Toolbox version 6.2 (Eigenvector Re-
search, Manson, WA, USA) were used for performing prin-
cipal component analysis (PCA) on the Raman spectral
data. Principal component analysis (PCA) allows for identi-
fication of patterns in multivariate data sets by reducing the
original multiple variables (wavelengths in case of spectral
data) into fewer new orthogonal variables describing as
much of the variability in the data as possible. These new
pseudo variables are called principal components. Trends in
the data can be visualized by the scores and loadings of the
data points in the principal component space, where the
scores describe the location of the data points in the

principal component space, and the loadings describe the
relationship between the original data space and the princi-
pal component space. The Raman data were preprocessed
by standard normal variate correction and mean centering
prior to PCA (15,24).

Multivariate curve resolution (MCR) on the variable-
temperature XRPD data matrix was performed using the
MCR-ALS Toolbox (available for free at www.mcrals.info)
for MatLab as described by Jaumot ¢t al. (25). No data
preprocessing was applied before MCR.

RESULTS AND DISCUSSION

Thermogravimetric Analysis and Differential
Scanning Calorimetry

The starting material (Ca(C33H34,FNoO5)o-3HoO; THCaA)
shows stepwise dehydration by thermogravimetric analysis
(TGA, Fig. 3) and differential scanning calorimetry (DSC,
included as Supplementary Material III), with onset temper-
atures of phase transformations at approximately 55°C,
105°C, 125°C and 155°C. The weight loss in each dehy-
dration step corresponds to expectations, since the weight of
one water molecule (M, 18 g/mol) corresponds to 1.49% of
the weight of THCaA (M,, 1209 g/mol). Hence, solid
phases containing three (THCaA), two (DHCaA), one
(MHCaA) and zero (AHCaA) moles of water per one mole
of calcium 1ons, and a molten phase are anticipated between
30 and 55°C, 75 and 105°C, 115 and 125°C, 135 and
155°C, and above 155°C, respectively, when heating at
1°C per minute.

Hot-Stage Polarized Light Microscopy

Upon heating THCaA from 30 to 140°C, no visual change
was detected by polarized light microscopy. Squeezing the
material between a glass slide and cover slip at 140°C, how-
ever, induced changes in the appearance of the material, since
the drug compound takes on a viscous and birefringent nature
at this temperature (included as Supplementary Material IV).
Dehydration of calcium salts has previously been associated
with formation of liquid crystalline phases, where the liquid
crystalline state is an intermediate between the crystal and the
melt, with long-range order existing in only one or two dimen-
sions (26-31). To the best of our knowledge, this is the first
report indicating a liquid crystalline phase of the calcium salt of
atorvastatin. Upon heating from 155 to 165°C, the observed
birefringence fades away as an isotropic melt is formed. The
liquid crystalline phase could also be observed upon repeated
heating and cooling of the drug salt between 100 and 175°C,
and brown banana-shaped silhouettes occasionally appeared
in the liquid crystalline material (Fig. 4).
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Fig. 3 Thermogravimetric s
analysis of the trihydrate phase of 100 4 —THCaA N -0 %
the calcium salt of atorvastatin S =
(THCaA) heated at |°C per E 99 - K §
minute. Phases containing three = —~_DHCaA L4 =
(THCaA), two (DHCaA), one % aac| N g
(MHCaA) and zero (AHCaA) ° \ MHCaA 3
moles of water per one mole of = %
calcium ions are indicated in the 5: Al o & %
thermogram. é’ ' 5
% & _AHCaA . %
3
95 L 3
Decomposition o
1 ) I I ) I ) 1
40 60 80 100 120 140 160 180

Variable-Temperature X-ray Powder Diffraction

Variable-temperature X-ray powder diffraction (XRPD)
patterns were collected between 18 and 168°C at 1°C
intervals (Fig. 5). From the TGA data (Iig. 3), this temper-
ature range is expected to encompass several dehydration
events. The small-angle X-ray scattering (SAXS) region of
the initial trihydrate phase contains five well-resolved isolat-
ed peaks that correspond to the (001), (002), (003), (011) and
(010) reflections in the triclinic unit cell reported by Antonio
et al. (a = 5453, b = 9.885, ¢ = 30.264 A, a = 76.85, f =
99.12, y = 105.31°) (20). The unit-cell parameters are con-
sistent with an expected laminar structure. The wide-angle
X-ray scattering (WAXS) region contains much broader
overlapping peaks, and attempted Pawley refinement of this
region, using the established unit cell as a starting point,
gave fits of only poor quality (x* ca 15). Thus, the principal
structural features that can be extracted reliably from the

Fig. 4 Hot-stage polarized light
microscopy of the calcium salt of
atorvastatin during sequential
heating and cooling to (a) 175°C,
(b) 100°C, () I75°Cand (d) 100°
C. The majority of the material
appears molten at | 75°C, whereas
a birefringent phase becomes
visible upon cooling to 100°C.
Banana-shaped silhouettes are vis-
ible in the left side of (b).
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Temperature (°C)

data are d(001) and d(010), which are plotted in Fig. 6. The
peaks in the SAXS region thus provide a clear measure of
the laminar spacing (z.e. d(001)) and a shorter spacing (z.e. d
(010)) within the layers of the solid drug compound, but no
reliable information on shorter distances.

Upon heating up to 135°C, no abrupt changes are ob-
served in the diffraction patterns, indicating that the crystal
lattice of the trihydrate phase remains ostensibly intact
during dehydration of the first two moles of water mole-
cules. The laminar spacing (i.e. d(001)) shows thermal ex-
pansion of ca. 0.4 A over this temperature range, with a
subtle sigmoidal shape visible between 60 and 120°C, with
an inflection point near 80°C. In the same temperature
range, d(010) shows a more clear sigmoidal curve, with the
dimension contracting overall by approximately 0.1 A. In
this case, the end of the sigmoidal region is reached clearly
at 100°C, prior to the second dehydration observed in the
TGA. Thus, it appears that the first dehydration causes a

100°C

Liquid crystal

Banana-shaped _
silhouettes

100°C
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significant contraction within the laminar structure, while
the second dehydration has a less abrupt effect.

Upon further heating above 135°C, the majority of dif-
fraction peaks vanish, while d(001) remains clear at Q) =
0.21 A" and a new broad peak appears at Q =~ 1.14 A~
This is consistent with the formation of a liquid crystal
phase, since it indicates that the long-range order of the
solid phase is diminished. The persistence of the observed
diffraction peak at Q = 0.21 A7 (4= 29.9 A) demonstrates
that the liquid crystalline phase retains a laminar structure
similar to that which must be present in the solid. To date,
the exact nature of the laminar structure has not been
established. Upon heating to 155°C, all diffraction peaks

vanish due to melting of the material. A broad peak at Q =
0.25 A1, present between 155 and 168°C, indicates that
some degree of short-range order could be maintained in
the melt up to this temperature. After return to ambient
conditions, the drug compound was XRPD amorphous
(data not shown).

Multivariate Curve Resolution
The difficulties associated with Pawley refinement for the
mixed phases prohibit reliable assessment of the peak inten-

sities for the individual phases, which prevents any quanti-
tative phase analysis by conventional means. Thus, the
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Fig. 6 Temperature effect on (a) d(001), (b) d(OI I') and (c) d(010) of the
calcium salt of atorvastatin derived from the positions of the isolated peaks
in the small-angle XRPD region during dehydration of the trihydrate phase
of the calcium salt of atorvastatin (THCaA). The horizontal lines indicate the
values taken from the XRPD patterns estimated by MCR analysis (see text
and Fig. 8) for the first (i.e. THCaA, blue), second (DHCaA, cyan), third
(MHCaA, green) and fourth form (AHCaA, magenta) encountered during
dehydration.

multivariate curve resolution (MCR) approach was applied.
Initially, the complete variable-temperature XRPD data
matrix was established to contain contributions from five
components (THGaA, DHCaA, MHCaA, the liquid crys-
talline phase and melt) by principal component analysis (not
shown). This result is clearly consistent with the prior

knowledge from the TGA and DSC experiments. Accord-
ingly, an MCR model based on five pure components was
used to decompose the data matrix. The first MCR model
was built with no constraints on the alternating least-squares
algorithm, and the initial estimates of pure signal profiles
were selected as the experimentally obtained diffraction
patterns at 50°C, 85°C, 115°C, 137°C and 155°C. With
this model, MCR predicts the concentrations of individual
phases to become negative in some temperature intervals,
and the initial trihydrate phase (THCaA) and the first dehy-
drated structure (DHCaA) are predicted to reappear in the
data between 140 and 150°C (Fig. 7). This is clearly incon-
sistent with prior knowledge and physical expectations.

To improve the MCR model, the alternating least-
squares algorithm was constrained to non-negativity on
estimated concentration and signal profiles, and equality
constraints were used to guide the predicted concentration
profiles of THCaA, DHCaA, the liquid crystalline phase
and the melt to zero at 103 to 168°C, 136 to 168°C, 18 to
95°C and 18 to 115°C, respectively. Finally, a closure
constraint was applied to ensure that the concentrations
always sum to one, since mass balance is expected in the
experiment. Thereby, the unit of the estimated concentra-
tion profiles becomes the molar fraction. The resulting
MCR model, obtained after 11 iterations of the alternating
least-squares algorithm and describing 98.2% of the vari-
ance in the data matrix, provides a realistic and consistent
interpretation of the dehydration behavior (Fig. 8).

The practically important result from MCR is the plot of
estimated concentration profiles over the temperature range
(Fig. 8). This illustrates how the encountered phases

Fig. 7 (a) MCR-estimated con- a
centration profiles and (b) MCR- c 64
estimated XRPD patterns of pure =]
phases encountered during de- i
hydration and melting of the tri- S
hydrate phase of the calcium salt e
of atorvastatin (THCaA). No 8
constraints were applied on the g
alternating least squares algo- ©
rithm. Key: THCaA (blue), &’
DHCaA (cyan), MHCaA (green), 2'0
liquid crystalline phase (magenta)
and melt (red).

b 0,3 4

=
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Temperature (°C)
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Fig. 8 (a) MCR-estimated con-
centration profiles and (b) MCR-
estimated XRPD diffraction pat-
terns of pure phases encountered
during dehydration and melting of
the trihydrate phase of the calci-
um salt of atorvastatin (THCaA).
The alternating least-squares al-
gorithm was constrained to non-

(molar fraction)
[=] =1
3.1 (=]
1 1

o
C)

Relative concentration qy

negativity on estimated concen-
tration and signal profiles, and 20
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interconvert during heating and how mixtures of phases are
encountered in some temperature intervals. As a “by-prod-
uct”, MCR also provides estimates for the diffraction pat-
terns of the pure component phases. Considering the SAXS
region, where the peaks can be clearly resolved, the values of
d(001), d(010) and d(011) derived from these estimated
patterns are consistent with the plotted trends: essentially,
the trihydrate corresponds to the low-temperature asymp-
tote, the monohydrate corresponds to the high-temperature
asymptote, and the dihydrate lies at the inflection point of
the sigmoidal curve (Fig. 6). The estimated XRPD patterns
of pure phases are thus useful indicators for structural un-
derstanding of the dehydration behavior. From a practical
viewpoint, it should be stressed that these indicators emerge
immediately and automatically from the MCR analysis,
while the plots in Fig. 6 were derived by individual assess-
ment of the peak positions in each of the 100 XRPD
patterns. Thus, the obtained results illustrate that MCR 1s
a convenient and apparently reliable tool for fast quantita-
tive and qualitative assessment of phase transformations
studied by X-ray powder diffraction.

Hot-Stage Raman Spectroscopy
Hot-stage Raman spectral data were collected during heat-

ing of THCaA from 25°C to 170°C at 1°C/min (Fig. 9).
Multiple subtle peak changes, including peak broadening,

are observed as the temperature increases from 25°C to
155°C, and the baseline increases strongly after 160°C,
which may be due to increased elastic backscattering (Ray-
leigh scattering) and loss of long-range order in the melt,
respectively. Moreover, hot objects emit electromagnetic

90000 s

60000 o

30000 -M
90000 = T T T T T T T

60000 — 53°C

30000

90000

I
60000 81°C
30000 A

Relative intensity

T T T T T
1600 1400 1200 1000 800 600 400

Raman shift (cm™)

Fig. 9 Representative Raman spectra collected during dehydration and
melting the trihydrate phase of the calcium salt of atorvastatin (THCaA).
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Fig. 10 Principal component
analysis (PCA) of 140 SNV trans-
formed hot-stage Raman spectra
collected during dehydration and
melting of the trihydrate phase of
the calcium salt of atorvastatin
(THCaA) from 25 to 165°C. (a)
Scores plot and (b) loadings plot
of principal component | (PCI,
83% variance explained), principal
component 2 (PC2, 12%) and
principal component 3 (PC3, 4%).

radiation (z.e. black body radiation), which might also affect
the intensity of the collected Raman spectra (32).

99% of the variation in the hot-stage Raman data col-
lected during dehydration and melting of THCaA can be
described by 3 principal components, and the spectral data
is seen to cluster into four groups around 55, 95, 125 and
155°C in the scores plot, corresponding to the phase trans-
formations of the three dehydrations (THCaA-to-DHCaA,
DHCaA-to-MHCaA and MHCaA-to-liquid crystal) and the
melting point of the liquid crystalline phase, respectively
(Fig. 10). The PCA loadings plot indicate that PC1 describes
peak shifts and peak broadening in the collected Raman
spectra, while PC2 and PC3 are both affected by baseline
and peak shifts. These results illustrate that Raman spec-
troscopy combined with principal component analysis is
responsive to all phases encountered during dehydration
and melting of THCaA, and the estimated transition tem-
peratures are consistent with the VI-XRPD and TGA data.
Accordingly, Raman spectroscopy may potentially be ap-
plied for solid phase monitoring of hydrate-forming drugs in
pharmaceutical manufacturing environments where drug
formulations are exposed to elevated temperatures.

CONCLUSION

This study demonstrates that multivariate curve resolution
(MCR) 1s a powerful tool for decomposing variable-
temperature X-ray powder diffraction (VI-XRPD) data
matrices into MCR-estimated diffraction patterns and
MCR-estimated concentration profiles of pure phases of
the drug salt encountered during dehydration and melting.
By these means, the trihydrate phase of the calcium salt of
atorvastatin (THCaA) was found to dehydrate sequentially
into two partially dehydrated hydrate structures, upon heat-
ing from 25 to 110°C, with no associated breakage of the
original crystal lattice. During heating from 110 to 140°C,
the remaining water was lost from the solid drug salt, which
mstantly collapsed into a liquid crystalline phase, and an
isotropic melt was formed above 155°C. To the best of our
knowledge, this is the first report on a liquid crystalline phase
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of the calcium salt of atorvastatin. Lastly, hot-stage Raman
spectroscopy and principal component analysis (PCA) was
shown to provide consistent results, which confirms that
Raman spectroscopy and multivariate data analysis are excel-
lent tools for effective and inexpensive in-process monitoring
of the solid phase composition of drug compounds in phar-
maceutical manufacturing environments.
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