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ABSTRACT: The progressive conversion of crystalline raffinose pentahydrate to its
amorphous form by dehydration at 608C, well below its melting temperature, was
monitored by X-ray powder diffraction over a period of 72 h. The presence of defects
within the crystal structure and any amorphous structure created was determined
computationally by a total diffraction method where both coherent long-range crystalline order and incoherent short-range disorder components were modeled as a single
system. The data were analyzed using Rietveld, pair distribution function (PDF), and
Debye total diffraction methods. Throughout the dehydration process, when crystalline
material was observed, the average long-range crystal structure remained isostructural
with the original pentahydrate material. Although the space group symmetry remained
unchanged by dehydration, the c-axis of the crystal unit cell exhibited an abrupt
discontinuity after approximately 2 h of drying (loss of one to two water molecules).
Analysis of diffuse X-ray scattering revealed an initial rapid build up of defects during
the first 0.5 h with no evidence of any amorphous material. From 1–2 h of drying out to
8 h where the crystalline structure is last observed, the diffuse scattering has both
amorphous and defect contributions. After 24 h of drying, there was no evidence of any
crystalline material remaining. It is concluded that the removal of the first two waters
from raffinose pentahydrate created defects, likely in the form of vacancies, that
provided the thermodynamic driving force and disorder for subsequent conversion to
the completely amorphous state. ß 2007 Wiley-Liss, Inc. and the American Pharmacists
Association J Pharm Sci 96:1418–1433, 2007

Keywords: amorphous; crystal defects; water in solids; X-ray diffractometry;
hydrates/solvates; crystallinity; crystal structure; raffinose pentahydrate; dehydration;
pair distribution function (PDF)

INTRODUCTION
It is generally recognized that highly crystalline
forms of active pharmaceutical ingredients
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(APIs) are preferred in the drug development
process because of their high level of purity and
resistance to physical and chemical instabilities
under ambient conditions.1 Organic crystals are
generally imperfect in the structure of the crystal
lattice, containing various types of crystal
defects.2 These defects represent regions of higher
disorder relative to the three-dimensional longrange order expected and, hence, introduce a
higher level of energy to the solid.3 Pharmaceutical interest in such defects arises from the
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demonstrated role that these high energy sites
can play in affecting a number of important
physical and chemical phenomena, including
higher dissolution rates,4 greater chemical
instability,5,6 altered mechanical properties,7–9
and enhanced hygroscopicity.10,11 Such effects of
disorder on solid-state properties of crystals also
occur when the solid is converted fully or in part to
the amorphous state, such that it has lost longrange order but has retained the short-range
order observed with liquids.12 The relationship
between crystal defects and the amorphous form
of solids can be thought of in terms of the extent of
defect density in the solid and the increasing
landscape of potential energy minima that
arise with increasing density.13 Thus the formation of amorphous regions occurs with the spatial
coalescence of defects.14 In this regard, therefore,
it is not surprising that processes, such as milling
and compaction, that can give rise to crystal
defects, in the extreme case, eventually can
give rise to completely amorphous materials
with greatly enhanced changes in physical and
chemical properties of the solid.
The issue that we wish to pursue in this study
is the extent to which we might be able to
quantitatively observe the formation of crystal
defects during a pharmaceutical process that
introduces disorder into the crystal, as well as
to determine the subsequent coalescence of such
defects into the amorphous state. To this end we
report a study using X-ray powder diffraction
(XRPD) data combined with Rietveld modeling
and total scattering analysis for samples of
raffinose pentahydrate subjected to increasing
levels of dehydration, where the introduction
of both defects and amorphous structure is
followed quantitatively. The presence of random
defects within a crystal structure will generate
diffuse X-ray scattering much like X-ray amorphous scattering. As the defects represent random
deviations from an average crystal structure, the
form of the diffuse scattering will, in most cases,
be markedly different than a true amorphous
phase where the long-range order has collapsed.
(This may not be true for a material that
forms a kinetic glass.) The difference in the shape
of the diffuse scattering profile allows some
differentiation between defect and amorphous
levels in a sample. In addition to the increased
diffuse scatter, the presence of random defects will
cause a drop in diffraction peak intensities at
higher measurement angles, similar to an
increased thermal Debye–Waller effect. This loss
DOI 10.1002/jps
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in high angle peak intensity should not be visible
for mixed amorphous/crystalline systems.
Raffinose, the trisaccharide, b-D-fructofuranosyl-o-a-D galactopyranosyl-(1 ! 6)-a-glucopyranoside, normally exists as the pentahydrate
crystal with no known ability to exist as a stable
unsolvated or anhydrous crystal.15–17 In a previous study,17 it was shown that when the
pentahydrate is stored at 10% relative humidity
(RH) and room temperature for a period of up to
3 months, it loses only one water molecule. An
additional water molecule was lost within 24 h
when it was stored at 308C in a vacuum oven. In
both cases the original crystal structure of
the pentahydrate was retained, and both waters
were rapidly restored by exposure to elevated RH.
Increasing the temperature to 608C and storing
for over a period of 24–48 h progressively removed
the remaining water molecules, causing the
crystal to eventually collapse into an amorphous
form having a glass transition temperature (Tg)
and water sorption profile that was essentially
identical to that of a sample prepared by
lyophilization. Subsequent studies have confirmed the formation of amorphous raffinose by
dehydration of the pentahydrate, and have
further analyzed the amorphous material through
measurements of molecular mobility, fragility,
and recystallization tendencies.18–20 Similar
dehydration studies have been reported for
trehalose dihydrate,21–23 and it was found that
the rate of dehydration influences the material
produced. A slow dehydration promotes the
formation of an anhydrous crystalline phase (a)
of trehalose, whereas a fast dehydration promotes
the formation of an amorphous phase.21,22 In
another study, removal of water resulted in an
amorphous material and it was suggested that the
progressive removal of water molecules should
bring the crystal to a state of absolute mechanical
instability in which spontaneous collapse to some
other phase would be inevitable.23 Then, vitrification occurs by nucleation and growth of the
amorphous phase in an intriguing inversion
of the familiar process of crystallization of
metastable liquids.23
It is the intent of this study to evaluate by
XRPD measurements the possibility that the
initial loss of water from raffinose pentahydrate
(the first few water molecules), caused by application of thermal energy, produces vacancies and
other defects that upon further dehydration
coalesce to produce increasing levels of amorphous raffinose.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
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EXPERIMENTAL
Materials
D-(þ)-raffinose pentahydrate (lot no. 075K0018)
was obtained from Sigma Chemical Company
(St. Louis, MO) and used as received.

Methods
Dehydration
Amorphous and defected raffinose samples were
prepared by dehydration. Approximately 200 mg
of D-(þ)-raffinose pentahydrate was placed
into separate glass scintillation vials. The vials
were placed uncapped into a 608C vacuum oven.
Samples were removed at predetermined time
intervals (0.5, 1, 2, 5, 8, 24, 48, and 72 h). The
samples were stored in a desiccator until ready for
analysis. Solid form identification was confirmed
by XRPD.

X-ray Powder Diffraction
XRPD analyses were performed using an
Inel XRG-3000 diffractometer (Stratham, NH)
equipped with a curved position sensitive (CPS)
detector with a 2u range of 1208. Real time data
were collected using Cu Ka radiation starting at
approximately 482u at a resolution of 0.0382u. The
tube voltage and amperage were set to 40 kV and
30 mA, respectively. The pattern is displayed from
2.5 to 6082u. Samples were prepared for analysis
by packing them into thin-walled glass capillaries.
Each capillary was mounted onto a goniometer
head that is motorized to permit spinning of the
capillary during data acquisition. The samples
were analyzed for approximately 60 min at
ambient temperature. Instrument calibration
was performed using a silicon reference standard.
Due to uncertainty introduced into the analysis
of the diffuse X-ray amorphous scattering by
variations in the glass capillary background,
XRPD analyses for the amorphous samples were
performed using a Shimadzu XRD-6000 X-ray
powder diffractometer (Kyoto, Japan) using
Cu Ka radiation. The Bragg–Brentano reflection
geometry gives a lower background signal that is
easier to model and remove from the diffuse X-ray
amorphous contribution. The Shimadzu instrument is equipped with a long fine focus X-ray tube.
The tube voltage and amperage were set to 40 kV
and 40 mA, respectively. The divergence and
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007

scattering slits were set at 18 and the receiving
slit was set at 0.15 mm. Diffracted radiation
was detected by a NaI scintillation detector. A u–
2u continuous scan at 1.28/min from 2.5 to 6082u
was used with an effective 0.04 step size. The
analysis was performed at ambient temperature.
A silicon standard was analyzed to check the
instrument alignment. Data were collected and
analyzed using XRD-6100/7000 v. 5.0. Samples
were prepared for analysis by placing them in an
aluminum sample holder with silicon inserts.
During the analysis, the samples were spun at
30 rpm. Although the diffuse X-ray amorphous
contribution is more accessible from the Bragg–
Brentano measurements, there was significant
variability in the crystalline diffraction, most
likely due to large crystal size and preferred
orientation. The original Inel data were used
for analysis of the crystalline material and the
Shimadzu data were used for analysis of the
diffuse scattering.

Karl Fischer
Coulometric Karl Fischer (KF) analysis for
water determination was performed using a
Mettler Toledo DL39 Karl Fischer titrator
(Columbus, OH). Approximately 30 mg of
sample was placed in the KF titration vessel
containing approximately 120 mL of Hydranal–
Coulomat AD and mixed for 60 s to ensure
dissolution. Three replicates were obtained to
ensure reproducibility.

Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was
performed using a TA Instruments differential
scanning calorimeter 2920 (New Castle, DE). The
sample was placed into an aluminum DSC pan,
and the weight accurately recorded. The pan was
covered with a lid without crimping. For studies of
the Tg of the amorphous material, the sample cell
was equilibrated at 258C, then heated under
nitrogen at a rate of 208C/min, up to 1508C. The
sample cell was then allowed to cool and
equilibrate at 208C. It was again heated at a
rate of 208C/min up to 1508C, and then cooled and
equilibrated at 208C. The sample cell was then
heated at 208C/min up to a final temperature of
2008C. The Tg is reported as the onset of the
DOI 10.1002/jps
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transition. Indium metal was used as the calibration standard.
Computational Studies
The analysis of defects within a crystalline
structure requires a total diffraction methodology
where both the coherent long-range crystalline
contributions and incoherent short-range disorder
components are modeled together as a single
system.24,25 However, to take advantage of traditional Rietveld methods for structure modeling and
to better present the diffuse scattering, analysis of
the two contributions will be presented separately
in this paper. The measured data were passed
through a series of digital band pass filters to
isolate the crystalline diffraction peaks from the
diffuse scattering halo and in the process
remove the instrumental background. For the
transmission capillary measurements, the digital
filter band pass was set to isolate the crystalline
diffraction peaks for Rietveld analysis, removing
the majority of the diffuse and background
components. The diffuse scattering was isolated
from the reflection measurements, requiring a
reasonable estimation of the instrumental background. The initial modeling pass treated the
instrumental background as being linear with a
primary beam spill over and an air scatter term
modeled as a combination of Lorentzian plus
Lorentzian squared contributions. The band pass
filter was carefully tuned to closely follow the base
of the diffraction peaks while still maintaining a
smooth curve. The diffuse component extracted
from the as-received sample before drying will
contain the higher order background terms including Compton scattering and thermal diffuse
scattering in addition to any equilibrium defect
scattering. The diffuse component from the asreceived material was used as an estimate of the
higher order background terms and was removed
from the diffuse scattering of the dehydrated
samples after scaling for the sample mass and
crystalline content. The residual diffuse components for the dehydrated material were analyzed
using a total scattering approach to model the local
disorder induced by the drying process.
Rietveld Method
The Rietveld method was originally developed
for single crystal structure solution,26,27 and
provides a powerful tool for tracking structural
phase changes in crystalline material. Although
DOI 10.1002/jps
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the Rietveld method works well for crystalline
material the applicability of the method begins to
fail for more disordered systems.28 Defect scattering is not modeled in the traditional Rietveld
methods and must be treated separately. The
Rietveld analysis results presented here were
derived using MAUD, v.2.043.29
The Rietveld method was applied to crystalline
diffraction measured on the Inel instrument in
order to track the structural changes taking place
during the dehydration process. The initial
crystalline model was taken from the published
single crystal structure of raffinose pentahydrate
in the Cambridge Structural Database30 (Ref
codes RAFINO15 and RAFINO0116). The increasing diffuse background was modeled as a seventhorder polynomial with two Gaussian components.
The change in molecular packing between the
pentahydrate and trihydrate was modeled using
rigid versions of the molecules as described in the
pentahydrate crystal structure. The water molecules and rigid raffinose molecules were allowed to
freely move and rotate without any constraining
force fields or hydrogen bonding requirements.
Although a harmonic fiber preferred orientation
model was required to correctly describe the
measured intensities for the pentahydrate data,
no preferred orientation was required to model
the lower hydrate data. In addition to the rigid
molecule refinement and background, the unit cell
parameters (a, b, c) and crystal size were allowed
to vary during the Rietveld modeling.

Pair Distribution Functions (PDF)
One of the most generally useful tools for total
diffraction analysis is the PDF. The PDF provides
a fingerprint of the interatomic distances that
define a particular solid form31 and is very useful
for determining relationships between ordered
and disordered systems. The PDF is generally
presented as probability against distance and
represents the weighted probability of finding two
atoms separated by a distance r.32 The peaks in
the PDF correspond to commonly occurring
interatomic distances, where the product of peak
area and distance gives the number of atom
units with that specific pair separation. A PDF
trace is a robust one-dimensional representation
of a radially averaged three-dimensional structure,33–37 as shown in Figure 1b. Additional
information on PDF can be found elsewhere.28,38–41 PDF analyses performed in this
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
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The PDF, G(r) is calculated from a known single
crystal structure using the relationships defined
in Eq. 1 and 2.
GðrÞ ¼ 4pr½rðrÞ  r0 

ð1Þ

where r0 is the average number density of the
structure and r(r) the atom pair density for X-ray
scattering is given by Peterson:42
!


1 2 X fp fq
pr
rðrÞ ¼
(2)
dðr  rpq Þ
4
h f i2
p;q
where fp,q is the individual atomic form factors
and hf i represents a mean atomic form factor for
the structure. The distance rpq represents the
atom pair separation and r(r) represents the
probability of finding an atom pair separated by
the distance ‘‘r’’ weighted by the atomic form
factors and averaged over all pairs in the
structure. The pair sum must be performed over
a crystal structure large enough to give the full
atom pair relationships out to the distance of
interest.

Defect Scattering

Figure 1. (a) XRPD patterns for raffinose pentahydrate measured for the as received (bold line) and
calculated by Rietveld refinement of the single
crystal structure (thin line), (b) PDF derived from the
crystalline component of the measured XRPD
pattern for the as-received material (bold line) and
from the calculated XRPD pattern (thin line).
Rietveld refinement performed using single crystal
structure of raffinose pentahydrate (REFCODE:
RAFINO01).

study used software developed internally based on
published equations.38
In this study the PDF method was applied to the
crystalline component of the diffraction pattern,
as extracted by the digital filter, in order to
confirm the structural changes proposed by the
Rietveld modeling. A theoretical PDF can be
calculated from the structural solution proposed
by the Rietveld modeling which can then be
compared with the experimentally derived PDF to
verify the consistency of the Rietveld structure
solution.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007

The presence of random defects within a crystal
structure will generate diffuse X-ray scattering
much like X-ray amorphous scattering in appearance. Many of the general approaches to
percent crystallinity determination using X-ray
methods will include the scattering from
defects as an amorphous contribution. In this
work, the diffuse scattering from defects was
isolated from the X-ray amorphous scattering to
provide a more robust model of the dehydration
process.
The lack of distinctive features in diffuse X-ray
scattering from disordered systems can lead to
any number of different conclusions as to the
origin and nature of the diffraction. One of the
recognized methodologies in dealing with this
inherent ambiguity21 is to start with realistic
molecular models of the disorder and then back
calculate the corresponding diffuse scattering
profile. The simplest random defect model for
the diffuse profile can be derived from the Debye–
Einstein approach to thermal scattering as outlined in Cowley2 (Eq. 3). This model has one
variable parameter, the root mean square (RMS)
lattice distortion (D) in Å corresponding to
the mean lattice distortion established by the
defects. The application of the Debye–Einstein
DOI 10.1002/jps
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approach requires the derivation of the continuous unit cell structure factor F(Q), which
can be derived using the Debye sum presented in
Eq. 4. The implicit assumption of this simple
model is that the defects occur randomly as single
noninteracting events.
ID ðQÞ ¼ I0 PFðQÞð1  expðQ2 D2 =2ÞÞ

(3)

I0 is a simple scale factor and P represents the
standard polarization correction (1 þ cos(2u)2)/2
for laboratory X-ray diffraction measurements
without a monochromator.
X
XX
FðQÞ ¼
ðfp2 Þ þ 2
ðfp fq sinðQr pq Þ=ðQr pq ÞÞ
p

ð4Þ
The first sum over the square of the individual
atomic form factors fp represents the self-scattering contribution. The double sum is evaluated
over each atom pair (p,q) in the symmetric unit
cell where rpq is the atom pair separation distance.
The use of the Debye sum to evaluate the
continuous structure factor assumes a random
orientation of unit cells within the sample. A solidstate matrix correction must be applied to the
Debye calculation in Eq. 4 to remove the spurious
small angle scattering signal arising from the
small unit cell size.43
The diffuse scattering profiles extracted using
the digital filter from the measured data were
modeled using the Debye–Einstein approach as
expressed in Eq. 3 to determine if a random
noninteracting defect model is an appropriate
description of the initial dehydration process for
raffinose.
Crystalline to Amorphous Conversion
If the conversion from crystalline material to
amorphous is assumed to be a random and
noncooperative process, then it is straightforward
to derive a functional form for the expected
amorphous percentage after different drying
times, as shown in Eq. 5.
Amorphous % ¼ CR fexpð0:1dtÞ
 ðexpð0:1ðdt þ 1ÞÞ  1Þ=
ðexpð0:1Þ  1Þ  1g

ð5Þ

where CR is the interconversion rate (percent/
hour) and dt is the time in hours. This equation is
exact for slow conversion rates less than 0.1% per
hour, and provides a good approximation for
faster conversion rates.
DOI 10.1002/jps
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RESULTS AND DISCUSSION
Raffinose Pentahydrate
The single crystal structure of raffinose pentahydrate15,16 shows two distinct locations for the
water molecules. Three water molecules act as
both hydrogen bond donors and acceptors in a
complex hydrogen bond network with raffinose.
The other two water molecules act only as
hydrogen bond donors (one to raffinose and one
to water) and exhibit longer and weaker bonding
than the other three water molecules. Based on
these observations, it is likely that the latter two
waters would initially leave the structure upon
dehydration, as previously suggested.17
KF data collected on the sample established
that the material contained five moles of
water. The experimental XRPD pattern of the
raffinose pentahydrate starting material was well
described using the Rietveld method based upon
the single crystal structure in the Cambridge
Structural Database27 (Ref code RAFINO0116),
confirming that the material received from Sigma
is raffinose pentahydrate (Fig. 1a). A small
harmonic preferred orientation correction was
required to achieve the best fit to the measured
intensities. The crystal unit cell required minor
expansion in volume from the RAFINO0116 unit
cell, bringing it close to the RAFINO15 structure
in the CSD, as summarized in Table 2. In
Figure 1b, the PDF as calculated from the
Rietveld pentahydrate crystal structure is compared with the PDF derived from the crystalline
component of the Inel data on the as-received
material. Although the calculated PDF does not
have any corrections for preferred orientation, the
overall agreement is good, not only confirming the
pentahydrate structure but also demonstrating
the self-consistency of the PDF calculation
method.

Dehydration Studies
Raffinose pentahydrate was heat treated under
vacuum to examine the material at various stages
of dehydration and the data are summarized
in Table 1. Slight changes in the crystalline
powder patterns were evident during drying.
After 24 h of drying the patterns show mainly
an amorphous halo. The Tg of the amorphous
material obtained after 24 h of drying was
determined to be approximately 948C, which is
similar to values reported previously.17 The
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007

1424

BATES ET AL.

Table 1. Summary of Processed Raffinose
Pentahydrate Samples
Time (h)a
0
0.5
1
2
5
8
24
48
72

XRPD Result
Crystalline
Crystalline
Crystalline þ amorphous
Crystalline þ amorphous
Crystalline þ amorphous
Crystalline þ amorphous
Mainly amorphousb
Amorphous
Amorphous

a

Time in 608C vacuum oven.
Crystalline peaks present cannot be modeled by Rietveld.

b

dehydration conditions, and therefore the kinetics
of the water removal, were similar to those
reported previously.17
Changes in Crystalline Material
The Inel XRPD data for dehydrated raffinose
pentahydrate exhibited crystalline diffraction
peaks even after 8 h of heating, as shown in
Figure 2. It is evident that the peak intensities
appear to decrease and the background increases
with longer heating times. Two relatively small
diffraction peaks appeared at low angles upon
dehydration that were not present in the starting
pentahydrate powder pattern. These peaks are
allowed reflections within the P212121 space group

of raffinose pentahydrate, so their appearance is
not indicative of a significant rearrangement in
the molecular packing motif, but they do indicate
a structural change occurring upon dehydration.
Rietveld modeling of the XRPD data was
performed to look at changes in the lattice
parameters upon dehydration and to model the
structural changes. The lattice parameters from
the single crystal structure RAFINO15 are also
included for comparison with the as-received
material. Good agreement was obtained between
the single crystal structure values and the lattice
parameters determined from the Rietveld analysis. The modeling results showed that the space
group of the crystal structure (P212121) remained
unchanged upon drying; however, the lattice
parameters for the treated samples were found
to vary, as summarized in Table 2. As shown in
Figure 3, both the reflection and transmission
measurements show matching behavior for the clattice parameter, which initially remains relatively unchanged for the 0.5 and 1 h drying times.
At the 2 h drying point there is a rapid decrease in
the c-lattice parameter of up to 0.7%. By 5 h of
drying, the c-lattice parameter decreases further
giving a total change of approximately 1.3% from
the original pentahydrate structure. After 8 h of
drying the c-lattice parameter remains relatively
unchanged from the 5 h drying value. These data
indicate that after an initial change in crystal
structure between 1 and 2 h of drying, the new
lower hydrate structure remained relatively
stable with continued heating. Looking at the

Table 2. Unit Cell Parameters of Raffinose
Pentahydrate Samples
Time (h)a
RAFINOb
0 (as received)
2
5
8
0 (as received)c
0.5c
1c
2c
5c
8c

a (Å)

b (Å)

c (Å)

Volume (Å3)

8.966
8.967
9.015
9.006
9.011
9.0318
9.028
8.991
9.063
9.137
9.135

12.327
12.357
12.433
12.432
12.420
12.341
12.366
12.369
12.384
12.428
12.417

23.837
23.873
23.618
23.560
23.551
23.872
23.867
23.905
23.778
23.562
23.556

2634.6
2645.3
2647.2
2637.8
2635.7
2660.8
2664.5
2658.5
2668.8
2675.6
2671.9

a

Figure 2. XRPD patterns (transmission) for raffinose
pentahydrate dried at 608C under vacuum for (from
bottom to top): 0, 2, 5, and 8 h.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007

Hours in 608C vacuum oven.
From reference 15.
c
Derived from reflection measurements
accuracy.
b

with

lower
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Figure 3. Change in the c lattice parameter of raffinose pentahydrate with
drying time obtained from Shimadzu (reflection) (&) and Inel (transmission) (^)
diffractometers.

unit cell volume numbers in Table 2 for the
transmission measurements, the overall decrease
in the volume by 8 h is equivalent to the volume of
a single water molecule. With two water molecules
per raffinose being lost as reported previously,17
there is only elastic recovery for a single water
molecule. The remaining lost waters are proposed
to create ‘‘vacancies’’ within the original pentahydrate structure.
The structures were also probed using PDF
analysis. The PDF transform for samples after 2,
5, and 8 h of drying is shown in Figure 4a. A small
loss of crystallinity was evident as a function of
drying time based on the progressive damping of
the PDF oscillations at larger distances. Aside
from the crystallinity loss, the PDF patterns are
very similar, supporting the conclusion from the
Rietveld analysis that the raffinose crystal structure is stable between 2 and 8 h of drying. When
the PDF of the initial pentahydrate material was
compared to the sample dried for 2 h (Fig. 4b),
there was significant peak shifting observed for a
small subset of the PDF peaks. These data are in
agreement with the lattice parameter calculations
indicating the initial change in crystal structure
before the 2 h drying point. The new lower hydrate
crystal structure formed by the drying process is
isostructural with the original pentahydrate. The
space group remains unchanged and the majority
of the original PDF peaks are unaffected by the
transformation.
DOI 10.1002/jps

The XRPD data were used within a Rietveld
refinement to determine the change in molecular
packing that occurs during the initial 2 h of
drying. The XRPD data alone may not be able to
distinguish the hydration state; however, based
upon analysis of the hydrogen bonding within the
crystal structure, the new crystal form was
modeled as a trihydrate. Water molecules 1 and
5 were intentionally removed from the pentahydrate structure before the trihydrate structure
was modeled. These waters are not expected to be
bound tightly within the structure since both
are involved in two hydrogen bond interactions,
where only one (serving as a H-bond donor)
directly involves a raffinose molecule.15,16 During
modeling, the raffinose molecule was treated as
being a rigid body with full rotation and translation degrees of freedom. The water molecules were
allowed free movement independent of the raffinose molecule with no hydrogen bonding restrictions imposed. The unit cell obtained is given in
Figure 5a. The trihydrate crystal form is orthorhombic with a P212121 space group and unit
cell parameters a ¼ 9.013 Å, b ¼ 12.422 Å, and
c ¼ 23.556 Å.
Although the spatial resolution achievable from
the powder patterns used in this study is limited
to approximately 2.5 Å and bearing in mind that
the rigid molecule approximation may influence
the location of individual water molecules, it
is nevertheless instructive to investigate the
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
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Figure 4. PDF of (a) samples dried for 2 h (thin line),
5 h (dashed line), and 8 h (bold line) and (b) raffinose
pentahydrate as received (thin line) and the dried sample after 2 h (bold line).

resulting structure in terms of the hydrogen
bonding. The structure of the pentahydrate is
compared to the calculated trihydrate structure in
Figure 6. The calculated trihydrate structure has
two water molecules (2 and 4) per raffinose located
in a channel. The other water molecule (water 3) is
located outside of the channel (Figs. 5b and 6b).
Similar to the pentahydrate, the hydrogen bonding between the water and raffinose molecules is
extensive. It was previously reported that the
water molecules in the pentahydrate crystal
structure interact through both accepting and
donating hydrogen bonds with each other and
with raffinose.15,16 The primary hydrogen bond
interactions are maintained in the trihydrate
structure with the exception of water 2. In the
trihydrate structure, slight rotations of the
raffinose molecules cause water 2 to accept and
donate only one hydrogen bond to raffinose
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007

Figure 5. (a) Unit cell of raffinose trihydrate. (b)
Hydrogen bonding of water molecules in raffinose trihydrate crystal structure.

(Fig. 6b). In contrast, water 2 in the pentahydrate
structure accepts and donates one hydrogen bond
to raffinose and donates one hydrogen bond to
water.15,16
Figure 7 shows the overlay of the PDF trace
derived from the measured crystalline data from
material exposed to 8 h of drying compared to the
simulated PDF trace based upon the proposed
raffinose trihydrate crystal structure. The overall
correlation is similar to that observed for the
known pentahydrate structure (Fig. 1b), although
the slight mismatch in structure at approximately
6.8 Å reappears at the harmonic positions of
DOI 10.1002/jps
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Figure 6. Crystal structure of raffinose pentahydrate (a) and calculated trihydrate
structure (b) showing location of the water molecules.

approximately 27.2 and 40.8 Å. This may indicate
a distortion in the proposed structure away from
the true trihydrate crystal structure, which may
arise from the rigid molecule approximation.
The analyses performed on the crystalline
patterns indicate that the loss of water does not
change the crystalline space group. The dehydration does, however, cause an observable change in
the unit cell parameters with a corresponding unit
cell volume change equivalent to a single water
molecule. These seemingly minor changes in
DOI 10.1002/jps

structure could ultimately change the properties
of the solid, resulting in inconsistent material
being produced.
Defects and Amorphous Regions
Dehydration beyond 8 h resulted in mainly
amorphous patterns, as shown in Figure 8. The
initial removal of water likely creates the initial
defects in the crystalline material as observed by
XRPD, which then results in X-ray amorphous
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
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Figure 7. PDF of calculated trihydrate structure
(thin line) and sample after drying at 608C under
vacuum for 8 h.

patterns upon full dehydration. In order to further
understand the defected material, the diffuse
scattering from the XRPD data was investigated.
The diffuse scattering data were obtained using
a digital band pass filter on the XRPD data
collected using the Bragg–Brentano reflection
geometry. The general shape of the diffuse
scattering was used to investigate defect and
amorphous formation during dehydration. The
plots of the diffuse scatter are shown in Figure 9.
Two distinct diffuse scattering profiles are
observed in the data. The first seen in powder
patterns from material exposed to very little
drying appear as an asymmetric halo peaking at

Figure 8. XRPD patterns (reflection) of raffinose
pentahydrate after drying at 608C under vacuum for
(from top to bottom): 24, 48, and 72 h.
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Figure 9. Diffuse scatter due to dehydration of
raffinose pentahydrate at 608C under vacuum for (from
bottom to top): 0.5, 1, 2, 5, 8, and 24 h.

about 4082u. The second, seen in powder patterns
from material after more extensive drying,
exhibits two distinctive well-defined halos at
about 19 and 3582u, matching the form of the
diffuse scattering observed from the amorphous
state. The initial diffuse halo increases in
intensity and moves to lower angles as the low
angle halo splits off with longer drying times. This
behavior indicating an increase in the noncrystalline portion of the sample is consistent with the
Debye–Einstein formula (Eq. 3) where an increase
in the degree of lattice distortion from random
defects moves the intensity of the diffuse scattering toward lower angles.
Using the Rietveld refined crystal structure to
derive the continuous Debye structure factor, the
Debye–Einstein formula (Eq. 3) was subsequently
used to determine the expected diffuse scattering
profiles for varying defect strain fields by changing the RMS strain value. The diffuse scattering
profiles of the pentahydrate and trihydrate
(Fig. 10a and b, respectively) exhibit the general
trend of increased scattering at lower angles as
the defect strain field increases. The simulated
diffuse scattering for the pentahydrate structure
agrees very well with the observed diffuse
scattering for the 0.5 h drying measurement, as
shown in Figure 10c. The diffuse scattering
profile observed after the longer drying times of
2 and 5 h is better matched by the diffuse
scattering derived from the trihydrate structure,
as shown in Figure 10d. However, the double halo
shape similar to the X-ray amorphous scattering that appeared for the longer drying time
DOI 10.1002/jps
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Figure 10. Characterization of diffuse scattering. (a) Debye–Einstein evolution of
predicted diffuse scattering for defects in raffinose pentahydrate using RMS strain
values ranging from 0.25 to 1.25, (b) Debye–Einstein evolution of predicted diffuse
scattering for defects in raffinose trihydrate using RMS strain values ranging from
0.20 to 1.00, (c) calculated diffuse scattering profile for raffinose pentahydrate with
respect to the measured diffuse scattering after 0.5 h of drying, and (d) for raffinose
trihydrate with respect to the measured diffuse scattering after 2 and 5 h of drying.

measurements of 8 and 24 h could not be
accurately described using a continuous structure
factor derived form either the pentahydrate or
trihydrate crystal structures. The modeling of the
X-ray amorphous scattering profile is the subject
of ongoing work.
Based on the shape of the diffuse scattering and
the results of the random defect modeling, it
appears that the diffuse X-ray scattering seen
for material dried at 0.5 and 1 h corresponds
primarily to increasing defect concentration in the
average crystal structure. The diffuse scattering
from samples exposed to more extensive drying of
more than 5 h closely resembled the X-ray
DOI 10.1002/jps

amorphous scattering and could not be modeled
in terms of random defects in a raffinose crystal
structure. Samples dried for between 1 and 5 h
exhibited diffuse scattering best described by a
combination of random defects and X-ray amorphous contributions.
The impact of the noncrystalline regions on the
raffinose samples (combined defects and amorphous material) can be estimated by comparing
the total integrated intensity in the diffuse
scattering from defects with the X-ray amorphous
contribution and the crystalline contribution.
The relative integrated intensity contributions
have been extensively used to determine
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
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relative weight percents of different materials
present in a single sample. Within this analytical
framework while percent crystalline and percent
amorphous have some quantitative meaning as
two separate phases, percent defects is a more
difficult concept as the defects can only exist
within the crystalline lattice. Within the scope of
this work, the percent defect number is taken to
provide a relative indication as to average number
of atoms/molecules involved in the defect strain
field. Expressing the defect number as number
of vacancies is the subject of ongoing work. The
total diffuse contribution isolated using the
digital filter was modeled with a linear combination of X-ray amorphous and defect components.
The ratio was adjusted to give the lowest
residual error between the extracted diffuse
component and the simulated diffuse component.
The final integrated intensity values are summarized in Table 3 and expressed as relative
percentages.
The data presented in Table 3 show that
increased exposure to the drying conditions
increases the total amount of noncrystalline
regions present in the raffinose samples. The plot
of the percent noncrystalline regions versus time
is given in Figure 11. Data for samples dried for 5
h or more exhibit percentage of disordered
material formed that are well described by an
immediate onset random conversion model and
agrees well with data reported previously for
dehydrated raffinose pentahydrate.17 For samples
dried less than 5 h, the inclusion of defect
scattering into the diffuse profile gives intensity
ratios significantly higher than those reported
previously and significantly higher than those
predicted by assuming conversion as shown in
Figure 12. The initial rapid defect built above that
predicted by the random single defect model
may indicate either a cooperative phenomena or

a second independent defect generation process
independent of the amorphous phase formation.
Once the defect level has reached approximately
14% by diffuse scattering, the conversion to
amorphous material takes over. The data in
Table 3 show the defect level expressed as a
percentage relative to the amount of crystalline
material building up to a maximum of approximately 20% and then remaining relatively constant until the last measurement showing a welldefined crystalline structure at the 8 h drying
point. Once the amorphous material appears after
about 1 h of drying, the amorphous percentage
continues to increase until the sample is close
to being fully amorphous. Removing the diffuse
intensity due to defect scattering gives an
increasing amorphous percentage with drying
that is very well described by the random
conversion model (Fig. 12) with a delayed onset
of 0.5 h. The delayed onset of the amorphous curve
modeled as a random process again suggests that
the initial defect build up is required to drive the
amorphous formation.
From the analysis presented in this section, it
was possible to separate and quantitate the
defects and amorphous regions produced upon
dehydration using XRPD data. It is apparent that
a number of distinct events occur on the dehydration of raffinose pentahydrate associated with the
loss of the two moles of water, as observed in
previous studies.17 There is the local defect build
up on the initial water loss followed by the delayed
amorphous collapse once sufficient defects have
been established. The change in the unit cell
parameters of the average crystal structure and
the associated volume reduction is also a delayed
event which apparently does not unfold until
the amorphous collapse has been initiated. The
modeling performed in this study, therefore,
provided more in-depth information than could

Table 3. Diffuse Scattering Data for Dehydration Studies of Raffinose Pentahydrate
Time (h)a
0.5
1
2
5
8
24
a

Percent
Crystalline

Percent Defects and
Amorphous

Percent
Defects

Percent Defects per
Crystalline Region

Percent
Amorphous

86
83
76
58
39
—

14
17
24
42
61
89

14
12
12
12
10
—

14
13
16
19
22
—

—
5
12
30
51
89

Hours in 608C vacuum oven.
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Figure 11. Content of noncrystalline material as a function of drying time for raffinose pentahydrate determined from diffuse scattering data (^) and XRPD measurements from reference 17 (~).The theoretical curve is based upon random noninteracting
conversion of crystalline to amorphous.

be obtained from conventional methods of assessing percent amorphous by techniques such
as moisture sorption,44 XRPD,45 and Raman
spectroscopy.46

CONCLUSIONS
The fact that processing crystalline solids by
mechanical means can cause defects in the

Figure 12. Content of noncrystalline material as a function of drying time for
raffinose pentahydrate determined from diffuse scattering data (^). The percentage
amorphous (from Table 3) is denoted with circle markers (*). The theoretical curves are
based upon random noninteracting conversion of crystalline to amorphous where (thin
line) includes the defect contribution with immediate onset and (dashed line) includes a
delayed onset and slower conversion rate for amorphous alone.
DOI 10.1002/jps
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crystal followed by a conversion of the crystal to its
amorphous form is well established and of
significant importance in explaining the enhanced
physical and chemical instabilities introduced by
pharmaceutical processes such as milling and
compaction of APIs and excipients. One of the
possible mechanisms by which mechanical stress
causes amorphization to occur is the introduction
of defects that provide a higher energy and a
thermodynamic driving force14 for further disorder of the crystal. What the present study has
shown quantitatively for the first time is that the
dehydration of an organic crystal hydrate, such
as raffinose pentahydrate, shown previously to
become amorphous upon an extended period of
heating, well below any melting transition,
appears also to be initiated by the formation of
defects during the removal of the first two water
molecules making up the pentahydrate crystal
structure, while retaining the pentahydrate
crystal structure. We would suggest that removal
of the first water molecules from the pentahydrate
creates vacancies, and perhaps other types of
crystal defects, that provide the higher energy for
subsequent amorphization of the crystals. Therefore, it would appear that a critical factor in
whether or not dehydration of a crystal hydrate
eventually will cause collapse of the crystal
structure to the amorphous form, and how easily
this might occur, will depend on the location of
the water molecules, the strength of hydrogen
bonding with the polar groups of the other
molecule, and the extent to which defects are
introduced. For example, water located in large
‘‘tunnels’’ within the crystal lattice may have less
tendency to produce defects upon removal, leaving
the crystal structure intact as a crystal dehydrate.
It would be interesting in this regard to carry out
such an analysis of defect formation during
dehydration with other crystalline hydrates that
are known to form amorphous structures upon
dehydration, e.g., trehalose dehydrate.21–23 It
should also be mentioned that such a means of
amorphization is not limited to the dehydration
of crystal hydrates. It has been shown, for
example, that the 1:1 acetonitrile crystal solvate
of quinapril HCl easily forms amorphous structure upon removal of the acetonitrile molecule
by gentle heating.47 The method developed
from the current study can also be used to
determine if the removal of the large acetonitrile
molecule would initially cause amorphization
through a defect-forming mechanism. It can
also be used to determine the effects of other
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007

processing, such as grinding, on pharmaceutical
materials.
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