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Abstract

The use of isothermal heat-conduction microcalorimetry for assessment of degree of the disorder within
crystalline material has been evaluated. Single entities, physical mixtures with varying contents of 100% amorphous
lactose and 100% crystalline a-lactose monohydrate, and samples of spray dried lactose with varying degrees of
disorder were analysed at 25°C. The technique monitors the heat flow from the crystallisation of the amorphous
content of the powder, when the powder is exposed to a humid environment. The heat calculated from the heat flow
curve by integration revealed good linearity. The technique was able to detect at least 2% disorder in a crystalline
sample. Comparisons with X-ray analysis and DSC showed good agreement above 10% disorder. At lower degrees of
disorder only microcalorimetry was able to measure the disorder with high accuracy.
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1. Introduction

Drugs used in the production of solid dosage
forms are often recognized as crystalline. How-
ever, there are many processes, such as freeze
drying, spray drying and comminution, which can
transform particles or parts thereof to higher,
disordered, energy states (Hiittenrauch, 1978,
1988; Hersey and Krycer, 1980). Many well-known
excipients such as microcrystalline cellulose and
spray dried lactose for direct compression are

* Corresponding author (present address): Astra Draco AB,
Box 34, S-221 00 Lund, Sweden.

semi-crystalline, with regions of amorphous con-
tents within their structure.

It seems as if a material can have a disordered
structure throughout the entire particle, i.e., the
whole particle is rendered amorphous, or that the
disorder is located on the surface of the particle,
as a surface layer or as so-called ‘frictional hot
spots’. In either case, the molecular mobility of
the activated regions is increased (Ahlneck and
Zografi, 1990). Materials that possess large quan-
tities of disorder have been shown to have other
properties than crystalline materials when com-
pacted (Vromans et al., 1986, 1987; Sebhatu et
al., 1994). Amorphism has also led to decreased
chemical stability (Otsuka and Kaneniwa, 1990)
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and to increased dissolution rates (Chiou and
Kyle, 1979; Hendriksen, 1990). Even if only the
surface layers or parts thereof are in an activated
state this may still have a pronounced effect on
the physico-chemical properties, since many par-
ticle characteristics depend on the structure and
state of the surface. Ground samples of alkali
halides have been shown to be affected on stor-
age at relative humidities below their critical rela-
tive humidity (RH,,) (Kaiho et al., 1973; Chikaza-
wa et al., 1976). Kontny et al. (1987) showed that
sodium chloride and sodium salicylate had a re-
duced surface area when stored at relative hu-
midities below RH,. Effects on milled particles
by compaction have been reported on (Ahlneck
and Alderborn, 1989; Alderborn and Ahlneck,
1991). Effects of comminution of pharmaceuticals
have also been shown to affect the solubility of
materials with low solubility (Florence and Salole,
1976, Elamin et al., 1992). The altered properties
described above were all attributed to the disor-
dered structure. It is therefore of the utmost
importance to be able to measure the amorphous
content in pharmaceuticals.

Measurements of the degree of crystallinity
have been performed mainly by X-ray analysis
(Klug and Alexander, 1974; Black and Lovering,
1977), infrared spectroscopy (Susi and Ard, 1973;
Black and Lovering, 1977), solid-state NMR spec-
trometry (Murari, 1989) or by density (Duncan-
Hewitt and Grant, 1986). The general problem
these technigques exhibit is that they measure the
average degree of order throughout the bulk and
thus have limited capability when measuring small
amounts of disorder. Techniques that utilize, di-
rectly or indirectly, the higher state of energy
associated with the disordered state are prefer-
able. One such technique, water vapour sorption,
has been shown to be a useful method for mea-
surements of amounts of disorder as low as 1%
for milled samples of sucrose (Saleki-Gerhardt et
al., 1994).

Another possibility is to measure the heat
evolved during the transformation of an amor-
phous material to its crystalline state. The most
widely used technique for such measurements is
differential scanning calorimetry (DSC). From a
scan of increasing temperature it is possible to

detect and measure the heat of crystallisation of
an amorphous material. However, the usefulness
of DSC is limited to samples with high amounts
of disorder (Saleki-Gerhardt et al., 1994). An
interesting alternative to DSC is isothermal
heat-conduction microcalorimetry, which has a
higher sensitivity, for measurements of the trans-
formation of amorphous materials to the crys-
talline state by the action of water vapour. Many
pharmaceutical substances with amorphous con-
tents are sensitive to moisture since the disor-
dered parts are able to act as ‘active centres’ for
the absorption of water vapour. This is the ratio-
nale behind the water vapour technique referred
to above (Saleki-Gerhardt et al., 1994). The mea-
surements will be performed at conditions that
favour crystallisation, e.g., selection of a suitable
vapour pressure and temperature. The amor-
phous material will crystallise when the water
content in the total amorphous structure has
reached a concentration at which the glass transi-
tion temperature has been decreased below the
operation temperature (Ahlneck and Zografi,
1990; Oksanen and Zografi, 1990).

Isothermal heat-conduction microcalorimetry
measures the heat flow (dQ/d¢) from ongoing
processes. With the so-called miniature humidity
chamber technique, the processes are allowed to
proceed at a specified relative humidity in a sam-
ple vessel. This technique has been utilized to
characterise the incorporation of crystal water in
anhydrous lactose and the absorption of water
vapour in microcrystalline cellulose (Angberg et
al., 1992a,b). Utilisation of this technique to mon-
itor the crystallisation processes has been de-
scribed briefly by Bystrom (1990). However, a
thorough evaluation of its applicability has not
yet been published.

The aim of this study was to evaluate the use
of isothermal microcalorimetry at 25°C for assess-
ments of the degree of disorder in processed
solids. The substance used was spray dried lac-
tose, which is converted from the amorphous to
the crystalline state when exposed to water vapour
within the microcalorimetric sample vessel. Re-
sults obtained from microcalorimetry were com-
pared with measurements by X-ray analysis and
DSC.
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2. Materials and methods

2.1. Materials

a-Lactose monohydrate (Pharmatose, DMV,
The Netherlands) was used for preparation of
lactose solutions and suspensions for the spray
drying process and as a reference material corre-
sponding to 100% crystalline lactose. B-Lactose
(AB Svenskt Mjolksocker, Sweden) was used for
the X-ray diffraction measurements.

2.2. Spray drying

A solution or a suspension of a-lactose mono-
hydrate was spray dried in an A/S Nitro au-
tomiser (Anhydro, Denmark). To obtain samples
with different degrees of disorder various spray
drying parameters were altered (Table 1). After
spray drying, the samples were dried at 70°C for
24 h to remove residual water. Thereafter the
samples were stored over P,O; before characteri-
sation. The obtained particle sizes ranged be-
tween 3 and 10 wm approximately.

2.3. Microcalorimetry

The microcalorimeter system used was the 2277
Thermal Activity Monitor (TAM) (Thermometric
AB, Sweden), consisting of four independent
isothermal heat-conduction microcalorimeters

Table 1
Parameters used in spray drying to obtain various contents of
disorder in lactose

Sample Inlet Outlet Feed flow Concentration
temper- temper- (1/h) ratio
ture ture lactose /water
() °C) (g/8)

100%

amorphous 185 85 0.6 1:7

I 160 75 1.0 1:35

11 150 70 1.2 1:2.5

111 150 65 1.2 1:2

v 140 65 1.5 1:1.5

\" 125 60 1.5 1:1

(Suurkuusk and Wadso, 1982). The heat flow
signal (dQ/d¢ in uW) is monitored as a function
of time. By integrating the heat flow curve over a
specific time interval the heat (Q in J) evolved or
absorbed can be obtained. Exothermic signals are
given positive values. The experimental tempera-
ture used was 25.0°C.

The spray dried lactose (100% amorphous)
and a-lactose monohydrate were investigated
alone, sample weights ranging between 16 and 60
mg, or in physical mixtures with a spray dried
lactose content ranging between 2 and 100%. The
total sample weight for the physical mixtures was
100 mg for mixtures with up to 60% spray dried
lactose and 60 mg for the mixtures consisting of
70 and 90% spray dried lactose. For the samples
described in Table 3, a sample weight range of
30-250 mg was used.

The measurements were performed according
to the miniature humidity chamber technique
(Angberg et al., 1992a,b). A powder sample was
placed in a sample vessel, a 3.3 ml glass vial,
together with a small container filled with a satu-
rated salt solution or water. After the closure of
the vial a specified relative humidity (RH), 57, 75,
84 or 100% RH (Nyqvist, 1983), was created
within the sample vessel. The reference vessel
only contained a sample of «-lactose monohy-
drate. The sample and reference vessels were
temperature equilibrated for 20 min within the
TAM, before the vessels were lowered into the
measurement position and the monitoring of the
heat flow signal and the computer program were
started. This time is referred to as ¢t =0. The
measuring principles, the calibration procedure
and the temperature equilibration, etc., are de-
scribed by Angberg (1992).

2.4. X-ray analysis

Samples were analysed with an XDS2000
diffractor (Scintag, U.S.A.) using Cu-Ka radia-
tion 45 kV, 30 mA and a germanium detector.
The samples were scanned in steps of 0.03° from
5 to 35° (26) with 2 and 4 mm primary slits.
Quantitative estimates were made using the peaks
at 10.5° (B-lactose) and multipeaks (a-lactose
monohydrate).
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2.5. DSC

A differential scanning calorimeter, DSC 220
(Seiko instruments, Japan), was used together
with oscillating differential calorimetry software
(ODSC). The sample was exposed to a linear
heating ramp which had a superimposed sinu-
soidal ripple. The sample weight was 5-8 mg.
Scanning was performed at a heating rate of
10°C/ min in the temperature range 20-280°C in
a nitrogen atmosphere. The oscillating frequency
used was primarily 0.02 Hz and the amplitude
1-3°. Aluminium oxide was used as a reference.
Exothermic signals are given positive values.

Intensity

3. Results and discussion

3.1. Characterisation of the reference materials

When evaluating the microcalorimetric tech-
nique for its ability to measure the degree of
disorder in crystalline materials it is important to
investigate reference samples. Fig. la shows the
X-ray diffraction pattern of an amorphous sam-
ple (hereafter referred to as 100% amorphous
lactose). It is evident that this sample has no signs
of crystalline a-lactose monohydrate, but a small
content of crystalline B-lactose of about 1% is
shown at 10.5°. Fig. 1b shows the typical diffrac-

L WA

Fig. 1. X-ray powder diffraction patterns for (a) spray dried amorphous lactose (referred to as 100% amorphous lactose), (b)
crystalline a-lactose monohydrate (referred to as 100% crystalline lactose), (c) crystalline B-lactose, and (d) spray dried lactose

crystallised at 75% RH.
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Fig. 2. Schematic microcalorimetric heat flow curve for a 31
mg sample of 100% amorphous lactose monitored at 57%
RH. Phases 1, IT and TIT are explained in the text.

tion pattern for a-lactose monohydrate (hereafter
referred to as 100% crystalline lactose) with no
signs of B-lactose (shown in Fig. 1c). It was
decided that these samples would be used as
reference samples.

Fig. 1d shows a 100% amorphous sample which
has crystallised after exposure to 75% RH. The
diffraction pattern at 10.5° shows that a large
content (40%) of B-lactose is present in the sam-
ple. It can be concluded that crystallisation of the
spray dried amorphous lactose used in this study
crystallises to a mixture of a-, and B-lactose.

3.2. Microcalorimetric measurements of the refer-
ence samples

The heat flow curve for the 100% amorphous
lactose reference when exposed to 57% RH is

shown in Fig. 2. For the 100% crystalline refer-
ence no signal was obtained. The curve in Fig. 2
shows three phases. Phase I starts directly with
an exothermic heat flow, which shows that a
process has started before it could be monitored
by the microcalorimeter due to the necessary
temperature equilibration period. The signal then
descends slowly to a minimum value approxi-
mately superimposing the baseline until phase 11
begins. Phase I represents absorption of water
vapour into the amorphous structure, presumably
also during the time period of zero heat flow, but
with the vaporisation and absorption processes
cancelling each other out (Angberg et al,
1992a,b). In phase II the signal gives a high and
narrow exothermic peak, representing crystallisa-
tion of the amorphous lactose.

Finally, the curve shows a phase III until the
signal reaches zero again. What this phase repre-
sents has not been investigated. There is a release
of water vapour from the powder sample as a
consequence of the crystallisation of the amor-
phous regions. However, the vapour ought to
condense into the small container with solution in
it. The heat flow from these two processes ought
to cancel each other out or show an endothermic
heat flow, which was discussed above for the
opposite process in phase I. One probable expla-
nation is that the a-lactose formed after crystalli-
sation, in addition to the B-lactose, is anhydrous
and that water is incorporated to form the mono-
hydrate. Such a conversion is also possible at
57% RH for unstable anhydrous «-lactose (Berlin
et al., 1971). The X-ray analysis (Fig. 1d) showed
clearly both the content of a-lactose monohy-
drate and B-lactose in crystallised samples. How-
ever, in that case the supposed conversion from

Table 2
Data from microcalorimetric measurements of 100% amorphous lactose at various relative humidities (standard deviation in
parentheses)
Relative Sample Number of Peak time (h) Heat Specific heat of
humidity (%) weight (mg) samples Phase II (J) crystallisation (J /g)
57 30.4 (0.67) 7 7.2(0.76) 0.951 (0.051) 31.3(1.20)
75 29.9(0.73) 6 4.6 (0.43) 0.954 (0.059) 31.9(1.47)
84 30.0 (0.48) 6 3.1(0.30) 0.975 (0.019) 32.5(0.85)
100 29.9 (1.0) 4 23017 0.923 (0.019) 30.9 (1.30)
57-100 (total) 30.1 (0.71) 23 - 0.953 (0.044) 31.7(1.28)
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Fig. 3. Heat of crystallisation obtained by microcalorimetry
(phase 1) at 57% RH as a function of sample weight for
100% amorphous lactose.

the anhydrous a-lactose to the monohydrate had
already taken place.

It might be possible to estimate the degree of
disorder by integration of the heat flow signal
obtained due to the water vapour uptake (I) and
crystallisation (1I). However, since the uptake of
water started almost immediately after prepara-
tion of the sample, it was decided that no mea-
surements of water uptake for estimation of the
degree of disorder should be performed. Further-
more, the time period with zero heat flow in
phase 1 but with continuous absorption of water
vapour will not be included in the calculation.
Instead, it was decided to integrate only the sec-

1.0 |

Heat of crystallisation Q(J)

T T T T 1

0 20 40 60 80 100
% Disorder

ond phase, where heat is evolved from the crys-
tallisation process, for assessment of the degree
of disorder (Table 2). The specific heat of crys-
tallisation has a mean value of 32 J /g. When all
measurements are accounted for the relative
standard deviation is +4.0%. The precision seems
to be acceptable. The accuracy of the specific
heat of crystallisation obtained is dependent on
the accuracy of the electrical calibration (Ang-
berg, 1992). The narrow peak indicates that the
crystallisation proceeds simultaneously for the to-
tal amorphous content within the sample. For a
rapid process, as in this case, the microcalorimet-
ric curve may show a small displacement from the
real event. However, this will not influence the
calculation of the heat evolved.

The specific heat of crystallisation should nat-
urally be independent of the RH during the mea-
surements, as shown in Table 2. However, the
time to reach the crystallisation process varies
with the humidity. Here it took between 2.3 and
7.2 h to reach the peak maximum (Table 2). From
the data reported in Table 2, 57% RH was cho-
sen as suitable for the other measurements.

For the evaluation of the microcalorimetric
technique it is important to investigate its sensi-
tivity, e.g., to find the lowest detectable amount
of amorphous material that can be measured. For
this evaluation samples of 100% amorphous lac-
tosc with varying wcights were analysed (Fig. 3).
As seen, good linearity was obtained in a plot of

0.4_‘ @,
0.34
0.2 4

0.1

Heat of crystallisation Q(J)

T T T T T T 1

0 2 + 6 8 10 12 14

% Disorder

Fig. 4. Heat of crystallisation obtained by microcalorimetry (phase II) at 57% RH as a function of % disorder in physical mixtures
between 100% amorphous and 100% crystalline lactose at 57% RH. (a) Mixtures with a degree of disorder above 15% (n = 2); (b)
mixtures with a degree of disorder between 2 and 12% (n = 3). The error bars represent standard deviation.
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heat of crystallisation vs the amount of amor-
phous lactose. The intercept is close to 0 and the
correlation coefficient is 0.994. The slope is 32
J/g, which corresponds to the specific heat of
crystallisation obtained at different RH (Table 2).
The restricting factor for lowering the sample
weight further is the time at which the crystallisa-
tion peak appears. The shortest time to reach the
peak for the 100% amorphous lactose samples
measured was 2 h (16 mg). For samples that
contain a very low amount of amorphous material
the crystallisation may come within the time for
the temperature equilibration or when the sam-
ple and reference vessels have just been lowered
to the measurement position, which will disturb
the heat flow signal. To avoid this a lower RH
can be used, as indicated above.

3.3. Microcalorimetric measurements of physical
mixtures of amorphous and crystalline lactose

The heat flow signals for the crystallisation of
lactose in a physical mixture consisting of 100%
amorphous and 100% crystalline lactose were
monitored when exposed to 57% RH in the sam-
ple vessels. As before, phase 11 was integrated to
obtain the heat of crystallisation. From Fig. 4a it
is evident that for mixtures containing large
amounts of amorphous lactose (more than 15%)
there is no problem in estimating the degree of
disorder in a sample. Only a few measurements
were performed in duplicate in this region due to
the good linearity (correlation coefficient =
0.995). A careful evaluation was instead made in
the region of less than 15% disorder, where other
techniques such as DSC and X-ray analysis have
earlier had problems to detect small amorphous
contents in ‘crystalline’ samples (Saleki-Gerhardt
et al., 1994).

In Fig. 4b it is shown that samples containing a
low degree of disorder, between 2 and 12%, also
give excellent linearity (correlation coefficient =
0.999), with usually only small standard deviations
at each point (n = 3). These measurements show
how sensitive the microcalorimetric technique is
in estimating low amounts of amorphous content.
The two slopes can nevertheless be used to calcu-
late the amorphous content in unknown samples.

3.4. Comparisons between microcalorimetry and
other measuring technigues

Five samples of lactose with varying degrees of
disorder were prepared by altering the spray dry-
ing parameters (Table 1). These samples were
used for comparisons of the microcalorimetric
results with X-ray analysis and DSC measure-
ments.

The X-ray diffraction patterns obtained for the
five samples showed that all samples contained a
large but varied portion of crystalline o-lactose
monohydrate. No B-lactose was found. The mea-
sured degree of disorder for the samples is listed
in Table 3. X-ray analysis is a good method for
assessing the degree of disorder for samples con-
taining relatively high amounts of amorphous
content, above 10%. When the degree of crys-
tallinity is higher than 90% problems arise. For
the values given for most crystalline samples, IV
and V, the results are only rough estimates. How-
ever, it is possible to make preliminary assess-
ments by careful monitoring. For samples con-
taining less than 85% crystallinity X-ray analysis
is often a better choice than microcalorimetry
since it can provide information about the struc-
ture of the material. Comparisons of the degree
of disorder for the samples were also performed
by a new DSC technique using oscillating heat
flow (ODSC - sometimes also referred to as

Table 3

Comparisons of the degree of disorder between different
measurement techniques (samples according to Table 1;
standard deviation for microcalorimetry in parentheses)

Sample X-ray ODSC

Microcalorimetry

Degree Specific Degree Specific Degree
of heat of of heat of of
disorder crystal- disorder crystal- disorder
(%) lisation (%) lisation (%)
Jd/e U/

Amor-

phous 99 170 100 313012 100

I 54 85.2 50 15.7(0.8) S0

II 32 54.7 32 10.3(0.3) 33

111 16 325 19 549(0.3) 18

v 7 a # 2.39 (0.03) 7.6

A% 5 2 8 0.98(0.06) 3.1

# Not measurable by this technique.
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modulated DSC, MDSC). The heat flow signal
obtained by ODSC is equivalent to the heat flow
data collected by conventional DSC. However,
the heat flow can be separated into a heat capac-
ity (C,) component, which gives information on
reversible events such as glass transitions, and a
kinetic component, which provides data on irre-
versible transformations such as crystallisation
and dehydration. These combined components
together give additional information compared to
conventional DSC. In Fig. 5, the scan for a con-
ventional DSC profile is shown together with the
C, and kinetic components. The endothermic
peak below 100°C, shown by the kinetic compo-
nent, is the desorption of absorbed water in the
amorphous lactose. By separation of the conven-
tional DSC scan it is possible to see that the
crystallisation peak at 173°C is a combined effect
of a large irreversible exothermic peak and a
smaller reversible endothermic peak. The
exothermic peak gives the heat of crystallisation
whereas the endothermic peak probably reflects a

15 7

10

Heat flow (mW)
=
/

Cp component
-10
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conversion between two crystalline forms. In eval-
uation of the degree of disorder, the heat of
crystallisation measured for the exothermic peak
by ODSC was used. The data obtained are in
very close agreement with X-ray analysis and
microcalorimetry when the samples are not too
highly crystalline (Table 3).

Even if both microcalorimetry and DSC are
calorimetric methods the crystallisation is pro-
voked in different ways. In DSC it is the tempera-
ture increase that leads to the transformation
while in microcalorimetry it is mainly the water
uptake when ambient temperatures are used. Due
to the different mechanisms the heat of crystalli-
sation obtained by the two techniques will be
different (Table 3). The values of the degree of
disorder measured by microcalorimetry are often
in close agreement with the values from X-ray
analysis and ODSC (Table 3). However, while
these methods could not accurately determine
the amorphous content in the samples with the
lowest degree of disorder, it was possible with

Kinetic component

Exothermic —>

100

t Y

150 200

Temperature (°C)

Fig. 5. DSC scan with oscillating heat flow for 100% amorphous lactose. A conventional scan is shown together with its separated
kinetic and C,, components, showing irreversible and reversible transformations, respectively.
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microcalorimetry to measure the amorphous con-
tent. The measured degree of disorder was 3.1%
for sample V, for which X-ray analysis gave ap-
prox. 5%. This demonstrates the suitability of
microcalorimetry for detecting low amounts of
disorder in processed samples.

There are several parameters that can be
changed to improve the assessment of the degree
of disorder in a ‘crystalline’ material. As de-
scribed earlier it is not until all amorphous re-
gions have reached a certain condition that it will
crystallise, e.g., the water concentration. The time
taken to reach this water concentration will de-
pend, for example on the amount of amorphous
material in the sample, the relative humidity, how
the water source is placed within the sample
vessel and the water surface area. All these vari-
ables can be changed to obtain optimal measure-
ment conditions. Furthermore, the sensitivity level
of the microcalorimeter can be increased and the
integration of phase II can be improved. There is
no doubt that the lowest detectable amount of
disorder could be very small, probably less than
1%.

4. Conclusions

Measurements with microcalorimetry have ad-
vantages when estimating the degree of disorder
for highly crystalline samples (less than 10% of
disorder) compared to methods such as X-ray
analysis and DSC. The lowest measured degree
of disorder in this study was 2%. However, by
improving the measurement conditions further
analysis of amorphous contents less than 2% will
be possible. Furthermore, when checking for small
differences in the amorphous content of materi-
als after purchase or in house processing, mi-
crocalorimetry will be a valuable addition to other
techniques.
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