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Abstract

The effect of pressure up to 5.5 GPa on a dry powder sample of chlorpropamide (4-chloro-N-((propylamino)-carbonyl)-benzenesulfonamide),
form-A (sp. gr. P2,2,2;,a=9.066 A, b=5218A,c=26.604 A), was studied in sifu in a Merrill-Bassett diamond anvil cell using high-resolution X-
ray powder diffraction (a synchrotron radiation source at SNBL ESRF, Grenoble). No evidence of the polymorphic transformation of chlorpropamide
form-A to form-C was observed. The A—C polymorphic transition on tabletting previously reported by Otsuka et al. (1989) is therefore likely to
be due to local heating effects. Similarly, the phase transitions of form-A reported by Cao (2002) to be induced by pressure applied to a sample in
its saturated ethanol solution (at 0.9 and at 2.0 GPa) would appear to be solvent-mediated. In the dry sample, a phase transition may be supposed

to occur at pressures above 4 GPa, but this requires further studies.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The problem of polymorphic transitions in drug substances
is important for several reasons. If a polymorphic transition
occurs during manufacturing process, the uncontrolled forma-
tion of another polymorph as compared to the starting material
can result in the deterioration of the quality of a dosage form
in terms of its bioavailability, or shelf-life. It can also have con-
sequences if a patent specifies the manufacture and sale of a
particular polymorph. On the other hand, an ability to control
the polymorphism of a drug opens new routes to improving the
quality of an already known product and to launching new prod-
ucts into the market (Brittain, 1999; Bernstein, 2002).

The possibility of inducing polymorphic transitions in drug
substances during tabletting has attracted attention for a rather
long time and has been reported in the literature for several
compounds (Nogami et al., 1969; Chan and Doelker, 1985;
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Boldyreva and Boldyrev, 1999; Brittain, 1999; Bernstein, 2002).
Typically, in such studies a sample (a dry powder or a slurry in
a solvent) was compressed and then characterized a posteriory,
mainly using X-ray powder diffraction. Polymorphic transitions
observed in such experiments could result from local pressure
increase, but also from shear strain, and local heating. Polymor-
phic transitions on tabletting are not necessarily of a “crystalline
solid to crystalline solid” type, but can proceed via amorphisa-
tion, melting and/or recrystallization. Model experiments have
shown, that the temperature of the sample during tabletting
can influence polymorphic transitions induced in the sample
(Otsuka et al., 1989, 1995; Matsumoto et al., 1991; Boldyreva
and Boldyrev, 1999). Model experiments on samples in a hydro-
static medium have also shown, that pure hydrostatic compres-
sion can have an opposite effect as compared to shear stresses.
For example, grinding induces a polymorphic transformation
of paracetamol-II into paracetamol-I, whereas a reverse trans-
formation occurs on applying hydrostatic pressure (Boldyreva et
al., 2002). When conducting experiments under hydrostatic con-
ditions, one excludes the effects of shear stresses and of local
heating, but another important possibility must be controlled,
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Fig. 1. A molecule of chlorpropamide (4-chloro-N-((propylamino)-carbonyl)-
benzenesulfonamide), form-A.

namely, the solvent-mediated effects due to the possible inter-
action between the solid sample and the pressure-transmitting
medium. No polymorphic transition could be induced by pres-
sure in a Co(Il)-coordination compound in a fluorinated oil,
but it was observed easily at a relatively low pressure in alco-
hol (Boldyreva et al., 2000a). Examples are described, when
the effects of tabletting on a solid drug substance were also
solvent-mediated. Thus, no phase transitions were observed on
tabletting dry intact powder of indomethacin, but occurred if
an ethanol slurry was compressed (Okumura et al., 2006). One
should be especially careful, if the solid is soluble in the pressure-
transmitting liquid at ambient conditions. The crystallization
of new polymorphs and solvates of drug substances at high
hydrostatic pressures has also been described in several recent
publications (Fabbiani et al., 2003, 2004, 2005a,b). Different
solvents gave different high-pressure phases/solvates.
Chlorpropamide  ((4-chloro-N-((propylamino)-carbonyl)-
benzenesulfonamide), Fig. 1) is a member of the sulphonylurea
group of compounds, and is widely used as an oral antidi-
abetic agent (Physician’s Desk Reference, 2003). Seven
chlorpropamide polymorphs and a benzene solvate have been
reported in the literature (Simmons et al., 1973; Burger, 1975;
Al-Saieq and Riley, 1982; De Villiers and Wurster, 1999;
Vemavarapu et al., 2002), but the crystal structure has been
solved for only one polymorph, sp. gr. P212121, a=9.066 A,
bh=5218A, ¢=26.604 A (Koo et al., 1980), most commonly
termed “form-A” (Simmons et al., 1973; Otsuka et al., 1989,
1995; Matsumoto et al., 1991), more rarely termed form-III
(Burger, 1975), or form-IV (Al-Saieq and Riley, 1982). This
form is the commercially manufactured one, and it is considered
to be the thermodynamically stable form at ambient conditions
(Simmons et al., 1973; Burger, 1975; Al-Saieq and Riley, 1982).
For other forms, even the cell parameters remain unknown,
but the powder diffraction patterns differ so noticeably, that a
pattern can characterize a form unambiguously. The structures
of the different forms remaining unknown, powder diffraction
patterns are used even to calculate the relative content of the
forms in a mixture (De Villiers and Wurster, 1999).
Chlorpropamide can be considered as a model compound to
study polymorphic transformations on tabletting (Otsuka et al.,

1989, 1995; Matsumoto et al., 1991). On tabletting, form-A has
been reported to transform partially into another polymorph,
form-C (Otsuka et al., 1989, 1995; Matsumoto et al., 1991;
Koivisto and Lehto, 2006). The density of the form-A (mea-
sured using an air comparison pycnometer) is larger, than the
density of the form-C (measured in the same way), and this let
Otsuka et al. conclude, that pressure increase on tabletting can-
not account for the A—C transformation (Otsuka et al., 1989;
Matsumoto et al., 1991). Form-C is known to be formed from
any other form of chlorpropamide on heating up to about 115 °C
(Simmons et al., 1973; Burger, 1975; Al-Saieq and Riley, 1982),
and one might suppose the reported form-A to form-C transfor-
mation on tabletting could be a result of local heating, melting
and/or recrystallization (Otsuka et al., 1989, 1995; Matsumoto
etal.,, 1991).

In a model study of the effect of hydrostatic pressure on
form-A of chlorpropamide by Raman spectroscopy in a diamond
anvil cell in situ, no “A-to-C” transformation with increas-
ing pressure was observed, but two polymorphic transforma-
tions were claimed to occur at approximately 0.9 and 2.0 GPa
(Cao, 2002). Since the saturated solution of chlorpropamide
in ethanol was used as a pressure-transmitting liquid in these
experiments, one cannot exclude the role of ethanol in these
transformations.

In this work, we decided to test, if any pressure-induced
transformations can be induced by compressing a dry powder
sample of chlorpropamide form-A to high pressures in a dia-
mond anvil cell, and monitoring the polymorphic form in situ
by high-resolution powder X-ray diffraction. In the absence of
a pressure-transmitting liquid, compression of a powder sample
in a DAC becomes non-homogeneous throughout the sample,
resulting in the broadening of the X-ray diffraction peaks. How-
ever, this does not prevent one from refining cell parameters
(although at a lower precision), and from checking, if a poly-
morphic transition occurs.

This is the first paper in a series documenting a system-
atic study of the effect of pressure on chlorpropamide crystals,
using different starting polymorphs and pressure-transmitting
liquids (if any). As was demonstrated recently (Murli etal., 2003;
Boldyreva et al., 2005; Goryainov et al., 2005, 2006), by vary-
ing starting polymorphs, one can obtain different high-pressure
forms at the same P-T conditions using the same pressure-
transmitting liquid.

2. Materials and methods

Chlorpropamide form-A (batch # 31H0722) was obtained
from Sigma Chemical Co. (St. Loius, MO, USA) and used as
received. An X-ray powder diffraction test has shown, that the
sample contained only pure form-A, at least within the accuracy
of the technique (Fig. 2a).

Quasihydrostatic pressure was created in a modified
Merrill-Bassett four-screw diamond anvil cell (DAC) with
0.6 mm diameter culets (Ahsbahs, 1995). A hole (0.2 mm diam-
eter) in a stainless steel gasket was filled manually as densely as
possible with a powder sample. Compression was achieved by
tightening the screws of the DAC, and pressure was controled



E.V. Boldyreva et al. / International Journal of Pharmaceutics 327 (2006) 51-57 53

(b)

30001 12007
25001 10001
20004 1 8001
£ £
] =]
3 o]
8 1500 S 600
1000 400
500- W 2001
28° 2e’
o . ‘ 0 ‘ :
2 7 12 17 2 7 12 17
(© (d)
1000 8007
800- 6001
2 600 g
H g 400
© —
— 400
200
200
28° 2e’
0 . : 0 : ; .
2 7 12 17 2 7 12 17
(e) ®
800+ 5001
4001
600 0o
- @
8 5 300
3 o
8 400 =
B 200
200
100
28° 2e°
0 T T T 0 T T T
2 7 12 17 2 7 12 17

Fig. 2. Powder diffraction patterns of chlorpropamide: a: ambient pressure; b: 0.6 GPa; c: 1.3 GPa; d: 2 GPa; e: 3.7 GPa; f: 5.5 GPa.

by a line shift in Ruby fluorescence (Piermarini et al., 1975).
During the experiments, the DAC was kept at constant ambient
temperature. The packing density of the powder in the cell was
not measured, but it obviously increased after applying pressure,
as indicated by a shrinkage in the gasket hole with increasing
pressure in the course of the experiment.

The effect of pressure on the crystal structure of chlor-
propamide form-A was followed using an angular-dispersive
X-ray powder diffraction technique in transmission mode with
a monochromatized synchrotron radiation source at the Swiss-
Norwegian Beam Lines (BM1A) at ESRF (A =0.71085 A, col-
limator width and height 0.15 mm). Diffraction patterns were
registered with a MAR345 image plate detector (pixel size
0.12 mm, 2300 x 2300 pixels in image). The frames were mea-
sured with exposing time equal to 900-3600 s, with oscillation

in ¢ = 3°. The distance from crystal to detector, the beam cen-
ter position, the tilt angle and the tilt plane rotation angle were
refined using a Si standard put at a diamond anvil of the open
DAC in a special calibration experiment.

ULM (Brueggemann et al., 1992) was used for the refinement
of cell parameters. Fragments of crystal structure were plotted
using Mercury (Bruno et al., 2002).

3. Results and discussion

Typical macroscopic pressures recorded during the tablet-
ing of pharmaceutical materials are in the range 100400 MPa,
although local pressures within a tablet may be considerably
higher than this. Powder diffraction patterns collected for chlor-
propamide form-A at several pressures up to 5.5 GPa are pre-
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sented in Fig. 2. Since no pressure-transmitting liquid was used,
the pressure was notideally homogeneous, and noticeable broad-
ening of the peaks could be observed, especially at higher pres-
sures. The intensity ratio indicated at the preferred orientation
of particles in the sample, typical for powder samples pressed
in a DAC. There was no evidence of a polymorphic transfor-
mation of form-A into form-C with increasing pressure. The
changes in the powder diffraction patterns can be interpreted
in terms of the anisotropic compression of form-A: all the pat-
terns could be indexed as the original form-A, and the values of
cell parameters and volume could be refined at different pres-
sures (Fig. 3). At about 4 GPa, a shoulder appeared at the low
angle reflection (0 02), which became less pronounced again at
a higher-pressure 5.5 GPa (Fig. 2e and f). This can be a conse-
quence of non-hydrostatic conditions, but may indicate also at
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Fig. 3. Changes in cell parameters of chlorpropamide vs. pressure; a: parameter
a; b: parameter b in chlorpropamide (black symbols) and b/2 in paracetamol-I
(open symbols); c: parameter c.

some structural change (in any case, not at the A—C transfor-
mation) at this pressure value. Small deviations from smooth
V(P), b(P), and c(P) curves (Fig. 3), and a kink at the Ab/b(P)
dependence (Fig. 6) may serve as other possible indications at a
pronounced structural change at about 4 GPa. At the same time,
they can also result from a deterioration of the quality of the
diffraction patterns due to peak broadening at higher pressures.
This requires further study. In any case, it can be deduced from
our data that the polymorphic transformation of chlorpropamide
form-A to form-C on tabletting that has been previously reported
(Otsukaetal., 1989, 1995; Matsumoto et al., 1991) is most likely
to be due to local heating effects. Likewise, the pressure-induced
phase transitions at 0.9 and 2.0 GPa detected by Raman spec-
troscopy on a sample of chlorpropamide form-A in its saturated
ethanol solution by Cao (2002) would seem to be most likely
solvent-mediated.

Chlorpropamide form-A crystals turned out to be much more
compressible, than other previously studied drug substances,
such as the polymorphs of paracetamol (Boldyreva et al., 2000b,
2002) (Fig. 4). This high compressibility can be correlated both
with the conformational flexibility of chlorpropamide molecules
(Fig. 1) and with the molecular packing in the crystal structure.
Chlorpropamide form-A has pleated bands of hydrogen-bonded
molecules with alternating hydrophobic and hydrophilic regions
(Fig. 5a and b) (Koo et al., 1980). The pleated bands in chlor-
propamide form-A show some similarity with the pleated layers
in paracetamol-I (Fig. 5¢). Fig. 6 illustrates the anisotropy of
structural strain in chlorpropamide form-A crystals compared
to that in paracetamol forms I and II (Boldyreva et al., 2000b,
2002). Chlorpropamide form-A crystals are noticeably more
compressible in the direction normal to the pleated bands (b-
direction). Relative linear strain in this direction is comparable
with linear strain in the direction normal to pleated layers in
paracetamol-I (also b-direction), and with compression normal
to flat layers in paracetamol-II, up to about 4 GPa, and becomes
larger at higher pressures. Linear strain in the planes normal to
b-direction in chlorpropamide is practically isotropic, although
crystal structure is orthorhombic. A similar effect was observed
previously for orthorhombic paracetamol-II (Boldyreva et al.,
2002). The value of linear strain in these planes is comparable

ViV,

P, GPa

Fig. 4. Relative volume change with increasing pressure in chlorpropamide (this
study; solid symbols) as compared with paracetamol-I (Boldyreva et al., 2000b)
and paracetamol-II (Boldyreva et al., 2002) (open symbols).
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Fig. 5. Fragments of the crystal structure of chlorpropamide form-A in different orientations (a and b) and, for a comparison, of paracetamol-I (c). In electronic
colour version: red, oxygen; blue, nitrogen; grey, carbon; yellow, sulfur; green, chlorine; small white circles: hydrogen. The plots were prepared using Mercury

(Bruno et al., 2002).

with that in the flat hydrogen-bonded layers in paracetamol-
II (Boldyreva et al., 2002) and with an average between the
expansion and the compression in different directions within
the pleated layers in paracetamol-I (Boldyreva et al., 2000b). At
about 5.5 GPa the distance between the pleated bands in chlor-
propamide form-A (the value of b parameter) becomes equal
to the distance between the pleated layers in paracetamol-I (the
value b/2) at the same pressure (Fig. 3b). Thus, the anisotropic
response to applied stress is consistent with the known arrange-
ment of molecules in the unit cell and may reflect the anisotropy

of intermolecular interactions in chlorpropamide form-A crys-
tals. The similarity of the values of linear strain measured in
selected crystallographic directions in chlorpropamide, form-A
(dry powder), in paracetamol-I (single crystals or powders in
various liquids), and in paracetamol-II (powder in various lig-
uids) suggest, that the non-hydrostatic conditions do not have a
significant effect on the anisotropic response of the molecules
in a crystal, and the measured anisotropy of lattice strain is to
a large extent determined by the anisotropy of crystal structure,
even if pressure in the sample is non-homogeneous.
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Fig. 6. Linear strain in directions of the principal axes of strain tensor of
chlorpropamide (black symbols, rhombs: along a; triangles: along c; circles:
along b crystallographic directions). For a comparison, the corresponding val-
ues for the monoclinic paracetamol-I (white symbols) and for the orthorhombic
paracetamol-II (grey symbols) are plotted.

4. Conclusion

The most important result of the present study is that obvi-
ously no A—C polymorphic transformation could be observed,
when pressure was applied to a dry powder sample of chlor-
propamide form-A. A polymorphic transformation of chlor-
propamide form-A to form-C that was reported during tablet-
ting (Otsuka et al., 1989, 1995; Matsumoto et al., 1991) must
therefore be due to local heating effects. If no polymorphic trans-
formations are observed under conditions of non-homogeneous
pressure, the probability that they can be induced under ideally
hydrostatic conditions is very low. Much more often, even the
polymorphic transitions that occur under non-hydrostatic con-
ditions do not take place on hydrostatic compression (see e.g.
Boldyreva et al., 2002). The pressure-induced phase transitions
at 0.9 and 2.0 GPa studied by Raman spectroscopy on a sample
of chlorpropamide form-A in its saturated ethanol solution (Cao,
2002) appear to be solvent-mediated. In the dry sample, a phase
transition may be supposed to occur at pressures above 4 GPa,
but this requires further studies. A detailed study of the effect
of pressure on different starting polymorphs of chlorpropamide
in various liquids is in progress. It will help us to understand
better the nature of the pressure-induced polymorphic transi-
tions in this system, and is very promising for identifying new
chlorpropamide high-pressure forms, that might be preserved
on decompression.
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