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bstract

The effect of pressure up to 5.5 GPa on a dry powder sample of chlorpropamide (4-chloro-N-((propylamino)-carbonyl)-benzenesulfonamide),
orm-A (sp. gr. P212121, a = 9.066 Å, b = 5.218 Å, c = 26.604 Å), was studied in situ in a Merrill–Bassett diamond anvil cell using high-resolution X-
ay powder diffraction (a synchrotron radiation source at SNBL ESRF, Grenoble). No evidence of the polymorphic transformation of chlorpropamide
orm-A to form-C was observed. The A–C polymorphic transition on tabletting previously reported by Otsuka et al. (1989) is therefore likely to

e 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
ts 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
o occur at pressures above 4 GPa, but this requires further studies.

2006 Elsevier B.V. All rights reserved.
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. Introduction

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

The possibility of inducing polymorphic transitions in drug

ubstances during tabletting has attracted attention for a rather
ong time and has been reported in the literature for several
ompounds (Nogami et al., 1969; Chan and Doelker, 1985;
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oldyreva and Boldyrev, 1999; Brittain, 1999; Bernstein, 2002).
ypically, in such studies a sample (a dry powder or a slurry in
solvent) was compressed and then characterized a posteriory,
ainly using X-ray powder diffraction. Polymorphic transitions

bserved in such experiments could result from local pressure
ncrease, but also from shear strain, and local heating. Polymor-
hic transitions on tabletting are not necessarily of a “crystalline
olid to crystalline solid” type, but can proceed via amorphisa-
ion, melting and/or recrystallization. Model experiments have
hown, that the temperature of the sample during tabletting
an influence polymorphic transitions induced in the sample
Otsuka et al., 1989, 1995; Matsumoto et al., 1991; Boldyreva
nd Boldyrev, 1999). Model experiments on samples in a hydro-
tatic medium have also shown, that pure hydrostatic compres-
ion can have an opposite effect as compared to shear stresses.
or example, grinding induces a polymorphic transformation
f paracetamol-II into paracetamol-I, whereas a reverse trans-

ormation occurs on applying hydrostatic pressure (Boldyreva et
l., 2002). When conducting experiments under hydrostatic con-
itions, one excludes the effects of shear stresses and of local
eating, but another important possibility must be controlled,

mailto:boldyrev@nsu.ru
dx.doi.org/10.1016/j.ijpharm.2006.07.019
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ig. 1. A molecule of chlorpropamide (4-chloro-N-((propylamino)-carbonyl)-
enzenesulfonamide), form-A.

amely, the solvent-mediated effects due to the possible inter-
ction between the solid sample and the pressure-transmitting
edium. No polymorphic transition could be induced by pres-

ure in a Co(III)-coordination compound in a fluorinated oil,
ut it was observed easily at a relatively low pressure in alco-
ol (Boldyreva et al., 2000a). Examples are described, when
he effects of tabletting on a solid drug substance were also
olvent-mediated. Thus, no phase transitions were observed on
abletting dry intact powder of indomethacin, but occurred if
n ethanol slurry was compressed (Okumura et al., 2006). One
hould be especially careful, if the solid is soluble in the pressure-
ransmitting liquid at ambient conditions. The crystallization
f new polymorphs and solvates of drug substances at high
ydrostatic pressures has also been described in several recent
ublications (Fabbiani et al., 2003, 2004, 2005a,b). Different
olvents gave different high-pressure phases/solvates.

Chlorpropamide ((4-chloro-N-((propylamino)-carbonyl)-
enzenesulfonamide), Fig. 1) is a member of the sulphonylurea
roup of compounds, and is widely used as an oral antidi-
betic agent (Physician’s Desk Reference, 2003). Seven
hlorpropamide polymorphs and a benzene solvate have been
eported in the literature (Simmons et al., 1973; Burger, 1975;
l-Saieq and Riley, 1982; De Villiers and Wurster, 1999;
emavarapu et al., 2002), but the crystal structure has been
olved for only one polymorph, sp. gr. P212121, a = 9.066 Å,
= 5.218 Å, c = 26.604 Å (Koo et al., 1980), most commonly

ermed “form-A” (Simmons et al., 1973; Otsuka et al., 1989,
995; Matsumoto et al., 1991), more rarely termed form-III
Burger, 1975), or form-IV (Al-Saieq and Riley, 1982). This
orm is the commercially manufactured one, and it is considered
o be the thermodynamically stable form at ambient conditions
Simmons et al., 1973; Burger, 1975; Al-Saieq and Riley, 1982).
or other forms, even the cell parameters remain unknown,
ut the powder diffraction patterns differ so noticeably, that a
attern can characterize a form unambiguously. The structures
f the different forms remaining unknown, powder diffraction

atterns are used even to calculate the relative content of the
orms in a mixture (De Villiers and Wurster, 1999).

Chlorpropamide can be considered as a model compound to
tudy polymorphic transformations on tabletting (Otsuka et al.,

0
e
p
t
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989, 1995; Matsumoto et al., 1991). On tabletting, form-A has
een reported to transform partially into another polymorph,
orm-C (Otsuka et al., 1989, 1995; Matsumoto et al., 1991;
oivisto and Lehto, 2006). The density of the form-A (mea-

ured using an air comparison pycnometer) is larger, than the
ensity of the form-C (measured in the same way), and this let
tsuka et al. conclude, that pressure increase on tabletting can-
ot account for the A–C transformation (Otsuka et al., 1989;
atsumoto et al., 1991). Form-C is known to be formed from

ny other form of chlorpropamide on heating up to about 115 ◦C
Simmons et al., 1973; Burger, 1975; Al-Saieq and Riley, 1982),
nd one might suppose the reported form-A to form-C transfor-
ation on tabletting could be a result of local heating, melting

nd/or recrystallization (Otsuka et al., 1989, 1995; Matsumoto
t al., 1991).

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

In this work, we decided to test, if any pressure-induced
ransformations can be induced by compressing a dry powder
ample of chlorpropamide form-A to high pressures in a dia-
ond anvil cell, and monitoring the polymorphic form in situ

y high-resolution powder X-ray diffraction. In the absence of
pressure-transmitting liquid, compression of a powder sample

n a DAC becomes non-homogeneous throughout the sample,
esulting in the broadening of the X-ray diffraction peaks. How-
ver, this does not prevent one from refining cell parameters
although at a lower precision), and from checking, if a poly-
orphic transition occurs.
This is the first paper in a series documenting a system-

tic study of the effect of pressure on chlorpropamide crystals,
sing different starting polymorphs and pressure-transmitting
iquids (if any). As was demonstrated recently (Murli et al., 2003;
oldyreva et al., 2005; Goryainov et al., 2005, 2006), by vary-

ng starting polymorphs, one can obtain different high-pressure
orms at the same P–T conditions using the same pressure-
ransmitting liquid.

. Materials and methods

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

Quasihydrostatic pressure was created in a modified
errill–Bassett four-screw diamond anvil cell (DAC) with
.6 mm diameter culets (Ahsbahs, 1995). A hole (0.2 mm diam-
ter) in a stainless steel gasket was filled manually as densely as
ossible with a powder sample. Compression was achieved by
ightening the screws of the DAC, and pressure was controled
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Fig. 2. Powder diffraction patterns of chlorpropamide: a: ambie

y a line shift in Ruby fluorescence (Piermarini et al., 1975).
uring the experiments, the DAC was kept at constant ambient

emperature. The packing density of the powder in the cell was
ot measured, but it obviously increased after applying pressure,
s indicated by a shrinkage in the gasket hole with increasing
ressure in the course of the experiment.

The effect of pressure on the crystal structure of chlor-
ropamide form-A was followed using an angular-dispersive
-ray powder diffraction technique in transmission mode with
monochromatized synchrotron radiation source at the Swiss-
orwegian Beam Lines (BM1A) at ESRF (λ = 0.71085 Å, col-
imator width and height 0.15 mm). Diffraction patterns were
egistered with a MAR345 image plate detector (pixel size
.12 mm, 2300 × 2300 pixels in image). The frames were mea-
ured with exposing time equal to 900–3600 s, with oscillation

i
a
h
p

ssure; b: 0.6 GPa; c: 1.3 GPa; d: 2 GPa; e: 3.7 GPa; f: 5.5 GPa.

n φ ± 3◦. The distance from crystal to detector, the beam cen-
er position, the tilt angle and the tilt plane rotation angle were
efined using a Si standard put at a diamond anvil of the open
AC in a special calibration experiment.

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

. Results and discussion

Typical macroscopic pressures recorded during the tablet-

ng of pharmaceutical materials are in the range 100–400 MPa,
lthough local pressures within a tablet may be considerably
igher than this. Powder diffraction patterns collected for chlor-
ropamide form-A at several pressures up to 5.5 GPa are pre-
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ented in Fig. 2. Since no pressure-transmitting liquid was used,
he pressure was not ideally homogeneous, and noticeable broad-
ning of the peaks could be observed, especially at higher pres-
ures. The intensity ratio indicated at the preferred orientation
f particles in the sample, typical for powder samples pressed
n a DAC. There was no evidence of a polymorphic transfor-

ation of form-A into form-C with increasing pressure. The
hanges in the powder diffraction patterns can be interpreted
n terms of the anisotropic compression of form-A: all the pat-
erns could be indexed as the original form-A, and the values of
ell parameters and volume could be refined at different pres-

ures (Fig. 3). At about 4 GPa, a shoulder appeared at the low
ngle reflection (0 0 2), which became less pronounced again at
higher-pressure 5.5 GPa (Fig. 2e and f). This can be a conse-
uence of non-hydrostatic conditions, but may indicate also at

ig. 3. Changes in cell parameters of chlorpropamide vs. pressure; a: parameter
; b: parameter b in chlorpropamide (black symbols) and b/2 in paracetamol-I
open symbols); c: parameter c.
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ome structural change (in any case, not at the A–C transfor-
ation) at this pressure value. Small deviations from smooth
(P), b(P), and c(P) curves (Fig. 3), and a kink at the �b/b(P)
ependence (Fig. 6) may serve as other possible indications at a
ronounced structural change at about 4 GPa. At the same time,
hey can also result from a deterioration of the quality of the
iffraction patterns due to peak broadening at higher pressures.
his requires further study. In any case, it can be deduced from
ur data that the polymorphic transformation of chlorpropamide
orm-A to form-C on tabletting that has been previously reported
Otsuka et al., 1989, 1995; Matsumoto et al., 1991) is most likely
o be due to local heating effects. Likewise, the pressure-induced
hase transitions at 0.9 and 2.0 GPa detected by Raman spec-
roscopy on a sample of chlorpropamide form-A in its saturated
thanol solution by Cao (2002) would seem to be most likely
olvent-mediated.

Chlorpropamide form-A crystals turned out to be much more
ompressible, than other previously studied drug substances,
uch as the polymorphs of paracetamol (Boldyreva et al., 2000b,
002) (Fig. 4). This high compressibility can be correlated both
ith the conformational flexibility of chlorpropamide molecules

Fig. 1) and with the molecular packing in the crystal structure.
hlorpropamide form-A has pleated bands of hydrogen-bonded
olecules with alternating hydrophobic and hydrophilic regions

Fig. 5a and b) (Koo et al., 1980). The pleated bands in chlor-
ropamide form-A show some similarity with the pleated layers
n paracetamol-I (Fig. 5c). Fig. 6 illustrates the anisotropy of
tructural strain in chlorpropamide form-A crystals compared
o that in paracetamol forms I and II (Boldyreva et al., 2000b,
002). Chlorpropamide form-A crystals are noticeably more
ompressible in the direction normal to the pleated bands (b-
irection). Relative linear strain in this direction is comparable
ith linear strain in the direction normal to pleated layers in
aracetamol-I (also b-direction), and with compression normal
o flat layers in paracetamol-II, up to about 4 GPa, and becomes
arger at higher pressures. Linear strain in the planes normal to

-direction in chlorpropamide is practically isotropic, although
rystal structure is orthorhombic. A similar effect was observed
reviously for orthorhombic paracetamol-II (Boldyreva et al.,
002). The value of linear strain in these planes is comparable

ig. 4. Relative volume change with increasing pressure in chlorpropamide (this
tudy; solid symbols) as compared with paracetamol-I (Boldyreva et al., 2000b)
nd 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
(
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Bruno et al., 2002).

ith that in the flat hydrogen-bonded layers in paracetamol-
I (Boldyreva et al., 2002) and with an average between the
xpansion and the compression in different directions within
he pleated layers in paracetamol-I (Boldyreva et al., 2000b). At
bout 5.5 GPa the distance between the pleated bands in chlor-
ropamide form-A (the value of b parameter) becomes equal

o the distance between the pleated layers in paracetamol-I (the
alue b/2) at the same pressure (Fig. 3b). Thus, the anisotropic
esponse to applied stress is consistent with the known arrange-
ent of molecules in the unit cell and may reflect the anisotropy

s
i
a
e

f intermolecular interactions in chlorpropamide form-A crys-
als. The similarity of the values of linear strain measured in
elected crystallographic directions in chlorpropamide, form-A
dry powder), in paracetamol-I (single crystals or powders in
arious liquids), and in paracetamol-II (powder in various liq-
ids) suggest, that the non-hydrostatic conditions do not have a

ignificant effect on the anisotropic response of the molecules
n a crystal, and the measured anisotropy of lattice strain is to
large extent determined by the anisotropy of crystal structure,

ven 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-
u
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Koivisto, M., Lehto, V.-P., 2006. Grazing incidence X-ray diffraction studies of
es for the monoclinic paracetamol-I (white symbols) and for the orthorhombic
aracetamol-II (grey symbols) are plotted.

. Conclusion

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