JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Mechanochromism of Piroxicam Accompanied by Intermolecular Proton
Transfer Probed by Spectroscopic Methods and Solid-Phase Changes
Agam R. Sheth, Joseph W. Lubach, Eric J. Munson, Francis X. Muller, and David J. W. Grant
J. Am. Chem. Soc., 2005, 127 (18), 6641-6651« DOI: 10.1021/ja045823t  Publication Date (Web): 13 April 2005
Downloaded from http://pubs.acs.org on March 25, 2009

Mechanical str
_Mechanical stress | Yellow, amorphous,

(Intermolecular proton transfer) zwitterionic piroxicam
—
molecules

Colorless, crystalline, neutral
piroxicam molecules
Recrystallization

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 4 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja045823t

A\C\S

ARTICLES

Published on Web 04/13/2005

Mechanochromism of Piroxicam Accompanied by
Intermolecular Proton Transfer Probed by Spectroscopic
Methods and Solid-Phase Changes

Agam R. Sheth," Joseph W. Lubach,* Eric J. Munson,* Francis X. Muller,® and
David J. W. Grant*'

Contribution from the Department of Pharmaceutics, College of Pharmacy;elsity of
Minnesota, Weeer-Densford Hall, 308 Harard Street SE, Minneapolis, Minnesota 55455-0343,
Department of Pharmaceutical Chemistry, The d&émsity of Kansas, 2095 Constaniénue,
Lawrence, Kansas 66047, and GlaxoSmithKline Pharmaceuticals, P.O. Box 1539, 709
Swedeland Road, King of Prussia, Pennayia 19406-0939

Received July 12, 2004; E-mail: grant001@umn.edu

Abstract: Structural and solid-state changes of piroxicam in its crystalline form under mechanical stress
were investigated using cryogenic grinding, powder X-ray diffractometry, diffuse-reflectance solid-state
ultraviolet—visible spectroscopy, variable-temperature solid-state **C nuclear magnetic resonance spec-
troscopy, and solid-state diffuse-reflectance infrared Fourier transform spectroscopy. Crystalline piroxicam
anhydrate exists as colorless single crystals irrespective of the polymorphic form and contains neutral
piroxicam molecules. Under mechanical stress, these crystals become yellow amorphous piroxicam, which
has a strong propensity to recrystallize to a colorless crystalline phase. The yellow color of amorphous
piroxicam is attributed to charged piroxicam molecules. Variable-temperature solid-state °C NMR
spectroscopy indicates that most of the amorphous piroxicam consists of neutral piroxicam molecules; the
charged species comprise only about 8% of the amorphous phase. This ability to quantify the fractions of
charged and neutral molecules of piroxicam in the amorphous phase highlights the unique capability of
solid-state NMR to quantify mixtures in the absence of standards. Other compounds of piroxicam, which
are yellow, are known to contain zwitterionic piroxicam molecules. The present work describes a system
in which proton transfer accompanies both solid-state disorder and a change in color induced by mechanical
stress, a phenomenon which may be termed mechanochromism of piroxicam.

Introduction transfer is induced by external stimuli, the tautomeric change
is sometimes accompanied by a change in color. 4-Oxopyri-
midine is an example of phototautomerism, which implies that
intramolecular proton transfer is induced by ultraviolet light.
However, no color change accompanies the tautomeric cifange.
Proton-transfer reactions induced by external stimuli can also
be accompanied by a reversible change in color, which is
denoted by the suffixchromism’ The prefix before chromism
indicates the phenomenon that induces the change, on which
the position and intensity of electronic bands depend. The term
chromismoriginally indicated a reversible color change, but is
now sometimes employed in a broader sénge include

Tautomerism in the solid-state often involves proton transfer.
Solid-state proton transfers occur in many chemical and
biological processes and have long been a subject of experi-
mental study and theoretical interest. In nonpolymeric, single-
component, organic molecular crystals, such proton transfers
can be either dynamic or induced by external stimuli. Dynamic
proton tautomerism occurs in porphyrihazophening,pyra-
zoles? dimethyldibenzotetraaza[14]annuleéhesitrinin,> and
crystalline and amorphous phthalocyantheWhen proton
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irreversible color changésin general, several different types
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contains neutral piroxicam molecul&scrystalline piroxicam
monohydraté! derivatives of piroxicam alkylated on the pyridyl
nitrogen32 and 1:1 piroxicanfi-cyclodextrin comple® are all
bright yellow and contain zwitterionic piroxicam molecules. The
N melt of piroxicam is also yellow. Metal complexes of piroxicam,

X" in which the piroxicam molecule exists as a similar zwitterion,
are also colored! Solutions of piroxicam in polar solvents are

Zu also yellow and contain zwitterionic piroxicam molecufés®

13 As compared with the neutral piroxicam molecule in Figure 1,

Figure 1. Molecular structure of piroxicam, 4-hydroxy-2-methyi2-
pyridinyl-2H-1,2-benzothiazine-3-carboxamide. The piroxicam molecule in
polymorph | @) and polymorph 1l P;)?%30is found to exist in a near-

a zwitterionic piroxicam molecule has several resonance forms
arising from the anionic enolate and cationic pyridinium
planar EZE configuration about the three bonds connecting the two ring fun?t'onal grOUPSv as shown in Scheme 1_‘ The yeII_ow _COlor (_)f
systems shown above The numbering of the carbon atoms in the above Vvarious crystalline compounds and solutions of piroxicam is

structure corresponds to that in Figures 5 and 6 for the variable-temperatureattributed to extended conjugation of the zwitterionic piroxicam
13C solid-state nuclear magnetic resonance spectra. molecules

nochromism or biochromisi¥ 17 heliochromismt8 and halo- Shakhtschneidét reported that the3 form of piroxicam
solvatochromism? The termmechanochromismas been used  turned yellow upon milling and that this yellow color disap-
to indicate that the color change is initiated by mechanical peared during storage or annealing and was accompanied by
stres$2021Terms such as reversiBie3and irreversible mecha-  recrystallization of the drug. It was suggested that, upon milling,
nochromism are also used. In accordance with the IUPAC the S form of piroxicam underwent a change in its molecular
definition of chromisnt, the present work refers to mechano-  structure to that of the monohydrafetHowever, this phenom-
chromism as a reversible color change due to mechanical stressenon was not investigated further. The present work provides
Few examples of color change due to proton transfer induced evidence for the formation of zwitterionic piroxicam molecules
by external stimuli have been reported in nonpolymeric, single- in the amorphous form from neutral piroxicam molecules in
component, organic molecular solids. Because these chromismghe crystalline form under mechanical stress. The yellow color
involve proton transfer, the reactants and products are tautomersof amorphous piroxicam is attributed to zwitterionic piroxicam
Examples include photochromism of 2-@-dinitrobenzyl)- molecules, which are formed by an intermolecular proton
pyridine24 photo- and thermochromism of the crystal forms of transfer. To the best of our knowledge, the present report is the
N-salicylideneanilided> and thermochromism of the 44 first that describes a system in which proton transfer ac-
dipyridinium salt of squaric acié® Thermal tautomerism and  companies the solid-state disorder induced by mechano-
thermochromism in salicylidene anilide derivatives have also chromism. Spiropyrans of the indoline series have been reported
been studied at cryogenic temperatffds. the above examples,  to undergo a similar mechanochromism, in addition to their
the phenomenon of chromism is not associated with disorder photo- and thermochromic effects. However, the chromic effects

in the solid state of the compound under investigation and are attributed to the rupture of a weak-O bond, resulting in

therefore differs from that in the present work.

Piroxicam is a potent, long-acting, nonsteroidal, antiinflam-

matory drug?®63 1t is an enolic acid and an oxicam derivative
(Figure 1)2 While crystalline piroxicam is colorless and
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chemical transformatiofY.

The above phenomenon of chromism, induced by mechanical
stress in organic crystals, should be distinguished from color
polymorphism, which refers to polymorphism accompanied by
color differences. Color polymorphism may arise from such
molecular differences as hydrogen bonding (e.g., dimethyl-3,6-
dichloro-2,5-dihydroxyterephthald& or conformation (e.g.,
5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarboniffjeof
the molecule in the various crystal forms. Polymorphism is
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Scheme 1. Zwitterionic Piroxicam Molecule Showing the Resonance Structures Associated with the Positively Charged Pyridinium (top) and
Negatively Charged Enolate (bottom)
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unambiguously established by solving the crystal structures of leads to the X-ray amorphous fori®s.** Using high-performance liquid
the various polymorphs. However, certain molecules may show chromatography (HPLC) and one-dimensional 800 MHz proton
dynamic proton tautomerism in their crystal structures. nuclear magnetic resonance (NMR) spectroscopy, piroxicam was found

Piroxicam has three colorless polymorphs, form®),(Il not to undergo chemical degra_\dation upon grindfhig. andP, were
(Py), and Il (F’|||)-40 However, the crystal and molecular cryoground separately according to the reported methdtie effect

of mechanical stress on the solid-state structure and molecular structure
structures of only two polymorph®,2°and P;;,%° have been

ved. C tv. th t studv i | v th ¢ of crystalline piroxicam was studied by PXRD, variable-temperature
Solved. Lonsequently, the present study INVolves only tNESe WOy, i siate1sC nuclear magnetic resonance spectroscopy (SSNMR),

forms. Amorphous piroxicamPa, has been prepared but is giffyse reflectance ultravioletvisible spectroscopy (DRUVS), and
unstable?® The crystal structure of piroxicam monohydra@i/) diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
has also been reportét Although melt-quenching piroxicam  according to the following general procedure: At intervals of 12, 24,
produces an amorphous phase, melt-quenched piroxicam was6, 48, and 60 min of grinding time (i.e. 60 min of grinding time
not used in this study, because piroxicam undergoes chemicalcorresponds to 120 min of total operation of the rfllindicating off-

degradation upon meltirfg. periods of equal duration), the grinding vial was immediately transferred
) to a glovebox containing phosphorus pentoxide and a dry nitrogen purge
Materials and methods (25 °C, ~0% RH). Sample preparation for PXRD, DRUVEC

Piroxicam (Sigma Chemical Company, St. Louis, MO) was found SSNMR, or DRIFTS was performed in this glovebox, as described in
to correspond to form | by powder X-ray diffractometry (PXRD) and theé paragraph below and took about 5 min for each sample. The

was used as receive®, was prepared fronP, as describe® PM prepared sample in the sample holder was then immediately transferred
was prepared from eitheP, or P, by water-mediated solid-state to a desiccator containing phosphorus pentoxide and conveyed to the
conversion at 25C as describeét The identities of?,, Py, andPM relevant instrument. For PXRD, DRUVS, and DRIFTS, the grinding
were confirmed by comparing their experimental PXRD patterns with Vial was returned to the cryogenic mill. Use of a glovebox containing
those simulated from the respective known crystal strucfiiréswe phosphorus pentoxide and a dry nitrogen purge 1€5~0% RH)

have previously attempted to prepare amorphous piroxicam by Severam_revgnted the entry of moisture, thereby excluding the formation of

methods however, cryogenic grinding was found to be the only ~Piroxicam monohydrate.

technique suitable for preparing amorphous piroxiéam. For powder X-ray diffractometry, 400 mg d? and P, were
Piroxicam was subjected to mechanical stress in a cryogenic impactseparately cryoground for 60 min, resulting in completely X-ray

mill (6750 Freezer/Mill, SPEX CertiPrep, Inc., Metuchen, NJ), which amorphousP.*® In the glovebox, the solid sample to be analyzed was

packed into a glass capillary (1 mm internal diameter, Charles Supper,

(40) nggthAAl-o%i Bl%tgg, S.; Muller, F. X.; Grant, D. J. @tyst. Growth Des. Natick, MA), which was then sealed by modeling cfiThis procedure
41) She?h A R.'_Zhou D.: Muller, F. X. Grant, D. J. \l.Pharm. Sci2004 requires minimal sample handling and ensures that the sample is not
93, 3013-3026. exposed to the environment during handling, transfer, or X-ray
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diffractometry. Furthermore, only-510 mg of the sample are required.

The DRUVS spectra were recorded using a Cary 100 Bie-\is

The glass capillary was then transferred to a general area detectorspectrophotometer running on a windows-based Cary Win UV Ap-

diffraction system (GADDS) X-ray diffractometer (Siemens, Madison,

plication (Varian, Inc., Palo Alto, CA) with a diffuse reflectance

WI) in a desiccator containing phosphorus pentoxide. GADDS consists accessory (model DRA-CA-30I, Labsphere, Inc., North Sutton, NH)
of a two-dimensional detector that measures the entire cone of diffractedequipped with an 8 in.-diameter integrating sphere. DRUVS spectra
X-rays and has previously been utilized to assess amorphous phasef all samples were recorded and calibrated against a Spectralon

formation upon cryogrinding indomethac#Each PXRD run collected
data for 5 min at 25C. PXRD confirmed the absence of piroxicam
monohydrate in cryoground piroxicam.

DRUVS®##was used to study changes in the electronic structure

of crystalline piroxicamP, and P, as a result of cryogrinding. To

standard (Labsphere, Inc., North Sutton, NH). DRUVS readings are
presented as meah sd (h = 3) and included readings of ungrouRd
andP; att = 0.

For variable-temperaturéC SSNMR spectroscopy, about 400 mg
of P, and P, were separately cryoground for 60 min, resulting in

yield a signal proportional to concentration, the acquired spectra were completely amorphous piroxicam. Sample preparation for SSNMR

transformed by the KubelkaMunk equatiorf*46

FRy k=GRS @
s (R)

whereF(R.) is the remission function or the Kubelk&lunk function,

R. is the absolute reflectance of an effectively infinitely thick layer,

is its molar absorption coefficient, argis the scattering coefficient.

spectroscopy in the glovebox involved packing into 7.5-mm zirconia
rotors and sealing with Kel-F endcapiC SSNMR spectroscopy was
performed at 180 K using Chemagnetics CMX-300 spectrometers
(Varian, Inc., Fort Collins, CO) operating at 75 MHz and Chemagnetics
probes (Varian, Inc., Fort Collins, CO) equipped with PENCIL spinning
modules. The spectra d?, P, and PM were acquired at room
temperature; those d?a and P, were acquired at 180 K to avoid
recrystallization during data collection. The probe temperature scale
was calibrated using tH#&Pb resonance of lead nitrate, which is known

Reflectance values are commonly measured relative to that of a suitableto have a large temperature dependefidéhe pulse sequence utilized

white standard, for which one assumes that 0 andR. o= 1 in the

to acquire all spectra employed variable-amplitude cross polarization

spectral region of interest. Under these conditions, one determines theand total sideband suppression (TOS3)lagic-angle spinning (MAS)

ratio, Re sampidRe std = I'w, SO that eq 1 affords

1-r1.)
Fr)=K="

)

0

F(R.) andF(r.,) depend linearly on the analyte concentration at a given
wavelength under the following assumptidf&he solid particles in

was performed at 3:55 kHz together with a high-powéH decoupling

field of approximately 60 kH2* The spectrum o, was acquired using

a 30-s pulse delay, a cross polarization (CP) contact time of 5 ms, and
1H 90° pulse of 4.2us. A total of 2048 transients were acquired with
1024 data points, zero-filled to 8192 points. The spectrur®ofvas
acquired using a 15-s pulse delay, 5 ms CP contact time, ad®&°

pulse of 4.4us. A total of 4096 transients were acquired with 1024
data points, zero-filled to 8192 points. The spectrumPdl was

the sample are (a) of dimensions much smaller than the thickness ofacquired using a 7-s pulse delay, CP contact time of 2 ms, and a 4.2-
the layer, (b) homogeneous in content and distribution within the powder s IH 90° pulse. A total of 8192 transients were acquired with 1024

bed, (c) uniformly and randomly distributed within this layer, and (d)
constitute a layer of infinite thickness. Finely powdered samples fulfill
this requirement in depths of-5 mm, or greatef®4”

The capacity of the DRUVS sample holder, the need for triplicate

data points, zero-filled to 8192 points. SpectraPaf and Pa; were
acquired using a 5-ms contact time, a 2-s pulse delay, at $0°
pulse of 4.4us. A total of 1024 transients were acquired for each
spectrum with 256 data points filled to 2048 points. Variable contact

experiments, and characteristics of the powders required the startingtime experiments performed on cryoground sampl€? @ihdP, used

weights ofP, andP, to be 7 and 5 g, respectively. Sample preparation
for DRUVS measurements in the glovebox involved the following

contact times of 0.1, 0.5, 0.8, 1, 2, 3, 4, 5, 10, and 15 ms, with 256
transients acquired at each contact time. All spectra were referenced

procedures: Samples ground for various times were poured into the externally to the methyl peak of hexamethylbenzene at 17.35 ppm.

black sample holder, which was square (dimension 5 cm) with a circular

cavity (diameter 2 cm, depth 1 cm). This cavity was filled completely
with the powder, which was lightly compressed to a depth of 8 mm

DRIFTS provided information about the molecular change ac-
companying grinding of piroxicam. Sample preparation for DRIFTS
in the glovebox involved the following procedures. Samples ground

using a metal cylinder of diameter 2 cm to produce a smooth and evenfor various time periods were poured into the DRIFTS sample holder.
surface of the powder bed. The above procedure was followed to ensureThe powder surface was leveled with a spatula. The diffuse reflectance
consistency in the depth and smoothness of surface of the powder bedspectra of the samples were recorded using a FTIR spectrophotometer

in the central circular cavity of the sample holder during each

(Nicolet Magna-IR Series Il, Nicolet Instrument Corp., Madison, WI)

measurement. The powder bed was covered by a quartz window. Toequipped with a liquid nitrogen-cooled deuterated triglycine sulfate
ensure further that the surface of the powder bed was flush with the detector and Windows-based software (OMNIC version 6.1a, Nicolet
sample holder, the latter was inverted and lightly tapped until no space Instrument Corp., Madison, WI) for data collection and analysis. The
remained between the quartz window and the surface of the powdersample holders were introduced into the DRIFTS chamber, which was
bed. Furthermore, because the samples consisted of a single componergontinuously purged with filtered, dry air. The spectra were recorded
(piroxicam) and were ground, the solid particles may be assumed to 5 min after introduction of the sample holder to purge the chamber of
be homogeneous and randomly distributed within the powder bed. Theresidual moisture, carbon dioxide, and other contaminants that may

above method ensured that the assumptions of the Kub&lkak
theory were satisfietf—47

(42) Crowley, K. J.; Zografi, GJ. Pharm. Sci2002 91, 492-507.

(43) Kortum, G.Reflectance Spectroscofrinciples, Methods, Applications
Springer-Verlag: Berlin, 1969.

(44) Wendlandt, W. W. M.; Hecht, H. Reflectance Spectroscqpgterscience
Publishers: New York, 1966.

(45) Kubelka, P.; Munk, FZ. Technol. Phys193], 12, 593-601.

(46) Kubelka, PJ. Opt. Soc. Am1947, 38, 448-457.

(47) Brittain, H. G. Ultraviolet/Visible diffuse reflectance spectroscopy. In:
Brittain, H. G., Ed.;Physical Characterization of Pharmaceutical Sofids
Marcel Dekker: New York, 1995; pp 3758.
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have entered the DRIFTS chamber. Completion of purging was judged

(48) Bielecki, A.; Burum, D. PJ. Magn. Reson., Ser. 2995 116(2), 215-
220; Ferguson, D. B.; Haw, J. Anal. Chem.1995 67, 3342-3348;
Takahashi, T.; Kawashima, H.; Sugisawa, H.; BabaSadlid State Nucl.
Magn. Reson1999 15, 119-123; Mildner, T.; Ernst, H.; Freude, Zolid
State Nucl. Magn. Resofi995 5, 269-271.

(49) Pines, A.; Gibby, M. G.; Waugh, J. $.Chem. Physl973 59, 569-590;
Peersen, O. B.; Wu, X.; Smith, S. @. Magn. Reson., Ser. 2994 106,
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Figure 2. Powder X-ray diffraction (PXRD) patterns of the solids starting with piroxicam Form | (a, top, lowest p&tgrand starting with Form 11 (b,
bottom, lowest patterr) after cryogrinding each solid for 0, 12, 24, 36, 48, and 60 min (successively stacked from bottom to top in each figure).

by disappearance of the asymmetrie=Q stretch of CQ near 2350

grinding time increases. After 60 min of cryogrinding, X-ray

cm*. For each sample, 128 scans were averaged over the wavenumbegmorphous piroxicam is obtained. Polymorphic transformation

range 4000-650 cn! at a resolution of 4 cmi. All spectra were
recorded against a potassium bromide blank (FTIR grade, Aldrich
Chemical Co., Milwaukee, WI). At each time point, two spectra were
acquired. DRIFTS spectra of ungrouRdandP; were also recorded
att = 0.

Results and Discussion

The change in crystallinity oP, and P, when cryoground
for 0, 12, 24, 36, 48, and 60 min is shown in Figure 2a and b,

due to grinding is not observed with either polymorph. In this
contribution, completely X-ray amorphous piroxicam obtained
by cryogrindingP, for 60 min is referred to a®,;, and that
obtained by cryogrinding?; for 60 min is referred to aBay; .

Parts a and b of Figure 3 show a linear increase in the
hyperchromic effect of the visible band at about 400 nm (i.e.,
increase in intensity of the yellow color as quantified by the
Kubelka—Munk function) with respect to time foP, and Py,

respectively. For both polymorphs crystallinity decreases as cryoground for 12, 24, 36, 48, and 60 min. From Figures 2 and
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Figure 3. Kubelka—Munk function,F(r.) in diffuse-reflectance ultraviolet
visible spectroscopy (DRUVS), versus grinding time of the solids starting
with polymorph | (a, topP)), and starting with polymorph Il (b, bottom,
Py1), showing linear increases in intensity of the yellow color in proceeding
from the crystalline to the amorphous phase during cryogrinding for
increasing times. Data are expressed as mead ( = 3)

3, we conclude that the decrease in crystallinityPpfand Py,

Time (hours)

Figure 4. Kubelka—Munk function,F(r.) in diffuse-reflectance ultraviolet
visible spectroscopy (DRUVS), versus storage time showing decreases in
intensity of the yellow color accompanying the recrystallization process,
amorphous to crystalline, starting with the amorphous form prepared from
polymorph | (a, topPai), and starting with the amorphous form prepared
from polymorph Il (b, bottomP4a ). Data are expressed as mearsd

=3).

From the data in the preceding paragraphs, we conclude that
mechanical stress causes crystalline piroxicam to become

as a result of mechanical stress is accompanied by an increas%morphous (i.e., to amorphize). A white-to-yellow color change

in the intensity of the yellow color with respect to grinding time.
In other words, as the solid state of piroxicam changes from

ordered (crystalline) to disordered (amorphous), the molecules

of piroxicam undergo a structural change. In Figure 3, the data
points att = 0 correspond to crystalline (i.e., as-is or unground)
P, andPy,. The crystalline solid state is evident from the PXRD
pattern corresponding to= 0 in Figure 2. We note here that
piroxicam att = 60 in the PXRD experiment is completely
X-ray amorphousHa; andPa, Figure 2) whereas that at=

60 in the DRUVS experiment exhibited some crystallinity of
the respective starting polymorph. This difference in crystallinity
arises from the difference in weights of piroxicam used in the
PXRD and DRUVS experiments. Although DRUVS was not
performed for milling times longer than 60 min, reflectance
values are expected to reach saturation. Furthermore, th
presence of this residual crystallinity implies the presence of
seeds of the respective starting polymorph, which could, in turn,
direct recrystallization to that polymorph. Indeed, when cryo-
ground piroxicam obtained at the end of the DRUVS experiment
was stored at 28C and 0% RH over phosphorus pentoxide,
recrystallization to the respective starting polymorph was

observed by PXRD and was accompanied by a color change

from yellow to colorless. Parts a and b of Figure 4 show the
decrease in intensity of the yellow color upon storage for several
days, which accompanies recrystallization to the respective

€

accompanies this phase transformation. The above change in
phase and color is reversible and may be termed mechano-
chromism of piroxicam.

The phase transformation, crystalline to amorphous, in
piroxicam occurs when the free energy of the crystal is raised
above that of the amorphous ph&3&he following four theories
have been proposed to explain this mechanism. (1) Mechanical
impact produces mechanical energy that could cause local
melting as a result of local increases in temperature beyond the
melting point of the sample being grouff{2) The Lindemann
criteria suggest that pressure-induced lattice instability arises
when the root-mean-square thermal displacement of the con-
stituent atoms of a crystal lattice reaches a critical fraction of
the interatomic spacint.(3) Mechanical instability results in
softening of the lattice vibrations. Such softening, above a
critical pressure, leads to Born instabifttyand lattice collapse.

(4) The spontaneous production of lattice defects upon me-
chanical stress raises the energy of the system, thereby providing
a thermodynamic driving force, which leads to amorphiza-
tion.5556 The melting point of piroxicam polymorphs is about
200°C, and because milling was performed at 77 K in a bath
of boiling liquid nitrogen, amorphization of piroxicam is unlikely

to occur on quench-cooling of melts produced by local increases
in temperature. Such a phenomenon underscores the importance
of controlling the temperature during milling experiments. It

starting polymorph. Figures 3 an.d 4 show that the I.<|net|cs of has also been reported that Lindemann-type instability is an
the reverse reaction recry;talllzatlon are more complicated t,hanunlikely mechanism for pressure-induced amorphizatic.
_those of the_forward rea_lctlon _(crystalhn_e to a”_‘Ofph‘_’“S)' which Thus, amorphization of piroxicam under mechanical stress is
is. characterlzed_by a linear increase in the intensity of color preferably explained by mechanisms 3 or 4.

with respect to time. The data in Figure 4 were found not to
obey any of the 16 solid-state reaction moéfets which they

(53) Lindemann, F. AZ. Phys.191Q 11, 609-612.

i (54) Born, M.; Huang, K Dynamical Theory of Crystal Lattice€larendon:
were fitted. Oxford, 1954,
(55) Cahn, R. W.; Johnson, W. L. Mater. Res1986 1, 724-732.
(52) Garner, W. EChemistry of the Solid StatAcademic Press: New York,- (56

1955; Byrn, S. R.; Pfeiffer, R. R.; Stowell, J. Solid-State Chemistry of
Drugs 2nd ed.; SSCI, Inc.:West Lafayette, IN, 1999; pp 4480.

(57) Tse, J. SJ. Chem. Phys1992 96, 5482-5487.

)

) Fecht, H. JNature 1992 356, 133-135.

)

(58) Tse, J. S.; Klein, M. LPhys. Re. Lett. 1987 58, 1672-1675.
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170 160 150 140 130 120 110 (SSNMR) spectra of piroxicam monohydrateR&)), piroxicam polymorph
ppm I (b, Py), and polymorph | cryoground and packed in the NMR rotor under
Figure 5. Variable-temperaturtC solid-state nuclear magnetic resonance ambient atmospheric conditions without utilizing the glovebox (c), in the
(SSNMR) spectra of piroxicam polymorph | (8,), polymorph 1l (b,Py), expanded spectral region 162.572.5 ppm. Numbering of the carbon atoms

polymorph | which has been cryoground for 60 min to an X-ray amorphous is shown in Figure 1.
form (c, Par), polymorph Il which has been cryoground for 60 min to an

X-ray amorphous form (cRan ), and piroxicam monohydrate (BM). The ppm in PM (Figure 5e) from 112.3 and 113.4 ppm f and
amorphous forms prepared by cryogrinding were handled, transferred, andp respectively (Figure 5, a and b)
Iy , .

packed in NMR rotors in a glovebox as described in Materials and Methods. - . o
Numbering of the carbon atoms is shown in Figure 1. Deprotonation of the enol iR, andPy due to cryogrinding

would be expected to give rise to a SSNMR signal at about
Mechanochromism of piroxicam in the solid state implies that 169-170 ppm, where the C7 enolate signalR¥ resides. In
its molecules undergo a structural change under mechanicalthe case o andPa; such a peak is not readily visible in
stress. Because piroxicam was found not to undergo chemicalFigure 5, ¢ and d, respectively. In Figure 6, a, b, and ¢ show
degradation upon grindirfy,this structural change could result the respective SSNMR spectra BM, P;, and form | (cryo-
from either proton transfer and/or a change in the conformation ground and packed in the NMR rotor at ambient atmospheric

of the piroxicam molecule. conditions without utilizing the glovebox) expanded in the
13C SSNMR provides evidence of deprotonation of the acidic spectral region 162:5172.5 ppm. In Figure 6c¢, the signal

enol group of piroxicam molecules iR and P, to yield a corresponding to the enolate is visible as a shoulder at 169.5

population of the enolate anion. In Figure 5 tH€ SSNMR ppm. Amorphous piroxicam is unstable even under ambient

spectra ofP;, Py, Pai, Par, andPM are shown in a, b, c, d, conditions#° thus, packing under ambient atmospheric condi-
and e, respectively. The region of the spectrum shown in Figure tions without the aid of the glovebox increases the mobility of
5 accounts for all carbon atoms except the methyl carbon, whichthe amorphous phase and permits some ordering of the
resonates around 4@2 ppm, depending on the solid phase of molecules without inducing crystallization. The lines in the
piroxicam. The discussion that follows relates specifically to spectrum of this exposed amorphous sample (Figure 6c) are
the three carbon atoms of interest, C7, C8, and C9, where ~40—50 Hz narrower than those B, andPa; (Figure 5, c
changes in the SSNMR spectra provide evidence of deproto-and d, respectively), which were packed in the glovebox as
nation of the enol group of piroxicam. The signal for the C9 outlined under Materials and Methods. These narrower lines
carbonyl appears at 16668 ppm for all five solid forms of permit partial resolution of this shoulder, which disappears upon
piroxicam. WhileP, and P;; contain neutral piroxicam mol-  recrystallization of this exposed amorphous sample. The ap-
ecules?%30in zwitterionic piroxicam molecules, such as those pearance of this shoulder is evidence for the formation of
in PM, the negative charge on the enolate oxygen is delocalized deprotonated molecules of piroxicam, as deprotonation changes
through the carbonyl oxyge®,imparting more carbonyl-like  the chemical shift of C7 downfield to about the same chemical
character to the enolate carbeoxygen bond (Scheme 1). Thus, shift as that of C9. Presumably, this shoulder is masked in the
the signal for C7, which appears at 158.9 and 156.8 pprRfor SSNMR spectra oPa andPa; by the increase in line width
and Py, respectively (Figure 5, a and b), is shifted downfield resulting from formation of the amorphous phase, which would
to 169.5 ppm forlPM (Figure 5e), just downfield (left) of the  smooth out such a peak. In addition to this line broadening, the
carbonyl C9. Furthermore, because of increased electron densitysimilar chemical shifts of the C9 carbonyl and of the deproto-
at C8 due to electron delocalization in zwitterionic piroxicam nated C7 enolate would also serve to mask such a shoulder.
molecules inPM, the signal for C8 is shifted upfield to 109.1  Reduction of the integrated peak area of C7 (at 158.6 ppm)
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Table 1. Integrated Peak Area of Uncharged C7 at ~159 ppm
Relative to (C9 + charged C7) at ~167 ppm normalized to 100%,
for Piroxicam Polymorph | (P)), Polymorph Il (Py), Polymorph |
Which Has Been Cryoground for 60 min to an X-ray Amorphous
Form (Pai), Polymorph Il Which Has Been Cryoground for 60 min
to an X-ray Amorphous Form (Pay), and P4y that Had Been
Allowed to Recrystallize for Two Weeks after Cryogrinding?

integrated integrated
piroxicam peak area of C9 peak area of C7
sample (~167 ppm) (~159 ppm)

P 100 99.8
Py 100 100
Pai 100 87.2
Pail 100 85.6
Pair , two weeks 100 97.6

after cryogrinding

aThe percentage of charged amorphous piroxicenis given by the
following equation:

x+100_ 100
100—x (peak area of C7)

relative to that of C9 (at 167.5 ppm) in the spectréPaf and
Pai provides further evidence that some molecules of the
protonated C7 enol are being deprotonated by grinding. In

delocalization from the enolate oxygen through the carbonyl
oxygen, as in zwitterionic molecules &M. Such electron
delocalization arising from deprotonation of the enol would
increase the electron density at C8 in deprotonated molecules
of piroxicam in the amorphous phase, causing increased
shielding and an upfield shift.

The SSNMR shoulder at 169.5 ppm and the reduction in
relative peak area of the C7 signal from 100 to 85% suggests
that a relatively small population of the deprotonated species is
formed in amorphous piroxicam due to cryogrinding of crystal-
line piroxicam. Thus, most of the amorphous piroxicam consists
of neutral piroxicam molecules; the deprotonated species
comprise only about 8% of the amorphous phase. A small
population of charged species would be sufficient, however, to
impart color to a previously colorless sample. Thus, although
the intensity of the yellow color was found to increase with
time of grinding, the yellow color oPa andPa; was not as
bright as that of crystallind®M, which consists entirely of
zwitterionic piroxicam molecules.

DRIFTS provides evidence of protonation of the pyridine N
during cryogrinding. While variable-temperatdf®\ SSNMR

calculating peak areas in each of spectra a, b, ¢, and d of Figurespectroscopy could also be performed to detect protonated

5, the integrated area of the C9 peak was normalized to 100%,

pyridinium specie$® the seemingly low population, as detected

and the area of the C7 enol peak was calculated relative to thepy 13C SSNMR spectroscopy in this work, would make analysis

normalized peak (Table 1)?, and P, showed essentially
identical peak areas for C9 and C7. However, amorphization
of the polymorphs by cryogrinding reduces the relative peak
area of the C7 enol peak to about 85%. The relative integrated
peak area o, after two weeks increased to 97.6%, indicating
recrystallization accompanied by formation of the neutral enol
from the charged enolate. Although amorphous piroxicam
prepared by the melt-quenching technique was not studied
further because of chemical degradation of piroxicam upon
melting*® melt-quenched piroxicam also showed a reduction
of the integrated peak area of C7 relative to C9. A study
performed at 10 different contact times ranging from 0.1 to 15
ms forPa andPa; ensured that the reduction in peak area did
not result from differing cross polarization rates between carbons
of interest in the crystalline and amorphous forms. The change
in the relative peak areas of the C9 and C7 peaks in proceedin
from crystalline P, and P;) to amorphous Ra and Pay )
piroxicam could arise from dynamic broadening due to the
difference in temperature, at which the spectraPpfand Py,
(room temperature) anBa andPa; (180 K) were acquired.
However, in the spectra of melt-quenched amorphous piroxicam
(data not shown), which were acquired at room temperature,
the ratio of the integrated peak areas of C9 and C7 is again
approximately 100:84, ruling out the possibility of dynamic
broadening effects. This change in the relative peak areas o
the C9 and C7 peaks from 100:100RpandPy to about 100:

85 in Pa andPy indicates that the C7 signal of some of the
piroxicam molecules is shifting to about 169 ppm as a result of
deprotonation of the C7 enol. Deprotonation of the enol makes
C7 more carbonyl-like corresponding to a downfield shift to

for natural abundanceN studies prohibitively long. Curves a,

b, ¢, and d of Figure 7 show the DRIFTS spectra in the
fundamental region o, Py, Pai, andPay, respectively. The
peaks at 3340 (curve a, Figure 7) and 3393 tifturve b,
Figure 7) correspond to the NH stretch in P, and Py,
respectively, as expected for hydrogen-bonded trans secondary
amides>® Appearance of the NH stretch forP; at a higher
frequency than that foP, can be explained as follows. B,

the N—H group is involved in a single intramolecular hydrogen
bond (Figure 8b), whereas R, it participates in a bifurcated
hydrogen bond (Figure 8a). Thus, the-N bond inP;, is shorter
with a higher force constant, resulting in its infrared band
appearing at higher frequency. Bands corresponding-t¢1O
absorption are absent in the fundamental region of the DRIFTS
spectra, owing to the strong-H- -O hydrogen bond&3%in

Yoth polymorphs, as previously reporf€dPresumably, the

O—H stretch appears as a weak band, which is superimposed
on the strong €& H stretching vibration near 3000 crh Given

the 4 cnt? resolution of the DRIFTS instrument used in this
study, the band corresponding te=O stretch for both poly-
morphs (1630 cm! for P, and 1642 cm! for P;) was found

to remain unchanged during milling, suggesting that this
carbonyl group remains intact during grinding. In Figure 7, c

fand d show that, while the peak corresponding to the original

N—H stretch remains unchanged, a new peak in this region
appears at 3383 cmi for Py and at 3344 cmt for Py . This
new band in the N-H stretch region corresponds to a second
N—H bond inPa; andPa, suggesting protonation of the basic
pyridine N. This protonation could occur only if the acidic enol

the same spectral region where the amide carbonyl resonatedvere first deprotonated. In fact, the H atom of the enol is known

(as in the case d?M). The ability to quantify the fractions of
the neutral and charged molecules of piroxicam reported in thi
work is unique. We also note that the signal for C8 in the
SSNMR spectra oPa andPy shifts upfield to 111.4 ppm, as
is evident in Figure 5, c and d, respectively, suggesting electron

S
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Figure 7. Diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS) curves showi difetch in the fundamental region for piroxicam
polymorph | (a,P;), polymorph Il (b,Py), polymorph | which has been cryoground for 60 min to an X-ray amorphous forRp(g,and polymorph Il which

has been cryoground for 60 min to an X-ray amorphous fornPfd).

Figure 8. Hydrogen bond pattern of piroxicam form | (a, leR,) and
form 1 (b, right, Py).4°

to be labile32its acidity being remarkably enhancedgd—2)°

by the presence of the basic pyridyl group. The relative acidic
strengths of the enol and pyridine groups in piroxicam have
previously been discuss&awn the basis of the haresoft acid-
base principlé! Due to planarity of the piroxicam molecule,

initial mass of piroxicam (about 400 mg) used for milling in
the DRIFTS experiment.

We have previously reported differences between the nature
of Pa; andPy, both of which appear to be strong glasses with
a small change in heat capacity on heatihBuring heating in
DSC, Ty of Pay was not observed, while that dfa was
observed in two of three runs (extrapolategonset 0.2+ 0.9
°C, 273.44 0.9 K)*0 but was weak. Recently, we have also
described the use of pairwise distribution function transforms
(PDF) of experimental PXRD data to identify the characteristic
atom— atom distances (i.e., coordination numbers and nearest
neighbor distances) ifPa and P, and to understand the
previously reported differences in their recrystallization behavior
based on their local structufé.We note that amorphous
piroxicam is isotropic overall but exhibits local anisotro{3y#

In other words, although this amorphous form does not possess
order on a larger scale, it will be characterized by local
molecular order or packing, driven by molecular shape and size
anisotropy. This order or packing has typical length scales of
~20 A in amorphous piroxicam and differs from that in any of
the crystalline polymorphs. Amorphous piroxicam may therefore
consist of local clusters of size20 A separated by voids and
dislocations. Because this local molecular packing need not be

the enol H and pyridine N are far apart, so that such a proton associated with long-range order, it may have a local energy
transfer is necessarily intermolecular, resulting in a charged that is lower than that of any of the crystalline polymorphs.
spemes. As mentioned previously, DRUVS data in a and b of (62) Katrusiak, A.: Katrusiak, AOrg. Lett. 2003 5, 1903-1905.

Figure 3 suggest that reflectance values are expected to reacl3) The United States PharmacopoefXVIl (USP27/NF22, 27th rev.); The

saturation during longer milling times. The DRIFTS spectra,
however, indicate significant amorphization due to the small

(60) Takacs-Novak, K.; Kokosi, J.; Podanyi, B.; Noszal, B.; Tsai, R.-S.; Lisa,
G.; Carrupt, P.-A.; Testa, Bdelv. Chim. Actal995 78, 553-562.

(61) Pearson, R. G.; Songstad,JJ.Am. Chem. Sod 967 89, 1827-1836;
Pearson, R. GJ. Chem. Educl1968 45, 581-587.

United States Pharmacopoeial Convention, Inc.: Rockville, MD, 2004.

(64) Sheth, A. R.; Bates, S.; Muller, F. X.; Grant, D. J. @fyst. Growth Des
2005 5, 571-578.

(65) Lorente, P.; Shenderovich, I. G.; Golubev, N. S.; Denisov, G. S;
Buntkowsky, G.; Limbach, H.-HMagn. Reson. Chen2001, 39, S18-
S29.

(66) Urakaev, F. Kh.; Boldyrev, V. Vinorg. Mater. 1999 35, 302-305.
Translated fromNeorganicheskie Matel999 35, 377—381.

(67) Wehrle, B.; Limbach, H.-HChem. Phys1989 136, 223-247.
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Figure 9. Molecular structure of 4,6-pyrimidinedione showing neutral (') 1'0 2'0 3'0 '0 '0 6I0
molecules in thex polymorph, which is pale yellow, but charged molecules 40 5

in the 8 polymorph, which has a deeper color (orangfd)ike the structure
of piroxicam shown in Figure 1, 4,6-pyrimidinedione also contains the enol Grinding time (min)
and amide functions adjacent to each other. However, in 4,6-pyrimidinedi-

- - ; ) ; . Figure 10. Change in the wavelength of maximum absorbaigg, as a
one, _these functions are contained in the same ring system, unlike those iNd nction of cryogenic grinding time for piroxicam forms® and Il ()
piroxicam. :

Data are expressed as mearsd ( = 3).
Furthermore, amorphous forms prepared by grinding, unlike . .
those prepared frorr?the melt, usupally?possesys ?:harac?eristics on F_’” may_'”"‘?'"e breakage of the_|nf|n|te h_ydrpgen-bonded
the original polymorph, corresponding to “polymorphic memory”, chains of piroxicam molec_ules. The increase in disorder of both
which would direct recrystallization to the original polymorph. POlymorphs is accompanied by proton transfer. _
Pa andPa; were found to possess similar short-range interac- ~ Other compounds may demonstrate mechanochromism ac-
tions®4 Residual memory oP; in P (i.€. the presence ¢#- companled by intermolecular proton tran.sfer and“change in the
like residual long-range order iRx) explains its observed solid §tate. For gxample, the nonsteroidal, antiinflammatory
recrystallization tdP;.64 However, loss of polymorphic memory ~ drug, indomethacin, (1-(4-chlorobenzoyl)-5-methoxy-2-methyl-
of Py in Pay (i.e. absence P, -like residual long-range order 1H-indole-3-acetic acid), also gndergoe_s a colo_r change fr(_)m
in Pai) was found® which is unusual, because amorphous _colorless to yellow upon grinding. S_olutlon_s of mdor_nethacm
forms prepared by grinding are expected to retain memory of I polar solvents are.also yellow. While previous studies of this
the original polymorph. This loss of polymorphic memory s'ystem are not detglleq, the cause of the color change may be
appears counterintuitive and suggests Baatcould recrystallize ~ Similar to that for piroxicam.
to a crystalline form different from the initial crystalline forfh. Compounds exhibiting mechanochromic behavior accompa-

An interesting example of charged molecules giving rise to Nied by a change in their solid state during grinding appear to
color is that of 4,6-pyrimidinedione (Figure 9), in which the POssess hydrogen-bonding ability, which causes neutral mol-
polymorph containing positive and negative ions of the molecule ecules to order specifically in their crystalline state. Grinding,
has a deeper color (orange) than the polymorph containing Which disrupts hydrogen bonding, causes the molecules to
neutral molecules (pale yellow3. 4,6-Pyrimidinedione, like disorder, such that the disordered molecules are free to undergo
piroxicam’ also contains the enol and amide functions adjacentan intermolecular pl’Oton transfer from the acidic functional
to each other. Furthermore, as mentioned in the Introduction, 9roup of one molecule to the basic functional group of another,
crystalline piroxicam monohydrafé derivatives of piroxicam  resulting in a population of charged molecules in the disordered
alkylated on the pyridyl nitroge?? and 1:1 piroxicang- phase. Solid phases, in which the molecule exists as a zwitterion,
cyclodextrin comple® all contain zwitterionic piroxicam are also expected to be colored, as in solutions in polar or protic
molecules and are bright yellow. Thus, it appears that the Solvents. The amorphous phase of such molecules prepared by
observed yellow color of amorphous piroxicam is a result of 9rinding may be unstable under ambient conditions because of
the ionic character of the charged species, which results fromthe existence of disordered charged molecules, which would
intermolecular proton transfer between neutral piroxicam mol- have a high propensity to revert to neutral, hydrogen-bonded
ecules induced by mechanical stress. The results of ab initiomolecules in the crystalline form, thereby reducing the free
calculations that provide further evidence of charged species€nergy of the system. The intensity of color produced by
of piroxicam, which give rise to the yellow color, will be  grinding would depend on populations of charged species and
submitted in a separate manuscript. the extent of delocalization of the-electron system. An

As a result of the charged species involved, the above intermolecular proton transfer might accompany a change in
transformation is expected to result in a change in the dipole the solid state of a compound under mechanical stress without
moment of the molecules in the solid. Hence, the position of a color change. The absence of such a color change would hinder
the peak in the DRUVS spectrum is expected to change with identification of such a physical change. However, the instability
time of grinding, as neutral piroxicam molecules in the colorless, Of the resulting amorphous phase may still arise from the
crystalline solid acquire charge in the yellow, amorphous solid. formation of charged molecules under mechanical stress.
Figure 10 shows the change in peak position upon grinding of

. Conclusi
P, and Py, respectively. FoiP,, we observe a steady hypso- onclusions
chromic shift with increasing grinding time, whereas f@y, Crystalline piroxicam, under mechanical stress, undergoes
we observe a bathochromic shift frotm= 0 to t = 12 min, mechanochromism and transforms from the crystalline to the

which is then followed by a hypsochromic shift. Such differ- amorphous state. The above phase change in the solid state is
ences in trend are likely related to the differences betwgen accompanied by a change in molecular structure, which results
and Py in their mechanism of the crystalline to amorphous in a color change from a colorless powder (white, crystalline
transformation. For example, amorphizatiorRpimay involve piroxicam) to a yellow mass (amorphous piroxicam). The
disordering of the piroxicam dimers and weakening of the van intensity of the yellow color increases linearly with time of
der Waals forces between the dimers, whereas amorphizationapplication of the mechanical stress. While the solid-state change
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