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Four new crystalline forms of piroxicam have been obtained and studied by single-crystal X-ray
structure analysis. These comprise an addition salt with hydrochloric acid, acetic and isobutyric acids
solvates, as well as piroxicam and furosemide cocrystal acetone solvate. All these new structures
contribute to the variety of already known piroxicam crystalline forms. The analysis of conformations
and tautomeric forms of piroxicam molecules in different crystal forms is presented.
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Introduction

An important step in the drug development process
is the selection of an appropriate solid form of an active
pharmaceutical ingredient (API). Bases, salts, cocrys-
tals, hydrates, solvates or polymorphs of APIs may be
selected for development. The API’s solid form de-
fines its physicochemical properties such as solubility,
dissolution rate, hygroscopicity, physical and chemi-
cal stability, and mechanical properties. In general the
most important properties that determine the API “to
be, or not to be” a drug are solubility and stability
of the best-available crystal form. From this point of
view search for new crystalline forms of APIs is an
important step of pharmaceutical research. The limita-
tion on the number of possible crystal forms imposed
by the finite number of “pharmaceutically acceptable”
acids and bases [1] can be overcome by means of co-
crystallization of APIs with other APIs chosen in a ra-
tional way.

Piroxicam (Fig. 1) is a non-steroidal anti-inflam-
matory drug (NSAID) used in the treatment of os-
teoarthritis, rheumatoid arthritis and acute gout dis-
ease [2]. Piroxicam has three crystalline polymorphic
forms, β -monoclinic I [3], α-orthorhombic [4] and
β -monoclinic II [5] given in the chronological or-
der of their disclosure. Vrecer et al. [6] character-
ized piroxicam crystal modifications using different
physicochemical methods. In particular it was shown
that dissolution rates of different polymorphic forms

in gastric fluid vary strongly [6]. Ref. [7] reviews pa-
pers on piroxicam polymorphism attempting to clar-
ify the nomenclature and hydrogen bonding patterns
that were in confusion. Another study [8] examined
the effect of the ethanolamine salts of piroxicam on
the pharmacokinetics of piroxicam after oral admin-
istration. In ref. [9] it was stressed that for analget-
ics like piroxicam activation time intervals shorter
than two hours are necessary. Thus one has a good
reason for further optimization of piroxicam crystal
forms.

Up to now piroxicam was already subjected to in-
tensive studies aimed to obtain crystal forms with im-
proved properties. More than 50 piroxicam co-crystals
with 23 carboxylic acids have been detected and char-
acterized [9]. Single-crystal X-ray structures were re-

Fig. 1. Molecular diagram of piroxicam and atom numbering
scheme.
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Table 1. Crystalline forms of piroxicam deposited at CCDC [11].

Crystal form Ligand/guest molecule Ratio CCDC Ref. code/deposition no.
Polymorphs

β -monoclinic I
β -monoclinic II
α-orthorhombic

–
–
–

BIYSEH, BIYSEH01/03/04
BIYSEH05/06
BIYSEH02

Solvates H2O
p-dioxane
acetic acid
isobutyric acid

1 : 1
4 : 1
1 : 1
1 : 1

CIDYAP/01
DIKDUX
CCDC 840408
CCDC 890344

Salts ethanolamine
hydrochloric acid

1 : 1
1 : 1

SECDAF
CCDC 840409

Cocrystals succinic acid
1-hydroxy-2-naphthoic acid
caprylic acid
malonic acid
4-hydroxybenzoic acid, form I
4-hydroxybenzoic acid, form II
fumaric acid
benzoic acid
saccharin

2 : 1
1 : 1
1 : 1
–
1 : 1
1 : 1
4 : 1
1 : 1
1 : 1

DIKCIK
DIKCOQ
DIKCUW
DIKDAD
DIKDEH
NIFKIX
DIKDIL
DIKDOR
YANNEH

Cocrystal solvate furosemide, acetone 1 : 1 : 1 CCDC 890345

ported only for 8 out of the 50 piroxicam cocrystals
and for one solvate of piroxicam with dioxane. Salts
of piroxicam with other active pharmaceutical ingredi-
ents, such as doxepin, pirbuterol, isoproterenol, pyri-
doxine, and trimazosin were reported but their X-ray
crystal structures were not provided [10]. A search of
the Cambridge Structural Database (CSD) at the Cam-
bridge Crystallographic Data Centre (CCDC) [11] re-
vealed 15 crystal structures with piroxicam (excluding
structures of its organometallics) which are listed in
Table 1 together with four new crystal forms of pirox-
icam developed in this work. Thereby on the whole
there are 19 crystal structures containing 24 indepen-
dent piroxicam molecules.

It is surprising that in spite of the large number
of the piroxicam crystal structures studied the analy-
sis of intramolecular hydrogen bonds (H bonds) given
in [6, 7, 10] was not complete. For unknown reasons
researchers missed the third intramolecular hydrogen
bond of the C–H· · ·O type present in the piroxicam
molecule. In this paper we consider this interaction.
Formation of H bonds of the type C–H· · ·O is a well
established fact [12, 13], and have been termed weak
hydrogen bonds of electrostatic or mostly electrostatic
nature [14].

To describe the conformation of the piroxicam
molecule we define the three torsion angles ω1 = C2–
C1–C9–N2, ω2 = C1–C9–N2–C10 and ω3 = C9–N2–

C10–N3 according to notations shown in Fig. 1. We
use these torsion angles to classify all possible confor-
mations into groups as follows. When all ω values are
close to 180◦ we assign the molecule trans-trans-trans
conformation. In case ω2 is close to 180◦ but ω1 and ω3
are both close to zero, the molecule assumes cis-trans-
cis conformation. Piroxicam molecule conformations
in relation to tautomeric forms are summarized in Ta-
ble 2 for all 19 crystal structures.

Results and Discussion

Crystal structure of piroxicam hydrochloride (1)

The crystal structure shown in Fig. 2 as an ORTEP-
III [15, 16] drawing contains a piroxicam molecule
protonated at pyridine nitrogen atom as a cation and
a chloride anion. The conformation of the cation is
trans-trans-trans with the torsion angles values ω1,ω2
and ω3 given in Table 2. As mentioned in the intro-
duction, unlike cited in earlier publications we observe
three intramolecular hydrogen bonds O2–H· · ·O1, N2–
H· · ·N1 and C11–H· · ·O1 in the crystal which stabi-
lize the trans-trans-trans conformation and make the
piroxicam molecule nearly rigid. The geometry of the
intra- and interionic hydrogen bonds found in piroxi-
cam hydrochloride (1) is given in Table 3. The chlo-
ride anion as H bond participates as acceptor in two
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Table 2. Tautomeric forms and conformations of piroxicam in different crystal forms.

Crystal form/Ref.code Tautomer ω1 ω2 ω3 Conformation
Polymorphs

BIYSEH
BIYSEH05
BIYSEH02

non-ionized
non-ionized
non-ionized

174.29
175.18
172.37

177.90
176.40
174.79

174.74
175.09
171.27

trans-trans-trans
trans-trans-trans
trans-trans-trans

Solvates
CIDYAP (Z′ = 2)

CIDYAP01 (Z′ = 2)

DIKDUX (Z′ = 2)

Acetic acid
Isobutyric acid

zwitterion
zwitterion
zwitterion
zwitterion
zwitterion
zwitterion
non-ionized
non-ionized

−11.99/
−0.86
0.8/
2.74
−1.7/
−0.3
173.1
171.9

176.99/
−170.01
176.53/
−169.72
176.7/
169.8
175.8
−179.4

12.18/
−5.91
−13.45/
6.95
11.3/
5.6
−170.3
178.5

cis-trans-cis
cis-trans-cis
cis-trans-cis
cis-trans-cis
cis-trans-cis
cis-trans-cis
trans-trans-trans
trans-trans-trans

Salts
SECDAF
Hydrochloric acid

ionized
ionized

4.8
179.1

177.6
−175.8

−158.3
176.3

cis-trans-trans
trans-trans-trans

Cocrystals
DIKCIK
DIKCOQ
DIKCUW
DIKDAD
DIKDEH
NIFKIX
DIKDIL (Z′ = 2)

DIKDOR
YANNEH

non-ionized
non-ionized
non-ionized
non-ionized
non-ionized
zwitterion
non-ionized/
zwitterion
zwitterion
zwitterion

169.4
177.8
169.3
172.4
173.4
0.7
168.0/
4.2
2.9
1.0

171.9
179.8
168.8
179.1
174.9
172.0
−178.2/
178.6
177.7
171.8

168.5
180.0
168.5
176.8
169.7
6.8
163.1/
10.4
6.0
3.0

trans-trans-trans
trans-trans-trans
trans-trans-trans
trans-trans-trans
trans-trans-trans
cis-trans-cis
trans-trans-trans
cis-trans-cis
cis-trans-cis
cis-trans-cis

Cocrystal solvate
Furosemide, acetone non-ionized 178.1 177.4 177.4 trans-trans-trans

hydrogen bonds N3–H· · ·Cl and N2–H· · ·Cl. The hy-
drogen at the N2 nitrogen atom forms bifurcated H
bonds. According to the nomenclature introduced by
Etter [17], the intramolecular C11–H· · ·O1 H bond mo-
tif can be written as S (6) while the intermolecular H
bond network in the structure 1 is R2

1 (6). The two other
intramolecular hydrogen bonds O2–H· · ·O1 and N2–

Fig. 2. ORTEP-III view of the crystal structure of piroxicam
hydrochloride (1) with H bonds.

H· · ·N1 in piroxicam [7] were ascribed by S (6) and
S (5) graph sets.

On the whole bond lengths and angles in the four
piroxicam crystal forms are close to their standard val-
ues [18]. However a comparison of the molecular ge-
ometry indicates that the bonds N2–C9 and N2–C10
in piroxicam hydrochloride 1 are almost equal and are
close to the average value of 1.382 Å. In the structures
2–4 these bonds are more differentiated in length and
assume average values of 1.355 and 1.411 Å for N2–
C9 and N2–C10 bonds, respectively.

Crystal structure of piroxicam acetic acid solvate (2)

The crystal structure of piroxicam acetic acid sol-
vate 2 (Fig. 3) comprises the nonionized tautomeric
form of piroxicam and an acetic acid molecule. The
conformation of the former is trans-trans-trans (see
also Table 2). There are three intramolecular H bonds
in the piroxicam molecule in the structure of 2. The
geometry of the intra- and intermolecular hydrogen
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Table 3. Hydrogen bonding geometry (Å, deg) for 1.

D–H· · ·A H· · ·A D· · ·A ∠ D–H· · ·A
O2–H· · ·O1a 1.79 2.520 147
N2–H· · ·N1a 2.39 2.799 109
C11–H· · ·O1a 2.23 2.808 119
N3–H· · ·Cl1 2.15 2.998 168
N2–H· · ·Cl1 2.57 3.331 148
C11–H· · ·O4b 2.35 3.184 149
C14–H· · ·O3c 2.32 3.181 154

a Intramolecular H bond; b sym. code: 1+x, y, z; c sym. code: 1−x,
1/2+ y, 1− z.

Fig. 3. ORTEP-III view of the crystal structure of piroxicam
acetic acid solvate (2) with H bonds.

bonds found in the piroxicam acetic acid solvate 2 is
given in Table 4. The intermolecular H-bonding motif
in 2 is R2

2 (8).

Crystal structure of piroxicam isobutyric acid
solvate (3)

The crystal structure of the piroxicam isobutyric
acid solvate 3 (Fig. 4) contains a nonionized tautomeric
form of piroxicam and one isobutyric acid molecule.

Table 4. Hydrogen bonding geometry (Å, deg) for 2.

D–H· · ·A H· · ·A D· · ·A ∠ D–H· · ·A
O2–H· · ·O1a 1.68 2.529 143
N2–H· · ·N1a 2.34 2.769 111
C11–H· · ·O1a 2.25 2.837 120
N2–H· · ·O6b 2.29 3.097 156
O5–H· · ·N3b 1.88 2.698 171
C5–H· · ·O4c 2.29 3.184 167

a Intramolecular H bond; b sym. code: 1− x, −y, 1− z; c sym. code:
−x, 1/2+ y, 3/2− z.

Fig. 4. ORTEP-III view of the crystal structure of piroxicam
isobutyric acid solvate (3) with H bonds.

Table 5. Hydrogen bonding geometry (Å, deg) for 3.

D–H· · ·A H· · ·A D· · ·A ∠ D–H· · ·A
O2–H· · ·O1a 1.86 2.572 148
N2–H· · ·N1a 2.35 2.771 111
C11–H· · ·O1a 2.24 2.837 121
N2–H· · ·O6b 2.12 2.968 168
O5–H· · ·N3c 1.83 2.642 169

a Intramolecular H bond; b sym. code: 1+x, y, z; c sym. code:−1+x,
y, z.

The isobutyric acid is disordered and assumes two dif-
ferent positions with refined occupation factors of ap-
proximately 80% and 20%. Only the dominating sol-
vate molecule is depicted in Fig. 4. The piroxicam
molecule adopts trans-trans-trans conformation (tor-
sion angles are given in Table 2). Again there are three
intramolecular H bonds in the piroxicam molecule.
The geometry of the H-bonding network in the struc-
ture of 3 is given in Table 5. The H-bonding motif con-
necting piroxicam and isobutyric acid molecules ac-
cording to Etter [17] is R2

2 (8).

Crystal structure of piroxicam and furosemide
cocrystal acetone solvate (4)

The crystal structure of 4 (Fig. 5) is built up from
nonionized molecules of piroxicam, furosemide and
acetone forming a piroxicam and furosemide cocrystal
acetone solvate. Thus the structure of 4 represents
a two-component pharmaceutical solid compris-
ing the NSAID drug piroxicam and the diuretic
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Fig. 5. ORTEP-III view of the crystal structure of piroxicam
furosemide cocrystal acetone solvate (4) with H bonds.

Table 6. Hydrogen bonding geometry (Å, deg) for 4.

D–H· · ·A H· · ·A D· · ·A ∠ D–H· · ·A
O1–H· · ·O2a 1.79 2.525 146
N2–H1· · ·N1a 2.37 2.784 109
C11–H· · ·O1a 2.17 2.788 121
N4–H· · ·O6a 2.04 2.716 133
C20–H· · ·O5a 2.33 2.696 102
N2–H· · ·O6b 2.26 3.131 168
O5–H· · ·N3b 1.82 2.649 168
N5–H· · ·O1c 2.31 2.922 127

a Intramolecular H bond; b sym. code: 1−x, 1−y, 1−z; c sym. code:
1+ x, 1+ y, z.

furosemide (4-chloro-2-(furan-2-ylmethylamino)-5-
sulfamoylbenzoic acid) [2]. In this rational combi-
nation furosemide removes the side effect of liquid
accumulation in the body inherent to NSAIDs [19].
The piroxicam molecule assumes trans-trans-trans

Furosemide crystal form C24–C23–N4–C16 O7–C24–C23–N4 C18–C19–S2–N5
Furosemide in 4 −76.3(5) −168.7(5) −60.7(4)
Polymorphic form I 83.6(6)/−63.0(5) −67.2(5)/−53.9(6) −166.3(6)/164.9(5)
Polymorphic form II −166.4(3) −78.2(4) −79.9(3)
Polymorphic form III 91.3(4) 60.0(4) 55.7(3)

Table 7. Selected torsion
angles characterizing the
flexibility of the furosemide
molecule.

conformation (see Table 2) and has three intramolec-
ular H bonds. The furosemide molecule in turn
has two intramolecular H bonds of N–H· · ·O and
C–H· · ·O types (see Table 6) forming a S (6) and S (5)
graph set. Piroxicam and furosemide molecules are
connected by three intermolecular H bonds listed in
Table 6.

It is worth noting that both substances form-
ing the crystal of 4 are polymorphic; piroxicam is
known to exist in three polymorphic forms [3 – 5], and
furosemide also has three known polymorphs [20, 21].
As we could see the piroxicam molecule in trans-
trans-trans conformation retains its shape like a rigid
body. The polymorphism of piroxicam therefore is po-
sitional. In contrast, the furosemide molecule is very
flexible, and its polymorphism is conformational. To
demonstrate its flexibility, some torsion angles for the
furosemide molecule in the crystal of 4 and in three
known polymorphic forms are listed in Table 7.

The data listed in Table 7 demonstrate that the tor-
sion angles which define the shape of the furosemide
molecule can assume arbitrary values; this means that
the furosemide molecule has no stable dominant con-
formation. Apparently, due to its flexibility, furosemide
can be considered as a useful cocrystal former, capable
of adopting the conformation required for a particular
crystalline environment and content.

Tautomeric forms of piroxicam and conformations

Conformations of the piroxicam molecule and its
tautomeric forms are summarized in Table 2 for 19
known crystal structures containing 24 independent
piroxicam molecules. All twelve nonionized piroxicam
molecules adopt trans-trans-trans conformation, and
the ten zwitterionic tautomeric forms have cis-trans-
cis conformation. In case of piroxicam salts the con-
formation depends on the counterion character. In case
of the ethanolamine salt, the piroxicam anion adopts
the cis-trans-trans conformation, but in the hydrochlo-
ride structure it has trans-trans-trans conformation.

Maximal deviations of torsion angles ω from the
ideal trans-trans-trans conformation are 12.0◦, 11.2◦
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and 21.7◦, respectively, and 4.2◦, 10.3◦ and 13.4◦ for
the cis-trans-cis conformation.

Conclusion

Four new crystal forms of piroxicam compris-
ing a salt with hydrochloric acid, and solvates with
acetic and isobutyric acid, as well as a piroxicam and
furosemide cocrystal acetone solvate have been ob-
tained, and their molecular and crystal structures have
been determined. Together with the structures stud-
ied in this work, the number of piroxicam crystal
structures amounts to 19 that contain 24 independent
molecules. Attention has been drawn to the existence
of the third hydrogen bond of C–H· · ·O type in the
piroxicam molecule. In case of the non-ionized tau-
tomer, three intramolecular H bonds stabilize the trans-
trans-trans conformation of piroxicam that keeps the
molecule nearly rigid. For twelve crystal structures the
maximal deviations from the ideal trans-trans-trans
conformation are 12.0◦, 12.2◦ and 21.7◦ . In case of
a zwitterionic tautomer having two intramolecular H
bonds the cis-trans-cis conformation of the piroxicam
molecule is more planar. Ten zwitterionic tautomeric
forms demonstrate maximal deviations of 4.2◦, 10.3◦

Table 8. Crystallographic data and numbers pertinent to data collection and structure refinement for 1, 2, 3, and 4.

1 2 3 4
Formula C15H14N3O4SCl C17H17N3O6S C19H19N3O5S C30H30N5O10S2Cl
Mr 367.80 391.40 419.45 720.16
Crystal size, mm3 0.32× 0.16× 0.12 0.42× 0.13× 0.08 0.23× 0.15× 0.10 0.28× 0.18× 0.10
Crystal system monoclinic monoclinic triclinic triclinic
Space group P21 P21/c P1̄ P1̄
a, Å 9.2760(8) 16.6340(6) 8.4482(3) 9.2984(5)
b, Å 6.8080(7) 15.4410(5) 10.3605(4) 11.3622(7)
c, Å 12.6070(14) 6.9830(2) 11.7943(4) 16.5509(9)
α, deg 90 90 83.3780(10) 102.649(3)
β , deg 91.360(4) 100.480(1) 74.6530(10) 97.867(3)
γ, deg 90 90 78.673(2) 107.374(3)
V, A3 795.92(14) 1763.63(10) 973.93(6) 1589.45(16)
Z 2 4 2 2
Dcalcd, g cm−3 1.54 1.47 1.48 1.51
µ(MoKα), cm−1 4.0 2.3 2.1 3.2
F(000), e 380 816 440 748
hkl range −10→12

−8→7
−16→15

±21
−8→20
±19

±10
±13
±15

−10→12
−14→12
±12

((sinθ)/λ )max, Å−1 0.6527 0.6499 0.6497 0.6519
Refl. measd / unique / Rint 7549 / 2786 / 0.0539 9482 / 4013 / 0.0394 6188 / 4426 / 0.0203 22014 / 7178 / 0.0581
Param. refined 217 244 287 433
R(F) / wR(F2) (all refl.) 0.1090 / 0.3586 0.0914 / 0.1369 0.0637 / 0.1145 0.1907 / 0.3023
GoF (F2) 1.044 1.036 1.020 1.034
Flack x parameter 0.3(14) – – –
∆ρfin (max / min), e A−3 0.29 / −0.28 0.44 / −0.63 0.24 / −0.54 0.94 / −0.67

and 13.4◦ from the ideal conformation. For the first
time piroxicam has been cocrystallized with another
drug, furosemide, giving a pharmaceutical solid de-
signed in accordance with drug combination rational
principles.

Experimental Section

Sample preparation and crystallization

Chemically pure reagents and solvents for single-crystal
growth were used. The β -monoclinic form I of piroxicam
and the triclinic form I polymorph of furosemide were used
as reagents for the preparation of new forms. Piroxicam
hydrogen chloride was obtained by evaporation at room
temperature of a solution in formic acid and hydrochlo-
ric acid in 1 : 1 volume ratio. Single crystals of piroxi-
cam acetic acid solvate were grown from concentrated acetic
acid by the method of slow evaporation. Single crystals
of piroxicam isobutyric acid solvate were grown by slow
evaporation from a hot isobutyric acid solution of piroxi-
cam. Piroxicam and furosemide cocrystal acetone solvate
was obtained from acetone solution of a 1 : 1 stoichiomet-
ric mixture of piroxicam and furosemide by slow evapora-
tion.
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X-Ray structure determination

The unit cell parameters and experimental reflection in-
tensities were measured at 190 K on a Bruker Nonius
KappaCCD diffractometer with graphite-monochromatized
MoKα radiation (λ = 0.71073 Å). The data collections were
performed using KappaCCD Server Software [22], cell re-
finement was done with SCALEPACK [23], and data were
reduced with DENZO and SCALEPACK [23]. The struc-
tures were solved by Direct Methods (SHELXS-97 [24, 25])

and refined anisotropically on F2 values using the program
SHELXL-97 [26, 27]. All hydrogen atoms were positioned
geometrically and refined with the riding model on the adja-
cent non-hydrogen atoms. Crystallographic data and details
of the refinement of the structures are listed in Table 8.

CCDC 840408, 840409, 890344, and 890345 contain the
supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data
request/cif.
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gen (Germany) 1997.

[25] G. M. Sheldrick, Acta Crystallogr. 1990, A46,
467 – 473.

[26] G. M. Sheldrick, SHELXL-97, Program for the Refine-
ment of Crystal Structures, University of Göttingen,
Göttingen (Germany) 1997.

[27] G. M. Sheldrick, Acta Crystallogr. 2008, A64,
112 – 122.

www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
http://dx.doi.org/10.1107/S0567740882010450
http://dx.doi.org/10.1107/S0567740882010450
http://dx.doi.org/10.1021/cg049757i
http://dx.doi.org/10.1021/cg049757i
http://dx.doi.org/10.1016/S0378-5173(03)00057-7
http://dx.doi.org/10.1016/S0378-5173(03)00057-7
http://dx.doi.org/10.1021/cg049876y
http://dx.doi.org/10.1021/cg049876y
http://dx.doi.org/10.1021/cg060742p
http://dx.doi.org/10.1021/cg060742p
http://dx.doi.org/10.1107/S0108768102003890
http://dx.doi.org/10.1021/ja00383a012
http://dx.doi.org/10.1021/ja00383a012
http://dx.doi.org/10.1080/08893119608035394
http://dx.doi.org/10.1021/ar00172a005
http://dx.doi.org/10.1513/pats.200504-037SR
http://dx.doi.org/10.1107/S0567740878006251
http://dx.doi.org/10.1107/S0567740878006251
http://dx.doi.org/10.1021/cg100098z
http://dx.doi.org/10.1021/cg100098z

	New Crystalline Forms of Piroxicam
	1 Introduction
	2 Results and Discussion
	2.1 Crystal structure of piroxicam hydrochloride (1)
	2.2 Crystal structure of piroxicam acetic acid solvate (2)
	2.3 Crystal structure of piroxicam isobutyric acid solvate (3)
	2.4 Crystal structure of piroxicam and furosemide cocrystal acetone solvate (4)
	2.5 Tautomeric forms of piroxicam and conformations

	3 Conclusion
	4 Experimental Section
	4.1 Sample preparation and crystallization
	4.2 X-Ray structure determination



