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bstract

FT-Raman, infrared and near infrared investigations of two polymorphs of olanzapine are presented, establishing the main features that allow
he discrimination of these crystalline forms using vibrational spectroscopic methods. Ab initio calculations on the basis of the density functional
heory were used to determine the stable conformations. The calculated vibrational spectra were compared to the experimental ones in order to

dentify the conformers corresponding to each polymorph and to assign the vibrational bands to the internal vibrations of the olanzapine molecule.
ur results support the hydrogen bonding pattern proposed by the reported crystalline structure and provide valuable information on the structural

nd thermodynamical relationship between the investigated polymorphs.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Conventional antipsychotics were introduced in the 1950s
nd all had similar ability to relieve the positive symptoms
f schizophrenia. Most of these older “conventional” antipsy-
hotics differed in the side effects they produced. Typical
ntipsychotics are classified by their chemical structure and the
otency with which they bind to dopamine type 2 (D2) receptors.
ew antipsychotic agents have shifted from selective dopamine

ntagonist to compounds that have a broader receptor affinity
rofile (the so-called atypical antipsychotics), characterized by
mproved clinical efficacy and fewer side effects (Worrel et al.,
000). Compared to the older “conventional” antipsychotics
hese medications appear to be equally effective for helping
educe the positive symptoms like hallucinations and delusions,

ut may be better than the older medications at relieving the
egative symptoms of the illness, such as withdrawal, thinking
roblems, and lack of energy.

∗ Corresponding author. Tel.: +49 201 1832883; fax: +49 201 1833967.
E-mail address: alejandro.ayala@uni-due.de (A.P. Ayala).
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The first atypical neuroleptic drug was clozapine, followed
y olanzapine (Fig. 1), which nowadays is one of the most
sed drugs of this family. Olanzapine (2-methyl-4-(4-methyl-1-
iperazinyl)-10H-thieno-[2,3-b] [1,5]benzodiazepine) is a rel-
tively new benzodiazepine which belongs to the class of the
hienobenzodiazepines and has proven efficacy against the pos-
tive and negative symptoms of schizophrenia, bipolar disorder
nd other psychosis (Fulton and Goa, 1997; Callaghan et al.,
999; Bhana et al., 2001; Bhana and Perry, 2001; Bitter et al.,
004). Olanzapine is the most widely studied of all first-line
typical agents for the treatment of bipolar disorder and signifi-
ant evidence of its mood-stabilizing properties exists (Vieta and
oikolea, 2005). Although many atypical antipsychotic drugs
ave recently been developed and some of them approved for
he treatment of schizophrenia, olanzapine is still invaluable for
sychosis, having high clinical efficacy (Kelleher et al., 2002;
ampiani et al., 2004, 2005).

It was reported that olanzapine crystallizes in at least 25 solid

orms, including polymorphs, solvates and hydrates (Capuano
t al., 2003; Reutzel-Edens et al., 2003; Wawrzycka-Gorczyca
t al., 2004a, b; Polla et al., 2005). The fact that fractions of
ll three anhydrates could be obtained from desolvation of dif-
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Fig. 1. Molecular structure of olanzapine.

erent hydrates, or that two of them could convert into a third
ne through temperature driven processes suggested that a com-
on packing pattern might be present. Thus, the many different

tructures in which the compound crystallizes probably differ
nly slightly in their packing arrangement, irrespective of the
olvate content. This hypothesis was verified by Polla et al.
2005) and Reutzel-Edens et al. (2003) showing that all of the
rystalline forms of olanzapine are built up through the piling
f (olanzapine)2 centrosymmetric racemic pairs, stacked into
olumns parallel to the crystallographic (1 0 0) direction, and
onnected with each other through N H· · ·N hydrogen bonds,
n the case of polymorph (1), or solvate-mediated interactions
Capuano et al., 2003; Reutzel-Edens et al., 2003; Wawrzycka-
orczyca et al., 2004a,b; Polla et al., 2005).
Despite the fact that X-ray diffraction is one of the most

requently applied techniques in the study of polymorphism in
harmaceutical compounds, the use of vibrational spectroscopy
n this field is gaining increasing attention. Different to X-ray
iffraction techniques, which are sensitive to the long-range
rder, vibrational spectroscopy (infrared (Crupi et al., 2002)
nd Raman (Fini, 2004)) is primarily sensitive to the short-
ange structure of molecular solids. Both Raman and infrared
pectroscopy provide information on the structure, configuration
nd conformation in the solid state by probing the vibrations of
toms. Vibrational methods are especially important for the char-
cterization of supramolecular complexes because hydrogen-
onding patterns and other “weak” interactions differ among
orms and the functional groups affected display frequency shifts
f the vibrational modes. On the other hand, near-infrared (NIR)
pectroscopy possesses useful features for use in rapid non-
estructive control analyses allowing not only to characterize
he different forms of an active principle, but also to determine
he polymorphic purity of both the pure product and the final
reparation. These characteristic are responsible for the substan-
ial growth in the number of applications of NIR spectroscopy to
he identification and quantification of polymorphs of pharma-
eutical compounds (Blanco et al., 2000; Fevotte et al., 2004).
In the present work we have focused our interest on the
pectroscopic characterization of the two olanzapine anhydrate
hases of commercial relevance, viz., those named I and II
y Reutzel-Edens et al. (2003), but contradicting the original

n
e
c
a
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atents (Bunnell et al., 1996a,b, 1997) which labels them exactly
he opposite. In order to avoid confusion, and following the nota-
ion used in our previous work (Polla et al., 2005) and the original
atent, we call them forms (1) and (2), respectively. The extra
nhydrous phase therein reported as form III appeared only as
n elusive desolvation product, and was accordingly disregarded
rom our study. The Raman and infrared (mid and near) spectra
f these polymorphs were recorded and analyzed by comparing
hem with the ones calculated using ab initio methods. Thus, the
im of this work is to provide detailed spectroscopic information
o characterize the polymorphs of olanzapine, as well as, to shed
ome light on their structural relationship.

. Materials and methods

Polycrystalline samples of the anhydrous polymorphic forms
1) and (2) of olanzapine were kindly provided by Gador (Argen-
ine) and Beta (Argentine) laboratories.

Infrared spectra were recorded on a Bruker IFS28 FT-IR
pectrometer. KBr pellets of solid samples were prepared from
ixtures of 200 mg KBr with 1 mg of sample in a laboratory

ress. FT-Raman spectra were recorded from the original sam-
les on a Bruker IFS55 FT-IR/FT-Raman spectrometer equipped
ith a Nd:YAG laser (1064 nm excitation line) and a liquid-
itrogen cooled Ge detector. FT-Raman spectra were acquired
y accumulating 1024 scans at a spectral resolution of 2 cm−1.
ear infrared spectra were recorded from the original samples
ith a light-fiber coupled diffuse reflection probe on a Bruker
ector 22 spectrometer.

The electronic structure and optimized geometry of olan-
apine were computed within density functional theory using
aussian 03 (Frisch et al., 2003), employing the hybrid of
ecke’s non-local three parameter exchange and correlation

unctional and Lee–Yang–Parr correlation functional (B3LYP)
Lee et al., 1988; Parr and Yang, 1989; Becke, 1993). The
-31G(d) split valence-shell basis set augmented by d polar-
zation functions on heavy atoms was used (Petersson et al.,
988; Petersson and Allaham, 1991). This basis set provides a
ood reliable result with acceptable calculation times, especially
n the case of the (olanzapine)2 racemic pairs. Full geometry
ptimizations of a single molecule were carried out without sym-
etry constraints. In the case of the geometry optimization of

he (olanzapine)2 racemic pair, the basis set superposition error
BSSE) was eliminated via the standard counterpoise method
f Boys and Bernardi (1970) and Masamura (2001). The opti-
ized structures were compared with experimental results in
HEM3D by superimposing them minimizing the root square
istance between selected atoms. The vibrational wavenumbers
nd absolute Raman scattering and infrared absorption intensi-
ies were calculated within the harmonic approximation at the
ame level of theory used for the optimized geometries. Local
inima were verified by establishing that the matrix of energy

econd derivatives (Hessian) has only positive eigenvalues. The

ormal coordinate analysis was performed and the potential
nergy distributions (PED) was calculated among symmetry
oordinates for the molecule (Pulay et al., 1979; Fogarasi et
l., 1992). For this purpose, a complete set of 120 symmetrized
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nternal coordinates was defined with help of Pulay’s recommen-
ations (Pulay et al., 1979). The vibrational assignments of the
ormal modes were provided on the basis of the calculated PED
y using the program GAR2PED (Martin et al., 1995). Raman
nd infrared theoretical spectra were calculated using a pure
orentzian band profile (FWHM = 8 cm−1) with our own soft-
are. Visualization and checking of calculated data was done
y using the CHEMCRAFT program (Zhurko, 2005).

. Results and discussion

.1. Geometry optimisation

The crystalline structure of form (1) of olanzapine was
etermined recently and is characterized by a monoclinic unit
ell with four molecules per unit cell, but all of them are
elated by symmetry operations giving rise to just one inde-
endent molecule in it (Reutzel-Edens et al., 2003; Wawrzycka-

orczyca et al., 2004a,b). These molecules are related by an

nversion center forming pairs composed by the two racemic
olecules. Fig. 2 shows the crystalline structure of the form

1) of olanzapine, where both enantiomers are included in order

ig. 2. Crystalline structure of: (a) form (1) and (b) dihydrate of olanzapine.
xtra molecules are presented to depict the packing of the (olanzapine)2 pairs.

r
c
p
i
t
i
i
t
t
(
t
i
d
r
c
d
t
s
o
i
c
a
t
t
i
d
i
h
q
(

fi
s
t
E
o
e
g
r

f Pharmaceutics 326 (2006) 69–79 71

o depict the packing of the (olanzapine)2 pairs. Even though
o strong intermolecular interactions are associated with these
airs, it is interesting to verify that the (olanzapine)2 pair is the
ain motif in all of the reported crystal structures of the poly-
orph and pseudo-polymorphs of olanzapine (Capuano et al.,

003; Reutzel-Edens et al., 2003; Wawrzycka-Gorczyca et al.,
004a,b; Polla et al., 2005). Thus, as starting point of our quan-
um mechanical calculations, a single olanzapine molecule was
alculated and its geometry compared with the one obtained
rom the crystalline structure. This geometry optimization pro-
uced a molecule which is remarkably similar to the one of
he crystallographic asymmetric unit. By superimposing both

olecules using a least squares algorithm and minimizing the
istances among the non-hydrogen atoms, we obtained an aver-
ge atomic deviation as small as 0.098 Å. Similar results were
btained by calculating the (olanzapine)2 pair. As the centrosym-
etric pair is a common entity among the solid forms of olanza-

ine, the geometry optimization of the pair was constrained to
emain in the Ci point group. The optimitzed pair is stable and
haracterized by a binding energy of 6.32 kJ/mol. By superim-
osing the enantiomers to the determined crystalline structure
ndependently, the average atomic deviation is slightly reduced
o 0.087 Å compared to the single molecule calculation. Accord-
ng to Reutzel-Edens et al. (2003), no specific intermolecular
nteractions stabilize the racemic pairs, which are packed due
o the spatial complementarity of the opposite enatiomers (elec-
rostatic interaction). Conversely, Wawrzycka-Gorczyca et al.
2004a,b) associated the pairs stability with three types of mul-
iple C H· · ·� contacts. Independently of the character of the
ntermolecular interaction, the packing may be described by the
istance between the centroids of the phenyl and piperazynil
ings. The main difference between the experimental and cal-
ulated pairs geometries is the expansion of the intermolecular
istance from 4.665 to 5.120 Å. The origin of this expansion of
he racemic pair may be understood by comparing the corre-
ponding intermolecular distance among the reported structures
f the olanzapine polymorphs and pseudo-polymorphs. Thus,
t can be observed that the shortest distance corresponds to the
rystalline form of the pure compound, where the racemic pairs
re in a close packed arrangement having a six-fold coordina-
ion (Fig. 2a). On the other hand, in the pseudo-polymorphs
he extra molecules are placed among the racemic pairs distort-
ng its close packing, as it can be observed in the case of the
ihydrate showed in Fig. 2b, and allowing the increasing of the
ntermolecular distance. Thus, the pseudo-polymorphs exhibit
igher intermolecular distances around 4.8 Å suggesting that
uantum mechanical calculation provides an upper limit for the
olanzapine)2 conformation.

The geometry optimization results show that the crystalline
eld induces almost no conformational changes in the most
table structure of olanzapine (form (1)). However, a conforma-
ional search for energetic minima was performed by Reutzel-
dens et al. (2003), and these authors found two non-equivalent

lanzapine conformers, namely A and B (Fig. 2). Both conform-
rs exhibit approximately the same thiophene-benzodiazepine
eometrical configuration but in conformer A the piperazinyl
ing is in the typical chair conformation and is almost parallel to
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he aromatic ring while, in conformer B, these rings are almost
erpendicular with the piperazinyl ring in a twisted boat confor-
ation (see Fig. 2). Despite the conformational differences, the

nergies of the two conformers are very close with conformer B
eing 28.27 kJ/mol less stable than conformer A. This value is
lightly higher than the one reported by Reutzel-Edens et al., but
he small discrepancy may be associated with differences in the
alculation methods used by us and the previously published
orks. However, in both cases the energy difference between

he two conformers is small enough to allow a conformational
hange based on the effect of different crystalline environments.
ince there is no crystal structure reported for form (2), which is
onotropically related to form (1) and apparently has also one

ndependent molecule per unit cell, the possibility that this trans-
ormation is associated with a conformational change should
e considered. We will discuss this issue later on the basis of
he vibrational spectra of the investigated crystalline forms of
lanzapine.

.2. Vibrational spectra

The Raman and infrared spectra of the forms (1) and (2)
f olanzapine, recorded at room temperature, are presented in
igs. 3 and 4. According to the crystal structure of form (1),

here are four olanzapine molecules in the unit cell, pairwise
elated by an inversion center. As a consequence, the olanzapine
ecemic mixture forming the previously discussed pairs cannot
e distinguished by vibrational spectroscopy. Since all atoms
ccupy general sites with multiplicity 4, the vibrational modes
re equally distributed among the irreducible representations of
he P21/c space group. Thus, for each of the irreducible repre-
entations, 120 modes corresponding to the internal vibrations
f olanzapine are expected, being distributed, due to the inver-
ion center and according to the mutual exclusion principle, in
wo Raman active (Ag and Bg representations) and two infrared
ctive (Au and Bu representations) bands. In addition, librational
3Au + 3Bu + 3Ag + 3Bg) and lattice (2Au + 1Bu + 3Ag + 3Bg)
odes are predicted by the factor group analysis to be observed

n the low wavenumber spectral region.

Since the geometry-optimized molecule resulting form the

FT calculation reproduced very well the one of the crystalline
tructure of form (1), let us first discuss the vibrational spectrum
f this polymorph in terms of the normal modes analysis of the

v
s
g
b

Fig. 3. Olanzapine conformers obtained fr
f Pharmaceutics 326 (2006) 69–79

lanzapine molecule. A list of selected observed Raman and
nfrared bands of form (1) are presented in Table 1. In general,
t may be noticed that the energies of the Raman and infrared
ands are very close and, as it will be shown later, no Au/Bu
Ag/Bg) split is observed, suggesting that the crystalline field
s not strong enough to split the internal modes of olanzapine.
able 1 also includes the PED distribution calculated from the
ptimized structure of conformer A, where the contributions are
rganized according to the main molecular groups of olanzapine
labeled as in Fig. 1) neglecting group contributions lower than
0%. The normal modes associated to the benzene moiety (RA)
re best described in terms of the Wilson’s notation (Varsanyi,
969), since these vibrational modes are recognizable by show-
ng group characteristic frequencies or systematic behaviors.

Starting from high wavenumbers, the first feature observed in
he vibrational spectra is the stretching vibration of the only NH
ond present in the molecule. This band is intense in the infrared
pectra but shows only low intensity in the Raman one. The broad
and shape and the shift toward lower wavenumbers, pointed
ut the involvement of this band in hydrogen bonds in excellent
greement with the reported crystalline structure (Reutzel-Edens
t al., 2003; Wawrzycka-Gorczyca et al., 2004a,b). At lower
avenumbers, the bands associated with the CH stretching are
bserved. The PED calculations suggest that the first group cor-
esponds to the CH stretching of the thiophene and benzene
ings, whereas the remaining bands are the symmetric and anti-
ymmetric modes of the two methyl groups and the methylene
unctionalities of the piperazine ring. It is interesting to notice
hat more bands are observed in this region than expected by
onsidering the molecular structure; however the extra bands
ay be associated with overtones and combinations of lower

nergy modes.
Proceeding to lower energy, the region between 1600 and

500 cm−1 is dominated by the bands associated with the dou-
le bonds, which are partially coupled to CH and NH bending
eformations. These bonds may be classified in three groups:
he C C ones belonging to the benzene and thiophene rings and
he C N bond of the azepine ring. C C bonds (8a and 8b) are
xpected to be weak in infrared but strong in Raman, as it is

erified in the case of the 1516 cm−1 band, whereas the C N
hould exhibit the opposite behavior. The DFT calculation sug-
ests that the highest energy band is associated with the C N
ond but this can not be confirmed by the experimental results

om DFT geometrical optimizations.
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Fig. 4. (a) Raman and (b) infrared spectra of

ince the strongest IR band in this region seems to correspond
o the band at 1584 cm−1 (Fig. 4b, form (1)). Independently of
he possible differences between theoretical and experimental
ata, the fact that the C N band is observed below 1600 cm−1

vidences the participation of this bond in the hydrogen bond
attern of the form (1) of olanzapine, as it was proposed by
he X-ray diffraction structure refinement (Reutzel-Edens et al.,
003; Wawrzycka-Gorczyca et al., 2004a,b).

The next spectral region (1500–1300 cm−1) is mainly dom-
nated by the deformations of the methyl, methylene and C H
roups. However, these bands are highly overlapped and it is
ifficult to perform an accurate assignment. The PED distri-
ution of these vibrations shows that they are partially local-
zed and some of them exhibit a pure character (e.g. δ(Me(1))

t 1411 cm−1), whereas, in the case of coupling, it is usually
etween neighboring groups (e.g. methylene deformation of the
iperazinyl group coupled to the methyl Me(2) at 1470 cm−1).
etween 1300 and 1100 cm−1, the contribution of the C C and

c
o
a
t

olymorphs of olanzapine above 2500 cm−1.

N stretching is dominant and the vibrational modes are spread
ver the complete molecule having contributions of different
oieties, as may be observed in Table 1. Below 1100 cm−1,

ibrational modes recover some localization and the correspond-
ng bands are less overlapped. In this region, some relevant
eatures are identified, such as the Raman band at 1043 cm−1,
haracteristic of the in plane breathing deformation of the ben-
ene (1), and the infrared band at 745 cm−1, associated with the
ut of plane deformation of the CH bonds of the same group
11). The deformations of the piperazinyl group, coupled to

e(2) (1009 cm−1) or to the azepine and thiophene moieties
965 cm−1), are well identified in the infrared spectra. At lower
avenumbers, the main components of the vibrational modes are

he deformation and torsions of the rings giving rise to highly

oupled movements. Finally, the low energy vibrational modes
riginate from the deformations of the skeleton of the molecule
nd the lattice vibrations. As it will be shown later, these vibra-
ional modes are highly sensible to the crystalline form and
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Table 1
Observed Raman and infrared bands of the polymorphs of olanzapine (forms (1) and (2))

Form (1) Form (2) PED

Raman IR Raman IR

1594 1593 1600 1601 R1[8a](24) + R2[ν(CN)](63)
1584 1586 1589 R1[8a](51) + R2[ν(CN) + δ(NH)](17) + R3[ν(CC)](17)

1577 1580 1582 R1[8b](82)
1558 1558 1559 1559 R1[8b](23) + R2[ν(CN)](15) + R3[ν(CC) + δ(CH)](53)
1517 1516 1522 1523 R2[δ(NH)](12) + R3[ν(CC)](62) + Me(1)[δ(CH3)](10)
1499 1509 1508 R1[19b](67) + R2[δ(NH)](23)
1472 1470 1469 R4[δ(CH2)](15) + Me(2)[δ(CH3)](83)
1467 1467 R4[δ(CH2)](73) + Me(2)[δ(CH3)](25)
1461 1460 1461 R4[δ(CH2)](91)
1454 1455 Me(1)[δ(CH3)](87)
1445 1448 1443 R4[δ(CH2)](91)
1440 1440 R1[19a](15) + Me(1)[δ(CH3)](69)
1435 1435 R1[19a](48) + R2[δ(NH)](26) + Me(1)[δ(CH3)](17)
1419 1420 1423 1426 R4[δ(CH2)](18) + Me(2)[δ(CH3)](79)
1411 1412 1417 1418 Me(1)[δ(CH3)](89)
1382 1382 1381 R1[19a](43) + R2[δ(NH)](36)
1377 1379 R4[ω(CH2)](78) + Me(2)[δ(CH3)](13)
1370 1369 1366 1365 R2[ν(CC) + δ(NH)](23) + R4[ω(CH2)](30) + ν(C[R2]N[R4])](31)

1358 1357 1357 R4[ω(CH2)](83)
1353 1352 R4[ω(CH2)](88)
1341 1341 1343 1345 R3[ν(CC) + δ(CH)](59) + R4[ω(CH2)](18)
1331 1331 1330 R4[ω(CH2)](88)
1294 1294 1294 1297 R1[14](17) + R4[γ(CH2)](70)
1290 1289 1288 1290 R1[14](76) + R4[γ(CH2)](10)
1281 1282 1284 R1[14](10) + R4[γ(CH2)](68) + Me(2)[δ(CH3)](13)

1271 1269 1269 R1[3](36) + R2[ν(CN)](16) + R4[ν(CN)](27)
1259 1259 1260 1261 R1[3](18) + R2[νring](29) + R4[γ(CH2)](32)
1248 1247 1251 1253 R1[3](35) + R2[δ(NH) + ν(CN)](17) + R4[ν(CN) + γ(CH2)](28)
1224 1223 1221 1221 R1[18b](12) + R2[νring](21) + R4[ν(CN) + γ(CH2)](37)

1215 R1[18b](27) + R2[νring](39) + R4[γ(CH2)](16)
1202 1201 1202 1198 R4[γ(CH2)](98)

1190 1190 R2[ν(CN)](26) + R3[δ(CH) + ν(CC)](43)
1179 1179 1179 1179 R1[18b](11) + R2[def.](17) + R3[δ(CH) + ν(CC)](27) + R4[γ(CH2)](19) + Me(1)[δ(CH3)](11)

R1[9a](97)
1154 1155 1157 1157 R4[νring + γ(CH2)](53) + Me(2)[ν(CN) + ρ(CH3)](30)

1152 1150 1150 R4[νring + γ(CH2)](58) + Me(2)[ν(CN) + ρ(CH3)](36)
1142 1143 1142 R4[νring + γ(CH2)](26) + Me(2)[ν(CN) + ρ(CH3)](34)

1120 1120 R1[18a](20) + R3[δring + δ(CH)](32) + Me(1)[ν(CC) + ρ(CH3)](30)
1103 1102 1105 1105 R1[18a](54) + R2[ν(CN)](13) + R3[δ(CH)](13)

1083 1080 R4[νring + γ(CH2)](65) + Me(2)[ρ(CH3)](27)
1073 1072 1071 R4[νring + γ(CH2)](76) + Me(2)[ρ(CH3)](17)

1051 1050 1051 1051 R4[νring + γ(CH2)](72) + Me(2)[ρ(CH3)](23)
1046 Me(1)[ρ(CH3)](87)

1043 1042 1043 1043 R1[1](79)
R2[δring](14) + R4[δring + γ(CH2)](72)

1009 1004 1005 R4[δring](96)
986 R3[δring](24) + Me(1)[ρ(CH3) + ν(CC)](70)

965 965 973 971 R2[δring](15) + R3[ν(CS)](10) + R4[δring](51)
941 941 R1[5](99)
934 935 R4[δring + ρ(CH2)](78) + Me(2)[ρ(CH3)](12)
927 930 R1[17b](97)

886 887 902 904 R1[12](48) + R2[δring](38)
858 862 855 R3[o(CH)](62) + R4[ρ(CH2)](27)

852 853 851 851 R1[17a](50) + R3[o(CH)](17) + R4[ρ(CH2)](23)
845 845 844 844 R1[17a](45) + R3[o(CH)](23) + R4[ρ(CH2)](20)
819 817 816 817 R2[δring](29) + R3[δring](28) + R4[ν(CN)](15)

813 832 R1[6b](16) + R2[δring + o(NH)](27) + R3[ν(CS)](26) + R4[ν(CN)](22)
784 783 786 787 R2[δring](10) + R4[δring + ρ(CH2)](67)
769 767 777 777 R1[11](24) + R2[δring](29) + R4[δring](24)
748 745 761 757 R1[11](79)

Proposed assignment and potential energy distribution (PED) for vibrational normal modes. Types of vibration: ν, stretching; δ, deformation; ©, out-of-plane bending;
ω, wagging; γ , twisting; ρ, rocking. The benzene moiety modes are labeled following the Wilson’s notation (Varsanyi, 1969).
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rovide a good tool to discriminate the polymorphs of olan-
apine.

Having assigned the most important features of the Raman
nd infrared spectra of the form (1), we are able to compare the
orresponding spectra of the crystalline forms of olanzapine in
rder to provide a spectroscopic methodology to differentiate
hem and to give some insight into the crystalline structure of
orm (2). In Figs. 3 and 4 we compared the infrared and Raman
pectra of forms (1) and (2) of olanzapine, whereas in Table 1,
he wavenumber positions of the corresponding bands are listed.
y comparing the C H and N H stretching region, it is possi-
le to verify shifts of several bands (Fig. 3) indicating qualitative
hanges that may fingerprint the crystalline forms. One of the
ost interesting changes is associated with the NH stretching

and, which shifts 19 cm−1 toward higher wavenumbers and is

educed in half-band width from 83 (Form (1)) to 53 cm−1 (Form
1)). The lowering of the linewidth in form (2) reveals subtle
ands of the infrared spectrum between 3100 and 3200 cm−1

G
m
r

Fig. 5. (a) Raman and (b) infrared spectra of the p
f Pharmaceutics 326 (2006) 69–79 75

hich have been superimposed by the ν(NH) band in form (1).
owever, these bands seem not to be associated with fundamen-

al vibrations but having their origin in overtones of the double
ond stretching bands, as for example: 3180 cm−1 = 2 × ν(C C)
1589 cm−1). It is well known that the stronger the hydrogen
ond, the lower the NH stretching wavenumber and the wider
he infrared band. On the other hand, the reported crystalline
tructure and the analysis of the vibrational spectra of form (1)
upport the existence of a NH· · ·N hydrogen bond, being the
rimary intermolecular interaction of this structure. The ν(NH)
bsorption band of the form (2) lying at higher wavenumbers
s that of form (1) evidences a larger entropy for form (2) than
orm (1). The latter is, related to the free-energy curves, form
1) is the thermodynamic stable form at 0 K. This is consis-
ent with the infrared rule (Burger and Ramberger, 1979a,b;

runenberg et al., 1996) and provides further support to the
onotropic relationship between forms (1) and (2) previously

eported (Reutzel-Edens et al., 2003; Polla et al., 2005).

olymorphs of olanzapine below 1700 cm−1.
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The most remarkable differences between the vibrational
pectra of forms (1) and (2) of olanzapine can be observed in the
egion of the stretching vibrations of the double bonds, which
s expanded in Fig. 5. Thus, form (2) is characterized by the
plitting of the Raman band at 1517 cm−1 in form (1) and the
ppearance of a new infrared band at 1601 cm−1. Recalling that
he single crystal structure establishes that just one independent
lanzapine molecule is present in the unit cell, this splitting
ight be attributed to the existence of at least two independent
olecules in form (2). However, this hypothesis can be ruled

ut because it is not throughout the whole spectrum and just
ew bands exhibit such a splitting; moreover solid state NMR
esults also suggest that all of the polymorphs of olanzapine
re characterized by just one independent molecule per unit cell
Reutzel-Edens et al., 2003).

Another effect that should be considered is the possibility
f a conformational change. Quantum mechanical calculations
how that two olanzapine conformers (Fig. 2) exhibit very simi-
ar energies and a transformation between them could be induced
y the crystalline field (Reutzel-Edens et al., 2003). In order to
erify this argument, the Raman and infrared spectra of both
onformers were calculated using DFT and plotted, in Fig. 5.
he vibrational frequencies obtained from the DFT calculations
ere scaled by 0.962 in order to reproduce the experimental

requencies as close as possible. First, one may notice the good
greement between the calculated spectrum of conformer A and
he experimental spectrum of form (1), confirming the previ-
usly discussed similarity between the free molecule and the

ne in form (1). Furthermore, Fig. 5 clearly shows that the
plitting of the 1517 cm−1 Raman band, also observed in the
nfrared spectrum, cannot arise from conformer B. The com-
arison of the conformers endorse this assumption, since the

T
(
c
p

ig. 6. Comparison of: (a) Raman and (b) infrared spectra of the polymorphs of ol
pectra of conformers A and B.
f Pharmaceutics 326 (2006) 69–79

ain changes between conformers A and B are associated with
he piperazinyl ring, which does not exhibit any double bond.
he only effect of the conformational change in this spectral

egion is associated with the band at about 1600 cm−1 in the
alculated spectra. As stated previously, this band corresponds
o the C N stretching which, due to the absence of hydrogen
onds in the calculation, appears at higher energy. Since the
arbon atom of this bond is also linked to the piperazinyl ring
rough a C N bond, conformational changes in this ring may be
eflected in the double bond giving rise to the shift observed in
ig. 5.

The previous discussion suggests that neither conformational
hanges nor the increase in the number of independent molecules
er unit cell are responsible for the changes in the vibrational
pectra of the olanzapine polymorphs. However, the analysis of
he NH band supports the weakening of the hydrogen bonding
n form (2). Based on this assumption, the appearance of a new
and in the infrared spectrum (Fig. 5b) could be associated with
he shift toward higher energies of the C N stretching, which
s directly involved in the hydrogen bond. Due to the effect of
he intermolecular interactions, it is difficult to assign the bands
ocated between 1530 and 1630 cm−1 in form (1) to the calcu-
ated vibrational spectra, as it was verified in the case of the
(C N). On the other hand, the band at 1517 cm−1 (form (1)) is
ery well resolved in both experimental and calculated spectra.
he PED analysis shows that this band corresponds to the cou-
ling of the δ(NH) with the ν(C C) of the thiophene ring and
he deformation of the methyl group linked to it (see Fig. 6 and

able 1). Apart from this band, in the Raman spectra of form
1), a very weak band at 1499 cm−1 may be identified, which
ould also be associated with the δ(NH), but, in this case, cou-
led with the δ(CH) of the benzene ring (see Fig. 6 and Table 1).

anzapine in the ν(C C) and ν(C N) double bond region with the calculated
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he contribution of the δ(NH) deformation to these bands should
ake them sensitive to modification in the N· · ·HN interaction.
s a consequence, the weaker hydrogen bond of form (2) could

nduce apparent splitting of the 1517 cm−1 band by increasing
ts energy, as well as the one of the 1499 cm−1 band, according
o the assignment proposed in Fig. 6. This kind of behavior of the
(NH) may be classified as anomalous, since it is expected that
or weaker hydrogen bonds this band should decrease in energy.
owever, other bands associated with deformations of the NH
ond also move to higher wavenumbers in form (2). This is the
ase of the very broad band around 650 cm−1 (IR), associated
ith an out of plane NH deformation, which moves to 710 cm−1

nd strongly reduces its linewidth. Notice that the weakening of
he hydrogen bonds by augmenting only the N· · ·HN distance
ot necessarily gives rise to a new polymorph, as it is observed
n the case of the thermal expansion of a crystal. On the other
and, one may expect that a structural transformation should
e accompanied not only by changes in the distance between
he molecules but also their relative orientations. In such a case,
he “normal” behavior of the δ(NH) when the hydrogen bond
ecomes weaker will compete with the changes in the N· · ·HN
ngle and should originate the anomalous effect observed in
lanzapine.

By comparing the rest of the vibrational spectra of forms
1) and (2) with the help of the PED distribution of Table 1,
ne may notice that the bands which fingerprint the different
orms are closely related to the azepine ring and the vibration
f “external” atoms. Thus XH deformations exhibit the most
vident changes from one polymorph to the other. As an exam-
le one may cite the region around 1400 cm−1 and the out of
lane bending of the benzene moiety (748 cm−1 in form (1)).
n the other hand, bands associated with deformation of the

internal” structure are less sensitive to changes of the crys-
alline form, as it may be verified in the case of the ν(C C) at
558 cm−1 or the deformation of the benzene and piperazinyl
roup around 1043 and 970 cm−1, respectively. These obser-
ations also agree with the hypothesis that the crystalline forms
re related by rearrangements of the (olanzapine)2 racemic pairs
ore than conformational changes. In this way, the atoms at the
im of the molecule are more sensitive to the changes of the
nvironment than those atoms supporting the molecular skele-
on, which remains almost unaltered.

b
X
b

Fig. 7. Displacement vectors of the proposed assign
f Pharmaceutics 326 (2006) 69–79 77

The Raman spectra of the two olanzapine polymorphs below
00 cm−1 are shown in the insert of Fig. 3a. This spectral region
s characterized by deformations of the molecular skeleton and,
t very low energies, the lattice vibrations and molecular libra-
ions (<100 cm−1). By comparing these spectra one may notice
hat, above 100 cm−1, where the skeletal deformations domi-
ate, there are few qualitative changes between the Raman bands
f forms (1) and (2), showing that the two crystalline forms
o not exhibit important conformational differences among the
orresponding olanzapine molecules. On the other hand, lat-
ice and librational modes are highly sensitive to the polymorph
ince they directly reveal changes in the fundamental transla-
ional rules, which determine the crystalline structure.

Finally, Fig. 7 shows the near infrared spectra of the two
olymorphs of olanzapine investigated in this work. This tech-
ique has been demonstrated to be a very useful tool to investi-
ate polymorphism in pharmaceutical compounds because NIR
pectra can be acquired without preparation from the original
amples, and especially due to the ability of providing quan-
itative results when combined with chemometric calibration

ethods. However, since the NIR spectrum is dominated by
verlapping overtones and combinations of the fundamental
ibrations of the molecule, its interpretation in terms of a detailed
ssignment of the observed bands is very difficult. However, the
rystalline character of the investigated compounds gives rise to
arrow bands which allow us to perform a qualitative analysis
f the spectra. Several features below 5200 cm−1 are distinc-
ive of each sample allowing the identification of the crystalline
orm by direct inspection of the NIR spectra (Fig. 7a). In this
egion one may identify two groups of bands: the ones below
400 cm−1, which are associated with ν(CH) + δ(CH) combina-
ion bands, and those between 4400 and 4900 cm−1, correspond-
ng to ν(CH) + ν(C = X) and ν(NH) + δ(NH) combination bands.
n the region above 5000 cm−1 (Fig. 7b), the first overtones
5500–6500 cm−1) and second overtones (8300–9000 cm−1)
f the CH and – with much lower intensity – NH stretch-
ng vibrations, as well as the combinations 2 ν(CH) + δ(CH)
−7000 cm−1), may be identified (Fig. 8).

As in the case of the fundamental vibrations, the hydrogen

onding also influences the behavior of the NIR bands. Thus,
H vibrational modes associated with this kind of interaction
ecome more harmonic and, as a consequence, their NIR activ-

ment of some vibrational modes of form (2).
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Fig. 8. Near infrared spectra

ty is strongly reduced. Olanzapine is a good example of this
ffect, since, for example, the CH stretching modes, which are
ot hydrogen-bonded, exhibit very sharp bands, as combina-
ions with δ(CH) (−4200 cm−1) or as overtones (−5700 and

8500 cm−1). Conversely, the strong NH· · ·N hydrogen-bond
eads to the almost complete disappearance of the first over-
one of the ν(NH) band, observed as a weak and wide shoulder
round 6300 cm−1. The weakening of the hydrogen bond in form
2) has lead to a slight shift of the ν(NH) fundamental toward
igh wavenumbers accompanied by a small reduction of the
inewidth of this band. In the near-infrared region, this effect may
e associated with the changes observed in the ν(NH) + δ(NH)
ombinations bands (−4750 cm−1).

. Conclusions

Vibrational spectroscopy and density functional calculation
ave been applied to the investigation of the two olanzap-
ne anhydrate phases of commercial relevance. Geometrical
ptimizations show that the most stable conformer is the one
xhibited by the crystalline structure of form (1). By combin-
ng experimental Raman and infrared spectroscopic data with
alculated vibrational spectra, most of the bands of this poly-
orph could be assigned to the fundamental vibrations of the
olecule. The vibrational spectrum of form (1) exhibits features

haracteristic of a hydrogen bonded molecule, confirming the
ntermolecular interactions as manifested by the known crystal
tructure. The comparison of the experimental and calculated
esults ruled out the possibility that the forms (1) and (2) are

elated by a conformational change. Most of the changes iden-
ified in the vibrational spectra of form (2) are associated with
toms involved directly or indirectly to the NH–hydrogen bond.
hus our results suggest that a weakening of the intermolecular

B

polymorphs of olanzapine.

nteraction gives rise to a lower density of form (2) and provid-
ng additional support to the monotropic relationship proposed
or the olanzapine forms.
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