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Abstract

Amorphous materials are prevalent in the pharmaceutical setting. Whether they are a help or hin-
drance, their physico-chemical characteristics must be investigated. However, the amorphous form
remains a challenge to characterise with many of its properties poorly understood. In this study, -
crystalline and amorphous indometacin are investigated using vibrational spectroscopy and quan-
tum chemical calculations. The structure of the single indometacin molecule and the dimer in the +-
form were optimised using density functional theory calculations. The optimised structures were
similar to the conformations in the crystal form, suggesting that conformation of the molecules in
the crystal may be close to the average molecular structure in less-ordered states. Infrared and
Raman spectra were calculated from the optimised structures. Many modes in the calculated spectra
could be matched with the experimental spectra of the ~-crystalline and amorphous forms, and a
description of the matched modes has been provided. By analysis of the theoretical vibrational
modes it was confirmed that the amorphous form of indometacin produced by quench cooling the
melt consists predominantly of dimers, similar in structure to in the ~-crystalline form. In addition,
differences in intermolecular bonding between the two forms were identified. Quantum mechani-
cal calculations allow improved understanding of amorphous materials and their vibrational
spectra.

Introduction

Molecular solids can be divided into three broad categories according to their degree of
molecular long-range orientational and positional order. Crystal structures possess orienta-
tional and positional long-range order in all three dimensions in space. Liquid crystalline
forms are less ordered and contain long-range orientational and positional order in one or
two dimensions, but not all three dimensions. A third form possible in the solid state is the
amorphous form. Amorphous materials may contain short-range orientational and posi-
tional order (e.g., due to the formation of molecular dimers) but not long-range order
(Brittain 2000; Bernstein 2002; Bunjes & Rades 2005).

Amorphous solids can exist as a rubbery state and, at lower temperatures, as a glassy
state. The molecular mobility in the rubbery state is higher than in the glassy state, and the
T, represents the temperature at which the material cannot kinetically obtain equilibrium as
thermal energy is removed from the system (Forster 2001; Hancock 2002). Depending on
the method of preparation the temperature of the 7, can change and kinetic states, relaxation
times and glass properties may also be altered (Forster 2001). Despite progress in thermo-
dynamic and kinetic analysis of amorphous solids, many properties of the amorphous form
remain poorly understood.

The amorphous form has been of particular interest to the pharmaceutical industry
because materials in this state exhibit enhanced dissolution rates and solubility compared
with their crystalline counterparts (Hancock & Parks 2000). However, even in the glassy
state, the amorphous form is prone to solid-state conversions to more thermodynamically
favourable forms. In addition, properties of the amorphous form depend on the method of
preparation, and the question of polyamorphism or discrete amorphous forms is currently
under debate. These issues have, at least in part, hindered the adoption of the amorphous
form for use in commercial dosage forms.
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The amorphous form poses a significant challenge for
structural analysis. Little information can be gained from X-
ray diffraction, which probes the lattice level. Techniques that
probe the molecular level, such as vibrational spectroscopy
may provide more insight into amorphous systems. Quantum
chemical modelling is one approach that could be used to
improve understanding of the amorphous form. Quantum
chemical analysis of pharmaceutical drugs has not been
widely investigated. Some studies have been undertaken
investigating conformational stability to increase understand-
ing of drug-receptor interactions and drug metabolism path-
ways (Kubli-Garfias 1998, 1999). Ranitidine hydrochloride
has been investigated in relation to crystallographic data
(Martins etal 2002), but there are few studies involving drug
polymorphism and prediction of vibrational spectra of drug
polymorphs (Strachan et al 2004).

Indometacin is an indole acetic acid derivative used as a
non-steroidal anti-inflammatory agent. It is practically insolu-
ble in water and can be classified as a Class II drug in the
Biopharmaceutical Classification System (Amidon etal 1995;
US Department of Health and Human Services 2000). It is
polymorphic, with three forms having been reported
(Crowley & Zografi 2002a). The »-form, the stable form at room
temperature, is triclinic with space group, P1 (Kirstenmacher &
Marsh 1972; Galdecki & Glowka 1976).

In the amorphous form, indometacin exhibits signifi-
cantly enhanced dissolution (Hancock & Parks 2000). The
amorphous form can be easily produced, without significant
degradation, by melting and subsequent cooling. Indomet-
acin has been used as a model compound for investigation
and development of amorphous drug formulations (Forster
etal 2001a, b, c; Tong & Zografi 2001; Watanabe et al 2001,
2002, 2003; Crowley & Zografi 2002b, 2003; Fini etal
2002). In a study by Taylor & Zografi (1997), quench-cooled
amorphous indometacin and molecular dispersions of indo-
metacin were prepared, and, by comparing their vibrational
spectra, it was deduced that amorphous indometacin exists
predominantly as dimers.

In this study, quantum chemical calculations are used to
predict vibrational spectra (infrared (IR) and Raman) of
indometacin. These spectra are compared with experimental
vibrational spectra of ~-crystalline and amorphous indomet-
acin allowing improved analysis of the vibrational spectra
and structural interpretation of amorphous indometacin.

Materials and Methods

Materials

Indometacin (Figure 1) was purchased from Sigma Chemical
Co. (CAS 53-86-1; St Louis, MO, USA). The ~-crystalline
form was used as supplied. Amorphous samples were pro-
duced by the method described by Taylor & Zografi (1997).
Indometacin was melted on a stainless-steel plate at 165°C in
an oven for 5min and quench-cooled using liquid nitrogen.
The amorphous material was warmed to room temperature
under vacuum to prevent atmospheric moisture condensation
on the sample. The amorphous material was then ground in a
mortar and pestle, stored at 4°C over silica gel, and analysed

n

Figure 1 Molecular structure of indometacin with atomic numbering.
The numbering system follows that used by Kirstenmacher & Marsh
(1972).

not more than 24 h after preparation. The solid-state forms
were verified by X-ray powder diffractometry (PANalytical
X’Pert PRO MPD system, Holland).

Spectroscopy

IR spectroscopy was performed using a Fourier transform IR
(FTIR) spectrometer (FT'S 175C; BioRad Laboratories, MA,
USA) with a diffuse reflectance accessory attached (Pike
Technology Easidiff, Madison, WI, USA). Samples (5%) in
anhydrous potassium bromide (250mg total) were ground
gently for 2 min in a mortar and pestle, placed in the sample
holder and the surface smoothed with a blade. Anhydrous
potassium bromide subjected to the same sample treatment
was used to record a reference spectrum. Spectra were
recorded after Kubelka-Munk transformation, and were the
mean of 32 scans with a resolution of 4 cm™".

FT-Raman spectroscopy was carried out on powder
samples using a Bruker IFS 55 interferometer fitted with a
Bruker FRA 106 S FT-Raman accessory. The instrument used
a D 425 Ge diode detector and a Compass 1064-500 laser.
Analysis was carried out at room temperature with a laser
wavelength of 1064nm and 105 mW power. Samples were
packed in an aluminium sample holder and spectra were col-
lected at a resolution of 4cm™'. Spectra were the average of
150 scans. All spectra were analysed using GRAMSALI soft-
ware (Galactic Industries, Salem, NH, USA).

Computational studies

Quantum chemical modelling was performed on the
indometacin single molecule and the dimer structure that
exists in the v-crystalline form. The molecular conformation



of ~-crystalline indometacin published by Kirstenmacher &
Marsh (1972) was obtained from the Cambridge Crystallo-
graphic Database (CCDC, Cambridge, UK) using Conquest
software and used as a starting point for the single mole-
cule calculations. For the dimer calculations, the single
molecule provided by Kirstenmacher & Marsh (1972) was
duplicated and adjusted to resemble the dimer conforma-
tion in the y-form.

Optimised molecular conformations followed by their
vibrational frequencies and their IR and Raman intensities
were calculated using density functional theory (DFT) calcu-
lations (B3LYP functional, 6-31G(d) basis set). Calculations
were implemented using the Gaussian 03 program (Frisch
etal 2004). The Raman intensities were calculated from the
Raman activity for 1064 nm excitation (Guirgis etal 2000).
The calculated frequencies were scaled by a factor of 0.9682
(Scott & Radom 1996), which was obtained by taking the
least squares difference between the scaled theoretical and
experimental wavenumbers between 1000 and 1800 cm™" and
minimising this difference by variation of the scaling factor.
Modes were visualised using the GaussView package that
accompanies Gaussian 03 and Molden (Schaftenaar &
Noordik 2000).

Results and Discussion

Conformational analysis

Kirstenmacher & Marsh (1972) and Galdecki & Gléwka
(1976) have carried out structural studies on the y-form of
indometacin. Bond lengths, angles and dihedral angles
(and their standard deviations (s.d.)) obtained by both
groups are presented in Table 1, and the numbering system
used is depicted in Figure 1. In the +-form, indometacin
molecules are associated as dimers, with cyclic hydrogen
bonding between the carboxylic acid groups (Figure 2A).
There are no significant differences (within 3 s.d.) between
the structures determined by Kirstenmacher & Marsh (1972)
and Galdecki & Gléwka (Galdecki & Glowka 1976).
Therefore, the experimentally determined structural parame-
ters mentioned henceforth will be those of Kirstenmacher &
Marsh.

Bond lengths, angles and dihedral angles of the single
molecule and dimer after optimisation are also presented
in Table 1. Most of the bond lengths and angles in the sin-
gle molecule were virtually identical to those in the dimer
(notable differences shown in Table 1). The only differ-
ences were associated with the carboxylic acid moiety,
from which cyclic hydrogen bonding occurs in the dimer
structure. Not surprisingly, the geometry of this moiety in
the y-crystalline form was more closely replicated in the
optimised dimer than in the single molecule. In particular,
the C19-O3 bond measures 1.299 A in the crystal struc-
ture, and was 1.357 and 1.323 A in the single molecule and
dimer, respectively. The C18-C19-O4 angle (122.9° in the
crystal form) was 125.5° in the single molecule and 122.1°
in the dimer, and the C18-C19-O3 angle (113.9° in the
crystal form) measured 111.7 and 113.4° in the single mol-
ecule and dimer, respectively.
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Intermolecular distances and angles associated with the
hydrogen bonding of the carboxylic acid groups in the dimer
and crystal structure are documented in Table 2. The O3(a)-
04(b) bond is longer in the optimised dimer (2.683 A) than in
the crystal form (2.669 A), and the C19(a)-O3(a)-O4(b)-
C19(b) dihedral angle smaller in the optimised dimer (—1.8°)
than in the y-form (—6.2°).

The conformation of the p-chlorophenyl ring and the
neighbouring carbonyl group in relation to the indole group
has been discussed by Kirstenmacher & Marsh (1972). The
angle of the carbonyl group to the indole group was closely
replicated in the optimised single molecule (and dimer), with
the C2-N1-C10-O1 dihedral angle —25.5° and —29.6° in the
crystal structure and optimised single molecule, respectively.
The angle between the p-chlorophenyl ring and the carbonyl
group was somewhat smaller in the optimised structure
(—28.8° in the single molecule) than in the crystal structure
(-39.3°).

The two molecules in the optimised dimer have different,
but energetically equivalent, conformations with inversion
symmetry about point P (Figure 2A). Thus, the carboxyl
moiety has been reflected in the plane of the indole group,
so that the C2-C3-C18-C19 dihedral angle in the dimer is
97.6° in molecule A and —97.6° in molecule B (Table 1). In
addition, the chlorophenyl and carbonyl groups in molecule
B are reflected in the indole group plane, such that the C2-
N1-C10-O1 dihedral angle is —29.3° in molecule A and
29.3° in molecule B. For these and the other modifications
in molecule B to be accommodated during crystallisation,
several single bond rotations must occur. Energetically
equivalent conformational differences have also been
observed in the dimers in form III (p-monoclinic) of car-
bamazepine (Strachan et al 2004).

Overall, the geometry of the optimised single molecule
and dimer are similar to that in those in the y-crystalline
form of indometacin. This suggests that the conformation
present in the crystal structure is close to the lowest energy
conformation of the single molecule. Large differences
were, however, observed with many dihedral angles. This
can be explained by the low energy associated with single
bond rotations. It is single bonds that are most easily
rotated when a molecule is accommodated into a crystal
structure. The optimised single molecule and dimer are,
therefore, suitable structures for the calculation of vibra-
tional spectra of indometacin to improve understanding of
indometacin, and especially amorphous indometacin, in
the solid state.

Spectroscopic analysis

Experimental IR and Raman spectra of ~-crystalline and
amorphous indometacin have been discussed by Taylor &
Zografi (1997, 1998). Both the IR and Raman spectra of
amorphous indometacin exhibit broader, less intense peaks
than those of the ~-crystalline form (Figures 3, 4 and 5). This
can be attributed to a range of molecular conformations and
intermolecular bonding arrangements in the amorphous form.
In addition, there are some spectral shifts between the amor-
phous and ~-crystalline forms, particularly for some bands
that are IR active.
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Table 1 Bond lengths, angles and dihedral angles from the literature and after optimisation

Bond parameters ~-Crystal form

Kirstenmacher & Marsh (1972) Galdecki & Glowka (1976) Calculated B3LYP 6-31G(d)
r
NI1-C2 1.416 (5) 1.399 (28) 1.414
C2-C3 1.354 (5) 1.371 (81) 1.371
C3-C4 1.433 (5) 1.436 (38) 1.444
C4-C5 1.401 (5) 1.419 (100) 1.405
C5-C6 1.375 (5) 1.365 (22) 1.393
C6-C7 1.404 (5) 1.423 (41) 1411
C7-C8 1.379 (5) 1.398 (98) 1.388
C8-C9 1.386 (5) 1.391 (24) 1.399
C9-C4 1.401 (5) 1.395 (40) 1.410
C9-N1 1.416 (5) 1.417 (93) 1.416
N1-C10 1.416 (5) 1.415 (59) 1.413
C10-C11 1.485 (5) 1.489 (27) 1.495
Cl1-C12 1.393 (5) 1.402 (21) 1.402
C12-C13 1.379 (5) 1.412 (28) 1.391
C13-C14 1.373 (5) 1.370 (25) 1.396
Cl14-C15 1.381 (5) 1.390 (20) 1.395
C15-Cl6 1.375 (5) 1.361 (27) 1.393
Cl6-Cl11 1.389 (5) 1.389 (26) 1.402
Cl4-Cl1 1.735 (5) 1.768 (35) 1.754
C10-01 1.207 (5) 1.207 (46) 1.220
C2-C17 1.480 (5) 1.516 (82) 1.495
C3-C18 1.493 (5) 1.492 (37) 1.508
C18-C19 1.501 (5) 1.478 (16) 1.520
C19-03 1.299 (5) 1.302 (51) 1.357 (1.323)
C19-04 1.212 (5) 1.232 (16) 1.210 (1.230)
03-H3 1.07 3) No data 0.976
C6-02 1.376 (5) 1.395 (96) 1.368
02-C20 1.419 (5) 1.430 (47) 1.417
0
C9-N1-C2 108.1(4) 108.4(5) 108.2
N1-C2-C3 108.5(4) 109.2(5) 108.8
C2-C3-C4 108.7(4) 107.2(3) 108.1
C3-C4-C9 107.6(4) 108.6(2) 107.4
C4-C9-N1 107.0(4) 106.6 (4) 107.3
C8-C9-N4 120.8(4) 121.3(2) 120.8
C9-C4-C5 121.0(4) 121.4(4) 120.6
C4-C5-Co 117.9(4) 117.1(4) 118.4
C5-C6-C7 120.7(4) 121.9(2) 120.5
C6-C7-C8 121.8(4) 120.7(3) 121.4
C7-C8-C9 117.8(4) 117.5(4) 118.2
C7-C6-02 114.3(4) 113.1(4) 114.9
02-C6-C5 125.0(4) 125.0(4) 124.6
C6-02-C20 117.9(4) 117.1(4) 118.0
C3-C4-C5 131.4(4) 130.0(4) 131.9
C4-C3-C18 123.7(4) 124.0(3) 125.4(125.1)
C2-C3-C18 127.6(4) 128.9(4) 126.5
C3-C2-C17 128.9(4) 128.2(2) 128.6
N1-C2-C17 122.4(4) 122.5(4) 122.5
N1-C9-C8 132.1(4) 132.0(5) 131.7
C3-C18-C19 112.5(4) 112.4(2) 111.4
C18-C19-04 122.9(4) 123.0(2) 125.5(122.1)
C18-C19-03 113.9(4) 115.1(3) 111.7(113.4)
03-C19-04 123.1(4) 121.8(3) 122.8
C19-03-H3 110.0(10)* Nodata 106.1(110.2)
C9-N1-C10 126.7 (4) 126.5(2) 127.5
C2-N1-C10 124.7(4) 124.7(3) 123.8
N1-C10-01 120.9(4) 121.4(2) 121.1
N1-C10-Cl11 116.7(4) 116.8(3) 118.0

(Cont.)
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Bond parameters ~-Crystal form

Kirstenmacher & Marsh (1972)

Galdecki & Gléwka (1976) Calculated B3LYP 6-31G(d)

01-C10-C11 122.4(4)
C10-C11-C12 118.7(4)
C10-C11-C16 122.0(4)
C16-C11-C12 119.0(4)
C11-C12-C13 120.2(4)
C12-C13-Cl4 119.7(4)
C13-C14-C15 121.0(4)
C14-C15-C16 119.2(4)
C15-C16-Cl1 120.8(4)
C15-C14-Cl1 119.5(4)
C13-C14-Cll 119.4(4)
[

C2-N1-C10-01 —255(3)
N1-C10-C11-C12 1442
01-C10-C11-C12 -39.3(3)
C2-C3-C18-C19 99.9
C3-C18-C19-03 146.7
C3-C18-C19-04 —349
C5-C6-02-C20 5.9

121.6(3) 120.8

117.1(1) 117.7

122.2(2) 1227

120.6(2) 119.3

118.3(1) 120.7

118.6(3) 119.0

123.3(2) 1213

117.9(1) 119.1

121.3(2) 120.5

118.6(1) 119.3

118.2(2) 1193

-26.1 —29.6(~29.3,29.3)
1432 154.4(153.9,-153.8)
-40.3 —28.8(~29.4,29.5)
100.6 88.4(97.6,-97.6)
147.9 84.7(90.9,-91.1)
-35.0 —93.8(-87.9,87.7)

73 0.1(0.7,-0.7)

Bond lengths, r (A); bond angles, 6 (°); dihedral angles, ¢ (°). Values in parentheses for the crystal form are the published standard deviations (corre-
sponding to the last decimal place). Parameter values not documented were obtained from the crystal conformation in Conquest, in which case no
standard deviations were obtained. Values in parentheses for the calculated conformation are optimised ~-crystalline form values calculated from the
dimer that are substantially different from the optimised values calculated from the monomer. Values after a comma in the parentheses are values for
molecule B, when they are substantially different to those for molecule A. Computational method used was B3LYP and 6-31G was the basis set used

in optimisation. *Measured using Mercury Software (2001).

Figure 2 Structure of ~-crystalline indometacin (A) dimer structure with hydrogen bonding between the carboxylic acid groups and point P of
inversion symmetry (red circle). B. Intermolecular bonding between the benzoyl groups of adjacent molecules.

The IR and Raman spectra of the optimised monomer and
dimer were calculated and compared with the experimental
spectra of y-crystalline and amorphous indometacin (Figures 3,
4 and 5). Several calculated modes have been matched with
experimentally observed bands in the IR and Raman spectra,
and these modes have been described (Table 3).

The experimental spectra show polymorph sensitive
modes in the 1700cm™ region. The single molecule
indometacin calculation predicts a mode at 1705 cm™!

(1(100)), which is both IR and Raman active (Figures 3 and
4). The mode is a benzoyl stretching vibration and occurred
at 1705 cm™" in the dimer calculation (Figure 6B); this mode
is unchanged in going from monomer to dimer as the ben-
zoyl groups are remote from the portion of the molecule
involved in the dimer formation. In the crystalline form this
band appears at 1695 cm™!, and is the most intense band in
both the experimental IR and Raman spectra. In the IR spec-
trum of the amorphous form the band splits into two, with
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Table 2 Some parameters involving both molecules in the dimer from the literature and after optimisation

Bond parameters ~-Crystal form

Kirstenmacher & Marsh (1972)

Galdecki & Glowka (1976) Calculated B3LYP 6-31G(d)

r

03(a)-04(b) 2.669
H3(a)-O4(b) 1.604
)

C19(a)-03(a)-04(b) 110.9%
03(a)-H3(2)-04(b) 174.7%

)
03(a)-H3(a)--0O4(b)-C19(b)
C19(a)-03(a)--04(b)-C19(b)

174.23 (-174.84)*
—6.16(6.16)*

2.664* 2.683
Nodata 1.677
111.9%* 110.2(110.7)
Nodata 179.3
Nodata 172.8(-175.7)
173.61 —1.810(1.651)

See Table 1 for specifications. *Measured using Mercury Software (2001).

Absorbance

T T 1
1200 1400 1800

1000
Wavenumber (cm™)
Figure 3 IR spectra of calculated indometacin dimer (a), calculated

indometacin single molecule (b), experimental crystalline indometacin
(c) and experimental amorphous indometacin (d) between 1000 and
1800 cm™!.

Intensity (a.u.)

T T 1
1400 1600 1800

Raman shift (cm™)

T
1000 1200

Figure 4 Raman spectra of calculated indometacin dimer (a), calcu-
lated indometacin single molecule (b), experimental crystalline indomet-
acin (c) and experimental amorphous indometacin (d) between 1000 and
1800 cm™.

fl]
e
il AR
= A
0
=4 N o
2 g2
2l
<
2930 3071
d
T T T T 1
2800 3000 3200 3400 3600

Raman shift (cm™)

Figure 5 Raman spectra of calculated indometacin dimer (a), calcu-
lated indometacin single molecule (b), experimental crystalline indomet-
acin (c) and experimental amorphous indometacin (d) between 2700 and
3600 cm™.

maxima at 1681 and 1686 cm™.. However, in the Raman
spectrum, only the mode at 1681 cm™! is observed. In the -
crystalline form the benzoyl group forms intermolecular
bonds with the benzoyl group of a neighbouring molecule
(Figure 2B). The intermolecular C10-O1 distance is 3.19 A.
In the amorphous form it is unlikely that the benzoyl group
forms such close intermolecular associations, which may
explain the higher frequency of this mode in the v-form. The
split of 1(100) into two IR-active modes in the amorphous
form may be due to partial or varied intermolecular bonding
of the benzoyl group (Table 4). Furthermore it should be
appreciated that the dimer model used in the calculation
does not model benzoyl-benzoyl interactions and thus the
calculations are less effective in shedding light on the inter-
actions of these groups in comparison with the carboxylate
groups.

An IR active mode was calculated at 1791 cm™" for the
single molecule calculation ((101)). This mode corresponds
to an asymmetric carbonyl stretch of the carboxylate group.



Table 3 Calculated and experimental wavenumbers and intensities
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v

Calculated monomer
v(em)~! (IR, R Int)

Calculated dimer
v(em™) (IR, R Int)

Experimental y-crystalline
v(em™) (IR, R Int)

Experimental amorphous
v(em™) (IR, R Int)

Vibrational assignment

63

64

73

74

75

80

82

83

85

89

90

92

96

97

99

100

101

1059 (46, 5)

1074 (32, 28)

1222 (23, 30)

1233 (51, 6)

1254 (95, 15)

1307 (100, 14)

1360 (14, 40)
1363 (24, 26)
1408 (2, 19)
1458 (27, 8)

1468 (7, 16)

1481 (38, 4)
1570 (1, 31)

1595 (30, 100)

1615 (24, 27)
1705 (74, 78)

1791 (84, 2)

1060 (23, 3)

1074 (27, 26)

1224 (18, 22)

1226 (20, 17)

1254 (18, 22)
1278 (0, 10)
1280 (27, 0)

1307 (95, 14)

1359 (22, 24)
1360 (20, 37)
1407 (0, 15)

1458 (18, 10)

1467 (5, 24)

1482 (31, 3)
1571 (0, 26)

1595 (24, 100)

1616 (19, 26)
1704 (46, 79)

1735 (100, 0)

1068 (29, 5)

1086 (18, 26)

1223 (61, 21)

1234 (78, 15)

1262 (32, 18)

1310 (84, 21)

1359 (62, 31)
1369 (51, 23)
1396 (0, 35)

1455 (48, 20)

1469 (35, 23)

1479 (67, 0)

1579 (0, 48)

1588 (24, 57)

1612 (18, 52) (1619 for
Raman)

1696 (100, 100)

1716 (92, 0)

1069 (22, 5)

1089 (21, 34)

1223 (65, 22)

1233 (60, 0)

1261 (47, 18)

1318 (96, 16)

1358 (82, 39)
1369 (77, 36)
1395 (0, 44)

1458 (66, 44)

1470 (n.a., 22)

1477 (88, 0)
1580 (0, 80)

1591 (50, 100)

1610 (43, 54) (1613 for
Raman)

1681 (92, 74)

1686 (93, 0)

1709 (89, 0)

In-plane chlorobenzene ring
breathing, in-plane indole
deformation, C20-O2
stretching, N1-C10 stretching

C14-Cl stretching, in-plane
chlorobenzene ring breathing

C10-C11 stretching, out-of-
phase C6-02-C20 stretching,
out-of-phase C2-N1-C9
stretching (mainly dimer)

Out-of-phase C17-C2-N1
stretching, out-of-phase C6-
02-C20 stretching, in-phase
03-C19-04 stretching
(monomer only)

Out-of-phase C2-N1-C10
stretching (monomer) and
out-of-phase N1-C10-C1
stretching (dimer), out-of-
phase C6-02-C20
stretching, in-plane indole
and chlorobenzene ring
deformations, C19-O3
stretching (dimer)

Out-of-phase and in-phase C9-
N1-C10 stretching, in-plane
indole and chlorobenzene
ring defomrations

Indole ring deformation, C3-C18
stretching, C10-N1 stretching

Indole ring deformation, C3-C18
stretching, C10-N1 stretching

C2-C17 stretching, in-phase
C17-H; inversion

In-plane indole ring
deformation

In-phase C19-04-H3 bending
(dimer, in phase), C18H,
scissoring, C17CHj3
asymmetric bending

C6-02 stretching, indole ring
deformation

In-plane indole ring
deformation

Chlorobenzyl ring
deformation, C2-C3
stretching

C6-02 stretching, indole ring
deformation

C10-0O1 stretching

Asymmetric 03-C19=04
stretching (carboxylic acids
out-of-phase in dimer)

v, Mode number. For experimental data, relative intensities for bands were normalised such that the most intense band in the reported spectral region
is 100, n.a. =not apparent. Only calculated modes that have been matched with experimentally observed modes are shown. Where differences occur
between the experimental IR and Raman spectra, the mean frequency is reported.
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Figure 6 Selected normal modes for indometacin dimer 1(80) (A),
1(100) (B) and 1/(101) (C) from Table 3. Only the largest eigenvectors
are shown for clarity.

In the dimer calculation, this mode is down-shifted by 56 cm!
to 1735cm™!. The predicted frequency for this mode in the
dimer is much closer to that experimentally observed, con-
sistent with the presence of dimers in the solid-state structure
and, importantly, indicating that the calculation has correctly
modelled this solid-state interaction. The mode is also somewhat
modified, involving carbonyl stretches of the hydrogen-bonding
carboxylate groups (Figure 6C). The dimer calculation also

agrees much more closely with the mode observed in both the
~-crystalline and amorphous forms. This shows that the amor-
phous form is also principally composed of dimers. It is also
interesting to note that the amorphous form of indometacin
shows a further splitting of this band, suggesting a number of
bonding domains that remain predominantly dimer in nature.

Further evidence of dimerisation in the amorphous form is
found in the CH region of the Raman spectra. In the calcu-
lated spectrum of the single molecule, a band corresponding
to the OH stretch in the carboxylic acid group occurs at
3562cm™'. This band is downshifted to 2974cm™ in the
dimer spectrum, and can be matched with comparatively
strong bands in both the amorphous and crystalline forms at
2928 cm™! and 2930 cm™!, respectively.

In a study by Taylor & Zografi (1997), IR and Raman
spectroscopy were used in conjunction with molecular disper-
sions of indometacin in PVP to establish that quench-cooled
amorphous indometacin consists predominantly of dimers.
The results in our study support this finding. An advantage of
our approach is that preparation of other forms such as
molecular dispersions is not necessary.

It is interesting to note that the calculation of the indomet-
acin dimer shows a number of bands that are virtually
unshifted from the single molecule calculation. One such
mode occurs at 1307 cm™! (1(80)) for both the single mole-
cule and dimer calculations. This mode is solid-state sensi-
tive: it occurs at 1310cm™! in the ~-crystalline form, and at
1318cm™! in the amorphous form. Analysis of the normal
vibration shows that this mode is delocalized over much of
the indometacin molecule with significant contributions for
the CH, groups adjacent to the carboxylate functions (Figure 6A).
In the crystalline form the mode is well defined; however in
the amorphous form this mode is much broader and less
intense. This is particularly noticeable in the Raman spec-
trum. This mode highlights that the crystalline form contains
a well-defined molecular conformation, whereas the amor-
phous form contains a range of molecular conformations and
intermolecular bonding arrangements.

Conclusions

Density functional theory calculations were successfully
employed to analyse the structure and IR and Raman spectra
of indometacin. The differences in the vibrational modes of ~-
crystalline and amorphous indometacin were analysed, which
provided insight into the structure of amorphous indometacin.
In particular, it was possible to confirm amorphous indometacin
formed by quench-cooling exists predominantly as dimers.

Table 4 Modes calculated from the dimer only and corresponding experimental wavenumbers and intensities

v Calculated dimer
v (cm)”! (IR, R Int)

Experimental ~-crystalline
v(em)™! (IR, R Int)

Experimental amorphous
v (em)™! (IR, R Int)

Vibrational assignment

165,166 1312 (21, 6)
175 1420 (15, 0)

1324 (70, 8)
1396 (37, 0)

1321 (100, 0)
1400 (54, 0)

C19-03-H1 bending (carboxylic acids out-of-phase)
C19-03-H1 bending (carboxylic acids out-of-phase)

v, Mode number. For experimental data, relative intensities for bands were normalised such that the most intense band in the reported spectral region
is 100, n.a. =not apparent. Only calculated modes that have been matched with experimentally observed modes are shown. Where differences occur
between the experimental IR and Raman spectra, the mean frequency is reported.




Density functional calculations offer great potential to
improve understanding of the structural properties of solid-
state pharmaceutical materials, especially those of amorphous
materials. Future work will involve using density functional
calculations to investigate amorphous indometacin prepared
by other methods.
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