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ABSTRACT: Thermodynamic differences between ibuprofen (IBP) racemate and the (+)-
enantiomer were studied by X-ray diffraction, thermoanalysis, and crystal energy
calculations. The thermodynamic functions of sublimation (as a measure of crystal lattice
energy) were obtained by the transpiration method. The sublimation enthalpies (AHy,)
of (+)-IBP and (+)-IBP are 115.8 + 0.6 and 107.4 + 0.5 kJ - mol !, respectively. Using the
temperature dependency of the saturated vapor pressure, the relative fractions of
enthalpy and entropy of the sublimation process were calculated, and the sublimation
process for both the racemate and the enantiomer was found to be enthalpy driven (62%).
Two different force fields, Mayo et al. (M) and Gavezzotti (G), were used for comparative
analysis of crystal lattice energies. Both force fields revealed that the van der Waals term
contributes more to the packing energy in (+)-IBP than in ()-IBP. The hydrogen bonding
energy, however, contributes at 29.7 and 32.3% to the total crystal lattice energy in (+)-
IBP and (+)-IBP (M), respectively. Furthermore, different structure fragments of the IBP
molecule were analyzed with respect to their contribution to nonbonded van der Waals
interactions. The effect of the C—H distance on the van der Waals term of the crystal
lattice energy was also studied. © 2004 Wiley-Liss, Inc. and the American Pharmacists

Association J Pharm Sci 93:654—-666, 2004
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INTRODUCTION

Chemistry of life is essentially chiral, and stereo-
chemistry is inherent in all biochemical processes,
affecting the whole spectrum of pharmaceutical,
agricultural, cosmetics, and nutrition industries.!
Enantiomers of chiral drugs may differ consider-
ably in their pharmacological and toxicological
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effects because they interact with biological mac-
romolecules, which are stereoselective.? Further-
more, there can be considerable differences in the
solid material properties, which are of importance
for handling, production, and performance of drug
preparations. X-ray analysis (see, for example,
Ref. 3) and differential scanning calorimetry
(DSC)* are commonly used methods for studying
differences in physicochemical properties between
homochiral and heterochiral materials. However,
because of the considerable difficulties connected
with practical experiments and their interpreta-
tion, computer modeling has been introduced in
recent years as an additional method for a better
understanding of chirality.*®
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Crystal structure data are important to describe
and interpret the particularities of chiral com-
pounds. Pure enantiomers form crystals in chiral
space groups (with a limited number of elements of
symmetry). Racemic compounds, however, have
a wider choice of elements of symmetry and can
crystallize in one of the centrosymmetric space
groups.® Furthermore, the network of hydrogen
bonds plays an important role in determining the
architecture of the crystals. Hydrogen bonds are
characterized by specific geometric and energetic
properties and contribute considerably to the
packing energy. Hydrogen bonds of homochiral
and of racemic crystals have their respective
unique characteristics and may essentially influ-
ence the thermodynamics and kinetics of crystal
growth.*>7 A better understanding of the inter-
molecular interactions associated with the recog-
nition or discrimination of a chiral molecule while
crystallization takes place may enable enantiose-
lective crystallization and, consequently, optimum
drug design.

In the present study, detailed investigations of
thermodynamic and energetic aspects of the
sublimation process of (+)- and (+)-ibuprofen
(IBP)—as a representative of nonsteroidal antiin-
flammatory drugs—were carried out. In the case of
IBP, it is not the pharmacological performance
that is of outstanding interest in drug design:
although the S(+) enantiomer of IBP is the only
pharmacologically active molecule, the racemate
is almost as active in vivo because the S(+) enan-
tiomer is continuously formed metabolically from
R(—)-IBP.?527 IBP is particularly interesting
with respect to chirality for the following reasons:
First, the explicit structures of both (+)- and (&)-
IBP crystals have already been solved by various
diffraction methods, like X-ray®® and pulsed
neutron diffraction.®° Second, (+)-IBP is one of
the very rare examples of drug substances for
which thermodynamic data of sublimation have
been published."! Third, experimental thermoche-
mical data on the melting process both of the (+)-
enantiomer®?® and the racemate'®?° are also avai-
lable. These data will be useful in interpretation of
the present data.

EXPERIMENTAL

Materials and Solvents
(+)-Ibuprofen [(+)-IBP; S(+)-2-(4-isobutylphenyl)

propionic acid, C;3H;505; MW, 206.3; [alZ9=
58 + 3°; puriss >99.0%] was purchased from Fluka

(Lot 357891/1). (£)-Ibuprofen [(£)- IBP; (+)-2-(4-
isobutylphenyl)propionic acid; puriss >99.7%) was
purchased from Sigma (Lot 26H1368).

Sublimation Experiments

Sublimation experiments were carried out by the
transpiration method as described elsewhere.'® In
brief, a stream of an inert gas is passed above the
sample at a constant temperature and at a known
slow constant flow rate to achieve saturation of
the carrier gas with the vapor of the substance
under investigation. The vapor is condensed at
some point downstream, and the mass of sub-
limate and its purity are determined. The amount
of sublimated substance is determined by dissol-
ving the condensed substance in a defined volume
of solvent (V). The mass of the substance is
quantified sprectroscopically by determining the
absorbance, A, of the solution with a Hitachi
spectrophotometer (model U-2001). In these ex-
periments, the solvent was ethyl alcohol and the
absorbance was measured at 220 nm.

The sublimation device was tested before start-
ing the experiments by determining the relation
between P and v and choosing the gas flow velocity
value within the plateau of the P =f(v) curve. The
velocity of carrier gas flow for the considered
compounds was 1.8 dm?®h. The equipment was
calibrated with benzoic acid (standard substance
obtained from Polish Committee of Quality and
Standards), which has an enthalpy of combustion
(AH,) of —3228.07 kJ - mol ! and a heat of melting
(AHyy) of 18.0 kJ-mol *. The standard value of
sublimation enthalpy (AH.;,) obtained here was
90.5+0.3 J-mol~*. This value is in good agree-
ment with the AH%,, of 89.7+0.5 J-mol !
recommended by IUPAC.'* The saturated vapor
pressures were measured five times at each
temperature, and the standard deviation was
within 3-5%. The experimentally determined
vapor pressure data were described in (In P;1/T)
coordinates by eq. 1:

InP=A+B/T (1)

The value of the enthalpy of sublimation was
calculated by the Clausius—Clapeyron equation

AHL, = —RT?.9(In P)/O(T) (2)

The entropy of sublimation at a given tempera-
ture T was calculated from the following relation:

AL, = (AHY, — AGL,)/T (3)

sub sub

where AGL,,=—RT - In(P/P,) and P,=1.013 - 10° Pa.
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Energy Calculation Procedure

Molecular crystals consist of discrete molecules
that interact with each other by intermolecular
nonbonded interactions. Therefore, the crystal
lattice energy, Ei,i, may conditionally be divided
into three main terms: van der Waals, E¥2", elec-
trostatic (Coulombic), E©%, and hydrogen bonds
energy, E'B

Elatt _ Evdw + Ecoul + EHB ( 4)

Nonbonded van der Waals interactions of the
crystal lattice energy have been calculated as
the sum of atom—atom inateractions.15 The cut-off
radius was chosen as 16 A because the calculated
E* values were 99% of common E'4Y. The choice
of the potential function used for the pairwise
calculation is important for the value of the van
der Waals term. Two types of the force fields
are common: Mayo et al.'® (Lenard—dJones 12-6)
(M) and Gavezzotti'” (exponential-6 form) (G).
In the present study, both types were used and
compared.

A Coulomb potential with atom-centered point
charges was used to describe the electrostatic
interactions. It should be noted, that the calcula-
tion of this term is problematic for ionic compounds
because it is difficult to determine the coordinates
of point charges. Because of this difficulty, some
authors (see for example, Gavezzotti et al.'”)
include electrostatic terms in van der Waals terms,
with slightly different equilibrium distances be-
tween nonbonded atoms. Because the noted
moments are questionable, we tried to compare
the two approaches with the two types of force
fields G and M already mentioned. The standard
software HyperChem, release 5.02 (semi-empiric
method PM3) was used to calculate the point
charges of the atoms. As a first approximation, the
point charges were obtained by the “single point”
option for single molecules in vacuum, having the
same conformational state as in the crystal lattice.

The hydrogen bonding energy was also calcu-
lated by the same potentials M and G. It should be
noted, that the approach of Mayo et al.'® allows one
to obtain EM® without knowledge of the hydrogen
atoms coordinates, whereas the calculation pro-
cedure of Gavezzotti'” strongly depends on these
parameters.

X-ray Diffraction Measurements

Single-crystal X-ray measurements were carried
with a Nonius CAD-4 diffractometer with graphite-
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monochromated Mo K, radiation (A = 0.71069 A).
Intensity data were collected at 25°C with a ©-20
scanning procedure up to 20 =54°. The crystal
structure was solved by direct methods and
refined by a full-matrix least-squares procedure.
All programs used for the solution, refinement,
and display of the structures are included in the
OSCAIL program package.??2 CAD-4 Software®®
was used for data collection, data reduction, and
cell refinement. Programs SHELXS-97?2 and
SHELXL-97** were used to solve and to refine
structures, respectively.

RESULTS AND DISCUSSION

(+)- and ()-1buprofen Crystal Structures

Before discussing thermodynamic characteristics
of (+)- and (£)-IBP, a detailed description of their
crystal structures is needed. (£)-IBP has been
solved by two different methods: X-ray diffraction
at room temperature (10—30°C) by McConnell®
(refcode in Cambridge Structural Database, CSD,
CSD-IBPRAC) and single-crystal pulsed-neutron
diffraction at —173°C by Shankland et al.'”
(refcode CSD-IBPRACO02). The structure of (+)-
IBP was solved by the X-ray diffraction method
at room temperature (10—30°C) by Freer et al.®
(refcode CSD—JECNOC 10), but only for heavy
atoms. The latter fact limits the quality of
estimation of the crystal lattice energy (especially
the hydrogen bond energy). Therefore, to carry
out a new X-ray diffraction experiment, (+)-IBP
single crystals were grown from a saturated
solution in n-heptanol by slow evaporation. The
X-ray diffraction experiment was carried out at
25°C with a complete (total) refinement of both
the heavy and the hydrogen atoms. The results of
the experiment are presented in Table 1 together
with analogous values for the racemate obtained
by Shankland et al.’® (which are used to estimate
the crystal lattice energy thereof). It should be
mentioned that the data of Shankland et al.'°
were chosen because the neutron diffraction
experiment gives a more precise determination
of the coordinates of the hydrogen atoms than
does the X-ray diffraction method. Unfortunately,
we had no opportunity to carry out a neutron
diffraction experiment with the noted enantiomer
crystal. Therefore, in the calculation part of the
present work, we analyzed the influence of vary-
ing C—H distances on the results of the calcula-
tion (as is usually done in the same situations'®).
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Table 1.

Crystal Lattice Parameters of (+)- and (+)-Ibuprofen®

Parameter Crystal Data

(+)-IBP Shankland et al.?

(+)-IBP This Work

Crystal system Monoclinic Monoclinic
Space group P24/c P2,
Description Rectangular plate Colorless block
Crystal size, mm 5.0x2.0x1.0 0.40 x 0.40 x 0.30
a, A 14.397 (8) 12.456 (4)
b, A 7.818 (4) 8.0362 (11)
c, A 10.506 (6) 13.533 (3)
B, ° . 99.70 (3) 112.86 (2)
Volume, A3 1165.6 (11) 1248.2 (5)
Z 4 4
D aie, g-cm ™3 1.175 1.098
Radiation® Pulsed neutron Mo K,
T, °C —173 25 (2)
p, mmt 0.072
Data collection
Measured reflections 8085 3086
Independent reflections 1528 2910
Independent reflections 1449 1683
with > 2c(I)
Rint 0.06 0.0118
Omax 5 ° 26.96
Refinement
Refinement on F F?
RIF? > 26(F?) 0.077 0.0385
oR(F?) 0.053 0.1050
S 1.76 0.982
Reflections 1449 2910
Parameters 298 416
(A/S)max 0.03 0.002
A tmax, €-A73 0.119
A min, €-A73 —-0.113
Extinction correction SHELXL?
Extinction coefficient 0.05 (1) 0.016 (3)

“Standard deviations displayed in parentheses.

5(CSD-IBPRAC02) from Ref. 10.

“Pulsed neutron (A = 0.48—4.8 A); Mo K,, (. = 0.71069 A).

9Reference 24.

The fractional atomic coordinates and equiva-
lent isotropic displacement parameters of (+)-IBP
are presented in Table 2. Two molecules in both of
the crystal lattices of (+)- and of (+)-IBP form a
cyclic dimer through hydrogen bonds of their
carboxylic groups. However, in the unit cell of
(+)-IBP, both molecules are in the S-configuration,
and they are in different conformational states
(Fig. 1a). In contrast, the (+)-IBP dimer is formed
by hydrogen bonds across a center of inversion
(space group P2¢/c), with one molecule in the R-
configuration and the other in the S-configuration
(Fig. 1b).

A similar analysis of conformational states of
the molecules of (+)- and (+)-IBP in the respective
crystal lattices was carried out in detail by

Freer et al.® Another study to consider is that of
Shankland et al.,! in which possible reasons for
the distortion of the IBP molecular skeleton in
the crystal lattices in comparison to the gas phase
were studied. In this study, the (+)-IBP structure
hasbeen refined, not only with respect to the heavy
atoms but also with respect to the hydrogen
atoms. Some special characteristics of the con-
formational states and the geometry of hydrogen
bonds of both (+)- and (+)-IBP are presented in
Table 3. Because the two molecules of (+)-IBP are
situated in the asymmetric unit, the geometries of
the two hydrogen bonds are not equivalent; that is,
one of them is shorter than the other. Comparison
of the data leads to the following conclusions: (a)
the angle of the hydrogen bonding of the racemate
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Table 2. Fractional Atomic Coordinates and Equivalent Isotropic Displacement
Parameters of (+)-Ibuprofen

Atom X/a y/b z/c U"
O1A 0.4640 (2) —0.0661 (4) —0.2241 (2) 0.0890 (8)
02A 0.58499 (19) —0.2352 (3) —0.10390 (18) 0.0757 (6)
ClA 0.4879 (3) —0.2052 (4) —0.1705 (2) 0.0613 (8)
C2A 0.3900 (3) —-0.3274 (4) —0.1995 (3) 0.0680 (9)
C3A 0.4028 (4) —0.4412 (7) —0.1044 (4) 0.0899 (13)
C4A 0.3837 (2) —0.4215 (4) —0.2990 (2) 0.0592 (8)
C5A 0.3135 (3) —0.3645 (5) —0.4000 (3) 0.0776 (10)
C6A 0.3095 (3) —0.4468 (5) —0.4913 (3) 0.0795 (10)
C7A 0.3752 (3) —0.5870 (4) —0.4856 (3) 0.0666 (9)
C8A 0.4460 (3) —0.6415 (5) —0.3850 (3) 0.0685 (9)
C9A 0.4501 (3) —0.5605 (4) —0.2941 (3) 0.0659 (9)
C10A 0.3649 (4) —0.6796 (6) —0.5864 (3) 0.0820 (12)
Cl1A 0.2651 (3) —0.8032 (5) —0.6258 (3) 0.0756 (10)
C13A 0.2856 (5) —0.9476 (6) —0.5496 (4) 0.0920 (13)
C12A 0.2441 (5) —0.8664 (9) —0.7376 (3) 0.1028 (14)
O1B 0.7685 (2) —0.0391 (3) —0.04780 (18) 0.0710 (6)
02B 0.6486 (2) 0.1313 (3) —0.16958 (17) 0.0840 (7)
C1B 0.7446 (3) 0.1014 (4) —0.0998 (2) 0.0547 (7)
C2B 0.8429 (3) 0.2278 (4) —0.0655 (2) 0.0590 (8)
C3B 0.9591 (3) 0.1463 (6) —0.0477 (4) 0.0835 (11)
C4B 0.8401 (2) 0.3199 (3) 0.0314 (2) 0.0497 (7)
C5B 0.9085 (3) 0.2746 (4) 0.1358 (2) 0.0599 (8)
CéB 0.9054 (3) 0.3626 (4) 0.2220 (2) 0.0604 (8)
C7B 0.8336 (2) 0.4998 (3) 0.2083 (2) 0.0493 (7)
CsB 0.7632 (2) 0.5422 (4) 0.1041 (2) 0.0548 (7)
C9B 0.7668 (2) 0.4546 (4) 0.0175 (2) 0.0547 (7)
C10B 0.8355 (3) 0.5965 (4) 0.3034 (2) 0.0614 (8)
Cl11B 0.9402 (3) 0.7128 (5) 0.3508 (2) 0.0688 (9)
C12B 0.9347 (5) 0.8545 (7) 0.2759 (4) 0.1068 (17)
C13B 0.9486 (6) 0.7781 (7) 0.4595 (4) 0.1045 (15)
H1AO 0.533 (4) —0.007 (8) —0.208 (4) 0.16 (2)
H3A1 0.481 (4) —0.502 (6) —-0.073 (3) 0.131 (16)
H3A2 0.403 (3) —0.385 (6) —0.050 (3) 0.104 (14)
H3A3 0.332 (3) —0.522 (6) —-0.127 (3) 0.108 (12)
H2A 0.326 (3) —0.265 (5) —-0.217 (3) 0.096 (12)
H5A 0.271 (3) —0.283 (5) —-0.398 (2) 0.074 (10)
H6A 0.257 (3) —0.404 (6) —0.563 (3) 0.105 (12)
H8A 0.500 (3) —0.738 (5) —-0.376 (2) 0.074 (9)
H9A 0.500 (3) —0.598 (4) —0.227 (3) 0.058 (8)
H11A 0.195 (4) —0.741 (6) —0.642 (3) 0.111 (14)
H101 0.434 (3) —0.741 (5) —0.577 (3) 0.088 (12)
H102 0.348 (3) —0.600 (6) —0.645 (3) 0.115 (15)
Hi21 0.298 (3) —0.904 (6) —0.474 (3) 0.108 (12)
H122 0.210 (4) —-1.024 (7) —0.584 (3) 0.122 (14)
H1BO 0.688 (4) —0.106 (6) —-0.077 (3) 0.113 (13)
H2B 0.821 (2) 0.309 (4) —0.128 (2) 0.064 (8)
H5B 0.966 (2) 0.183 (4) 0.152 (2) 0.071 (9)
H6B 0.957 (3) 0.326 (4) 0.298 (3) 0.075 (10)
H8B 0.712 (3) 0.632 (5) 0.093 (2) 0.073 (9)
H9B 0.712 (3) 0.480 (5) —0.053 (3) 0.093 (11)
H11B 1.020 (3) 0.655 (4) 0.3544 (19) 0.065 (8)
H3B1 1.020 (4) 0.236 (8) —0.031 (4) 0.144 (18)
H3B2 0.949 (2) 0.094 (4) —-0.118 (2) 0.072 (9)
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Table 2. (Continued)

Atom X/a y/b z/c U
H3B3 0.990 (3) 0.047 (6) 0.017 (3) 0.117 (14)
H133 0.170 (5) —0.953 (8) —0.765 (4) 0.16 (2)
H123 0.363 (5) —1.006 (10) —0.537 (4) 0.19 (3)
H132 0.225 (4) —0.765 (7) —0.783 (4) 0.129 (18)
H131 0.328 (4) —0.925 (7) -0.732 (4) 0.16 (2)
H126 0.865 (6) 0.933 (12) 0.286 (6) 0.24 (4)
H125 0.913 4) 0.826 (6) 0.200 (4) 0.114 (14)
H124 1.015 (5) 0.917 (9) 0.310 (4) 0.16 (2)
H103 0.840 (2) 0.513 (4) 0.360 (2) 0.068 (9)
H104 0.761 (3) 0.665 (4) 0.279 (2) 0.065 (9)
H136 0.883 (4) 0.850 (7) 0.435 (4) 0.14 (2)
H134 1.009 (3) 0.841 (5) 0.486 (3) 0.074 (11)
H135 0.949 (5) 0.679 (10) 0.516 (5) 0.19 (3)

Ueq=1/3)- 555U a' - & a; - a;.

is more planar than that of the enantiomer; (b) the
D... A distance of one of the hydrogen bonds of
the (+)-IBP is approximately equal (within ex-
perimental errors) to the analogous value of the
enantiomer, whereas the second hydrogen bond is
longer; and (c) the H...A distance of the (+)-IBP
is the average of the analogous values of the
enantiomer. The conformational states of the
enantiomer molecules in the asymmetric unit cell
are different. As shown in Table 3, one of the two
molecules in the (+)-IBP asymmetric cell has
approximately the same conformational state as
in the racemic IBP crystal.

Figure 1.

Thermodynamics of (+)- and (+)-IBP Sublimation

The temperature dependencies of the saturation
vapor pressure as well as the thermodynamic
sublimation functions for (+)- and (£)-IBP are
presented in Table 4. The temperature interval
for the measurement of saturation vapor pres-
sures of (+)- and racemic-IBP was chosen on the
basis of optimum conditions in terms of minimum
experimental error of the method used. The upper
limit of the experiments for (+)-IBP was deter-
mined by the melting point of the compound:
T.=50.3+04°C (Table 5). At temperatures

CiB | c2B

A perspective view of the cyclic dimer of (a) (+)-ibuprofen and (b)
(+)-ibuprofen (fragmentation of the molecule for calculations).
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Table 3. Parameters that Characterize the Conformational States and Hydrogen Bond Geometry of (+)- and of

(+)-Ibuprofen Molecules in the Crystal Lattice

(+)-1IBP

Parameter B (+£)-IBP*
/C5-C4-C2-C3 (°) 144.4 (4) —-29.1 (4) 140.9 (4)
/C7-C10-C11-C12 (®) —67.9 (5) 68.0 (5) —67.3 (4)
/C4-C2-C1-01 () 81.7 (4) —-83.5 (3) 88.7 (3)
02-C1 (4) 1.219 (3) 1.226 (3) 1.222 (3)
01-C1 (4) 1.302 (4) 1.302 (4) 1.305 (3)
C1-C2 (A) 1.496 (5) 1.518 (4) 1.509 (3)
Hydrogen bond geometry

Molecule D-H... A D-H (A) H...A@A) D..AQA) D-H...A()
(+)-IBP (A) 0O1A-H1AO...02B 0.94 (5) 1.73 (6) 2.651 (4) 169 (5)
(+)-IBP (B) 0O1B-H1BO...02A 1.07 (5) 1.58 (5) 2.634 (4) 168 (4)
(+)-IBP® 01-H10...02° 0.963 (13) 1.664 (10) 2.627 (7) 179.5 (7)

“Reference 10.
bSymmetry code: 1 —x, 1 —y, 1 —z.

Table 4. Temperature Dependence of Saturation
Vapor Pressure and the Sublimation Thermodynamic
Functions of (+)-Ibuprofen and (+)-Ibuprofen

(+)-IBP (+)-IBP
t (°C) P (Pa) t (°C) P (Pa)
40 1.66-1072 32 1.40-1072
43 2.55-1072 33 1.59.-102
45 3.44.1072 34 1.81-1072
46 4.00-1072 35 2.13-1072
47 4.42.1072 36 2.42-1072
48 4.98.1072 37 2.73-1072
49 5.84-1072 38 3.17-10°2
50 6.86-1072 39 3.62-1072
51 7.35-1072 40 4.16-1072
52 8.13-10°2 41 4.74.1072
53 9.63-1072 42 5.34.1072
54 1.15-107* 43 6.02-1072
55 1.22-107¢ 44 6.93.10°2
56 1.42.107! 45 7.81-1072
57 1.64-1071
58 1.90-107¢
59 2.10-107¢
60 2.39.107¢
61 2.78-1071
62 3.17-107¢
63 3.57-107¢
64 4.11-107¢
65 4.40-107t
66 5.04-1071
67 5.64-107t
In(P[Pa]) = (40.4+0.2) In(P[Pal]) = (38.1+0.2)
—(13927 £ 73)/T — (12920 £ 60)/T

r=0.999; c=2.54-10"%
F=236648; n =25

r=0.999; 6=9.1-10"3%;
F=48662; n=14

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 93, NO. 3, MARCH 2004

<50.3°C, the vapor pressure of the racemate is
much lower than that of (4+)-IBP because of its
higher crystal lattice energy. This fact is an ess-
ential obstacle to obtaining P values with compar-
able experimental errors. The lowest temperature
at which the experimental errors for both the
racemate and the enantiomer are still compar-
able, 40°C, was therefore set as the lowest experi-
mental temperature. However, the obtained set of
experimental data points (n =25 for racemate-
IBP and n=14 for the enantiomer) enable (a)
interpolation (and extrapolation to 25°C) of the
function In (P) =f(1/T); (b) calculation of all ther-
modynamic functions; and (c¢) correct comparison
of the experimental data and the functions with
each other. There are three distinct temperatures
within the interval at which vapor pressure data
for both the racemate and the enantiomer are
available (i.e., T=40, 43, or 45°C), once more
confirming the validity of this procedure.

The saturation vapor pressure of the (+)-IBP
enantiomer is higher than that for the racemate (at
the same temperature), and the sublimation en-
thalpy of the enantiomer is lower by 8.4 kJ - mol !
compared with that of the racemate. (+-)-IBP is one
of the rare examples in which the temperature
dependence of saturation vapor pressures of adrug
substance has been previously published. The
experimental data of Ertel et al.'* and the present
study are compared in Figure 2. The values of
saturation vapor pressures obtained by Ertel et al.
by the effusion method and those obtained in the
present work by the transpiration method are
quite close to each other.'! However, there is a
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Table 5. Thermochemical Characteristics of (+)- and (+)-Ibuprofen

Parameter (£)-1IBP (+)-IBP AlE) — ()
AG®E (kJ -mol ) 44.2 41.6 2.6
AH?%8 (kJ -mol 1) 115.84+0.6 107.8+0.5 8.4
T-AS?% (kJ-mol ") 71.6 65.8 5.8
AS?% (J-mol 'K ) 240+ 2 221+2 19
en (%)° 61.8 62.0 0.2
ers (%) 38.2 38.0 0.2
T (°C) 74.0+0.4° 50.3+0.4° 23.7
AHp, (kJ-mol ™) 23.1+0.4° 15.4+0.4° 7.7
AH; (kJ -mol™H)? 25.5 17.9 7.6
ASfye (J-mol ™t K1) 67 48 19
ASpye (J-mol 1 - K 1)¢ 73.2 54.8 18.4
AH,,, (kJ-mol ") 92.7 92.0 0.7
AS,,, J-mol " K™ 173 173 0

vap

%y = (AHZ$/(AHZS + T - AS?%)) - 100%; eps = (T - ASZS/(AH?% + T'- AS2%%)) - 100%.

b sub sub
Reference 12.

‘Reference 4.
9Reference 20.
°ASgus = AHyo/T".

considerable difference between the sublimation
enthalpy values extrapolated to room tempera-
ture: 115.8 + 0.6 (this work) compared with 121 +
2 kJ -mol ! (Ertel et al.*!). This difference may be
explained as follows: Ertel et al.'’ obtained data
from two series of experiments in which two dif-
ferent geometries of effusion cells were used: “high
temperature” (47-64°C, 7 experimental data
points, with the diameter of the effusion orifice
being 0.2580 c¢cm), and “low temperature” (23—
45°C, 8 experimental points, with the effusion
orifice diameter of 0.0592 cm). If one calculates
AH gy, for their “high temperature” region sepa-
rately, the value 11742 kJ-mol ' is derived,
whereas the analogous value for their “low
temperature” region is 124+ 2 kJ-mol ! It is
obvious that the AH;, value of the “high tempera-
ture” region corresponds (within experimental
error) very well with the AH,;, value of the present
study in which a different method of measurement
was used. This finding may indicate that the
effusion method used by Ertel et al.'! could be
sensitive to the effusion cell geometry (orifice area)
and to the calibration procedure, and therefore,
reference substances that are structurally related
to the substance under investigation may be
necessary.

Absorption spectra and extinction coefficients of
the initial material, of the material remaining in
the sample chamber after the experiment, and
of the sublimate (downstream) were measured and
compared. The absorption spectra and extinction

sub sub sub

coefficients coincided within experimental error.
Additionally, thin-layer chromatography (TLC)
was used for each noted fraction. The results did
not show any traces of the decomposition product.
Furthermore, the vapor pressure values for (+)-
IBP of the present study are in good agreement
with analogous values obtained by Ertel et al.l!
in the same temperature interval using another
method. Ertel et al. also did not observe any
decomposition of the compound.'® All the argu-
ments mentioned suggest that the present ex-
perimental results are accurate enough to describe
the sublimation process correctly.

T K]
2,9E-03 3,0E-03 3,1E-03 3,2E-03 3,3E-03 3,4E-03

In(P [Pa])

0O RAC
71 = Plus
1 aARAC_Iit

Figure 2. Temperature dependence of a saturated
vapor pressure of ()-ibuprofen [[], RAC (this work) and
(A) RAC _lit (from ref 11)] and (+)-ibuprofen (M, Plus).
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Thermodynamic parameters of sublimation and
other thermoanalytical characteristics for (+)- and
(+)-IBP are presented in Table 5. The difference
between the enthalpies of fusion (7.7 kJ -mol™Y)
corresponds to the difference between the AH
values (8.4 kJ - mol 1) within experimental errors.
This similarity indicates that the interactions
between molecules in the liquid state of both the
racemate and the pure enantiomer are energeti-
cally equal.

The Gibbs energy of the sublimation process at
room temperature of (+)- and (+)-IBP can be
separated into the relative fractions of both the
enthalpic and the entropic terms by the following
parameters:

en = (AHZS /(AHZS + T - ASZB)) - 100%  (5)

sub

ers = (T - ASZER/(AHZR + T - AS2%)) - 100% (6)

sub sub

Results of these calculations are also shown in
Table 5. The sublimation process, for both the
racemate and the enantiomer, consists of 62%
enthalpy and 38% entropy. Approximately equal
values are found when the same calculations
are carried out for a structurally related molecule
[namely, benzoic acid (BA)], using literature
values,!? (i.e., eg =61.7%, and epg = 38.3%).

Biphenyl derivatives of carbonic acids, difluni-
sal (DIF), and flurbiprofen (FBP)'® are structu-
rally more complicated substances of the same
group of nonsteroidal antiinflammatory drugs.
The respective values for diflunisal are eg(DIF) =
65.9% and e1g(DIF) = 34.1%, and those for flurbi-
profen are eg(FBP) = 66.3% and e7s(FBP) = 33.7%.
These values are close to each other. However, in
comparison with IBP and BA, the enthalpic terms
of DIF and FBP increase by ~4%. In all cases,
enthalpy exceeds entropy.

Also, for comparison reasons, benzene and
biphenyl as the nonsubstituted analogues of the
noted molecules (which in the crystal lattice only
interact nonspecifically by van der Waals forces)
were investigated.!® The values of enthalpy and
entropy for the solid state of benzene differ
significantly from the substances already consid-
ered [eg(Ben) =52.5%, eps(Ben) =47.5%], where-
as the analogous values of biphenyl are close to
those of BA and IBP [i.e., gg(BiPh)=59.9%,
e1g(BiPh) =40.1%]. The explanation for this non-
systematic sharing between enthalpy and entropy
with respect to the skeletal structures is supposed
to be a different distribution of the total crystal
lattice energy between van der Waals interactions
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and hydrogen bonds depending on the functional
groups in the molecules.

It is interesting to note that the difference
between the Gibbs energies of (+)- and (+)-IBP at
25°C is 2.6 kJ - mol~* (Table 5). This value practi-
cally coincides with the value of heat fluctuation,
RT =2.5 kJ -mol . This fact once more confirms
that the problem of separation of the enantiomers
is very delicate. Using the thermodynamic cycle
(while neglecting the differences of the heat
capacities between the racemate and chiral sub-
stances, which is supposed to be very small), the
thermodynamic functions of evaporation of both
(+)- and (+)-IBP may be estimated as follows:

AI{vap = AI_Isub - AIT[fus (7)
ASvalp = ASsub - ASfus (8)

The values are given in Table 5. Enthalpies of
evaporation, AH,,,, of both the enantiomer and
the racemate coincide at 92 kJ - mol ! because the
differences in AHg,, for the enantiomer and the
racemate (measured in the present paper) and of
AH;, (enantiomer?® and racemate'?) are equal.
The standard value of entropy of sublimation of (£)-
IBP exceeds that of (+)-IBP by 19 J-mol !- K1,
The difference between the entropies of fusion
between the racemate and the enantiomer is also
19J-mol - K ! (Table 5). Therefore, the entropy
of evaporation for both considered compounds
coincides at 173 J-mol '-K'. These facts indi-
cate that the respective experimental data both
from the cited literature and the present paper
are accurate (within experimental error).

Based on the thermodynamic cycle (Fig. 3), the
difference between the entropies of (+)- and (+)-
IBP crystal lattices may be calculated as:

AAS = ASsub(:l:) - ASsu’b(""_) —RIn2
=131J -mol ' - K! (9)

This value quantifies the difference between the
entropies of the crystal lattices of the racemate
and the enantiomer, which is caused only by
particularities of the respective crystal lattice
structures. In the following discussion this differ-
ence will be investigated with respect to the
contribution of various energetic terms to the
crystal lattice energies for both (+)- and (+)-IBP.

Calculation Results of the Crystal
Lattice Packing Energies

For a deeper understanding of the nature of
interaction of IBP molecules both in the racemate
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“Chiral”
Gas RIn2 Racemic
Gas
AR "A
ASY ()
b AS, ()
AAS

Ya(+); Va(-)

Chiral

Crystal Racemic

Crystal

Figure 3. Thermodynamic cycle for the racemate and
enantiomer crystals.

and the enantiomer in the crystal lattice, the
packing energies were calculated. For this pur-
pose X-ray data for (+)-IBP obtained in this work
and the neutron diffraction data for (+)-IBP from
Shankland et al.'® (refcode CSD-IBPRAC02)
were used.

The results of calculations of the energetic
terms of the (+)- and the (+)-IBP crystal lattices
for both the M and the G force field are presented in
Table 6. The van der Waals terms of both (+)- and
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(+)-IBP are approximately equal if calculated by
the same force field. It should be noted that this
value is slightly higher (absolute value) for the G
force field than the analogous value for the M force
field. In contrast, the terms connected to energies
of hydrogen bonds show an opposite trend: for the
G force fields, the term is ~3 kJ - mol ! less than
that for the M force field. The opposite trends sum
up to approximately the same total values of the
crystal lattice energies obtained by the two force
fields considered. It should be mentioned that for
(+)-IBP, the ratio between the hydrogen bonding
energy and the common crystal lattice energy is
sensitive to the choice of the force field: 26.4% for
the G force field and 32.3% for the M. The same
tendency is observed for (+)-IBP: 24.9% for G and
29.7% for M. It should also be noted that the van
der Waals term of (+)-IBP is higher (absolute
value) than that of the (4)-IBP regardless of the
force field used. Therefore, it may be assumed that
for (+)-IBP, the loss of van der Waals energy [in
comparison to (+)-IBP] is compensated by hydro-
gen bonding energy. Probably, these two energies
are competing when enantiomer and/or racemate
crystals are growing.

The value calculated for the crystal lattice
energy of (+)-IBP is in a good agreement with the
experimental data, within experimental errors.
The analogous value for (+)-IBP is slightly lower
compared to the experimental one. The data
calculated here—although the separation into
the various terms is very different—are in good
agreement with data of Li et al.* as well (Table 6);

Table 6. Calculated Results of the Various Energetic Terms of (+)- and (&)-Ibuprofen
Crystal Lattices Obtained by the Two Types of Force Fields® and Comparison with

Analogous Literature Values®®

Term? (4)-IBP (+)-IBP Al(£) — ()]
Gavezzottiet al.”
EVw —178.0 (71.0) —178.8 (72.8) 0.8
Eeoul —2.8(2.6) ~-2.5(2.3) -0.3
£ ~29.0 (26.4) ~26.9 (24.9) —2.1
Enagt -109.8 -108.2 ~1.6
Mayo et al.* Liet al.®
Evw —71.7 (65.2) —173.1 (68.2) 1.4 ~11.0
Eeoul —2.8(2.5) -2.5(2.1) -0.3 2.7
£ 355 (32.3) ~31.9 (29.7) _36 0.4
B ~110.0 ~107.5 25 -7.9
AH_, 115.840.6 107.440.5 8.4

“Mayo et al.'® and Gavezzotti et al.’”

Liet al*
°E*™/E\. in % is presented in parentheses.
9Values exprssed in kJ - mol L.
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that is, the racemate is more thermodynamically
stable by 2.5 (M) and 7.9 kJ - mol !, respectively.

To analyze the contribution of different struc-
tural fragments of IBP to the packing, the molecule
was divided into four fragments, as shown in
Figure 1b. Then, the respective contribution to the
common packing energy was calculated individu-
ally for each fragment (both as absolute and
relative values). The results of the calculations
are presented in Table 7 for the M force field.
Because the two (4)-IBP molecules are situated in
an asymmetric unit (A and B) of the crystal lattice,
the matrix of interactions of the molecular frag-
ments is not symmetric [in contrast to (+)-IBP,
where the S- and R-enantiomers are connected by
the symmetry center]. As evident from Table 7,
only the difference of the location of the Rjs
fragment in the A and B conformers essentially
affects the redistribution of EY® between them.

Comparative analysis of the energetic terms of
different types of nonbonded van der Waals inter-
actions for the considered crystal lattices (Mayo
et al.'® force field, M) were carried out. The results
tare presented in Figure 4. The dominating
contributions for the both (+)- and (+)-IBP are
the following interactions in order of importance:
C-C>C-H>C-0. Moreover, a transition from
(4)- to (+)-IBP makes the relative contributions
of the C—H, C-C, and H-O terms decrease:,
whereas the H-H, C-0, and O-0 terms increase
slightly.

Because C—H interactions for both compounds
is >25% of the contribution to the common energy
of the nonbonded van der Waals interactions, it
should be expected that if the positions of the

50

a
45 Plus

B Rac

*8 88

20
15
10

o mm Ol w i

HH CH HO CC CO 0O

Ex.x/E*" [%1

Types of interactions

Figure 4. The energetic terms of different types of
nonbonded van der Waals interactions of the (+)- and
(+)-ibuprofen crystal lattices Mayo et al.1® force field).

hydrogen atoms in the unit cells could be resolved
more accurately by neutron diffraction experi-
ments, the accuracy of the final result should be
essentially increased. Shankland et al.® and Li
et al.,* in particular, mentioned this fact. Lacking
these data, we tried to estimate the influence of
the C—H distance on the van der Waals term of the
crystal lattice energy. For this purpose, in the
calculation procedure, only the C-H distance
was changed (from 0.95 to 1.20 A), and the same
coordinates of the other atoms in the unit cell were
retained. The results of the calculation are pre-
sented in Figure 5. The solid symbols in Figure 5
denote the EY® values corresponding to the C—H
bonds obtained from diffraction experiments. The

Table 7. Calculated Results of the van der Waals Terms of the Packing Energy from the Various Fragments of

Ibuprofen Molecule using the Mayo et al. Force Field®

(+)-IBP

Term?® R, Ry R; Ry Term? R, R, R; Ry
R, -5.9 —6.7 -3.1 -35 R, 8.1 9.2 4.3 4.8
R —6.4 -5.9 -7.8 -6.3 R, 8.7 8.0 10.6 8.6
R; -3.8 —4.6 -1.9 —24 R; 5.2 6.2 3.3 3.2
Ry —4.7 —5.4 -3.0 -0.2 R, 6.4 7.4 5.4 0.3
(+)-IBP

Termb R1 R2 R3 R4 Termb R1 R2 R3 R4
R, -5.6 R, 7.8

R, -6.9 6.3 R, 9.6 8.8

R; -1.8 -5.2 —24 R; 2.5 7.2 3.4

Ry -3.1 5.6 -5.0 —24 Ry 4.4 7.8 7.0 3.3

“Values expressed in kJ - mol .
YER - NIEY) 100% (%).
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Figure 5. The dependence of the van der Waals term
of the crystal lattice energy on the length of the C—H
bond (the filled symbols mark the E'Y" values corre-
sponding to the C—H bonds otained from the diffraction
experiments).

results in Figure 5 indicate that within the noted
variation interval of the C—H bond lengths, the
E¥® values are changed by 4.5 kJ - mol ™ for (+)-
IBP and by 17.6 kJ - mol for (+)-IBP. This fact
confirms once more, that the van der Waals energy
of the enantiomer is approximately two times less
sensitive to C—H bond variations (6.2%) than is the
racemate (24.4%). This fact also stresses that the
estimation of crystal lattice energy for (+)-IBP
does not depend too much on the accuracy of
hydrogen atoms coordinates (by X-ray or neutron
diffraction).

It should be noted that mathematical simula-
tion of crystal lattice energies from X-ray data and
comparison of the result with sublimation experi-
ments is a classical approach. However, in the
present work, sublimation experiments for race-
mate and enantiomer were carried out for the first
time. Moreover, the particular value of the experi-
mental part is that the experiments were carried
out with the same method, under the same con-
ditions, and with numerous data points. These
conditions reduce the experimental errors to a
minimum and allow the use of comparison proce-
dures, which is particularly important for such
kind of studies because differences between the
thermodynamic functions of the sublimation pro-
cess of racemates and the respective enantiomers
(as a rule) are insignificant and, therefore, com-
parison analysis of the noted values is delicate.
Another essential difference of the present work to

studies devoted to the mathematical simulation of
crystal lattice energies is the choice of functions
to be compared. In numerous studies, the main
focus is sublimation enthalpy, but in this work, all
the thermodynamic functions (Gibbs energy, en-
thalpy, and entropy) were analyzed. This compre-
hensiveness is very important because knowledge
of all these functions enables the prediction of
driving forces of processes, such as resolution of
enantiomers by crystallization, which are used for
the preparation of pharmaceutical drug sub-
stances. Understanding the factors that control
the formation of homochiral and racemate crystals
may ultimately lead to the rationalization of the
purification of enantiomers and the resolution of
racemates by crystallization, respectively.

The transpiration method was used for sub-
limation studies of drugs by Griesser et al.2®
(caffeine). Experience indicates that the transpira-
tion method is more effective than other sub-
limation methods (for example effusion method)
because of a wider experimental temperature
interval. This fact gives the opportunity (a) for
more plausible interpretation of the collected data
and (b) to work at lower temperature values in
comparison with the traditional methods (redu-
cing probability of compound decomposition).

CONCLUSIONS

In the present work, X-ray re-determination of
the (+)-IBP crystal structure was carried out and
the hydrogen bond geometry in the crystal lattice
was solved. Attempts were made (using the Mayo
et al.'® and Gavezzotti'” force fields) to compare
(a) van der Waals and hydrogen bonding packing
terms, (b) interactions of the various molecular
fragments within the crystal lattice, and (c) the
terms describing the different types of nonbond-
ed interactions. The present approach gives
the opportunity for a deeper understanding of
the differences of drug—drug interactions in the
crystal lattice of racemates and enantiomers, not
only with respect to the energetic scale (ratio
between specific and non specific interactions),
but also with respect to thermodynamic para-
meters (Gibbs energies and entropic terms). This
information is the basic knowledge needed for a
rational development of the appropriate methods
for the resolution of racemates to isolate the pure
enantiomers (e.g., driving forces, temperature
conditions, and minimal nuclei size of the crystal-
lization technique).
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