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Abstract 

Molecular modelling is used to predict the mechanical properties of aspirin and forms A and B of primidone. It 
is shown that the predictive method gives values which are in good agreement with the experimental ones. The 
method is therefore of great potential value to those interested in the compaction characteristics of pharmaceutically 
active compounds, as it obviates the need for measurements which can be difficult to make. Copyright © 1996 
Elsevier Science B.V. 
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1. Introduction 

In the pharmaceutical industry there is a need 
to understand the performance of powdered mate- 
rial during milling and compaction. This under- 
standing can generally be acquired through a 
knowledge of  the mechanical properties of  the 
compound (Roberts et al., 1989a; Duncan-Hewit t  
and Weatherly, 1990a,b). Unfortunately,  making 
precise measurements on the small particles 
present in powders is all but impossible, so the 
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industry relies on mechanical measurements made 
on beams formed by compaction and on data 
from instrumented tablet presses. Any convenient 
theoretical route to mechanical property predic- 
tion would therefore be extremely valuable. 

The concept of  cohesive energy density provides 
a basis for a relationship between the crystal 
structure and the mechanical properties of  a 
molecular solid (Roberts et al., 1991). This con- 
cept has been applied to pharmaceutical materials 
with some predictive success. A more fundamen- 
tal approach is to consider the modelling of 
molecular mechanics. This provides a route to the 

0378-5173,,96..'$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved 
PII S0378-5173(96)04760-6 



166 R.S. Payne et al. / International Journal o.1" Pharmaceutics 145 (1996) 165 173 

second derivatives of the lattice energy, with re- 
spect to lattice parameters and atomic coordinates 
and hence to values of mechanical properties (Ki- 
taigorodsky, 1973). Methods of extracting such 
information from molecular models have existed 
for some time, but the means to apply them have 
not been widely available until quite recently. The 
requirements are basically, ready obtainment of 
molecular and crystal structure data, access to 
molecular modelling packages and increased com- 
puting power on the desk-top. The primary re- 
quirement has largely been achieved, the rate at 
which crystal structures are solved has increased 
to such an extent that 80% of the 144 000 entries 
currently in the Cambridge Structural Database 
have been made since 1980 (Desiraju, 1989). In 
addition, methods for solving crystal structures 
from powder diffraction data are being developed 
(Cernik et al., 1991; Cheetham, 1993; Delaplane et 
al., 1993). Success in this field will significantly 
increase the number of important structures that 
can be solved and hence used for the derivation of 
further information. The second requirement has 
also been met, through advances in computational 
technology. The power of a 1980 mainframe com- 
puter is now available for desktop use, at a rela- 
tively small fraction of the original price. 

The materials investigated in this study are 
typical of small to medium sized pharmaceutical 
molecules. They therefore provide good test cases 
for a predictive methodology. Aspirin is a suffi- 
ciently well studied molecule for the single experi- 
mentally known form to have a solved crystal 
structure and for there to be mechanical property 
measurements and predictions in the open litera- 
ture (Florey, 1979; Wheatley, 1964; Kim et al., 
1985). In addition, the hydrogen bonds in the 
crystal structure might be expected to lead to 
anisotropic mechanical characteristics. These fea- 
tures make it ideal as a means of validating 
theoretical procedures which we wish to apply to 
the main target molecule: primidone. 

Primidone (Boon et al., 1951) is an anticonvul- 
sant which occurs in two polymorphic forms, A 
and B (Daley, 1973; Summers and Enever, 1976). 
The crystal structure of form A has been known 
for many years and is entered in the Cambridge 
Structural Database as ref. code EPHPMO 

(Yeates and Palmer, 1975; Cambridge Crystallo- 
graphic Data Centre, 1995). The structure of form 
B has been solved recently and is presented here 
for the first time. Unit cell details of these two 
structures are contained in Table 3. The atomic 
coordinates of the structure solutions are pre- 
sented in Appendix A. Primidone has a strong 
propensity to hydrogen bonding and this is 
reflected in the packing motifs of the crystal struc- 
tures (a topic which will be addressed again in 
Section 5 of this paper). The fact that the packing 
motifs are different in the two forms is apparent 
in their crystal habits; form A takes on a rhombic 
shape, whilst form B grows as plates with a very 
high ratio of plate breadth to thickness, perhaps 
approaching 1000:1. This source of potential an- 
isotropy leads to difficulties in predicting the 
milling and compaction behaviour of each form 
from bulk property measurements. 

2. Theory 

In this paper, the mechanical properties of the 
three materials of interest were derived using the 
second derivative technique. In this methodology, 
the crystal structure is minimised using the atom 
atom potential method (Pertsin and Kitaigorod- 
sky, 1987), with atomic charges calculated ab 
initio. The quantum mechanics program Gaussian 
92 was used for charge calculation (Frisch et al., 
1993). The charges were generated from a fit to 
the electrostatic potential at points selected ac- 
cording to the Merz-Singh-Kollman scheme, us- 
ing the restricted Hartree-Fock wavefunction 
formalism and the wavefunction basis set 6- 
31G** (summary descriptions of, and references 
to the methodologies and the basis set are given in 
the manual for Gaussian 92). Following minimi- 
sation, a single point energy calculation was per- 
formed on the crystal structure. The Drieding 2.21 
force field, with Ewald summation was employed 
in this work (Mayo et al., 1990; Ewald, 1921). The 
second derivatives of the lattice energy were ob- 
tained with respect to the lattice parameters and 
the atomic coordinates, using the equation: 
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6U , c-U 

where L~) is the equilibrium energy and e's are 
components of strain. The second derivative terms 
are equal to the components, Cij, of the stiffness 
matrix C. 

,52U 
C~/- 6si6S/ (2) 

The compliance matrix S is equal to the inverse 
of the stiffness matrix, i.e. C ~. For crystals of any 
symmetry, there are two methods of calculating the 
bulk modulus, B, from the components of the 
compliance matrix. These are termed the Reuss 
method: 

Br = [SLI + $22 '}- $33 + 2($3) + 321 Jr- $32) ] ' (3a) 

and the Voigt method: 

Bv l :~[C11-]-C22-[-C33-~-2(C31q-C21~-C32)] (3b) 

The three orthogonal components of the 
Young's modulus can be determined from the first 
three diagonal components of the compliance ma- 
trix, as follows: 

1 1 1 
E" = 81- ~ E,=~2 2 E-=~3 3 

3. Experimental  

167 

The identities of the three materials were confi- 
rmed by obtaining X-ray powder patterns and 
comparing the positions of the observed reflections 
with those presented by Florey (1979) and Wheat- 
ley (1964). In each case the agreement between the 
peak positions of the experimental and literature 
data was good. All three materials were micronised 
to minimise the effects of preferred orientation. 

3.2. Experimental techniques 

3.2.1. Single crystal X-ray diffraction 
Data were collected from a primidone B crystal 

of dimensions 0.02 x 0.38 x 0.44 mm, on a 
Siemens P4 four-circle diffractometer. Graphite 

(i) H3C~'H2C ~ 
HNvNH 

3.1. Materials 

Primidone has the chemical name 5-ethyl-5- 
phenyl-hexahydro-pyrimidine-4,6,dione. The 
molecular structure of this compound is shown in 
Fig. l(i). Primidone form A was obtained from 
Zeneca Pharmaceuticals. Form B was crystallised 
from a 0.024 mg/ml solution of primidone in 75% 
aqueous ethanol. Dissolution was achieved by 
heating to 65°C, whilst stirring. Stirring was dis- 
continued and the temperature of the solution was 
reduced to 20°C at an approximate rate of 0.4°C/ 
rain. Crystals were isolated initially by filtration 
and then by vacuum drying at 30°C for 16 h. 

Aspirin was obtained from Fluka AG. The 
molecular structure of aspirin is shown in Fig. 1 (ii). 

0i) 
C H ,  

H~- O 0-~0 

Fig. 1. The molecular structures of (i) primidone and (ii) 
aspirin. 
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monochromated Cu-K~ radiation was used (2 = 
1.54178 A) and a 0-20 scan mode. A total of  2877 
reflections were collected in the 0-range 3.21- 
56.72 ° . After equivalent reflections were merged 
1452 unique ones were obtained. The data was 
corrected for Lorentz and polarisation effects and 
for an observed decay of  ca. 4.8% as indicated by 
three reference reflections which were measured 
periodically during data collection. The structure 
was solved by direct methods followed by differ- 
ence Fourier synthesis and refined by full-matrix 
least squares with the non-hydrogen atoms as- 
signed anisotropic thermal parameters. The hy- 
drogen atoms were located from a difference map. 
The refinement converged to a good fit factor of 
Rl = 0.0521 (Siemens Analytical Instruments Inc., 
1994). 

Primidone B was found to exist in an or- 
thorhombic structure, space group Pbca, with 
eight molecules in the unit cell. The unit cell 
parameters are presented in Table 3 of  this paper. 
The atomic co-ordinates of  the structure solution 
are contained in Appendix A. 

3.2.2. Property prediction 
The prediction of  mechanical properties was 

performed using the molecular modelling suite, 
Cerius 2 (BIOSYM/Molecular Simulations Inc., 
1995). 

3.2.3. Mechanical testing 
The Young's moduli of the materials were de- 

termined using a three point bend test as reported 
by Roberts et al. (1989b). Beams of  length 20 mm 
and breadth 7 ram, were prepared by compaction, 
using a rectangular die. The die was lubricated 
with stearic acid prior to compaction. Com- 
paction was performed uniaxially, using a 150 kN 
Specac hydraulic press. The final porosities of  the 
beam were determined from the actual thicknesses 
of  the beams. 

Modulus measurements were made in a three 
point test rig, on a Mettler thermomechanical 
analyser (TMA40), by applying a static load of 
0.3 N and a dynamic load of  0.25 N at a fre- 
quency of 0.17 Hz. Twenty measurements of  spec- 
imen displacement were obtained for each sample, 
to an accuracy of  ± 0.005/zm and a mean deter- 

25, 
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Fig. 2. Experimental Young's moduli (Es) of the two forms of 
primidone, plotted against sample porosity (O: primidone B, 
~:  primidone A). The solid and dashed lines represent the 
exponential fits to the data of form A and B, respectively. 

mined. Any effects of mechanical distortion in the 
beams were taken into account using a calibration 
run. Moduli were calculated using the equation: 

Fl 3 
Es - (4)  

4(s - d)t3w 

where F is the dynamic load, 1 is the distance 
between beam supports (17 mm), t is the thickness 
of the beam, w is the width of the beam, s is the 
flexure at the midpoint and d is the distortion. 

The Young's modulus at zero porosity, Eo, was 
determined by curve fitting to the experimental 
data, using the exponential relationship proposed 
by Spriggs (Spriggs, 1961): 

E~ = Eo exp( - bP) (5) 

where P is the fractional porosity and b is a 
constant. 

4. Results 

The experimental data on aspirin presented in 
this paper were previously reported by Roberts et 
al. (1991). Fig. 2 contains the previously unre- 
ported experimental data for beams of  primidone 
A and B. The details of  the exponential fits for all 
three materials are summarised in Table 1. 

The important predicted components of the 
compliance matrices for aspirin, primidone A and 
primidone B are contained in Table 2. The corre- 
sponding values of  the Reuss and Voigt bulk 
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Table l 
Exponential fits to the mechanical testing data, derived using 
Eq. (5) 

Parameter Aspirin ~ Primidone A Primidone B 

E o (GPa) 7.45 18.75 21.54 
b - 6 . 8 4  -18 .55  - 1 5 . 0 7  
Standard error 0.95 0.95 0.93 
Correlation co- 0.73 0.91 0.93 

efficient 

~' Data taken from Roberts et al. (1991). 

Table 3 
Predicted values of  mechanical properties 

Modulus  Aspirin Primidone A Primidone B 

B r 13.80 8.15 10.15 
E r 10.45 13.90 15.56 
B v 14.47 12.28 13.44 
E~ 16.tl 20.54 20.99 
E,  4.84 22.19 22.88 
E~ 6.13 22.37 23.28 
E_ 11.08 7.68 10.00 

Emean 7.35 17.41 18.72 
Ee~ p 7.4 ± 0.3 a 18.7 ± 0.5 21.5 ± (I.8 

moduli, and the three components of the Young's 
moduli are displayed in Table 3. This table also 
contains an experimentally determined value of 
the bulk modulus of  aspirin and the Young's 
moduli of  each of  the three materials. The average 
of the predicted x, y and z components of  the 
Young's moduli are very much comparable with 
the experimentally determined values. 

The errors on the experimental data were esti- 
mated from the standard error associated with 
exponential fits to plots of Young's modulus ver- 
sus porosity. The values for primidone A and B 
are quite close to each other, and can only be 
differentiated at a low confidence limit (approxi- 
mately 65%). This is despite correlation coeffi- 
cients for the fitting of Eq. (5) of 0.91 and 0.93, 
respectively. 

Table 2 
Important  predicted components  of  the compliance matrices 

Compliance Aspirin Primidone A Primidone B 
component  

Sii 0.2064 0.0450 0.0437 
$22 0.1632 0.0447 0.0429 
$33 0.0902 0.1302 0.1000 
$44 0.1473 0.0938 0.1032 
$55 0.2053 0.3445 0.3135 
$66 0.0909 0.0783 0.0753 
SI~ -0 .1314  -0 .0122  -0 .0133  
$23 -0 .0313  -0 .0291 -0 .0233  
Si3 -0 .0309  -0 .0074  -0 .0073  

All values are quoted in GPa  ~. 

All values are quoted in GPa. An average was taken over the 
predicted E~, E,. and E~ components  of  the Young 's  moduli, to 
give Em~n for comparison with the experimental modulus  

(Eexp). 
~' Data  taken from Roberts et al. (1991). 

5. Discussion 

The correspondence between the predicted and 
measured values of mean Young's modulus is 
very good. The predictions for primidone A and B 
indicate that it would be difficult to differentiate 
between these materials experimentally and this is 
indeed the case. However, the two forms of prim- 
idone are predicted to be much stiffer than aspirin 
and again, this is supported by the experimental 
data. These differences in mechanical properties 
result from the hydrogen bond motifs associated 
with each structure. Aspirin molecules exist as 
dimers in the solid state, having a carboxylic acid 
group and hence one hydrogen bond acceptor and 
one nearby hydrogen bond donor (see Fig. l(i)). 
These dimers are arranged in pairs of sheets, each 
pair at an angle of ca. 58 ° to each other. How- 
ever, being based on dimers, the hydrogen bond 
motif  does not confer extended strength to the 
crystal lattice much beyond that expected from 
general non-bonded interactions. The energy asso- 
ciated with hydrogen bonds is 3.7 kJ/mol. 

Primidone has two acceptors and two donor 
groups per molecule and these are arranged so 
that one donor and one acceptor appear on each 
side of the molecules approximate line of  mirror 
symmetry (see Fig. l(i)). In primidone A each 
molecule is attached to two others by two hydro- 
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gen bonds. The hydrogen bonding motif  takes the 
form of parallel ribbons of  double hydrogen bonds 
which run through the structure, approximately in 
the x - y  plane. The energy associated with this 
arrangement of  bonds is 6.2 k J/tool. In primidone 
B each molecule is attached to four others by single 
hydrogen bonds. This means that the hydrogen 
bonds describe rippled planes which lie in parallel, 
approximately coinciding with the x - y  plane. The 
hydrogen bond energy is 4.4 k J/tool. Each form of 
primidone therefore contains extended hydrogen 
bonding patterns which confer considerable resis- 
tance to forces applied in the planes of  the extended 
motifs. 

In the case of primidone B, the experimentally 
measured value is significantly higher than the 
value predicted by the mean of  the x, y and z 
predicted components of  the Young's modulus. 
Despite the fact that the materials were micronised, 
the most likely explanation for this result is a 
tendency for plate-like crystals to preferentially 
orient their major axes into the plane of  a beam 
during compression. The longest axes associated 
with the crystal habit coincide with the fastest 
growth directions during crystallisation and so are 
likely to be associated with the addition of 
molecules to the surfaces at which hydrogen bond 
acceptors and donors are exposed. As a conse- 
quence, three-point bending, which is known to 
apply tension to a beam at the surface opposite the 
central point, preferentially works in the x - y  plane 
ofprimidone B. The moduli in this plane are greater 
than the average of  the three components, so the 
experimental value is found to be higher than that 
obtained by prediction (E . . . .  ) .  Preferred orienta- 
tion is less likely to play a role in the experimental 
measurements for aspirin and primidone A, since 
they exist as more equiaxed crystals. 

Despite the apparent success of  the predictions 
presented in this paper, it is worth mentioning some 
sources of  error in the method used. In the predic- 
tive process, the crystal structures were minimised 
before the mechanical property prediction was 
performed by lattice dynamics. Minimisation is 
said to be necessary for a number of reasons. 
(1) The crystal structures suffer from experimental 

errors in their interatomic distances and an- 
gles. These would be removed if the force-field 

represents the true values with more precision 
than can be achieved experimentally. 

(2) Crystal structures are usually, as in this case, 
obtained at room temperature and the basic 
a t o m - a t o m  potential method applies to 0 K. 
The method only provides a calculation of the 
enthalpy of  a system, and not its entropy. As 
a consequence, it cannot provide information 
about the effects of temperature on free energy. 

(3) It ensures that all forces and torques on the 
molecules are in equilibrium according to the 
force-field, before the dynamics of  the crystal 
lattice are investigated (Williams, 1982). 

Whilst the crystal structure solution is subject to 
experimental error, molecular geometries gener- 
ated by a force-field associated with the a t o m -  
atom potential method will also be in error. This 
results from the fact that it was impractical to 
incorporate more parameters in the equations and 
that a limited number of molecules could be used 
for parameterisation. To paraphrase the authors of 
the Dreiding force-field, a lack of  accuracy for a 
particular subset of molecules is compensated for 
by the speed with which reasonable results can be 
obtained for a large number of molecules (Mayo et 
al., 1990). The force-field was tested against 76 
crystal structures, yielding root mean square errors 
of 0.035 A in bond lengths, 3.2 ° in angles and 8.9 ° 
in torsions. A combination of experimental and 
force-field inaccuracy will lead to errors in mechan- 
ical property prediction. In some cases a crystal 
structure may contain a degree of disorder. The 
structure determined by X-ray diffraction then 
represents a mean of the structures present. In 
these cases the minimised structure may best repre- 
sent one of  the structures present and so the 
mechanical property prediction may differ from 
the experimentally determined value. 

It is clearly true that the a t o m - a t o m  approach 
does not consider the effect of  temperature on the 
crystal structure, but the results will be most 
applicable to the temperature at which the struc- 
tures used for force-field parameterisation were 
determined. In the case of the Dreiding force-field, 
room temperature crystal structures were part of 
the parameterisation process and so it should 
operate well for many such structures. 
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The stresses mentioned by Williams (1982) arise 
from a difference between the experimental ge- 
ometry of the molecules and the geometry pre- 
ferred by the force-field. Clearly, these 
discrepancies should be removed before the effects 
of distorting the lattice on the energy of  the 
system are calculated. However, this does not 
mean that the minimised structure is closer to the 
true crystal structure than that determined by 
experiment. As previously stated, the force-field 
will be in error for specific molecules. 

The coulombic interaction is a major compo- 
nent of the energy of  a crystal, sometimes ap- 
proaching 60% of the total. This interaction has 
been dealt with by assigning atomic point charges 
to the atom atom model. Unfortunately, such 
charges are very sensitive to the conformation of 
the molecule upon which they are calculated. 
Thus charges calculated for the crystal structure 
are not those that would be derived for the min- 
imised structure. Clearly, an iterative process of  
charge derivation and minimisation would be re- 
quired to obtain the best charges for the structure 
upon which mechanical property prediction was 
attempted. This would be time-consuming and it 
is doubtful whether there would be a noticeable 
improvement in the final result when compared 
with experiment. 

Dreiding 2.21 was chosen for this study on the 
basis that it contains explicit hydrogen bonding 
terms and that these were expected to be particu- 
larly important for aspirin and primidone. The 
question of whether a particular force-field is 
appropriate for a molecular system is best 
checked by comparing the packing energy of  min- 
imised structures with their measured heats of  
sublimation (Gavezzotti and Filippini, 1994). Ap- 
propriateness can also be checked by comparing 
the lattice parameters of the minimised structure 
with the experimental values. Ideally, the min- 
imised values should be within ~ 5% of the exper- 
imental ones. Since enthalpies of  sublimation are 
not available to us for the materials studied here, 
we can only use the lattice parameter comparison 
to assess the appropriateness of the force-field. 
The data is presented in Table 4. It can be seen 
that the differences between the parameters for 
the experimental and minimised structures are of  

Table 4 
The lattice parameters of the experimental and minimised 
experimental structures of aspirin, primidone A and primidone 
B 

Compound a b c fl p 

Aspirin ~ 11.43 6.59 I 1.40 95.68 1.401 
Aspirin b 11.42 6.69 11.22 95.04 1.402 
Primidone A" 12.25 7.09 14.80 117.82 1.276 
Pr imidone  A b I 1.62 7.43 14.27 112.53 1.274 
Primidone B 10.27 7.92 27.54 1.296 
Pr imidone  B b 10.38 7.69 28.33 1.282 

The unit cell dimensions are given in Angstroms, fl in degrees 
and the density p, in g/cm 3. Aspirin and primidone A have 
monoclinic structures (space group P2~/c), whilst primidone B 
is orthorhombic (space group Pbca). Only cell angles which 
differ from 90 ° are explicitly noted. 
~ Unit cell data taken from Kim et al. (1985). Atomic positions 
obtained from the Cambridge Structural Database, using the 
program QUEST3D (Cambridge Crystallographic Data Cen- 
tre, 1995). 
b Denotes values which correspond to the minimised crystal 
structure. 
c Unit cell data taken from Yeates and Palmer (1975). Atomic 
positions obtained from the Cambridge Structural Database, 
using the program QUEST3D (Cambridge Crystallographic 
Data Centre, 1995). 

the order of  5%. Hence we can assume that the 
force-field provides a reasonable description of 
these molecular systems. 

The final likely source of error in the predictive 
methodology arises from the truncated expansion 
of Eq. (1). Unfortunately, it is difficult to estimate 
the relative importance of  the sources of error 
described above. However, it is possible to state 
that the errors involved in the cases of aspirin and 
primidone appear to be small and that the results 
reported in this paper offer encouragement for the 
wider application of this predictive methodology. 

6. Conclusions 

The method of predicting the mechanical prop- 
erties of organic compounds described in this 
paper has proven successful for aspirin, primidone 
A and primidone B. This methodology is clearly 
of value to the pharmaceutical industry, where the 
use of  materials as fine powders makes it difficult 
to perform mechanical property measurements. 
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Appendix A. The crystal structure solution of 
primidone B 

Wavelength of radiation: 1.54178 ,~R~= 
0.0521Space group: PbcaUnit cell dimensions in 
Angstrom units: a, 10.2660; b, 7.9150; and c, 
27.5357. 

Atomic positions within the unit cell: 

Atom Atom x 
number type 

y z 

1 C -0.05651 0.25332 
2 C -0.17049 0.20203 
3 C -0.20955 0.27068 
4 C -0.13444 0.39082 
5 C -0.02039 0.44256 
6 C 0.01839 0.37556 
7 C -0.02000 -0.18282 
8 C 0.02370 0.32263 
9 C 0.06728 0.26013 

10 C -0.12172 0.07536 
11 C -0.01807 0.18082 
12 C 0.11241 0.07463 
13 O -0.21368 0.14607 
14 O 0.21858 0.14388 
15 N 0.10152 -0.09162 
16 N -0.11736 -0.09096 
17 H 0.17740 -0.15450 
18 H -0.18900 -0.15510 
19 H -0.22178 0.11966 
20 H -0.28711 0.23540 
21 H -0.16037 0.43657 
22 H 0.03109 0.52359 
23 H 0.09555 0.41241 
24 H -0.00622 --0.29167 
25 H -0.05034 --0.20275 
26 H -0.05193 0.39461 
27 H 0.09262 0.39111 
28 H 0.10253 0.35267 
29 H -0.00587 0.21323 
30 H 0.13286 0.17482 

0.15833 
0.18086 
0.22461 
0.24727 
0.22565 
0.18175 
0.11793 
0.07344 
0.02414 
0.08750 
0.10947 
0.11889 
0.06704 
0.12563 
0.11949 
0.09154 
0.12370 
0.07750 
0.16622 
0.23882 
0.27684 
0.24081 
0.16758 
0.10258 
0.15079 
0.06921 
0.08734 
0.00583 
0.00711 
0.02819 
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