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Summary 

During the growth of optically active crystals (host), trace quantities of the opposite enantiomer (guest) present in the solution 
may be taken up by the host. However, the enantiomeric guest, due to its opposite chiraiity, may distort the crystal iattice of the 
host. Thus, the incorporation of the guest may lead to changes in the pharmaceutically important properties of the host, such as 
dissolution rate and thermodynamic properties, perhaps through lattice disruption. This hypothesis was tested by growing crystals 
of a model compound, (- Zephedrinium 2-naphthaienesuifonate, from aqueous crystallization media containing various trace 
quantities of its opposite enantiomer. A stereoselective HPLC method was developed to determine the trace amounts of the 
opposite enantiomer within and on the surface of the homochirai host crystals. Increasing concentrations of the guest in solution 
led to its increasing incorporation into the host crystals and to increasing intrinsic dissolution rate of the host. The enthaipy and 
entropy of fusion of the host decreased with increasing incorporation of the guest, suggesting the disruption of the crystal lattice of 
the host and an increase in its lattice strain. The water content and the melting point were not significantly affected. At higher 
levels of the jncor~rated guest, the enthaipy and entropy of fusion increased, suggesting a relaxation of the lattice strain, and 
subsequently reached a plateau value. A value of 20.6 was obtained for the ‘disruption index’, which is defined as the rate of 
change of the difference between the entropy of the solid and that of the liquid, with respect to the ideal entropy of mixing of the 
host with the guest (York and Grant, Inc. J. Pharm., 25 (1985) 57-72). This relatively high disruption index indicates significant 
disruption of the crystal lattice of the host by the incorporated guest, suggesting changes in the nature and concentration of the 
crystal defects. 

Many drugs are chiral, that is, their molecules 
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exist in right- and left-handed forms called enan- 
tiomers. Of the 1327 worldwide marketed syn- 
thetic drugs, 528 are chiral (Ariens, 1990). Usu- 
ally, only one enantiomer is therapeutically use- 
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ful. The other enantiomer may be less active, 
inactive or even toxic. Increasing awareness of 
the implications of chirality in pharmacy and 
medicine has prompted regulatory agencies, such 
as the FDA, to issue specific guidelines for the 
manufacture of drug substances (De Camp, 1989). 
These guidelines consider even the opposite 
enantiomer to be an impurity in a chiral drug 
because the impurity may have significant phar- 
macological and toxicological effects. However, 
the effects of the opposite enantiomer on the 
physicochemical properties of a chiral drug have 
not yet been reported. Our previous study has 
demonstrated that raw materials from various 
suppliers and, indeed, different lots from the 
same supplier contain varying quantities of the 
enantiomeric impurity (Duddu et al., 1991). Since 
a large number of marketed drugs are chiral 
(Ariens, 1990), and enantiomerically pure drugs 
are being increasingly formulated, the effect of 
the opposite enantiomer on the physical proper- 
ties of a solid chiral drug are reported here. 

Crystallization is still the main method for the 
resolution of racemates and the purification of 
enantiomers, and the opposite enantiomer is al- 
ways present as an impurity in the crystallization 
medium. Although crystals preferentially incorpo- 
rate molecules of the same kind, there is a large 
driving force for the incorporation of traces of 
the impurity into the growing crystals which re- 
sults from a large negative value for the partial 
molar free energy of the impurity at low concen- 
trations. Mechanistically, the impurity may be 
first adsorbed on to certain surface sites on spe- 
cific faces of the crystals and may eventually 
become occluded within the crystal perhaps re- 
sulting in an anisotropic distribution of the impu- 
rity in the crystal (Addadi et al., 1986). Thus, the 
single crystal with incorporated impurity is actu- 
ally composed of segments or mosaic blocks of 
different local symmetries coherently com- 
pounded together or intertwined (Weissbuch et 
al., 1991). The occlusion of the impurity corre- 
sponds to the formation of a solid solution and 
may result in a decrease in the overall symmetry 
of the crystals (Weissbuch et al., 1983). Symmetry 
reduction in a solid solution resulting from the 
incorporated impurity in organic crystals has been 

demonstrated by Weisinger-Lewin et al. (1989) 
using neutron diffraction. 

Although the existence of continuous solid so- 
lutions in the crystals of chiral substances has 
been demonstrated (Jacques et al., 19811, the 
formation of terminal solid solutions in a eutectic 
system is not yet completely recognized or under- 
stood, probably because sensitive analytical meth- 
ods for measuring low mole fractions of the enan- 
tiomeric impurity in the crystals of a chiral sub- 
stance have only recently become available. Since 
the early 1980s the determination of low mole 
fractions (< 0.01) of the enantiomeric impurity in 
a large excess of the desired enantiomer has been 
achieved by means of stereospecific HPLC meth- 
ods (e.g., Perry et al., 1987). 

When the impurity (guest) is the opposite 
enantiomer of a chiral molecule, it may distort 
the crystal lattice of the desired enantiomer (the 
host) because of its opposite chirality. We hy- 
pothesize that this distortion may lead to changes 
in the pharmaceutically relevant solid-state prop- 
erties, such as the heat of fusion, melting point, 
dissolution rate and tableting behavior of the 
host, perhaps through lattice disruption. This pa- 
per reports the effect of trace quantities of the 
enantiomeric impurity on the intrinsic dissolution 
rate and thermodynamic properties of a model 
solid chiral drug, ( - l-ephedrinium 2-naphtha- 
lenesulfonate [( - I-EN]. 

Materials and Methods 

Materials 

(RSI-( - )-Ephedrinium 2-naphthalenesulfo- 
nate [(--)-EN)] was prepared by mixing equimo- 
lar aqueous solutions of (-)-ephedrine hydro- 
chloride and sodium 2-naphthalenesulfonate 
which were obtained in the solid state from Sigma 
Chemical Co. (St. Louis, MO) and Eastman Ko- 
dak Co. (Rochester, NY), respectively. The solid 
(-)-EN was recrystallized twice from HPLC 
grade water (J.T. Baker Inc., Phillipsburg, NJ), 
filtered, and dried over anhydrous calcium sulfate 
prior to the crystallization experiments. (SR)- 
( + )-Ephedrinium 2-naphthalenesulfonate [( + >- 
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EN] was prepared and purified by exactly analo- 
gous procedures. All solvents used were of HPLC 
grade. 

Methods 

Batch crystallization 
Crystals of (-)-EN were obtained by cooling 

150 ml of hot, supersaturated aqueous solutions 
(0.134 M) to which various concentrations (rang- 
ing from 0 to 6.7 X 1O-3 M) of the opposite 
enantiomer, (+ )-EN, had been added. The solu- 
tion containing (- )-EN and the dissolved impu- 
rity at 60°C was cooled to 42°C at a rate of 
O.TC/min while being stirred at a rate of 200 
rpm. The solution at this stage was clear and 
supersaturated with respect to (-)-EN. To the 
solution at 42°C 2 mg of seed crystals (passing 
through 200 mesh, < 75 pm) of (-)-EN were 
added. The stirring was discontinued when the 
temperature reached 40°C since continued stir- 
ring produced crystals which formed a hard cake 
on the filter paper and which were difficult to dry 
completely. The solution was cooled to 25°C at a 
rate of 0.2”C/min, and maintained at that tem- 
perature for 20 min. The slurry was quickly fil- 
tered through a 0.25 pm filter under vacuum. 
The crystals were washed with water, spread on a 
glass Petri dish and were air-dried at 40°C 
overnight, and then over anhydrous calcium phos- 
phate at 22°C for 72 h. 

Differential scanning calorimetry (DSC) 
The heat of fusion, melting point and the 

entropy of fusion of the samples were determined 
using a DuPont 910 differential scanning calo- 
rimeter equipped with a data station (Thermal 
Analyst 2000, TA Instruments, New Castle, DE). 
The temperature axis and the cell constant were 
calibrated using indium (10 mg, 99.99%, peak 
maximum at 156&C and heat of fusion 28.4 J/g). 
Samples (3 f 0.1 mg, 106-125 pm) in open alu- 
minium pans were heated at a rate of 10°C /min. 

Intrinsic dissolution rate (IDR) 
The intrinsic dissolution rate (the dissolution 

rate per unit surface area) of the compacted disc 
was determined using the apparatus described by 

Doherty and York (19871, based on that of Col- 
lett et al. (1972). The sample holder containing 
the compact was screwed into the center of the 
cell base so that a single face of the compact was 
exposed to 600 ml of distilled water which had 
been outgassed and equilibrated at 25 f 0.2”C. 
Directly above the compact, a three-paddle stir- 
rer was rotated at 50 rpm by a synchronous motor 
(Slo Syn, Superior Electric Co., Bristol, CT). The 
samples were analyzed spectrophotometrically by 
measuring the absorbance at 272 nm. 

Stereospecific analysis of the enantiomeric impurity 
Enantiomeric purity can be determined by di- 

rect or indirect methods. In the direct method, 
the enantiomers are resolved on a chiral station- 
ary phase (CSP). In the indirect method, the 
enantiomers are derivatized using a chiral deriva- 
tizing reagent (CDR) to form the respective di- 
astereomers which are subsequently resolved on 
an achiral column. Each method has certain ad- 
vantages and disadvantages (Duddu et al., 1991). 
In particular, the use of the indirect method for 
the determination of a trace quantity of the enan- 
tiomeric impurity is of questionable validity until 
the enantiomeric purity of the CDR and/or its 
lack of racemization during derivatization have 
been established. 

Two technical requirements must be fulfilled 
for the accurate determination of low concentra- 
tion of the enantiomeric impurity (approx. 0.001 
mole fraction). (i) The enantiomeric impurity must 
elute before the main enantiomeric peak. (ii) The 
chromatographic resolution of the two enan- 
tiomers must be such that an accurate integration 
of the impurity peak is possible. With the avail- 
ability of CSPs and CDRs of opposite chiralities, 
it may not be difficult to fulfil the first require- 
ment, since the elution order of the enantiomers 
can be changed by changing the chirality of the 
CSP or the CDR. The resolution of the peaks 
then becomes an important factor in stereospe- 
cific analysis of the enantiomeric impurity. 

Although direct methods for the separation of 
ephedrine enantiomers have been reported 
(Doyle et al., 1986; Armstrong et al., 1988; Schill 
et al., 1988; Yang et al., 19881, none of them 
affords a resolution which allows accurate quanti- 
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tation of the enantiomeric impurity. Hence, our 
reported indirect method (Duddu et al., 1991) 
was employed to quantitate the enantiomeric im- 
purities in ( - )-EN samples, since it offers a good 
resolution factor for the separation of ephedrine 
enantiomers. However, as mentioned above, the 
use of the indirect method for the quantitation of 
the enantiomeric impurity requires that the enan- 
tiomeric purity of the CDR and/or its racemiza- 
tion during derivatization be established. The fol- 
lowing procedure was used to establish the enan- 
tiomeric purity of the CDR and/or its racemiza- 
tion during derivatization. A drug whose enan- 
tiomeric purity can be analyzed by both direct 
and indirect methods (in this case (-)-pseudo- 
ephedrine) was chosen as a reference sample. 
The enantiomeric impurity (xl in the reference 
sample was analyzed by a direct method (Doyle 
et al., 1986). The enantiomeric impurity (y) in 
the same (- )-pseudoephedrine sample was also 
analyzed by the indirect method (Duddu et al., 
1991) using (RI-1-c - )-(l-naphthyllethyl iso- 
cyanate as the CDR. The difference (y --xl in 
the enantiomeric impurity concentrations of the 
reference substance [( - )-pseudoephedrine], mea- 
sured using the direct and the indirect methods, 
was attributed to the enantiomeric impurity in 
the CDR and to its possible racemization during 
the derivatization reaction. 

To determine the absolute enantiomeric impu- 
rity (a) in (-)-EN samples, they were first ana- 
lyzed for the enantiomeric impurity (2) using the 
indirect method employing the same CDR used 
to analyze the reference sample. Subsequently, 
the value ( y -XI for the enantiomeric impurity in 
the CDR and/or its possible racemization was 
subtracted from z to give the absolute enan- 
tiomeric impurity in the sample (a = z - y -xl. 
The mean of the (y -x> values (n = 61, deter- 
mined before, during and after the analysis of the 
(-)-EN samples by the indirect method, was 
used to determine the absolute enantiomeric im- 
purity. 

Measurement of the impurity incorporated into the 
crystals 

The impurity may be present either on the 
surface of the crystals (adsorbed) or be taken up 

by the crystals (as a solid solution). In order to 
measure the concentration of the impurity taken 
up by the crystals, the crystals must first be washed 
free from the adsorbed impurity. To accomplish 
this, crystals of (-)-EN (2.5 mg), grown in the 
presence of the maximum concentration (6.7 x 
lo-” Ml of the opposite enantiomer, were placed 
on a 0.25 pm filter fitted to one end of a glass 
column. The crystals were then washed with iso- 
propanol at a flow rate of 100 pl/min using an 
HPLC pump (510, Waters, Milford, MA). The 
enantiomeric impurity in the washings was ana- 
lyzed by stereoselective HPLC every 5 min for a 
period of 40 min. At selected time points (0, 10, 
15, 20, 30, 40 min) during the washing procedure, 
the crystals of (- I-EN were also analyzed for the 
enantiomeric impurity. 20 min washing was se- 
lected as the optimum time, since further washing 
resulted in no change in the concentration of the 
enantiomeric impurity. 

Approx. 60% of the total enantiomeric impu- 
rity associated with the crystals grown in the 
presence of the opposite enantiomer (hereafter 
referred to as doped crystals1 was found to be 
adsorbed onto the crystals. After the crystals had 
been washed for the optimum time period (20 
min), the differences in the enantiomeric purity 
of the crystals and of the washings were found 
not to be statistically significant (two-tailed t-test, 
p > 0.05). These washing conditions were used 
for all batches of doped and undoped crystals. 
The enantiomeric impurity measured in the crys- 
tals by dissolution after washing is reported as the 
impurity incorporated into the crystals. 

Statistical analysis 
All data, unless specified, were analyzed by 

ANOVA (cu = 0.05). Individual means were com- 
pared by Bonferroni procedure ((Y = 0.05) for 
multiple comparison in a completely randomized 
design. 

Results and Discussion 

A significant mole fraction (10-3-10-2) of the 
enantiomeric impurity (the guest) was progres- 
sively incorporated into the crystals of (--)-EN 



(the host) with increasing concentration of the 
impurity in the crystallization medium (Fig. 1). 
This steady increase in the mole fraction of the 
incorporated enantiomeric impurity suggests the 
formation of a solid. solution of the guest in the 
host crystals. Over the entire concentration range 
studied, saturation of the uptake of the enan- 
tiomeric guest was not observed suggesting that 
the solid solubility limit of the enantiomeric guest 
in the host had not been reached. The slope of 
the plot in Fig. 1 gives a measure of segregation 
coefficient, k, which was found to be 0.153 (95% 
confidence interval 0.139-0.166). 

The non-zero intercept value (0.0003) in Fig. 1 
suggests that even the undoped crystals contained 
a trace quantity of the opposite enantiomer. This 
further emphasizes the fact that enantiomerically 
pure crystals are the exception rather than the 
rule and that homochiral crystals usually contain 
trace quantities of the opposite enantiomer. 

The mole fraction of water in the crystals was 
found to be 8 X 10m4 (0.08% w/w> using Karl 
Fischer titrimetry. This value was independent of 
the mole fraction of enantiomeric impurity in the 
crystals. Similarly, no correlation was observed 
between the impuri~ incorporated and the water 
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that was dissolved in the erystaffiution medium 

Fig. 1. Plot of the mole fraction of the opposite enantiomer 
incorporated into the crystals vs the mole fraction present in 
the solute mixture that was dissolved in the crystallization 
medium (r = 0.979). The vertical bars represent standard de- 

viations (n = 4). 
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Fig. 2. Plot of the heat of fusion of ( - I-ephedrinium 2-naph- 
thalenesulfonate vs the mole fraction of the enantiomeric 
impurity in the crystals. The vertical bars represent standard 

deviations (n = 3). 

content in the crystals of adipic acid crystallized 
from water containing an n-alkanoic acid or oleic 
acid as the additive (Chow, K.Y. et al., 1984, 
1985). However, Chow A.H.-L. et al. (1985) found 
that a structurally related additive, p-acetoxyace- 
tanilide, modufates the amount of the solvent of 
c~stallization, water, taken up by acetaminophen 
crystals. 

With increasing mole fraction of the enan- 
tiomeric guest in the crystals, the heat of fusion 
(Alif) of the crystals of (-)-EN decreased to a 
minimum (Fig. 2) indicating disruption of the 
crystal lattice and an increase in the lattice strain. 
The linear decrease in AH’ was statistically sig- 
nificant (p < 0.05). At the minimum, correspond- 
ing to 0.0027 mole fraction of the enantiomeric 
impurity in the crystals, the AH’ was 5.4% lower 
than that of the undoped crystals. Table 1 shows 
that the melting point was not significantly af- 
fected by doping (p > 0.05). Thus, the resulting 
entropy of fusion (ASf = AH f/7’,‘,> decreased to 
a minimum indicating an increase in crystal disor- 
der to a maximum (Fig. 3). The linear decrease in 
ASf was statistically significant (p < 0.05). At the 
minimum, corresponding to 0.0027 mole fraction 
of the enantiomeric impurity in the crystals, the 
ASf was 5.2% lower than that of the undoped 
crystals. This increase in disorder with an in- 
crease in the concentration of the guest is proba- 
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TABLE 1 

The melting point of ( - )-ephedrinium 2-naphthalenesulfonate 
crystals containing various mole fractions of the enantiomeric 
impurity 

Mole fraction (X 104) Melting point 
of the enantiomeric (mean f SD) a 
impurity in the crystals WI 

2.65 447.4 +_ 1.3 
3.00 444.1 +0.7 

10.60 448.2 +0.5 
16.00 444.7 +1.2 
21.20 448.3 f 1.0 
27.15 445.75 + 1.1 

“n=3. 

bly a result of an increase in lattice strain corre- 
sponding to an increase in the influence and 
concentration of crystal defects. 

At higher concentrations of the guest in the 
crystals (> 0.0027), the enthalpy and entropy of 
fusion increased (Figs 2 and 3), suggesting a re- 
laxation of lattice strain. Similar behavior was 
also observed when adipic acid was crystallized in 
the presence of trace quantities of fatty acid 
impurities for which an analogous explanation 
has been offered (Chow et al., 1984). At these 
higher concentrations of the additive, the defects 
may impede each other during heating in a DSC 

17’6 I 
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(eal/mol K) 

16.8 

16.0! , I I I I 4 
0 20 40 60 60 100 120 

Mote fnctlon (x 104) of the enantiomeric 
Impurity in the crystals 

Fig. 3. Plot of the entropy of fusion of (-)-ephedrinium 
2-naphthalenesulfonate vs the mole fraction of the enan- 
tiomeric impurity in the crystals. The vertical bars represent 

standard deviations (n = 3). 

resulting in an overall increase in the entropy of 
fusion. 

The fact that two independent systems, viz., 
adipic acid (Chow et al., 1984) and (-)-ephed- 
rinium 2_naphthalenesulfonate, when doped with 
different structurally related impurities, undergo 
similar and systematic changes in their heat and 
entropy of fusion suggests a common underlying 
mechanism in the organic solid state. At present, 
the reason for observing a change in melting 
point when adipic acid is doped with octanoic 
acid but not when (-)-ephedrinium 2-naph- 
thalenesulfonate is doped with opposite enan- 
tiomer, can only be a speculation until the actual 
changes in the nature and concentration of the of 
crystal defects are known. It is possible that sig- 
nificant changes in two- or three-dimensional de- 
fects may alter the cooperativity of melting of the 
crystal much more than changes in the zero- or 
one-dimensional defects. While one additive pro- 
duces changes in certain types of defects, the 
other additive may produce changes in certain 
other types of defects. 

At the mole fraction of the guest 2 0.0042, the 
enthalpy or entropy of fusion reached a plateau, 
suggesting a constancy of lattice strain, and 
showed no statistically significant change with an 
increase in the mole fraction of the incorporated 
guest. It is conceivable that at higher concentra- 
tions the impurity may become adsorbed on to 
the surfaces of the mosaic blocks of the crystals, 
rather than be incorporated into the bulk of the 
lattice. Adsorption onto the surfaces of the mo- 
saic blocks (Weisinger-Lewin et al., 1989; Weiss- 
buch et al., 1991) would not be expected to pro- 
duce significant changes in the enthalpy and en- 
tropy of the crystals, and may explain the con- 
stancy of lattice strain at higher concentrations of 
the incorporated guest. 

The changes in the thermodynamic properties 
of the host resulting from the incorporation of 
the guest can be quantified using the concept of 
disruption index (York and Grant, 1985). The 
negative slope of a plot of the entropy of fusion 
against the ideal entropy of mixing gives the 
disruption index (d.i.) which is a measure of the 
rate of change of the difference between the 
entropy of the solid and that of the liquid, with 
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respect to the ideal entropy of mixing of the host 
with the guest (York and Grant, 1985). As shown 
in Fig. 4, for mole fractions of the guest 5 0.0027, 
the disruption index equals 20.6, suggesting that 
the increase in disorder of the crystal lattice of 
the host is approx. 20 times that expected for a 
random ideal solid solution of the guest in the 
host lattice. This substantial lattice disruption 
evidently arises from the opposite configurations 
of the guest and the host corresponding to differ- 
ences in the spatial orientation of the atoms in 
the molecule. The d.i. value observed for the 
present system was close to the d.i. value of 
approx. 15 observed for pp-DDT doped with its 
structural isomer op-DDT. Interestingly, these 
two d.i. values are greater than the d.i. values for 
the other systems (York and Grant, 1985) in 
which the host is doped with a structurally re- 
lated small molecular impurity that is not a 
stereoisomer. This comparison suggests that an 
impurity with differences in the spatial orienta- 
tion of the atoms causes a greater disruption of 
the crystal lattice of the host than do other struc- 
turally related impurities. 

However, at higher mole fractions of the impu- 
rity, corresponding to higher concentrations of 
crystal defects, motion of the defects may be 
mutually impeded during heating in a DSC by 

17’4 I 
17.2- disruption Index = 20.6 
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AS’ 
(callmol K) l&6- 

16.6- 

16.2-I 
0.00 0.01 0.02 0.03 0.04 

Fig. 4. Plot of the entropy of fusion of (- )-ephedrinium 

2-naphthalenesulfonate vs the ideal entropy of mixing of 

(- )-ephedrinium 2-naphthalenesulfonate with the enan- 

tiomeric impurity (r = 0.938). The vertical bars represent 
standard deviations (n = 3). 
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M& rraction (X IO4 ) of the enantiomeric 
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Fig. 5. Plot of the intrinsic dissolution rate (IDR) of (-)- 

ephedrinium 2naphthalenesulfonate vs the mole fraction of 

the enantiomeric impurity in the crystals. The vertical bars 

represent standard deviations (n = 3). 

processes which may occur during annealing, re- 
sulting in a reversal of the decreasing trend in the 
entropy of fusion. Thus, the entropy of fusion 
values at higher mole fractions of the guest 
(> 0.0027) will increase as a result of contribu- 
tions from other thermal events and cannot be 
used to calculate the disruption index. 

With increasing incorporation of the enan- 
tiomeric guest into the crystals of the host, the 
intrinsic dissolution rate of a disc compact of the 
host crystals (Fig. 5) was found to increase and 
then to plateau. The increase was statistically 
significant (p < 0.05) and the IDR reached a 
plateau when the mole fraction of the incorpo- 
rated guest was 2 0.0042. At the plateau, the 
IDR was 14.5% higher than that for the undoped 
crystals. The increased intrinsic dissolution rate 
suggests a more negative free energy change for 
the dissolution process. This change in free en- 
ergy may again arise from a change in the nature 
and concentration of defects in the crystal lattice 
of the host. An increase in the aqueous intrinsic 
dissolution rate of the host with an increase in 
the concentration of a structurally related addi- 
tive was also observed when adipic acid was doped 
with 1-hexanoic acid or 1-octanoic acid (Chan 
and Grant, 1989). 

A strong parallelism between the enthalpy of 
fusion and the intrinsic dissolution rate was, how- 
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ever, not observed suggesting a lack of enthalpy- 
entropy compensation (Vachon and Grant, 1987). 
This negative finding may be explained (a) by the 
large difference in temperature at which the heat 
of fusion was determined (174°C) and the tem- 
perature at which the intrinsic dissolution rate 
was determined (25°C) and (b) by the greater 
influence of surface defects (and consequent high 
energy surface sites) on the intrinsic dissolution 
rate in contrast to the greater influence of bulk 
defects (and consequent lattice strain) on the 
heat of fusion. 

a plateau value at mole fractions of enantiomeric 
impurity > 0.0042. The intrinsic dissolution rate 
of the plateau was 14.5% higher than that for the 
undoped crystals. 
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