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L-Isoleucine and the isomorphic amino acids L-leucine and L-ualineserue as a model 
system in the examination of the effects of impurities on the purity and morphology of 
crystals recovered from batch crystallizations. Factors are determined that influence 
crystal purity and, concomitantly, clystal size and shape. Characteristics of the L-iso- 
leucine crystal are determined by X-ray analysis and compare favorably with the litera- 
ture. These and literature characteristics of L-leucine and L-ualine are used in simula- 
tions to evaluate possible mechanisms by which lattice substitutions with impurities lead 
to size and morphological changes. 

Introduction 
The morphology of a crystalline product is acknowledged 

as a factor of great importance in determining product prop- 
erties and several of the operations associated with crystal 
recovery by filtration or centrifugation and subsequent han- 
dling. Although the primary function of crystallization may 
be separation and/or purification, the relationship between 
purity and morphology is poorly explored. When the solution 
from which the primary solute is being recovered also con- 
tains compounds having a molecular structure similar to that 
of the primary product, the relationship can be unavoidable. 

Morphological characteristics associated with crystal shape 
(habit) are determined by relative growth rates of the crystal 
faces; the slower the growth rate, the more pronounced the 
face. An important phenomenon associated with crystal 
growth is the capacity of some impurities to affect the growth 
rate and, thereby, to modify the shape of a crystal. Although 
the work of many researchers in this field could be cited, 
that of Lahav and coworkers (Addadi et al., 1982, 1983; 
Berkovitch-Yellin et al., 1985; Lahav and Leiserowitz, 1990) 
is especially significant with respect to the present study. They 
developed a general method for the controlled modification 
of the morphology of organic crystals through the use of 
“tailor-made”additives. These substances consist of two parts, 
one that is similar to the crystallizing species and fits into the 
primary crystal lattice and another that emerges from the 
crystal surface to interfere with the regular deposition of on- 
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coming crystal layers. The result is retardation of growth of 
the affected face. 

Batch crystallization of L-isoleucine (L-Ile) in the presence 
of small amounts of L-leucine (L-Leu) and L-valine (L-Val) 
was chosen as a model system in the present study. The com- 
mon groups at one end of the molecules, coupled with differ- 
ences in the hydrocarbon chains of the amino acids at the 
other end, make this system ideal for the study of the role of 
isomorphous impurities in determining structure and mor- 
phology of organic crystals. The system is also important from 
an industrial point of view; L-isoleucine is an essential amino 
acid widely used as a food additive and as an active ingredi- 
ent in medicinal preparations. It is synthesized by fermenta- 
tion and separated and purified by crystallization from solu- 
tions containing L-Leu and L-Val, which are also formed in 
the fermentation. 

Earlier research (Zumstein et al., 1990) showed the influ- 
ence of solution composition and mixing on crystal purity. In 
the present work, the direct relationship between solution and 
crystal impurity was observed again; as the concentration of 
L-Leu and/or L-Val in the initial solution increased, so did 
the presence of these impurities in recovered L-Ile crystals. 
Furthermore, L-Leu was incorporated by a factor of 3 or 4 
times the incorporation of L,-Val. The present work uses these 
results as a point of departure and addresses the size and 
shape of recovered L-Ile crystals. The study is composed of 
(a) experiments performed in a batch crystallizer in a manner 
consistent with the industrial processing of L-Ile; (b) support- 
ing experiments geared to isolate specific phenomena; and 
(c) calculations intended to rationalize the experimental ob- 
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servations. It will be shown that the impurities behave like 
tailor-made additives, and conclusions drawn rely on theories 
developed for such species. 

Equipment and Procedures 
Batch crystallizations performed in this study were con- 

ducted in 600-mL, jacketed, glass vessels equipped with cov- 
ers to minimize evaporation and contamination from the en- 
vironment. Calibrated stirrer plates along with a magnetic bar 
were used to provide mixing. A water bath was used to con- 
trol the temperature of the crystallizer within *O.l"C of the 
set point, and a constant cooling rate of 1.0"C/min was used 
in all experiments. 

Predetermined amounts of L-Val and/or L-Leu were added 
to the crystallizing system of L-Ile in water. The amino acids 
were obtained from a commercial source and were used with- 
out further purification. Two sets of experiments at impurity 
levels ranging between 0.01 and 0.1 mol of L-Leu/mol L-Ile 
were conducted at stirrer speeds of 470 rpm and 160 rpm. 

The initial mixture containing 4.29 g L-Ile/lOO g H,O was 
heated to 70°C and kept at this temperature until the solu- 
tion was completely clear. After dissolution, the stirrer speed 
was set at the desired value and the temperature reduced to 
30°C. The solubility of L-Ile in water at this temperature is 
3.6 g L-Ilc/lOO g H,O (Zumstein and Rousseau, 1989). As 
the initial charge contained 350 g H,O, approximately 2.45 g 
of the initial L-Ile was expected to crystallize. The system 
was maintained at 30°C for 15 to 20 hours, the agitators were 
stopped, and a 2-qualitative-Whatman filter with a particle 
retention of 8 pm and smooth surface was used to separate 
the crystals from the mother liquor. 

After filtration, the wet crystals were washed six times with 
a saturated solution of L-Ile in water. The washing time was 
1 min and the ratio of wet crystals to solution was about 0.02 
g of crystal/g of solution. 

Optical microscopy was used to determine crystal size and 
morphology. The microscope was equipped with a calibrated 
scale in one of the occulars facilitating such measurements. A 
high-performance liquid chromatograph (HPLC) was used for 
amino acid analyses. The column used was a C,, Partisphere 
from Whatman. An orthophthaldehyde (OPA) precolumn 
derivatization technique was used with L-serine as an inter- 
nal standard. Further details of the optical microscopy, X-ray, 
and HPLC instrumentation and procedures are given by 
Canossa Koolman (1992). 

Crystal Size and Shape from Batch Crystallization 
Crystal size depends upon a number of factors, all related 

to the relative rates of nucleation and growth. In industrial 
crystallizers, however, the key to controlling size is affecting 
those variables that influence nucleation, and, if significant, 
crystal breakage. Visual inspection of the product crystals 
showed that breakage was not significant in the present work. 

Agitation and impurity concentration were projected to be 
important factors in determining crystal size, and a two-fac- 
tor factorial design was used to evaluate the effect of these 
variables. All other variables in the batch crystallization oper- 
ations were held constant. Two sets of 30 crystals each were 
examined for each batch experiment. The sets were selected 
randomly from areas of a microscope slide containing ap- 
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Figure 1. Effect of L-Leu and stirrer speed on L-lle crys- 

tal size. 

proximately 30 crystals. As mentioned earlier, the optical mi- 
croscope allowed measurement of crystal dimensions. Length, 
L ,  corresponded to the largest side of the crystal and was 
parallel to the b axis; width, W, corresponded to the shortest 
side and to the edge parallel to the a axis. Average lengths 
and average width-to-length ratios were used to characterize 
the crystals. 

Samples from two replicates of experiments conducted at 
three impurity (L-Leu) levels and two stirrer speeds showed 
that both variables affect crystal size, but there was no inter- 
action between these variables. Figure 1 shows thcse and ad- 
ditional data, which show qualitatively that the mean crystal 
length decreased as the impurity concentration within the 
crystal increased. The crystals had been washed as described 
earlier, so the impurity content was not associated with the 
crystal surface only. The major impact on size occurred in an 
impurity range of about 0.01-0.03 mol L-Leu per mol L-Ile; 
further increases in impurity had little effect on size. Stirrer 
speed had, at most, a modest influence on crystal size. 

The width-to-length ratio was used as a measured of crys- 
tal morphology. Examination of crystals recovercd from sev- 
eral experiments showed that agitation had no influence on 
crystal shape but, as shown in Figure 2, the L-Leu content 
did. Straight lines fit through the data indicate proportional- 
ity between the width-to-length ratio and the impurity con- 
tent of the crystals; the ratio increased by a factor of about 3 
as the impurity content increased ranged from 0 to about 0.07 
mol L-Leu per mol L-Ile. 

Experiments similar to those just described were per- 
formed to determine the effect of valine on crystal size and 
shape. Results from two replicates of experiments conducted 
at three impurity levels and two stirring speeds showed that 
L-Val had no effect on either aystal size or shape. However, 
L-Val concentrations in the solutions from which L-Ile crys- 
tals were recovered corresponded to those found in commer- 
cial processes. At these levels, the uptake of L-Val in the 
L-Ile crystals is minimal (Zumstein et al., 1990) and should 
not be expected to have significant impact on crystal growth 
rates. 

The effects of the crystallizer were eliminated by perform- 
ing a series of experiments in which drops of solution, either 
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Figure 2. Effect of L-Leu content on the shape of L-lle 
crytals. 

free of L-Leu and L-Val or containing a given concentration 
of these species, were placed on a slide and water allowed to 
evaporate at room temperature. Photomicrographs of crystals 
obtained from solutions contaminated with L-Leu showed 
significant habit modification; there was a transformation 
from needlelike to hexagonal-blade crystals as the L-Leu 
content of the solution increased. A mixture of crystals with 
hexagonal and needlelike habits was observed in crystalliza- 
tion from solutions containing 5 and 10 mol L-Leu/100 mol 
L-Ile. Furthermore, the fraction of crystals having hexagonal 
shape increased as the concentration of L-Leu increased. 

Photomicrographs of crystals obtained from solutions con- 
taminated with L-Val showed small particles collected around 
well-formed needlelike crystals. These agglomerates may cor- 
respond to individual precipitates of L-Val formed as a con- 
sequence of the total evaporation of water from the drops. It 
is important to note that the presence of pure L-Val crystals 
was not detected on samples obtained from batch crystalliza- 
tions. 

The following can be concluded from the drop evaporation 
results: (a) L-Leu significantly modifies the habit of L-Ile from 
needlelike to hexagonal blade crystals; and (b) L-Val is not 
incorporated within the bulk of the crystal and, consequently, 
does not modify the L-Ile crystal habit. 

Properties of Pure and Impure Crystals 
The influence of impurities on the properties of crystalline 

products depends on the mechanism of contamination. Of 
the many possibilities, three means of contamination were 
dealt with in the present work: (1) If the initial impurity con- 
centration in solution is sufficiently high, pure crystals of the 

Table 1. Lattice Constants 

a b C a(3 P(") y(") 

L-Ile 9.75 5.32 14.12 90 95.8 90 
L-Leu 9.61 5.31 14.72 90 86.2 90 
L-Val 9.71 5.27 12.06 90 90.8 90 

Source; Torii and iitaka (1971). 
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Figure 3. (a) Unit cell definition; (b) L-lle shape. 

impurities may form and be mixed physically with L-Ile crys- 
tals. For example, results from the drop-evaporation experi- 
ments in which L-Val was an impurity showed agglomerates 
believed to be comprised of separate crystals of both species. 
( 2 )  At all impurity concentrations, the mother liquor can ad- 
here to the crystal surface and contaminate the crystals. 
Washing of the kind to which the crystals in the present work 
were subjected is intended to minimize contamination by this 
mechanism. ( 3 )  Similarities between the crystal structures of 
the solutes (primary species and impurities) can lead to the 
formation of a mixed crystal. In such instances, the impurity 
is substituted for the primary species in the crystal lattice. 
The last mechanism was considered to be most probable and 
the experiments to be described confirmed its prominence. 

Two substances that have similar molecular and crystal 
structures may form a mixed crystal. Table 1 s h w s  literature 
values for the lattice constants of the amino acids under study, 
where a,  b, c,  a, /3, and y are as shown in Figure 3. The unit 
cells of the three substances are monoclinic and show corre- 
sponding a and b values within f0.07 and t-0.03, respec- 
tively. The unit cell of L-Val is smaller than that of L-Ile, 
especially along the c axis, and the unit cell of L-Leu has a /3 
angle notably smaller than that of L-Ile. Except for these mi- 
nor differences, the lattice constants of L-Leu and L-Val 
closely resemble those of L-Ile, and the formation of mixed 
crystals is a possibility. 

A redetermination of the crystal structure was undertaken 
in the present research to check the parameters given by Torii 
and Iitaka (1971). Well-formed L-Ile crystals, 1.09 X 0.17 X 
0.07 mm3, were found of satisfactory quality for intensity 
measurements. The unit cell was found to be monoclinic with 
lattice parameters as shown in Table 2. An improved R value 
of 0.057, as compared to the Torii and Iitaka value of 0.117, 
was obtained. 

As noted by Torii and Iitaka, the L-Ile crystal was found to 
contain two crystallographically independent molecules, A 

Table 2. Measured vs. Literature Lattice Parameters for L-Ile 

Parameter This Study Torii & Iitaka (1971) 
a 9.709 9.75 0.02 
b 5.2910 5.32+ 0.02 
C 14.018 14.12 f 0.02 
P 95.84" 95.8 0.2" 
Volume 716.37 A3 723 A3 
Space group P21 P21 
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Figure 4. A and B molecules of L-isoleucine. 

and B, shown in Figure 4. The unit cell contains 2 A and 2 B 
molecules, both of which are present in the zwitterionic form 
and whose main differences are the torsion angles. Molecule 
A shows a gauche configuration around Ca-Cp, while 
molecule B shows a trans arrangement. Figures 5 and 6 show 
views of the crystal structure of L-Ile along the 6 and c axes, 
respectively. The A and B molecules are interlinked by 
N.. .H.. .O hydrogen bonds along the a axis, which give rise 
to double layers of molecules. The layers are joined along the 
c axis by weak van der Waal? forces. T h t  hydrogen-bond dis- 
tances range between 2.76 6 and 2.99 ,A while the contacts 
along c range between 4.13 A and 4.22 A. 

According to Figure 6, the linking between two unit cells 
along the 6 axis is cFaracterized by four strong hydrogen 
bonds (less than 2.99 A separation) while only two strong hy- 
drogen bonds are found to link the unit cells along the a axis. 
The primary direction of growth is therefore along the 6 axis, 
where hydrogen bonds result in the strongest intermolecular 
forces and most efficient packing. Since the hydrogen bonds 
present along the a axis are stronger than the van der Waals 
forces found along the c axis, growth along a should be more 
rapid than growth along c .  The crystal is then expected to 
show a large (001) face with some elongation along a. Since 
the faster growing faces are the smaller ones, the crystal 
should grow as a needle along b. 

The morphology of an L-Ile crystal was determined on an 
X-ray diffractometer by matching the position of a crystal face 
with a previously determined Miller index. The crystal used 
to determine the structure was also used in this study. The 
experimental morphology is shown in Figure 3b. The crystal 
was formed by the (0011, (1001, (1101, (1701, (7101, and (110) 
faces with the (001) face being the most prominent. 

A qualitative powder X-ray diffraction analysis of the 
structures of pure and contaminated crystals was performed 
and used to check for two possible mechanisms of impurity 
contamination: (a) formation of mixed crystals (crystals that 
contain both L-Ile and L-Leu in their lattices); and (b) pre- 
cipitation of impurities as separate, individual crystals. Mech- 
anism (b) was not expected since the amounts of impurities 
present in the solutions were considerably below solubility 
limits. 

Figure 5. View of the L-lle structure along the b axis. 

High-intensity reflections in the X-ray diffraction spectra 
(given by Canossa Koolman, 1992) of samples containing 0, 
3.5, and 7.2 mol L-Leu/lOO mol L-Ile shifted to lower angles 
as the impurity concentration in the crystals increased. Such 
behavior indicates an alteration of the crystal lattice, presum- 
ably caused by introduction of foreign molecules within the 
crystal lattice. As the reflections are shifted with increasing 
L-Leu content, as opposed to the appearance of multiple 
peaks, it is clear that the impure system corresponds to a 
modified crystal containing both L-Ile and L-Leu molecules. 

A well-formed contaminated crystal having a size of 0.25 
mm X 0.25 mm X 0.034 mm was selected for X-ray analysis. 
Although the quality of the crystal was insufficient to deter- 
mine the atomic positions from intensity measurements, it was 
possible to determine the lattice constants with good accu- 
racy. The unit cell was found to be ornonoclinic $nd showed 
the fo!owing parameters: a=9.70 A, 6=5.37 A, and c =  
14.46 A, p = 103.11". The volume of th,e unit cell was calcu- 
lated from the parameters to be 733.58 A3. AccordingJo these 
values, the 6 axis of the affected crystal is 0.079 A longer 
than that of the pure L-Ile y s t a l ,  while the c axis of the 
contaminated crystal is 0.44 A longer than that of an L-Ile 
crystal. Significant differences between the unit cell parame- 

Figure 6. View of the L-lle structure along the c axis. 
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ters of pure and contaminated crystals are consistent with the 
powder x-ray diffraction indication of a mixed crystal. As 
would be expected, the increase of the axes lengths with con- 
tamination suggests that the use of space is more efficient in 
a pure crystal than in a contaminated one. 

An estimate of the L-Leu content of the crystal described 
earlier was determined by selecting between 5 and 10 con- 
taminated crystals with the assistance of a microscope and 
analyzing them by HPLC. An average impurity mole ratio of 
0.13 kO.01 mol L-Leu/mol L-Ile was obtained from the anal- 
ysis of six sets of affected crystals; on average, these crystals 
contain 1 molecule of L-Leu for every 8 molecules of L-Ile. 

Simulation of Lattice Substitution by Impurities 
Computer simulations were used to examine the molecular 

orientation of molecules in the impure crystals of L-Ile 
through the substitution of impurities for L-Ile in the crystal 
structure. It was shown that L-Leu was attracted selectively 
toward the surface of the L-Ile crystals, in much the same 
way an L-Ile molecule would be attracted. Once included in 
the crystal, however, the L-Leu molecule projects from the 
surface and sterically hinders further attachment of the more 
plentiful L-Ile molecules. The resulting decrease in the growth 
rate of the impure face explains the observed increase in the 
area of the face and concomitant modification of crystal 
shape. 

As defined by Hartman and Bennema (19801, flat ( F )  faces 
that grow layer by layer determine crystal shape. The mecha- 
nism by which F faces grow is therefore an important factor 
affecting crystal morphology. Davey et al. (1986) applied the 
dislocation theory of growth developed by Burton et al. 
(1951)-the BCF surface diffusion model-to analyze the ki- 
netics of crystal growth in the presence of tailor-made addi- 
tives, According to Black et al. (19861, the adsorption of tai- 
lor-made additives on crystal surfaces generally occurs on step 
sites as viewed by the Albon and Dunning (1962) model. In 
that model, spontaneous fluctuations produce kinks along the 
entire length of the step. Adsorption of impurities at the step 
reduces the area for kink formation and provides steric barri- 
ers for the entry of new units. If the molecular structures of 
the substrate and the impurity are similar, the impurity could 
act as a “pseudokink” by attracting new building units toward 
the surface. 

The Albon and Dunning (1962) model was based on their 
observations of the growth of sucrose in the presence of raffi- 
nose, which may be considered a substituted sucrose 
molecule. Their experimental data indicated that raffinose 
acted as a pseudokink with a potential to reduce the step 
distances and increase the kink sites for adsorption. How- 
ever, it was shown that the raffinose molecule also provided 
steric hindrance to sucrose molecules entering the step and, 
thus, reduced step velocity. Even though L-Ile and L-Leu have 
similar molecular structures, L-Leu may act as a pseudokink, 
causing the rates of growth of the affected L-Ile faces to de- 
crease. This indicates that, as for the growth of sucrose in the 
presence of raffinose, L-Leu molecules cause steric hin- 
drance and affect the regular deposition of oncoming L-Ile 
layers. 

The possibility of steric hindrance as the main factor af- 
fecting the growth of L-Ile crystals was examined by using the 

principles introduced by Berkovitch-Yellin et al. (1985). In 
the case of crystals of L-Ile, the strong interactions between 
the group NH,+COO- of the substrate and the molecules 
at the growing site are expected to lead to the binding of an 
L-Leu molecule at the surface of a growing crystal, the same 
way as an L-Ile molecule is attracted. Once the impurity 
molecule is attached to the crystal surface, it may affect the 
regular deposition of oncoming L-Ile molecules and, eventu- 
ally, it becomes a part of the crystal structure. Observation of 
the modeled structure of a contaminated crystal is then a tool 
to predict the earlier interactions between L-Leu and L-Ile at 
the crystal surface. 

A simulation program, Plot 3D (Bertrand, 19851, was used 
to analyze molecular orientations and to calculate distances 
between immediately adjacent molecules. The flexibility of 
this program allowed the substitution of impurities within the 
L-Ile structure and facilitated the present study. The L-Ile 
crystal structure data from Torii and Iitaka (1969) and the 
molecular parameters for L-Leu presented by Coll and 
Font-Altaba (1986) were used to perform the calculations. 

As with L-Ile, molecules of L-Leu and L-Val in crystals are 
usually in two conformations, A and B (Torii and Iitaka, 1971; 
Coll and Font-Altaba, 1986). While A molecules present a 
gauche conformation, B molecules show a trans conforma- 
tion about Ca-Cp. The substitution of L-Ile by any of these 
conformers should be possible, but in this study only the sub- 
stitution of a B L-Ile molecule by a B L-Leu or a B L-Val 
molecule was considered. 

When an impurity molecule is substituted into a crystal lat- 
tice, it disrupts bonds that exist between the lattice units of 
the pure substance. The greater the bond disruption re- 
quired, the less likely the substitution becomes. In the 
present system, the well-formed impure hexagonal crystals 
consisted of more than 10% L-Leu. When compared to other 
systems where habit modification is observed at impurity lev- 
els of 0.5% (Berkovitch-Yellin, 19851, this percentage is high 
and indicates that L-Leu exerts only relatively weak interac- 
tions. This observation supports the assumption that an L-Leu 
molecule is included in the crystal lattice in nearly the same 
manner as L-Ile. The low degree of incorporation observed 
for L-Val could be the result of strong bond disruption or 
external effects. 

Figure 7 shows the affected crystal structure viewed along 
the b axis. The L-Leu molecule is positioned so that hydro- 
gen bond distances are unchanged from the pure L-Ile crys- 
tal. Under these conditions, the C11 carbon of L-Leu is only 

. - ~. 

Figure 7. L-lle structure with 1-Leu substituted into lat- 
tice (viewed along b axis). 
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Figure 8. L-lle structure with L-Leu substituted into lat- 
tice (viewed along c axis). 

2.63 A along the u axis from the C6 carbon of the closest 
L-Ile molecule. In contrast, the distances between C6 of an A 
L-Ile omolecule aad CIO and C11 of a B L-Ile molecule are 
3.89 A and 4.58 A, respectively. From Kitaigorodsky (19731, 
the pinimum distance between nonbonted carbon atoms is 
3.0 A under normal conditions and 2.9 A at extreme condi- 
tions. When the atoms are closer than this minimum dis- 
tance, the electron shells begin to overlap, giving rise to strong 
repulsions that may disrupt the molecular conformations or 
the crys!al structure. The observed carbon-carbon distance 
of 2.63 A between L-Leu and L-Ile may, therefore, affect the 
regular bonding of L-Ile to the crystal surfaces growing per- 
pendicular to the u axis. 

According to the observations presented previously, crystal 
growth along the u axis should be affected by a decrease in 
the bonding forces at the crystal surface. However, the exper- 
imental observation of affected crystals is not in agreement 
with this prediction: the growth rate along a is hardly af- 
fected by the presence of L-Leu. In an amino acid crystal, 
growth in the a and b directions is related to the electrostatic 
forces exerted by the ionic groups on the surrounding build- 
ing units. A greater attractive force toward the faces growing 
perpendicular to thc b axis is observed, as L-Ile crystals grow 
5 times faster in the b direction than along the a axis. A 
foreign amino acid molecule is expected to behave as an L-Ile 
molecule and, therefore, should be selectively attracted to- 
ward the b faces. This observation is in agreement with the 
fact that the b faces are the ones most affected by the impu- 
rity. 

Figure 8 shows the crystal structure of L-Ile viewed along 
the c axis, and with a B L-Leu molecule inserted for a B 
L-Ile molecule. The distances between C11 of the L-Leu 
mole$e and C1O0and C11 of an adjacent L-Ile molecule are 
2.78 A and 2.69 A. Again, the2e distances are less than the 
minimum C ... C spacing (3.0 A), and strong repulsions may 
result in a decrease in the growth rates of faces growing per- 
pendicular to the b axis. 

Introduction of an L-Leu molecule on the (110) surface of 
an L-Ile crystal results, as shown in Figure 8, in an L-Leu 
segment containing C11 that is directed out from the crystal 
surface and blocking an incoming L-Ile molecule, thereby re- 
tarding growth of the (110) face. Examination of pure and 
contaminated crystals shows that the relative areas of the 
(110) faces are greater for impure crystals, which is consistent 
with a reduction in growth rates of those faces. 

Figure 9. L-lle structure with L-Val substituted into lat- 
tice (viewed along b axis). 

As determined from the drop-evaporation tests and from 
the analysis of crystals obtained from batch crystallizers, L-Val 
does not modify the habit L-Ile crystals. This may be due to 
the degree of incorporation of L-Val being rather low, espe- 
cially in comparison to that of L-Leu. However, depending 
on the effect of the impurity molecule on the crystal struc- 
ture, even small amounts of an impurity could give rise to 
significant habit modifications. The potential role played by 
an L-Val molecule in the crystal structure of L-Ile was exam- 
ined using the same methods used for L-Leu. 

Figure 9 shows the structure of a crystal contaminated with 
L-Val as viewed along the b axis. As described for L-Leu, the 
molecule was substituted so that the hydrogen bonding was 
consistent with the unit cell and the modified distances were 
calculated. The shortest carbon-carbon spacings between the 
tail ctrbons of L;Val and those of adjacent L-Ile molecules, 
3.99 A and 4.09 A, are greater than the minimum spacing (3 
A), which eliminates the possibility of repulsion forces along 
the u axis. 

Figure 10 illustrates the crystal structure along a. The dis- 
tance between C15 of L-Val and C11 of the immediate 

Figure 10. L-lle structure with L-Val substituted into lat- 
tice (viewed along a axis). 
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molecule along b is 3.91 A, whereas the distance between the 
C12 carbon of an unsubstituted L-Ileo molecule and C11 of 
the closest B L-Ile molecule is 3.74 A. The increase in the 
bond distances upon substitution eliminates the probability 
of steric hindrance along the b axis. Also, the carbon-carbon 
distance? along the c axis vary from 4.1 A before substitution 
to 4.18 A after substitution. This fact clearly shows that L-Val 
has a minimum effect on the crystal structure of L-Ile. 

The behavior observed for the system L-Ile/L-Val is not 
completely explained by using the present method of analy- 
sis. The small effect of L-Val on crystal habit is rationalized, 
but the method does not explain why L-Val is so moderately 
incorporated in the crystal structure. It would seem that since 
L-Val does not affect the crystal packing to a significant ex- 
tent, a high degree of contamination would occur. 

Conclusions 
The present work shows that the size and morphology of 

recovered L-Ile crystals depend upon their purity, which in 
turn depends on solution composition and crystallization ki- 
netics. Once incorporated onto the surface of a growing L-Ile 
crystal, both L-Val and L-Leu molecules have the potential 
of altering crystal morphology. However, experimental results 
showed that L-Leu exhibited such behavior but L-Val had 
little impact. Modeling the crystal growth showed that the 
steric hindrance associated with substituting an L-Leu 
molecule into the L-Ile lattice brings carbon atoms in adja- 
cent layers along the b axis into very close proximity, causing 
repulsion of an oncoming crystal layer. The L-Val structure 
does not introduce such problems. The generated conditions 
cause a reduction of growth in the b direction and lead to 
modification in crystal shape. Such behavior is directly analo- 
gous to that expected in the presence of tailor-made addi- 
tives. 
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